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ABSTRACT

This thesis aims to study effects of air-bending variables on the bendability and
failure characteristics of DP980 and TRIP780 advanced high strength steels. The bending
variables included bending direction, bending angle and bending temperature. The
bending direction was either longitudinal or traversed direction of the rolled metal
sheet. The bending angle was selected at 15°, 30°, 45°, 60° and 75° and the bending
process was performed at room temperature, 200 °C, 400 °C and 600 °C. The bending
characteristics were bending load, springback angle, microstructure and phase
transformation. At room temperature (25 °C), the bending load and the springback
angle of both types of steel was proportional to the bending angle and the TRIP780
provided the higher bendability. The DP980 steel showed the higher bending load and
the springback angle in the traversed rolling direction and the surface cracks occurred
easily in the longitudinal rolling direction. At the higher bending temperatures, the
bending temperature played an important role on the bending load, springback angle
and microstructure of both types of steel. For the DP980, the bending load decreased
as the bending temperature increased. The maximum springback angle and multi-line
cracks occurred at 400 °C-and no sign of failure observed at 600 °C. For the TRIP780,
the bending load and springback angle were inversely correlated to the bending
temperature. The springback angle and the volume of retained-austenite reduced to
the minimum amount at 400 °C and the springback angle slightly increased at 600 °C

because of the increase of cementite (Fe;C) particles in the microstructure.
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manadadueulanruresvinndingui fenismuauesiusznoumaadl nszuauns
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2.2.1 WMann&ANULTIusgiiaineg (Dual Phase steel; DP)

wanndeuudsussgeviamagaziidnuas veslassaiinanaiivssneusme
wianfmulsidadumasiouds Wianszaeseglulassadanumeoslsy mnuwausnled
fUsiesnniuardmalifandanuudusafingstu Sanszvunmsudnndnnd wiamadas
Juegfunsmuaudnanisduia delfasamulus (umdnusuiniou) vieanues
Isvirmaooamulud (@wiumdninduiiinuniseuseunuuseilonnaznandusiindouuuy
fufou) iordsusuimassamuluduisdlnidumesls deuflazmuaulfiAnnisiu
fegnanaduileidsumaseamludfivdoluidumamfnuled mendsnszuiuninan

= ﬂl [ v v =4 v 1 6 6 v I~4 v
91almady q navegluasaiiganiatindnteaiy wuluduasosamuludnanAalusiy
AaguN 2.3

Ferrite

Martensite

JUN 2.3 dnwaglassaiinganiaveananndinuidanssassiinueag [3]
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JUN 2.4 nszuaunIneLioursLnanndnNuLlasIayiawae [6]



mMImuALNIzUILNTINIANLSeuTiA axldlessadsganiadidudodeatu wauds
yilandinuled fnsnszanediduazivameslsindniinnfandnln lnonszuiuniseu
gounvusiaiiios Faagsaufenislininufoudidmivdiaiudiurosnisiadu elwld
Tassafraganiaiifunuuiesleiidalaviviewoslsvi-wwuludlurisgumaiiniseusou
W39n150UsoURRANUTANDE19TIAST wazrIvAuaunginsiduiiliednuldaungl
Gusumaiamamndimulsiidntes (6] Wiolwldlassairsganianuiideans (Fagui 2.4)

TngihlumanndauudaussgarinmagasiosdUsznoumanifsUsznoufesy
ASUBY (0) 0.06-0.15-wt% uazuieniila 1.5-3% dus 9 Cr uae Mo rglumsvzasnis
resveiidalayt (Pearlite) niatuulud (Bainite) s1n@aneu (Si) MwduauliAnnsilasu
sUrauneslsl uay s1muden (V) waz Nb Higlunisduasuliiianisanagnautasnis
Usuusslassairaganiaviliimdnndeiamaginisnaunausuandininaia feten
AmAuATIART Tanuufeusifage SuguiBuldieuasiiamnuannsodunindeusedia
\dosaniitamoslsvivazursimulsdfidudiuusznevndnlulassadisgania Tagsg
asverlumanndfawlarzludiugelunisnedivesaufinuledainnisaivaudnsn
nsmisfuiuasfitisiinanyaisalunisyuudsweandnnda Inevinluudrusua
Afuauiigiuagingliminndinnuudusanniuses daelisndiuveaanfmuled
g9t utardwaliassiduaumiioanas uannimdnndiamudussgeiamaguas
wanndaundausgeniindy 9 Ssldsunansenuaneneieauds nadmevilivanngnd
ﬂ"]mmLLG?NLmLLazﬁhmmﬁumnmﬂuqﬁu %ﬂLﬁuwammﬂmm%@uﬁLﬁ@%ummzﬁugﬂ

2.2.2 WANNAIANALTIUI9geBTia TRIP (TRansformation Induced Plasticity)
MANNA1A10 T I4s9gevila TRIP (TRansformation Induced Plasticity)
Tnssafraganiadedszneumeiariandavuiadn @rfinuleduagesanuludnniia)
nsvaeiilulasiadanuneslsd (Ferrite matrix) SefiauiRsoumilings Inswiaooauulud
pnénangBsustluduslanfinuledluseninanistusuniemafsuzlanis (Plastic
deformation) JagLinAuLASEARYS (Strain hardening) denaliinmaren (Necking) laenn
Y Uinuveusiaeoawuludandrsluminndreindeedswarilitandenumidoniuiu 39
vildanuunns1samudnadilaevialy iieanindnswasunaiuiinvesaudisiuam
udausaazdumuvieigedaduneunaindnvauzveslassainaganiaivasliinnisg
nszanefTeseIATEasEInstugy Yilviarwannsolumstuggenasiudiudii
mstugUaziimuudausafisnniy
dnwarlasiainganInrennanndInuwlansigawila TRIP a1unsaiilalaenis
muANNTEUILNIALTauTLlURansEUIUNTTRTouLas Ty Fan1siadeulaeiiluay
Fudunsfigumgideilindnndflasadseeamnuludesvauysal ndsnisindugd
manndnaviduinasndsgamgiund dednmnnduiazgnaueuilelresamuludiudsy
suludumeslsvinuuesslsuesianounddadasuduuulud egrslsinmudndufoninig
svgauluaesiunouiiomuaudnuasredassaiiaganmelildmuiidomnis dwsumdnnd
Iafunin TRIP Tudunouusnindnndrazgnavaslviarmsoudivgatulugasiinelmaama
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(oY) Falassasieganinvsiidrunanvaanlamaslsvivazoeanulud Jaiounaszaaissi
waziUasusulyduuuludleanmgianas [24]
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U 2.5 NsmuANlATIEsNganIAvBuRaNNaN AL IEla TRIP [24]

N3V 2.5 wamsuurnslunsmuninaarenmgiinisidufivounanndinng
wdaussgavda TRIP Fe9ile 2 Luamne Tagidunsinyanolas 1 wag 2 LanIuuIniemsg
muaitalinmsiuAsuguilumaosamuludiiaiysainiendsannsiaeunaznislvinang
L oULilaN1TOUs BUAIENEITNANTIALTUATLEIFU wUIRG Y, O, O, hay O WJu
dyanvaluvnuaesavulud, weslsi, iwulud waz wfivuled audiau [25] F9iu
wanndeauudaussgeuiia TRIP (TRIP steel) Faillassadiamisaniaiivsznoulumoia
goawmuludnnduaziaudswindy o Muludansmiledsaziuulug Tuusunadiunnsng
fulssana 5% uazifinnszaeieglulasiaiaiumoslsd Sednvarlasiadisganianes
wmanndnsidaissgein TRIP uanafegui 2.6

Ferrite

Martensit

Bainite

Retained

austenite

[

JUN 2.6 dnuaiglassainaganiaveananndnanuulanssgewin TRIP [3]
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2.3 nuiiineadas
2.3.1 yufififsatasiunisiatiugy
nsfntusulansusiudunislunssuiunsnantudunnlanslneitily dngnld
dnfunandntududsdidnuassunsdudoulildvuaiigndesusugt SududuSafiauds
yananazaunALELRA nsdatusuidunszurunadsugdonsvedlansusuluuu
dunsuasdunsaiiiugulunulugulansusu Wumsndndudiueiusud, wdedldlui
waz indedlilunduFoududu nusinsgu DIN 8586 [26] nsdaléndunssuisnistu
sUKUY Solid bodies Fadulvgldluaulavewiu (Sheet metal) :ruvie (Pipe), a3m (Wire)
uay Tavzunie (Rod) 1Judu Geeninsauveeentdiiu aesngulua) o fo

1. mssalpeudfuriadoudiduuuidunss Ussnausae
- M3anWu (Draw bending)
- NM399%U (Bending by bulging)
- msealngldldne (Free or air-bending)
- n5tuYev (Edge rolling)
- mssnalagltniy (Die bending)

2. Mmasalnsusifianiindeuilngnisvau Usznousae
- n19UINY (Roll bending)
- NN3ARLAY (Circular bending)
- mM3UaNy (Folding)

= [ 1a ¢ = v
2.3.1.1 OUANINARUURINNNLAFDUNUULUAAUAI
dnwarn1si e sudlReiiiefnTuguTumu Wuduazaieazindouiidu
wnLdunsaiennsniunageulminnisdsuslunufianiswenisnasn dsguwuunuiu
v [ & < gy 1a 2 v A 1 a s Y L - s
anludnuazll agilunauiaalundiuisudiluazuifuisumg fegun 2.7 lneduneaeu
waansTugUslasugUlunusuTaeang

le—— T

A

5UN 2.7 Snvaszvaauaifauiiusuiiuaziaifiunigusag [26]

Y Y
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2.3.1.2 nquimsdauvuwiuiindeuiilasnisvyy
nsfagUuuviaglinsensruennaufuudfissitugy Tnonsvsuvinligy
nagou WasugUluunla Jsiegaguuuundfivsiiuindouiiuuuvu feisnisshusiv
(Roll bending) ﬁ'ﬂg‘dﬁ 2.8

Waorkpiece

Rollers

sUTl 2.8 nwaugnnsihuda (Roll bending) [26]

g12
2.3.2 nalnnsfndugy

luseninanszulaun1ssin (Bending process) wstazgnnaasunaulanegyilviin
N1309987NYNLAZFUTNANNADINT YIUTUAUNITAAURNUTUNAAD UL B IUYIIDINT
A 1 i - = 1 1 = ! 1 a a <
gavgu ilsvunusInaLing et wailasazdwalilaneusuudgusuansifiadugunss
AuTIFaINs Hein13anTugU Judnuaeeen1sassnaLanag 19veAAAURNIZT 39
AuAuazinTulumwmuvesseliveinsan Tudiuusnaueniuinisingliinnuiu
ARt [27] As3UTt 2.9 wansniadaunesusnsainsinvestiunaaey Janisivdsusuves
Tanzunuaziinuuinaiiuuenvassalinsnlailotanazdaiieondeuansliiiuing
AnuiuRninty dutletaniegiuluresdalinsinlelave agnaias@anansliiuing
ANUAUSAARTY Mallluseninin1sAnTUIUUTIMNUHIN UNBNTRIUN1TARITNIEUSINg
JRULANYIOTREANVIAAATUIINNAYDIAULAURY druuTaiiuinuluvenIsindnay
Usnguusesgu (Wrinkle) FUAANHAVIATINAUSA

Non-stress
Inner Surface Area

Outer Surface Neutral Axi

Elastic stress Area

Tensile Stress

[
==

JUN 2.9 anuAuiaguluuTMNuNyINIan [27]
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2.3.2.1 wfuununane (Neutral axis) lusgninamssndugulangunuasiin
AULAUAINNURIAUUBNFIUAURAIAUIULARANULAUTATUY TAEAIAINULAUAILALAITULAY

£ [
=

BNALLNAVUAIAANTIVSIUINANUVBURIAIUUDN AL VD URIA U UVBILHUTUNAA@DU tae

Y 9
1% '

AMULALYIEDINATADY Y anass) WLt NAAUIEULAUNANTIAMUNUITUNAFDU AstuLile
langusnalndiuiinansanumuaianuauaziianduaud fAeludinanuduintu Jauwun
Wunlifinnuruietuiaziionin “dunnunais” (Neutral axis)

2.3.2.2 nmslnadavaslanglunisdndugy (Metal flow) ilasainuiiim
yosnsiaiinnanduinty fusdmaliiAanisinasvedany TaensnadiiAnainany
Ausazdaarinliunasmnisie lansuiuazdinmnuvuianas daunsivadiiAnaind
Amududnardsualiiauneodanzuiuiutu f3U9 2.10 Suansdnuvarnsideusy
vowusulavgannsiatiugy

A ~-—

Section A - A
Neutral Axis

Section B-B

5U# 2.10 nslwasvastlansiaznisine [27]

i']aa“’f/ﬁﬂwaw'an752%@@”7?/@\7[@w::mmsnnaha[waa;:ﬂlé’@”aﬁ

1. $mflveansfn (Bend of radius) vewneiidniAuluiduamauiledivinlsiauiuiin
mmuﬂwéaﬂmmﬁ]Lﬁmmiaﬂmmauﬁai’a@

2. A (Thickness) IeauiutunaasuAuIsnInazinnsivadlddes

3. 319931390 (Degree of bend) wAvagyliianslvadvedansiios

4. M3eATauAU (Narrow bend) azvhlidinsluasveddansiiiominussisiton us
nslasvedlanzifiosainussdnaziiunmadunssatienite (Wide bend) v
Translvasvedansiiioinussiadinnnusnisluasveslansiiiosainusedn s
108

5. WWINT5IA (Rolling direction) 91nNTEUIUNITHARTBlaNEINY UBVENARON1TAR
LATNUIINIFAYINLUISARzansaldSefin1sen (Bending radius) 7@nn3nTs
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Famuuunia daiuFeannsossyldiinistarnauunnisiaianuanselunisde
F9NINITARALUUITA

6. AP (Hardness) TneTanfislenannaudageaziinnnsinasainanuidudsd
Adnuuensnnuazilenalunisiinsesdnuialsie drulavefisouiinslnadly
NMeAUT9INNNSERgIuasilonasviinsesguladng

2.3.3 n3EUUNIARYUFULUUDATE (Air-bending process)
ax o & Y ' 1% ax A o X a 1Y)
n35IsnsdnfusUlngmiluudseanlaaedds Aenisdnduguuuuildiusesiu
W TunAaeUAUa1vTeN1sARLULTA 19U n1sanTusUlaelduliuiuuuiil (V-bending)

1 a

Sowfiurisng (U-Bending) wagnisdauuuliifidiusessunsensdawuuia Fuseniinig

nAugULUUBaTE (AirBending) Tunsdnldauuudalnelduifuisniviesy Wudazgnna
wazdsdulurulavedduiiaiuaslunauineiuiuiulany shnafuduasuriuusifuiay
fudaotauuuatin Sedesinidfluisiie sududeseenuuuusifuilifomauavindy
yanaTuuiiFeams iliAsmuauldoudenndeddiedosdiofutuiosnnyumes

Wutuazuazane Izfosgnaankuuiluged19gnaeEiv UNISARLATLINUIUINLNAN 9

=

N

1%
a € v =

JUM 2.11 dnwnisveuliuifnTuguLuudese (Air-bending)

miﬁmﬁﬁugﬂuwﬁaiz (Air-bending) w%amqsﬁm%ugﬂuum% Nufnvestunaaeuas
gnnndudanniazeaiiolu 3 9afe ganaduifavesiud 1 90 axgnnszvhainsuUuTe sy
JuruLarNTIsUTasIIMEA A KLTuIS LAY 2 90 nslusanavesiudaylaivil
ArtunulududatudiusasiududadesnudfisignesnuuulidudesiamieFonis
wsifiainuuidn (Open die) fa3Uil 2.1 Fsawnsatusuiuruiidouingusng q ldoens
vannvae etwifuidndusUuuudassouiluldlunuiudauasautugilansuiuly
QARVNTTUETUBUA (28] DEauNTuas SedeRveansruiumsdinduguuuudassannsnasy
Iigta
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1. Fusuunuiivungueing q Ieghmanvanslasmsauauszsraudnlunis
navosiud Sdlidndufeavdsuyausiiu ilifiaradangulunssdmnnnii
wifiaiwuuta

2. \flesmnnsnavesiutlivilsfofudseusutunilududatuiiame vilild
usdlunstugUtiosninsnndowisuiieutuuifisiuuule

3. mafdugULuUBasaIsamuaNTzeEnaTesiuTlRARugIn T UL
fmun ilesarensinindueausuTunul

4. aunsomuANANLLuTesBuliie fensmuauszernsNAvesLT
mMdintusUieiinsiauuudassesivnaufniindugaesaniiuinduds
LLr;iu%mwuvLajgmaa%’Ué’aﬂﬁ’uﬁam&wmﬁmﬁuﬁ

2.3.4 M3AnAINaU (Springback)
N13ANFINFUVBITUIIUNGINTAR MuneTanIsneeuAugUradlanenaansean

v ' v
a = v v/

SAATUNEINAUANIENITTULSI AR UluLalans USadULNUNAN9L AN

2)
=
ol
(el
2D

LY [

wazdtaglutisdangu (Elastic limits) Weeniudeenainaelangdiuilavnereusn

Y [y ] a

INFUdIUIINAN wilared 1N INEURNUNAINREIALLAUARTLANLAAT NIV

Y

ca
=
e
=
o

[y 1

TiFunsndudguinadu [29] feduidielavedasalvaudisuginudiazdondidelans
vndussegluanngBangu deuTunumstiasndutestunundinisinasdualdan
Shaduvesretuuviin iiaseyNvewnis Tasifenmiina1ain dulseanivesns
AnAInau (Springback factor ; Kg) LLazi’aﬁg%wuﬁULwiazﬁnﬁ@%ﬁmé’uﬂizam‘éﬁummia@é’h
nduLAnail TeanansadumnsAndandundnnsdalsninaunisi 2.1 uazduusnis
AuInsagui 2.12

a, L, +0.5s

K= a,  1,+0.5s 2
le

Ke Ao ulszAvisnisaasangu

Oy A9 yuvewny (°)

o, fo  wmvetustalévdinsdatugy ()

S Ao mmmwaﬁaqsﬁmm Hadiuns)

re Ao Salenuluvesnne Haduns)

o fe Sailewluvestuny @adwns)



16

N N

JUN 2.12 fuUsnldauininsinmnduvesdunaaeunanisan [27]

Stress
(A BRI TR I~
& /i
b |
& |
g
S &
. /
/. }
|
' B Strain
o S 7R

Plastic Elastic
deformation recovery

JUN 2.13 AUENTUSUDIANIAL-AASEALAZNSANFRINGY [30]

MnuansnaaeuiiofnUsIngnistivesmsindandulunssuiunisdindusy [65)
Fauansluguvoansmaui-aaesendsguil 2.13 uanddiiiuinluvueilifluseansevi
A1ALATERlABTINYBITUNAABLIANAY TlasannIsAu N LBangy Fudunis
UanUapgA1nuAsEALUUEANE ULAZANNITNTEANLMVBIANLLAUAN A1SLUAANI9AIY
vesusutandidmaliiAnnsfndanduresian

2.3.5 anudenedissninnisan (Defect in bending operations)
nsAnaudsmeuaznisuaninuestuuinisiatugy a%ﬁmﬁmﬁlamw
YDIAULASYALR DY (Shearmg strain) JAAUANLASYALANYN (Fracture strain) mamamm
asuiuldinlunsdaduginazuisfiaifousadu 2 diufe frduluszegaisldusedn
(Compression) WagHIANUWBNILTULTIAS (Tension) mimamlﬂiumummugﬂ%Lﬂmm'm
ANudseiiLuUENYeINIIAA (FuffuLssRY) wagynfinnsansansenuvesiianisly
ns3atugredanzudy aznuiinmafamuunsiasuaninlddheniinisdariuunie
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MaguR 2.14 Fauansdnuazanudemevestunageuiiiiunsdntugy (a) Wudnvaeaiu
Fevneannnsanlaeudiuisudad wae (b) Wudnvaganudemeainnsdalaenisinuas
nmstudn [31]

Veilia Prebending Folda

Finish

bending

Without constraint With constraint

7,

Work material steel sheet
s=4 mm(0.16 in)

(a) (b)

sUN 2.14 enudemevesdunaasulagiifauisuiiivasnisiniu [31]

2.3.6 WINTFIUNTNAFAUNITANLAY ISO 7438:2005 [32]

mMsnageunsiinlad iunsveadeuiiieAnwmgAnssunisiasusUvesiannas
nsdalds Tnsdnuwazdunaaeunisdaliauansdiasud 2.15 ndanmaaeuazfiansunses
uan$ilintuuuiuRaduuenvesdunaaeuUinaLuNIdn nendinisdaldsdunagey
shesalifidvun auldpnuidmuslilusnsgiuniseaey nénnslunsmaaounisen
Tés Ao viinsdintuguiunaaeuisenadindda Wursnau Awden viosunsmanswmass T
Ie5asinmildsvdolildymnuiidivun Taelifirmeesusalflumsdaldsasi uagliussly
MainlAseeed dietlestunsifinnisiadouiivestunnasy wdsndunaaeuldssely
pafitunuds ¥inisamsaeuiufaduuenvesiunaasunssuinaidelds aduuina
fisumduussieifisosunniAntunioli asdulddmdnnisvesnisvaaeunisdald
WANAIIINNIVAAeUaNTRdnaUssnndy o TlnadnseonuiludslFune Aoldanaud
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Banasenuiduiniay wu Aanuuds mnudugansin Tusasiinaanmsmageunisalas
wfunaludsnunin fefinnsanuatunadeutuinunusinimeaeunield Aoanusos
mMsnageuMsARlAanuidvualy ngliAnsesunniiiaduuenilosaneunduuseds ¢
w3alyl

w = width of bend sample

t p—
metal
thickness

radius

SUN 2.15 dnyagdunaaaunIsanala [32]

NANIVAAOUNISHALAT 9 9N5ANINENBAILYBIBBLAN ST AN TUL LAY
YenveIdUNAdey Ian1InsiadeusiarilngnisdunnsaeanUan vseoialdnde il
Sdaweneldiiu 20 wh Tunsdiiiduneaeuiiisnsnaruseninennuniisuas AL nL
1nngn 8 Tl mnmsanusesuaniivey (Edee) vostunaaaulivihnisdasosunnliizou
wEwhnisnadeulmisnass

Lﬁaﬁ’mﬁéﬁ’m‘[ﬁﬂﬁ’mymnﬁﬁm (Bending angle) i ’"J’a@ﬁﬁmmmmmiumiﬁm
firndnavansnsavinisaeladaeldsaingde (Bending radius) idnnitlilaeliinsesuan
Fu lumemssiuinudiernisaalawsaeSeiinssaiag Fanfilanuanunialunisinldsd
mmwummmmmi@mimlmgm (Bending angle) Miunnndr3afinseinlAesnan (Minimum
bend radius) fla Safinisdatioeiiantaninsaldlunisdeldddaeilifasesunniituia las
UnAudr3miinisiasnfian (Minimum bend radius) azifudadiulnenssfuanumnuives
Fuau Feiudulvgszyariadimsdasanusuiuivesemumuestag () wu Yag
Afsasinsianingn = 3t AreYaniiannsaviinmssaldsheatinisdaunnnii 3 whweanm
mulagliAnsosunniiin arfafimadaigalalimnaiivestag iesndsduegiugnsa
douseELANTIBAnTY e1adimuannsalunsassdeuldwiniukasnsldseiinsanlunns
nagouliisaiiowazmiouty ewindesiinvessaiives Mandrel fildlunisnaaey

lunsiSeuiiguauanusalunisaalaaesdan ﬁﬁamaﬁavﬁﬂmw%mﬁwﬁuiﬁ
Tuazdeanannsvaaeuildiinisnadeunuuiie i NG]i’Jﬁ]ﬁ’e]‘Ui’eJEJLLﬁ]ﬂﬂuLﬂﬁJ’JﬂULLaﬂ%
Funagouiitluunwiiy naenauldgeiinnsse (Bending radius) wagauen (Bending angle)

ﬁL‘VI’Wﬂuﬂ’JEJ %@Nﬁ%ﬁ%uﬁ’]ﬂ?iﬂﬂ’mqL“LJiEJ‘ULV]?JUﬂ‘LJl@

Qe
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2.3.6.1 gUnsaluaziadosilanisinls
gUnsaluazinTosilelunismaasunisdaldefegud 2.16 Tnemluazlaid
Formuained esniuiinmeaeuiilidudougsnn uazlidesnmsanuazidenves
wFesfiouniin ssanunsasiinisdeldsdunaaoudasiaivievuinyunuditivun
IﬂEJVquJ’JlULﬂ%‘laﬂiﬁaLLaZQUﬂiﬂjﬁi{ﬂumﬁﬂ@ﬁaumiﬁﬂiﬁﬂ W1 Pin , Roller wag Mandrel 111
Al annniIAunwestuneaukazasfesdicuudusafisaveiazny
Aon1swlsjusarnsdnuseluseninammegeunisanlasla

Mandrel — Mandrel ».\{WR
PpY. R| 4 1 N
| -, Sk V B N 3 Tt
] é IE i
Roller * Force
Wrap bending device Wrap bending device

Force

' Mandrel bending radius, R ;
Specimen - @ é Specimen— E* g Mandrel
RS A |

[ 1 t N
T .

/) ! !

d+3r

/

Bottom block  Specimen./
support

V-block bending device

JUN 2.16 uUnInikaziATelonAdaUNITANLANLUUA « [33]

2.3.6.2 35N1TNAGBUNITANTAY

nsvaaeunIsRalasansavildldnainvaeds Jausdagiiiaanuuansieiuly
seauiden wisziivdnnislunsnadeuiniiendy Fvaaeunisinlditeyldiulaeda o
U & 3735 [33] lawn

1. n13AnTuguuuudase (Air-bending method) anuaENISNAROUNITARTY
'gmwuﬁaimmmé’qgﬂﬁ 2.17 6?'1LﬁumimaauiﬂaﬁﬂawLmumwugmsaq%’ugﬂ
NTsnszuenfiisalinulAsldtesnin 10 Taduns ua1A0YY) LLIINAUSIUNINAI9BITUY

A o Y] o ' ' ~ A &
NAFOULNEYINNITARLAY SeuereTendnegusenltlunisneagey () = 2r + 3t lagd r Ao
Smin1sAnlAY ua t AoAUNUIMTBIEUHUAUENAVBITUNAGOU dIuUa18vee Mandrel
zdaudunsinszuanniisatinulAuniusAinISARLAINADIN1TALYINNSNAFDU
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Direction of
testing force

l ,,,,,,, Pressurizing
7 metal fitting

— Mandrel
e

v ~—Test plece
s i

Support /

.
.

180°-6()

gﬂﬁ 217 miﬁmﬁﬁugﬂmuﬁaiz (Air-bending method) [33]

2. n'ﬁﬂwusmmwmum (Winding bend) vinnisnaaaulagazmss 9 sl
iuﬂﬂiumummumaanaU 9 Mandrel auidvualy Tagn1sfinaBavaredunilvestu
nageuuasnIsdaldsivatednd JwaeiliAnnisdnlfesey Mandrel mg‘dm 2.18

Testing

force 5(

Test | //j

piece

Testing
force

L, Mandrel

Test
piece

Ul 2.18 é’ﬂwmzmioﬁ’mﬁfugmmwguﬁ@ (Winding bend) [33]

-4

3. M3AATUFULUULAINNATUAT (V-block bending) Wun1snaaeulngingu

Y

VAAOUINBYUUFIUUUNUNTUATIATTUN 2.19 uaifianssnavesiudvisernausiananans
LHLTUNAERY WBARLATUNUAlIYLNALNAINN UG
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Direction of Testing forcel

Mandrel

|
N V4 \
s Test piece

\ V-block

180° - 6(7)

SUT 2.19 msdatustnuuLafisnisuiad (V-block bending) [33]

2.3.6.3 NsASENTUNAFBULRBNISAATAS

1um5a§maanwawﬂaaummmmaa‘l,umsﬁm%ugﬂmaﬂamLszuw'%aIamﬂau
anunsoadalildanuenivnzauuasyhmmeaaeulias dauduouiivihdadusuvas
wasn (Polygonal section) Tumagevataazmuianmanlvauldanunsaduialdnionios
negauMsRalAtenadmasliifis e JudedinsimdeuiieUszusualianas Tngldmui
ligndndeuduinduuenlumssuussisseninsnsnaaeunissinasas lusSednusseu
NuNsFREeuinSuuas Tnedalvesuouvsstuaiumsaziivuiadafiinnnin 1/10 vosan
WURIT UL URESUTUURTTS RS @uA N3 /AL w1nndn 8 laifianu
Suduazdousdouveulidouas sniulunsdfifesesuwnnTuiiyulussninsnismaaeunis
Falde dmsunnevesiunadeulunisnadeunuy Wrap bending k& Wipe bending
Funaaovazsosiinueineiazannsatuldlagldifnnisdeulaa urdwiunisvagou
LUU V-block bending %uwmaaumaﬁmmaﬂaﬂdﬁizsmzwj’mgmiaa Fuamdismaaoy
nsaldsaznsonananuuladld wilaounfineynisaaeunissalunuanaanfuLulia
wsedlumisiniumuiuiniafigun 2,20

Rolling direction Rolling direction
D) @
Longitudinal Transverse

5UT 2.20 NINAABUMIAALAILUUYINLAZAUULINITIA [33]
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ANNSUTUIUNLTNTIEIU AMUNIIY/ANUNL #1N77 8 anenIvnaaauaztduwuy
ALULAUTEUIU FIAIAUAIUNIUNTAALAIIETUAY TnT1duaUnTIY/ANUNET Aegu
~ ° o & Ao v | P ' 1 v Sy A a X
7 2.21 EMSUTUNUNLDNTEIUL ANUNINY/PNURUT 11NN 8 FUlU NSPRLAIRAATY 9
2l uaN1ILUBIANMULATEATEUIUKALANUAIUINUNSARLAIRE LITURU SR TIdIAUN 1Y/
AUTUT AIUUNITNAFBUNISANLAIINLINALAAUATUIATUINU AT D NT1EIUAINUNIN/ AL
11317071 8 JUlU WATANAYRIVUINYITUIUN VLT ABNANISNAADU

Radial tension (G;,&5)

Transverse tension (G;,€,)

G,/C,<0.5

Circumferential -

tension (G,€,)

Quter fiber
Strain at failure

Plane strain

8:1
Width-to-thickness ratio

JUN 2.21 dnwaganuauuazanueseamiiadulun1snagaunsinlag [33]

Tnsunaes lidermuniivafuauinesiunaaeunissalasBunin uiogrslsin
PM211R3gIL IS Z 2204 IRuUstunadeudwsunsie Tasoandu 3 nqudell

1) FUVAEOUUILLANUKUTT AU (t) Faue 3 fadiuns 3ulU Tawauning

(w) Guawuwmaauﬂm @in‘VD’N 20 - 50 uaamm maamummm'}ﬁummwmwumﬁiu

A

1%mmmwaaawmmmmeﬂ,m mummm:}uuamuaaﬂummwuwawumaauLLau
qﬂﬂsmm’h’ﬂumsmaau o13anlinunuININATY 25 Tadiuns dnnsafiazyinnisnaslann
sunilslitinnumnanasld sannuvsganiugUnsainnmaaoy uAdosdinmmunlaim
11 25 fadluns warlunisuaaeulildsudililainisnaslaaduinsuuenTunsiuuse

ANTEMINNITAALAY

W

JUN 2.22 dnyasTunaaauU TN LEY
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2) Funadeuviou (Bar) Fauandlugud 2.23 Tage1 D Fuduidusitugudnans
(Esutunpasuiiiivindadunanay) viooraduduhugudnansneluvesgunaiomass
(Emsusunaaeuiiiivindndugunanemden) drianiian D anndn 30 faduns a1unsod
agihnsnadlaliflunaidnas udsuinvesdn D ndwinsnddadeslsisiini1 25 faduns
Faguil 2.24 uaglumamaaeulildsudililsvihnsnaslanndufianfui suussis damany

(K

81909 YUNAABUILTURLNUAT D vastunaasuwargunsainldlunisvegey

Y

5UN 2.23 dnwaigtunnaeulseinm Bar newinnisnasta

s s BN

JUN 2.24 dnuartunaaeulseian Bar nasinviamsnasla

25 mm or more
25 mm or more

3) GunagudmsurinInaaey fanman Plate u3o Strip iAamurdiinin 3
Hades Summmmﬂ”iﬁﬁéuaa%umaamzagjiwdw 15 -50 fadiuns minfagiinuniiem
nirfitmuef Wldarmnigeaafiannsowdeld duauemastuegfunmuivesdy
nageuLargUnIninsnaaey

2.4 NMSNAHIUANURAYDIVEN

2.4.1 MsAszviesaUsznaun1aall (Chemical composition analysis)
n13nTvdeveAlsTneuNAiivesianUssnnlangyinlanaleds Fisteuuin
V1anABN1TATIVADUAIELATEY Spectrometer tHpadnd1slunsmieuguulanazldiaa
98 (ASM International, 1992) [34] Emission spectrometer dLduta3asiiod1usunis
¢ 1a P I3 [ = Yy
wsrenUsusvedlanzuavelaneluve sl Ingazlondnnis Spark tieliguau

]
0
ANdALEILAZLANNITATENSI9IUTILTENI1 Optical emission spectrometer laglgfasu

[

fyey 1T Detector kuU Multi CCD Hiouen Spectrum aewas nUudayaaazgnasiy

o

[

MNsUTEINARAKALIATIENUTINYEIEMEaN (NDT Instruments) lngyaussdiang
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o & a ¢ s a & & 0o o a ¢

ntnsATziesnlsznouniaaivestunulany WudiudAglunisiasisni
autRlasiudmniunisaivauantainiing aasaautiglunisimuindadousiielnlaauda
AINFBINTS

<

2.4.2 nsasavdaulassadrendndlewmaiianisideauuvassdidnd
NNSIAYUUUVBISIEDND (X-Ray Diffraction; XRD) \umadiafideuldlunisAne
1A5985190NEN VUINVBIBUNIA kaTNITIATIERIAUTENDUMLATIvDlany Fadnusas

a

yilnfvuiavesnhowadlivinfuuazflosdusznausigiuansiistu ;JULmeiLgmwwm
Siddnddauansaudiiusseninaueeimadeiuiuaududuinvesiia madeuuy
vos¥adidnd Adanueneduladifsstfuruintemiieiad fe fruiakeuduszanal 0.1-
100 Ssanson FsnsnunAsULTmANTAR Wi RuLasTiansadsuuaINAN

LNSATULN SRR [35]

-I—Q_-—/
[a=
-
[an3

N>

B

an' & W o o T o Y
gUVI 2.25 N3LaYIUUYDITIELDNGLUDANATLNUILUIUNGN

9IN3UN 2.25 ANUINSFVIUANAIVURENTIYN A uae B mdiulaevingu O fu
FEUTUIDINAN ARSI UUVDITIFILLAATULLDTL oSN NNTIADND 1 wag 2 unIarIaiy
L UTUNUMNVDINEIRAUFIFNNITA 2.2

2d.sin6 =ni (2.2)
NG

d Ao szesviayunIENy

0 Ao wuAnNIENU

A A AnNemeRY

ImUﬂgmaummmmaumsm ( Bragg’s law) muamﬂmmmw f3sAdngannIENU
fiauenaduiagg yuvesnisiaenuusdiondas AATUIUSE L H9TEnIN9SE U UTeY
NAN
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2.4.3 NMsAnEINISWANIN (Fractography)

Tun1s3tAsgin21uLdenne (Failure analysis) ADI01AEAIIUTIUIYLAY
Uszaunsalunnweauadsiitelviamnsaiinszinasgiagnies Insanudemenienis
waninanansasUslseinneanta 2 ngulug) Ae n1suantinkuulse (Brittle fracture) wag
nswansinkuumilen (Ductile fracture) nen1sfinwinisunniinuuudsglasuaiuaula
unnd iesndivisnsidsuglanises Fulansznuinnnituazeindenistostu us
MsusnvinuUUmienaeiitensasuginnmelazudlueade el

Fnsmsnaeuiiuinuaniniifeunie nsléndenansmididnnsouuuudes
n31A (Scanning electron microscopy) %38 SEM (ASM International, 1992) TneTunagou
AITTIANUEYIAkargNIuBng 1wl unuIsEnitImInssaeuluanngyynie galu
sgrinIsTndeUIuauanafesinamyuUiutuy uasTunuiivhnismsaaaudes
Usrnautunazdsuidion Lﬁufﬁ@ﬁﬁamwﬁwmﬁw wnhifiaudinisin iz siasi
nspasuRIMmeaIsti iy (Sputtering)

electron gun

condenser lens

beamn
I daflector
— chiective
lens

videc

screen elactron from

detector

specimen

5UN 2.26 wiNN15Y1UYD1ATEI SEM

MdNN139I191UYDLATES SEM LansfeguRl 2.26 FsazUszneudioundsiiiile
didnnseudsimihindndidnnseudleteulifussuy lnongudidnmsouiliainumaaiiiia
wgnissdeaunliil andundudidnaseutsgnasiusuiaudsiusiuisd (Condenser
lens) ilovilvingudidnaseunaneiduddidnasou Ssamsausulivuinvesdididnasou
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Tngviaidnldnudonis mndesnisnmdifinnuaudnazusuliddidnasoudivuindn
MniudBidneseunrgnuiussesinialneiaudlndng (Objective lens) asluufinuaudi
ABINITANY Mé’amnﬁw5Lﬁﬂmaugﬂﬂimawu%‘umuazv‘iﬂﬁlﬁm&ﬁﬂmaunaaqﬁ
(Secondary electron) Judsdygmaindidnasounienidezgniuiin uasudaslidy
dyaamndiannseinduazgni ladraulunnuussnanmasieliuazaunsaduiinnm
NNUNTRLAAIHALA
2.5 yATeiiiendos
Tunisfnmiaauaiunsalunisdntusdlansukulugnaimnssueusuduay
gramnssuiiieades fonasuaseAfevanedulddnuiladesing q Anadearuauise
Tumstugduazamuandunuilivdnistusuvestanngalaveiluuas Yagnaumsn nd
AL smlmmemawmstaqmJmmamwa’LummmmUmaﬂamLmu 36
fanduresdunadey ANUEEYNETINNTTRATLIULAY AN SENUIINATEUIUMITeAT LS oL
yi3ognumgin1siugy S uunmsfineenAeiietedtdnd

2,51 AduiiAnwIRBIfUATNEINsalunsusUvasTazusu
aruausntunstusUradlansuiumines annstusviueudnsalilaed
rngUiniignieaasunanmaunni ademefintu egislsfinuduFessnniiasve
ai’wﬁ’ﬂmmmaﬁmﬁﬁ’mmmm?mﬁm:uwvauﬁm%ﬂsvuauﬂwsfuiﬂiawvu,m'u lneTadnfnly
mimuiﬂmmmmwumﬁiuaﬂwmv%aﬂimmm’mLmawndmﬂmmLimuﬁuaﬁa&mmn
vuuRaiunadey snnstuglisiniesdionyalintsdasuiadn :nvainaedoulvues
n1snaaeulazyiladan ﬂmﬂmaaqﬂlmw{jmwaﬂwaqwamammmmaﬂiumsmugﬂ%aa
Tongunutsznausie dnsarsusinweuaiosdiondowsifont dunoulunisiugy audfues
Yan Arwnvessiutan wae deulufsrtuanuiFsuiuiuiuiandusiu Sdunsmaaey
A solumstusuie TN sintuglannanutdld 3 Jssnvusenoushe madatugy
o MIfALULsEn Laznstusuan dsnisdauuuRBauasmatuguanandunisdaty
sUnelduseis Bawnndsninnisinegnaiamsznmadndnunsierlifussdafn T
N9 ?jaLﬂuﬁﬂwmzﬂﬂiﬁugﬂmﬂmmLﬁuﬁmé”m (Pure bending) lasn1sldusansgviuuy
1190 TeiRnussisnnanIdnuiiiuiTaesiuiendntos MneAdeiiduaiun
mmimi’wLLuﬂm'ﬁﬁﬂmmu%’sJﬁLﬁ'méﬁ’mﬁ’umumma'mﬁaiuﬂ’]sﬁmﬁuguiﬁﬁqﬁ

2.5.1.1 anuanunsalun1syuguvaslansisiunaly

Jin wazag [36] lavinsnageun1sandusliuuaugnigumgiviesvedans
Hauyin AM30 uaz AZ31 NldNYUERURILANA1AY WBnITIAaeUTTmuINTTvedlaTaai
anAfduteuLazNTURENIUNIIAI8IATEY EBSD LHadUNANIINTEEMUBIALATEn
NanvrdlazsuluuMsiUigusUansvedlansuiy lun1sneaeuagyinnsanselagly

& Ao o a o [ 13

FTUUNAADUVUINEANTNIAAYINIAY USEN Deben Uszmasangy lasldlvaniwadvuin 5 KN
Anmnanieluya LEO™ 1450 SEM uagfinfandas TSL™ EBSD saguil 2.27
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(c)

0.20

0.16

0.12

g, True Strain

0.08

1 2 3 4 5 6 7 8 9 10
h, Displacement (mm)

0001 AZ3 l max=9.992
(f) — .808
2 — 4539
\\u._ A s— 3161
b~ N hd 2154
i 1468

——1.000
ED —— 0681

:'l (Centy)
I

max=5.020
| — 336
\’_H@ —2932
=¥ AR — 2241
[ﬁﬁ"‘\q i 1712
1.308
§ —1.000
ED —76

(T

3 jr,l r:Jﬁr' - Intrades 0001AM30

SUN 2.27 N15NARRUNISAAWUL 3 PALAENISRAAIUNIlNTId0U [36]

5UN 2.28 dnwauriuiivesian AM30 uay AZ31 INNTVIAFEUNIARLUUANIA [36]

MNNANITNAGEIFUR 2.28 wandiiiiuinlassadisganiandinisdnvesiunaaey
lavznaunsn AM30 waz Az31 Tusuil 2.28 () Wiulddauinsesuaninazsuiniy
a & a v - PV B 4 = A a 1
USIUHURIAULBNYDY AM30 1HlaA1ANLAUAWRLNTY 15% Uazllgafiiinsosunning
WNNIEWAL wenntiuansliiuisseswaniintuluiiuiinduuen vedlansnan AZ31
wianlasuaATenil 17% Aegui 2.28 (b) uaghiuiadulugadusesunnvuinlvgd
AnTuuazae18fInIuszuIuNISEeuannsandagud 2.28 () Fudunaainanuduves

ANUATYATLAATUDE1ATULTY

Korayem uaganiy [37] in1sfinynssuiun1snndugundusinsevindudme

1
a [y

LAZNANTENUAINNTOUSOU (CBUA) tiaUfuusslassaiansunasiiuiinvesian AZ31 lng
msmaaumﬁé’m%{ugﬂﬁqmmﬁﬁmmwé’qmﬂmsauéau Iamuw’u%m%ugﬂamLwiaﬁa
nAUNSINTTUONVWIAEURIUAUENaTS 10 Hadwns lagliusanserinludame agliu
NINTLUONVNILEY 1 wa 3 WWuynsessunazuimsinszuanmneay 2 Wuwisdmsung
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Puzy FmgnoukasndIn1sAnTuIulanifagun 2.29 a uay b sauvivinsvegaeulagld
WHAURTUFURUUAYT wanaragun 2.29 c uae d

Before
loading

CBU V-bending

5UN 2.29 MInadeuNSARTUsULUY CBU Uayn1santusuuuud [37]

3UN 2.30 dnwarlasiaiieganiavaensanduguiuy CBU vasian AZ31 [37]
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NnHaNIMAaesURl 2.30 nuidnvarlassaiganiadmiuaenndesiunaln
19INTEVIUNTANLAMVULTINTEYindudanag (CBU) nalnnisanudnainaiuaien
Faumsvesiiuiy wasiefisnimainniseugoudunanuvesian msUsulsuansy
wagiufinvedlaseadisanialunainvaistuainnssuaunts CBUA ilugnsuiudse
anuanasolunsdatugy Geinsdn /aeumun) wudAfgumgiivies

Mattei wazay [38] v snageuni1sandusUlaneusueaiiiiesnsn AAGxxx
Tugaannssunisrantudiueueus lanansliiiuiin1ssinanuesenpIutuAIUR
YRIPUNAADU ANUITDAIUANTAIUINTVBIANUEE M ElA Felun1siveazidunisnsivaau
NAtNYRIITAUINITAMULEIMIBLANIE AU TUTENIN ﬂﬁzmumsﬁm%ugﬂﬁﬁa‘lﬁlﬁmm

a Y = ' o a1 v a a & oA |
AINULATYAFIVBIIHR) AA6016 %QWU’J’]iSEJ%ﬂ’]iﬂ@?JENWWU%ﬂ@lﬂLﬂ@ﬂ’J?NLﬂiﬁJﬂ%GNﬂ”}ag
Tug19581919 0.6 Ur haw 0.92 Ur lageiainainsenannnisiudeusuanisiussuiunisileu
92HANNVUINYIZUI 3-4 LINUBIVUIANTU KATIOELANSIIUUNUEITUNAFDUILLTUUIING

d' Y] G4 d‘ d‘ 2 1 1 L dy a

BN UTAADUNAILSTuEUINNTT 0.92 Us mmam'}mwmmmugmmmmmaamuqﬂéﬂma
ANSLUAANUVLIEVYBIAIULATUALRNIZHAI LYUS TINLAINARNDNITVLIUAIVDITOYLANGD
WaAINgUN 2,31

3000 i
Crack propagation :
2500 f— |
il
A
2000 — ! !
o Strain localization L
& I
@ 1500 f— \ON!
o
7777777777777777 //
1000 p— } | !
| | |
\ b
| S0
500 — y
=h S0y
o } o l : f
0 I I R IR I
0 2 4 6 8 10 12 14
U (mm)

JUN 2.31 AuduiusuolsIAnLayAAIUASEATDYTER AAG016 [38]

Sarkar wazang [39] lavinnsAnwaudRaiuadunieiwasAuaIunsatunis

arugUvedlanzuudalledlilugeamnssugusudviin AAS754 NNsEUIUNITIASaULAY

2
a & = = a < L. A ' Y
INLYU LW@L‘UﬁEJ‘UL‘VlEJ‘UNaﬂ35V|U°U@Qﬁ'W!L‘Viaﬂ (Iron containing alloy) NEINAFADNTTLLFNTIT
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[
=

HenmevadlanglHun1enaInIsTusy NRANITNAADULITIFILAENAITNADUNTAIATUTY
IngeIRUsEnaumLAlveianluiuidewansfannsei 2.1

M13199 2.1 ssdusznaunuAiiveseqiliduunaiinge 5754 (wt.%)

Alloys Mg Mn Si Ti Fe Al
Low Fe 3.21 0.20 0.066 0.01 0.08 Rest
High Fe 3.24 0.21 0.055 0.011 0.30 Rest

nansnaaeduandliiuingUslarrnnveinsuanMsiandnlvdasidn ey
unnsnsiuluisanufianiswagmadsuwUasiviulddoauunn lunsdvedlanswaniiiisn
wan (Fe) i drulangnandiiisanvan (Fe) gauandiiuinnsuaziivuindnnituasd
Srunwnnndiseanufiams Sadeindunauanninfendntu wasnuinfiamanmsindaua
nsenusemAMIAuATNisudntey wAnssuaueTenudsdinaalndifestuinniivuia
nsBadash widlonisBamrteruinvesmimeieaiingdulansnausiniiidiunanves
swangeariidmsesnudafigduegnedaay

P—
0.5.mm

JUN 2.32 MMARYIIUTIMLINNSAAYRMlaNENEisNs Fe Naufayss Fe Namgs [39]

MnuanIIaaaunsintusunuilavenauiiisnn Fe i1 iilovinnsdadae
Snsndau 1/t shann (0.1) aeiifianuanansolunsdatugugadegudl 232 (a) Fadunanisda
voslanguaniiiisng Fe ¢ lagnsnaaeunsiaiiAianueien 66% dalinusosunniniuy
fufntuneaey Tnefuinasisnuuniunduaiiaveruaonedosfunudfeiiiiuan dou
Tavgwauisnnan (Fe) genanisnaaeunanifasud 2.32(b) Fefimmansnsaluniseind
Aoutnasi TnenendansdnazUsngdnuvazvessesunnlyifiuegedniay

Davidkov wagmty [40] lﬁﬁﬂﬂ’]iﬁﬂ‘lﬂ’lﬂalﬂﬂ’ﬂllLﬁﬁ%?ﬂixﬂdﬁﬁﬂﬁ%ﬂgﬂﬂ@ﬂ
Tonzusiulasnssfniiuiimaasuguansliuauasmaeyinisds Susiassuumsaideu
wuuaswdsLveeirulasiainania TaevinsAnyisedulansuiuogiideunauinse
AA5754 wiaiaudunniunun 1 Sefiues densdatuzunuudid Taeldgunsal (Bn) auin
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dnfimuaunsiAdeuiisiganfegun 2.33() vinisindugudiinelunnuuggayinie

Ingruavesnsinduguuansisguil 2.33(b) nuhanudemendunaaeuazisunedidugn

'
a

Yuadnuazvedudunisunninisunslioszezn1snadaiiuuIniy J9508unningeg
Susukazreeilunusziunsesulaeldnyasveniswaninuuumieisiuiunisiia
ForiuuadnuusynaveLNaiasLazveneffouseiuinduluvessaauani

RO.S < J ROSS \ A/
(b)

5U# 2.33 dnwnurveand miuanfususial [40]

LN@W%’Wimﬁﬂﬁiﬂ‘U@\‘iﬂ’ﬁLLG}ﬂi’]’J‘W‘U’J’] “U‘Ll’]ﬂllllﬂ’ﬁﬂ@l'ﬂLW&I‘UUQ‘U?{QN@V}WI‘WLL‘U’J
“UEN?’E)EJLa@um(ﬂﬂ'133’311G]'Dﬂ‘l«!LUUﬁ“U’WUﬂWiLQEJU‘?NLﬂWU‘U‘WﬁWEJLL‘U’JLL@“LLN?JEJ’]SJG]'J?]'V]GUEJUN'J
‘U@Q%UW@E‘I@‘U IWEJi@EJLLmﬂﬁTJQSﬂEJGI'JLL@%‘UEJ’]EJG]’J‘LUWIEJiSU’]Uﬂ”IiLQauV]LﬁG]sU‘HGNEU‘VI 2.34

—— -

[l
=

UM 2.34 nNN1519RIT095¥UIUNTTIABY UAENISVLIUMIVBITRULAN
(@) yun159m 110° (b) YUN5AA 135°(C) YUNTAR 145° [40]

Pradeau wazAy [41] levinisAnwinansenuvesaudinienaianeqiliounay
yilausiuuns lnegatfunsiieneinauagshuenalnnsuaninanmsiaiiusiaainnisi
Tuwuaunu Tnemsneaeuiigamgiivies lnsniseonuuugunsaiifienaaounsdaiugy &
wandlugudl 2.35 FaUszneudegnnissesiuaestufiivuindurigudnans 30 fadiuns
wagludadnsunisnadatusUvuiniail 0.38 Sadmns naadluduvdsfsnarsuoaisy
naaoulilvamadlszinagnnasisaoamuuuui Z



sUN 2.35 gunsaimsantiugUsmesalinisdnunaian [41]

1400
1300
1200
1100
1000

900

700
600
500
400
300
200
100

F(N)

5UN 2.36 Anuduiusvenswinduuiazsserninavesiudiion1sanugy [41]
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uavosuslunsintugulneldlufindidsadivuadnuansdesuil 2.36 nudnisdn
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JUT1 238 AnvagnsuanINveTUnaaeuNIIAn [42]
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sesuaniaidunsuaniiuuumiled fagun 2.46

AEVAINIARTUIURUUDATE U ULeNYRITUNAARUIEdAUNUIILANAY
WAZIUINYBNTOUANTIILVLIEN IV UTBLNMSAMNLETUAIFUN 2.47
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JUN 2.47 dnwagreInIAATIImMAINISARTiYNRA 180° [45]
NHaNTIEna1laeasuladn sULUUTeIRde e inTusENINaNTSARTY
sUraunannaIAULTIusgviia TRIP (TRIP-aided steels) aziudnwaznisuaniiuuy
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Kim uag Lee [54] vin1s@nwinansenuvealasaamuludnndig (Retained
austenite) fidssasonisandindureundnndinnuudausgs TRIP vdin3adu fenis
yAFoUNIIFIALULIT (V-bending) Tneliinrufeunnfunaaeuiigumgiiooamuinesdluris
gaunndl 300, 350 uay 400 °C Lieliliunnaeuiifiuiinavetooamuludandafiuandg

U 33U BadnwazlATEsNganIAlanIfegunl 2.66 (a - o) WuiIEvIMINgRuNaINes



51

159 (Ferrite) @anvunefanaiuulus (Bainite) wazdnmivuisdandosdinuludnnmng
(Retained austenite) #579@9UONI1EI1UVDIDRANULUARNNA9AI835 EBSD FINaNIS
MTIVABUUAAIRITUT 2.66 (d - ) muafu

Total  Partition Total  Partition < Total  Partition

Phase Fraction Fraction Phase Fraction  Fraction Phase Fraction Fraction
- Ferrite 0.831 0.831 - Ferrite 0.844 0.844 - Ferrite 0.836 0.836
_ R.Austenite 0.024 0.024 _ R.Austenite  0.030 0.030 - R.Austenite  0.080 0.080
[IT] Bainite 0.144 0.144 - Bamite 0.126 0.126 - Bainite 0.085 0.085

UM 2.66 AnwaglassainiaanialasinuianIsesIeiavesTan TRIP [54]

3000 3000 3000 C
(110, F (110), E 110),
I r L
2500 = i Speciemn: S-300 2500 ! Specicmn: 8-350 2500 Speciemn: S-400
2000 {~ - K zoooE } 4 2000 -
3 @1, 2 r @m, B E @iy,
E £ [ E [
g g L | Z £
2 1500 |- ‘ = 1500 | = Isep
H @00), 3 £ o), ] b @u0),
= 1000 - | = 1000 [~ = 1000 -
! ‘l £ | E | ‘
: F F |
500 [ ‘ 500 i 500 | |
| 220) [ | 22 P | 20, ||
(1), [ 200, | 20 | 30220 £, (o0, e @0, N iy @20 [ oaim, | oo, @20, 2200
Y S| SR | . ° . ok .
30 0 50 60 70 80 90 100 30 20 50 60 70 80 90 100 30 40 50 60 70 80 9 100
20 (degree) 20 (degree) 20 (degree)

Ul 2.67 1@ XRD vesimanndn TRIP steel ndsnseulvimuiou [54]
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-1.5 35

i — — B — — Springback angle |

i p Er g i}

- — — © — — Forming balance P .
2 . 130 ~
8 - 7 =
g 0 s400 ] 2
L - - 3!
= 25F O 25 &
el | - | E
E - ng 4 @
R $-350 1
o - S-300 XX - s
& -3 —20 =

_ O J

35 | | | 1 | L | 15

2 4 6 8 10 12

Volume fraction of retained austenite phase (%)

JUN 2.68 AnwdNTuSTRsuRafINGULAzRaTNISANTUTY [54]

(3 1% ad v [ o Y o
INNANIINTIVEBUBIAUTENDULNAAIYIS XRD ‘Maﬁmiwumﬁuawumaaumiﬂ

7l 2.67 uansmsfinvosaeoamuludnndslussurusdn (111)y, (200)y, (220)y tag (311)y
ezmwumLWaaaamulummﬂmqmmﬂummeawumaammmaaammwaswawuwmaau
ity dhwguil 2.68 uansmsduSsErinssumAnfInfuLas U lde adL
ludandne Fanuivuayedadanduiiuuslinanasionmgiiseainuiness 350 °C wie
SninduveseamuluinndsUszina 6% uasAninduaniugeluilegumniona
woFafisdud 400 °C vadhduooamulufanésseainm 12% Feaguldivuiayudn
fhnduazanasingaidieUiinaveseesmiludandaiingaiulursgamnlooaminedl
A 350° wazawiayuindindvanfistudnafmngunadesamuwesafiugedu s
wnilaeeamuludanasvennanndl TRIP fusunaoani 3% szdwmalviiinsaswan
U%L’;mﬁuﬁwmé’muaﬂsuamméfm

Toros wagAug [55] 1/‘1"1msﬁﬂmmmmmiﬂum?ﬁugﬂLLazmsﬁﬂﬁaﬂﬁwm
WANNET TRIPBOO fenissrassmslnludedmudmedsnisfiunnanedy Gsussnaudie
Hill-48, Barlat-89 waz YLD2000 Lievhunsnansenuvesmuduasiniasaeulelelnsy
Fetostufianieanisdn Mn1snsvdeusieisfiuansiadiy wu Tnwisdmesves Lankford
LAz35ves ErMin wamimaamamﬁqgﬂﬁ 2.69 FauannanisiUSsuiiuanuuUsUsIu
YasmauLAuATInfiistostuneulelelnsduiofianianisiaiildannissrasdagldds
w84 Lankford wazilssuiisuiuinueinisasintagldisidaass wuuldidudadunuaau
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1.20
115
110
1.05
Q_ 1.00
o JNSDRSESL .
o) - —— Hill-48 Case-|
095 Hill-48 Case-ll
- —— Barlat-89 Case-|
0.90F e Barlat-89 Case-ll
W o s e YLD2000-2d
0.85 ® [Experimental
0.80 1 L 1 L 1 L 1 L 1 L
0 20 40 60 80 100
Angle ¢ to RD in Deg.

UM 2.69 MsyuLfigunan1snaaedwaynsYugianaensAuvedlanzwsy [55]

HanITITENUINNITIATEEAsIUA UL Uase srA AT nuazalolelnsdaes
LA LEL ﬁléﬁmmsmamsmmaaﬂﬂaﬂwsﬁqﬁugﬂiuﬁﬂmamﬁﬂﬁGmﬁ’u W 0°, 45°, 90° 35
284 Lankford @nunsavituteAiaauauasintazaweulalalnstvedansukulanninid
EriMin d@aunns$1aesnssuIunsaingusia V fagudl 2.70 wuiianssiasssngds YLD2000-2d
anansnvimnevunsNAndnd Ui g Tiae

20

18 " Experiment [eZZZZ) Amounts of springback |

16 |-

i YLD2000-2d
14F

Barlat-89
‘:3] 10

Hill-48

i LR

U 2.70 nan1sAnfngduaInMImaaediarn1sinaenie s inludiediuue [55]
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Fei wag Hodgson [56] vihnsAnwmgAnssunisaasanduveavanuauadusia
TRIP steel fifluunnnumu LA IUIRLINIAA LN 1938 UIUNITRRTUULUY
Basy (Air-bending) faguf 2.71 TneRndayanaaouuueiemadeuusfauuuaiunysyasdd
auaailumdindenoufinmesldfeus 0.1 8 500 fadiuns/uit Saruutusvomuss
nAtUYI + 2.5 N uazauuiug1vessseznadnogluyie + 0.001 Haduns auadu

Punch

Die Die
W

JUN 2.71 dnwagmsandusuidneismsanuwuudase (Airbending) [56]

14+

—_
no
l_

—
(]
1

Springback angle A6 (°)
()] co

N
]

2 T T T y T T T ¥ T y T v T y T v 1
20 40 60 80 100 120 140 160 180

Bending Angle 6 (°)

1 [

[

JUN 2.72 Anuduiusueufinfiingu ANUMNIUNAEDU Waziuandugy [56]
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MNuaNIIAaeagUl 2.72 wandliifiuiiamneumuuHUE U ULAE TUR
qtumié’w’mza'qmasia‘uum;guﬁméhﬂé’umwﬁqmimaaumiﬁwﬁugﬂLL‘UU'Sasz lnelansuny
AfamuntesaziivuiayNindindugendt uasruayuRasinduaziivunliuanaade
N sFainnIndy Wesniuilunisudsusuesauaraamnduannsdey
U3 smﬁqmaﬂiwumﬂmimﬁ'augﬂmmLWaaaamuiwﬂﬂLfJuLWauﬁmulszjﬁLﬁumﬂ%u

Chalal wagaae [57] ﬁwmiﬁﬂquﬁﬂisumsﬁmﬁaﬂﬁwaqmﬁﬂﬂﬁwmmLL*TNLm
gevilawnag (Dual phase), ¥lla TRIP, uazyila Ferite-Bainite Yu1AAI1UNUT 1.2 D9 4
fiadiums TnensvaaeunsfALUUAEA (Bending under tension) fa3Ufl 2.73 nan1maas
wansliiuinuufnsnduresiagudasaiaagiluualiululufismaiendu Samuinilevunn
AramuLRtuashliSasdussisseivasiuduazainumunasdatiosas uandly
Wiustnadmauainansveaeslunsdifiilsedliiug 5 faduns U7 274 Fenanagdldivun
uufafanduflanandunaunainuinueausenssvidundsdunadeuiiiugedu Sebusuld
NNATBINITNARDIAENTTaeIEIE I ludefuuduaznisindinduazluusliulidu

WBavaufus Al

Imposed
back-force

Initial bending

® experiments
@ isotropic
Beginning O combined
of the test End of the test

Uil 2.73 dnwaizmmaaeunsfinneldussia (Bending-under-tension test) [57]
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80 | S

50 1 —e—DPA

20 e FB

gg: —=-TRIPA 7 )

101 ——TRIPB . a —e—k =0.5, DPA

13_ - k=05 6 —4—k=05FB
g 50 51 —m— k=05, TRIPA
2 — —
o 40- l\. DPA = N e |05 RIS
G 30 -8 TRIPA =
% 20 —~—TRPB 2 5 ‘o k=0.8, DPA
S 10 IE] k = 0.8, TRIPA
g 10 k=08 2 5
g — 3 IIl"g:::-'-"‘e'*:‘ k=0.8, TRIPB
5] QT

fg- & | eom L B --0--k=1.1, DPA

107 st o—gf ~-Or-k=1.1, TRIPA

—e_ TRIPB

2] | --¢-- k =1.1, TRIPB

0- - T T T T T T

5 =18 2 34586789

10 LR > R/

2 3 4 5 8 7 8.9
Rt

a

Ul 2.74 BvEnavessnsduTEing R/t Tidsnasievuinuuiasingu [57]

Xuechun wavame [58] lafnwinisiasndusesdunpdeu WisiUdeuiiiouna
mwmamﬂmﬁmimaawamammam 3 ¥iln AU NUNURT (V- bending) 1u1nAY
n¥1afudil 20 Tadiuns yuWud 90° AunaUinate 23.10 TadLns Funageunu 1
fedwes Wisuifisunan1svinaed 3 Luume (1) faWﬂmiwmaammugﬂﬁmﬂma@ 3 vilnAo
LY12 (M), LF21 (M) wag SPCC (2) 9annistdlannadidalug&aninudangu (Young's
Modulus, E) A9fi uae (3) mﬂmi‘ﬁiﬁﬁmLma‘ﬁﬁﬂm@é’ﬁmmﬁmmjuLU%uMWm Power-
exponent hardening model Naﬂ’]iwmamﬁa‘gﬂlﬁ’i’l Material hardening model fin17u
m‘?ismsﬂumif{hamﬂﬁamﬁ”mé’waﬂawmumﬂdﬂﬂ'}iﬁ?ﬂaaaimamﬂ%i% Linear
hardening model ”Lumwmmimuaa 9 szqlmumummmﬂaﬂﬂammﬂumﬂ’ﬁmam
934 LLmLmauumimmwmmﬂsum.,mm’mLmﬂmqmnmmlmmnmimaaqmmu Favediensn
11 winiflevasuarlimduluniy Power-exponent hardening model agldanfifiaany
Tn&Aesfiunantsnaaenniy

Papeleux wag Ponthot [59] ¥in1sAinwiUIeuLisungAnssun1sAnfminaues
Fan 3 wila Ao wmanndazyu (Mild steel) iMANNAIAINUTINTIGY (High strength steel)
uazegiion elidnsdruvesnruuiausuazalugdannudangugauansiadu iile
uJiEJUmawmmmmmmﬂawmmsmmusﬂ nanIMRABINUINTENNE AL Tegedl
Msndanduinniige sesasndsegiifienuazindnndrazyudaldnsdiuvesudaussdon
TugdarnuBaveusiniian

Asnafi [60] Anwin1sandindulunisaniugumeudiiuisussd (V-bending) lag
nswWssuiiisunaanniseassiunisdtassnedsnsliludedwudvesnannailsadu 9
yila NdANUnUIRANANTY Ingruinauudosfigane 7.9 TaAlAT wWarAIUNLININ
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a a 1

Ao 31.3 fadluns KANINARBINUTIVWINLHRAGINGUTILAAINNTTa0Ie T Inludled
ANATRENTIINITNARBIATY Taanwazn1Tanlukdiuisuddiiagiinn1siudeusy

[
[y v =

WULREINTUNSARTUIUTEIATY IANTULTINNTIgARDYANINasvesdunadaulneluLIuAdnT
a & 2 o
Aedudulumuaunisn 2.3

M = Q((w/2) - X (2.3)

M A9 LUuUslAAINNISAn
Q A8 IUINVBILIIAUNUINY
W AR AMUNINSRIUINY

NWUIRFAANEA UV TARINARENTTARFINTUVBIBUNARDU TIDINNANTT

= U = = a = a Y o1 v
NAFBULTINIVRITAR LY 2 JULUU ABNISAMIILLITALAZNIAIUIIMUITAR A lug S
ANNEANEUNLANA1TY TAgN1TANULIITARE AT g FaAUE A UEINI 11NN TALUY
YINUUIIA 12.5% INT1ERsUUNITANAINLUITALAE NITAATINLUITALLAANITAARINAUN
Anafy Han1INARBIUBLUaANNaIlsall ASTM 316 A2IUNYT 8.3 Hadluns AI1uA31e 50

a a

fadnstaiianlugdaaiugangun 195 GPa. lvuiayufnamIngy 2.592° lileelunaan3ny

'
1 =

ganguanadfl 183 GPa. HYUIALUAAAINGY 2.785° BUNUIU 6.4% waziilelugaaniny

:
a y =

Banduiisndu 206 GPa. axflvuinyufadingu 2.467° Fwanas 4.8 % aguldiniagmanndd

||

D

ISatinvdafeatuanumuniitu minarlugaariiudanguiiaduagyilivuinvesufine
nauanaa

a o

2.5.3 MUAITBNANBUAYINUKNBNTENUIINNTZUIUNITNNANNTBULALZIUNYUNIS
Yugy
v

2.5.3.1 nansznuvesanmiisienlnuannsalunisiavugy

Hug wazaniz [61] lévinisnaaesiiofnwinansenuvestesinsuuindn (Void)
Tuwmdnndnnuudusegerinmanfigamgiiunnaniu Tagnismaaeuusefuazeaniuy
Snvazrestunaasuduluuamssiuagiisesuindusuiaasnadn KU 2.75 e
aruauliAnaueioaduuuaiunny fddnvuruarsunuuadefuiliintuly
nszUIuNTIRatusUly TneldvinnismeaeuussRsiigamnfigdlutag 293 - 723 K
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Notched sp'ecimen

Stress triaxiality 1
o
(=)}
1
T

04 + __
Smooth specimen

02 f f } f {
0.0 0.2 0.4 0.6 0.8 1.0

Equivalent plastic strain €.

LY

JUN 2.75 n31ANLAL-AIASEAYRITUNARB UTIIAN wausIANA 9 TY [61]

—
a1}
—
—
=
L)

1000 + /1/,-"'—:‘__. “room ‘E\“l"\m'““’ 1000 -L
£\ A -TIs e
2 {If \.\ =
2 / s
& | p— 573K -
g s 7 =t 2 [ 500
g / 673K

0+ } + t t { 0+ t t t t
0 20 40 60 80 100 300 400 500 600 700

4 : H <3 . e » 4
Engineering strain (x10 ) I'emperature (K)

JUN 2.76 nansvadeusIRueuvinnavlinulag igamaiiwansneiu [61]

NANIYIAABULSIRsTIgaMaTuAnssTufagURl 2.76(a) Badunsmiuansnandu-aaeden
y3Imnsau (Engineering stress) wutnilogamgiiiiugstuazdsuavhlsimauduisasan
uagAAAuAT Nzl liuanatedaseilos duauannsalunsadmuiiazan
ﬁqqﬂﬁqquﬁ 573 K mﬂﬁ‘ju%LﬁuqqﬁuLﬁaqmuqﬁﬂwsﬁmLﬁ'ufgu ahugﬂﬁ 2.76(b) t¥uns
LaARSATILAL-ATILATERRTS (True stress) TanuinistugUlutagamgiiviesdis 573 K ag
LidawasieAranuudausfegean drudanandunsnzanandnties uazidegumgiiii
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X 1 <

ATUAIAULIILTIFIGegALATAIALALATINIZARatRE 1 uIULATR na1alasasURalle

Y

gaunginmsnaaeuliuguIzdanalinAuAsINYesiananas Ysaenanesiunisanada

9 Y

ynsinulediasnisiiutuvesnesisvdsliandRsoumien

Luo warAmy [62] WvinmsfnyinansenuesgamgfinstugUuasaunnvensy
fdawasionnuudsusafevoundnndr Mn-TRIP fiunssisniseuseunvuseliles damuin
Aaruudaussisveslansuiuasiunltuananiogamgfimamaaouiingatulurag -20 i
300 °C §nsinnsbasalasruvedlansuiuazifiuiulugaadudy Tnsasiiaigegalutag

'
a a

gaunnil 25-100 °C wazdliwilduasasilioguviliiudugandi 100 °C fasgazidengud
2177

60
1200 | I |
(oo 7Mn-BAi-TE - 50
3 Ll g
% 1000 + 440 E:’
RN I %
2. 9007 7¥Mn-CA-TS ) =
B 7Mn-BA-TS ) e
5. st _. i1
ol M g/ 2
P SO (S I ______ I ]
600 i 1 A 1 3 1 i Lo, L : 1 i 1 4 10
-50 0 50 100 150 200 250 300 350
Temperature(°C)

=] v v 6 < = [y A v a ' [y
g‘lJ‘VI 277 ANUFNNUIUDIAMULUILIIPNLLATDAIINITUANIDUNNULANATINY [62]

(a) 0.406 (b) 0.369
04 | P 0384 0.387 7
% 84 038
/A 1 =
/ A 0337 033103350331 g
8 7 717 N N N S % 03}
Z o3l 0292 P4 b7 NN _g
a8 17 =" N 3
é Z N N E 7 231
s . AVa b N
= " “ N N 5
z : N NN g 02t
= 02} 7 il ] B
-] N N -
] / / N =
& ALV N R
§ ‘/1 ,/ 7 N § 710118
7 7
3 2 0117106 R R Eul A7
2 o} 00886 ] 1 ) N . A
7 AV N INTN IS E Z
A N NN = AV
Do ANV NNINRR 8 A Zoone0s N
AU N\ N wl_AN A7 Poosooo: oocs
T asereceived 0°C 25°C 100°C200°C 300°C asreesived 0°C 25°C100°C200°C300°C ) o"C 25°C 100°C200°C 300°C o'c 25'Cio0’c 200" c300'C
Mn-BA TMn-CA T™Mn-BA T™Mn-CA

JUT 2.78 anuduiusvesgangiiuarUsinaulaseamuludainnisnaaeuusafs [62]
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mﬂgﬂﬁ 2.78 uanssansasuulawesTinaaaeeamuludandslumanndd
mnuudaussgenin TRIP Aflsmuasnidanandiunats wuimsvaaeunssisignmging
%ugﬂﬁﬂ miLﬂﬁauLLanmaaﬂ%mmeWaaaamuiuﬁ%tﬁm%umﬂmfﬂﬁQmmﬁqq ilegamail
nsvARRUNALT 100 °C Shsndiuvesiuuesamulusnddlumdnnddesiinged
YTinalndifeeiudszunn 11.4% nanlagasudie () dnsnavesaungilazdinase
psAUsEneUMBATLazNsIUAsusUveaansmuled waz (i) vuisveansuiinasoniny
iafpsnmuesesamulud elildaudRiSnainzauiigndesnunuiaiiosninue e
poamuludlusgninanistusy uenanduwiainsuvennoslsvifimnzan azvaelunis
muauAeAssaLddimnausaranndesiunsUdsusUvealasaamulud

Yong uag Zhuang [63] lévinsnageunistuguliutigamgivuugduuas fou
iiednwnsiasundasesiassainannuazauifidnavonndnndnnaudusigs Fe-
C-Mn-Si Tngmndeunsauguiigamadiiunnmsfusaznssaeunisiudsuulasmedlaseadns
9amAMeNdosganIsAiLuuLas LOM, SEM wag XRD namsAnuinuiilassaiisganiai
Usgnousomeslsvidisisunsainanemasy inavuluivuiadn wazilaosailudfifiaiiy
afazanunsotuguldn nstususulguasdssadoautivisnavoundnnd TRIP wiadn
You Topannuudsussiaasiiangegnitonmgll 250 °C daunnmamnsalunisindnaziidgean
flgaumai 100 °C lasnsidasusuveuaesamulusanddluifumaunsinuledssninenis
Wasuguans w3 TRIP effect azLﬁﬂﬁuluﬁaqqmmgﬁ 15-350 °C AINANIINTIVADUAIETT
XRD (U1 2.79) inuinuSunaveaassamuluindiminnasuussiazanasesiaiiulédn

6 000 6 000
@ 110, Before tensile test ®) 1104 After tensile test
4000 | 4000 F
B 2
g g 211,
E £
2000 - 2000 -
200,
310,
: 200, | 220,481,220 ) " 22 . -
20 40 60 80 100 120 140 20 40 60 80 100 120 140
26/(°) 26/(°)

SUT 2.79 HaN5M5I980U XRD ABULATMEINNTNAB UL [63]

Cavusoglu wazaaiz [64] levinnsnwinansznuvesgumgiifisldoasd@niana
LATNOANITTUNITHANTNVDUNANNAIAINRDIIIZY DP1000 Awnwn 1 dadiuns lagyi
nsmeaevanTAnIsnaludigum)iuuuguuuLA3emAaoULTIAIwLIn 100 kN. Fvun
aranfanagoudl 25 Saduns/ui arnilsanswesgumnd 2 °C wisuiunnaeuiivhy
FUiirm1anisia 0°, 45° way 90° wagynisneaeulaglanutounntunaaeud 25, 100,
200 uaz 300 °C mud1ey TnsanisvaaeuLssRsTigumaiianng 4 uansdaguil 2.80
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—_ \
© s
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£
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Engineering Plastic Strain

JUN 2.80 ANUANINSTDIANUAU-AIUATEATITY UagTiAn1aNTInveslansinu [64]

] A o Y =i Y a

drunan1InTIadeuIuInnsinfivesTaguanslugu 2.81 lnenuinianazian
AMENIsaluNISBARIUsEIM 10% Tlgamall 25 °C wazwumsideuutatiieuiniiey
- a a =3 | \ o 4' = = Y = a
\i9gugilitugsuluyae 100 °C waz 200 °C Wasuiigufiunansnadeuigumad
25 °C wiagnudnauIan1sBadalunnitenisnisia duwlduifivaniuediudiuladaiiie
Qoun LU 300 °C

154
4 f
14 4
6’:9‘ 1
~ 13-
c
Rl 1
® 12
c
5
w11 ]
g | T e /
S 10 4 - /‘\\ i [ /
-}
9 - = 0°
] —eo—45°
8 = A 900
T T T T
25 100 200 300
Temperature (°C)

sUN 2.81 anuduiusvesgumgiuaraiuaunsaluniseamveslavsuay [64]
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Grajcar uag Krzton [65] nsfnwidnswavesgamniinisiudsusuveauulud
(Bainite transformation temperature) fidsnanodnsnaruvetoaanuluinnisuasUsuia
s IVANNE AL sIgerEn C-Mn-Si-ALND-T figniautuanla darfmun
TnuaziBeavosnszuiumenannuiounaniiaguil 2.82 Tastuneaeugnavasgumnily
ntumeu BsgamailunismaaougagailAviniu 850 °C uazmuaugumgiinisusives
Funnaaulioglugas 850 fs 600 °C ¥in1smseeniuulasBamuduldsweinisdeusy
ansuazmstiuiegieninidy WemuaumsiUasusUvesesaulud

T,°C
[ T, = 1150 °C, ¢0.36, ¢=Ts
Ty / T, = 1050 °C. $0.29, =85
\
'\N\f\ / T, = 950°C. ©0.29, $=9s

T, =850 °C, 0.29, $=10s

V,=15°Cls
V,=2°Cls

t=10s t=12s|

P il D) 170 Py V,=40°Cs

T, =250-500 °C
V,=05°Cls
=600s
e — |

O B # - _—

UM 2.82 M91ERR3URINTEUIUNITVNIANILTOUIINNITTI8098T5 Gleeble [65]

18
16 ]
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S 144
—
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o 12 -
=
=
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= |
< 4
2 s
g
e~ i
A5} (]
e 6
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Temperature, °C

JUN 2.83 Hansenuvesniindmadednidiuvesesanuluinndng [65]
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1INNANIITNAGDINUINAMUTNTUgIEnvassmArsuaulunasaanuluniie
iU 1.5% flgamgdl 350 °C Fednsndruvonlasaamuludandefiuianadiunans
Uszanas 10% fagudl 2.83 Famadananifnannisnszaneivessinasueulumaseainy
luf uazeynevesuvEndileslsvinsdivungefiandlonstusosndliigumad 350 °C nie
nanlavasuldiuimavsnrassamuludnnésazduualiifingetuilogumnivesiu
yadoULRLTy

2.5.3.2 HANTENUVBQUNNAABNTANAINAY

Yanagimoto ey Oyamada [66] 1AINMSATIEOUNTAARINSUVDUNANNEN
araudausigavdamstugulurisgamnigusasdou esmnmdnndauudaussgeilldgn
Branldunntu LLazwqaﬂssmmiﬁ@ﬁaﬂé’umwa"’qmﬁﬁugﬂL‘Tlu{]mmﬁﬁﬁ’maqmﬁﬂﬂé’wﬁﬂ
il mavegsumsTnIrEniumsneldnnsnuauenmnifiutiusiludasiesmadasusUans
Tneldgunsaimuauaufeufianiuueaiomaaey gamgiivestunadouazgnarualngnis
Tianudeumevnammuioni mslddndosvulugumgifialdangumgiidivanedy
Fyanudune nazudlihvesmsmienthanudeugnaunslayagunsal PID fasud 2.84
dudnvazsuiseaifudildlunseaeunisdatuguuagiuntanisniuaugung iy
NAABULARIFITUT 2.85

Control signal
T (K) Target __’ PID ontrol signa
temperature controller

t (s) \

Test piece

o~ e

Electric current of induction heating

JUN 2.84 urun1MNIsAUANRUMANLAEN1IAUANEY ML UUERUNAY PID [66]
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JUT 2.86 AnuduiusvonAnmIndunendInsinvugUidwasgunninisdn [66]

NHANITNAABITUT 2.86 WUINLNTUINLARFINAUIzanatogetaaulile
qmmﬁﬁnmgmﬁmLﬂmﬁﬁuﬁqmmﬁ 750K G?faﬁasm'jwqmmﬁmsl,ﬁmwﬁﬂimjmaqW\Iaaaamu
lud Gslagundazegil 1,000 K-1100 K dvutannaundnndrdenalagazulidn “nsidn
nanlnivesnaeeamuludiluannamdnvenisanasvesufndindu” sligndes A
dnlafadenadunaniainauduausening 'qmugﬁmmzﬁﬁugﬂ‘ way ‘geuunyian
NLUIUNTNNAILTBU

Zheng uagAniy [67] YN1SANYIHANTENUVBIVUIALALNALNYBINGANTIUNITAN

a

mnduvetianlnnuionuiansylauduun lnensandusuigamgiuansieiu
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E 400 - !
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Temperature (K)
= £ 4
E‘U‘VI 2.87 ﬂ’J’]%JﬁlJWUﬁ?JENﬂ’J’]JJLﬂﬁﬂﬂLLsU\i amwm'mmﬁsm LLa‘“alI'lJi ANTAITULY LTI [67]
90 90
(a) —a—0.02mm (b) —=—(.02mm
804 —o—0.05mm 804 —~e— (.05mm
- —A—0.Imm —a— (.1
QJ 704 ,O—\ ?0 1 mm
(5} N
2D 601 0.05mm -%30 60
= 504 ' 8
% 0.1mm : 50—1 0.1mm
8 20- N}k g 404 0.05mm
2 - 5 ,
= 304 =4 'y 4 0.02mm
e LY g 30 _
w2 90 0.02mm % 20-|
10 Bmdmg d“"-t“l‘“ 0° 10 Bundmg dlrewnn 90°
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5UN 2.88 YUALUAAMINAUNTLINAILVILT BN UaziiAN1aNTIauans1ail [67]

INNANITNARBIFUN 2.87 uazgui 2.88 aguladnilogaumgiiiuasuazdmai
Tiauudalsuazn1sinfmnauvesianiuuiliuanas daudnSnavesvuInmIuRUIves
LLNui’amﬁdawam'amsﬁmﬁmé’uwuﬁwﬁammﬁﬁaq TannianuvulesazinnsAndInaugs

m’umLmaam‘wﬂmquawuwmnammummwmuamwmmmuummﬂaua@aqLLaummm

G]’]ﬂ'J"I’JﬁGW]JJﬂ’J’]QJ%U’]iﬂﬂ i'JlWN‘W“U’J’]ﬂ'ﬁGIﬁLL‘U‘UGU'J’NLLU'JﬂTi'iﬂ"i]‘“ﬂJ“UU’HﬂQJNﬂ@m’Jﬂa‘U?N
NI1NTARLUUAINLUINTIAVDILNUL AN

ada

Ozturk UazAne [68] ¥n1sAnwIHansEnuIetuun)iniineaudAninaway
WoAnssun1shadinduvedlansinanuidy DP600 YUIAAINWLI 1.8 kaz 2.5 ladluns
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Auualieusalunistuguasi insaadugu sewdfinsisudaiiliye 60° naaaun1snn
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v = I

mugﬂwammuwm 200 °C uag 300 °C mwummmwﬂummmugw 25 Jadiuns/uni
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U 2.89 Prwditusuessnsnisiafunazguvniivunageu [68]

vuInesLuRnfIndUNMendan1siatuzluazntendinisidud Tnonanis
Wisuisuemdiusuesmiadinduuasgamniuansdauanssud 2.90 aziiuldingmia
fnduredanzuiu asdumlivanasilogualifistugsndr 200 °C lngnadndusuiu
naaoulufirniswnanmsiauisvesaiadindusziiunliuanasifosdian damanisin
snduveslansisiumanndiauudsusegs DP600 Hrrmaenndesiusnsnsindsaudile
NMITNAABULSIASTIgRUMTIUANFIAY
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SUT 2.90 AmnudasiusyesuAndInduLazg MR Tunaaey [68]

Yanagimoto &ag Oyamada [69] ¥i1n15@neinalnnisia@indulanannan
Audsasedamlanlutiveunigu lnevinisneaeuksifsuuliusatudmnewnue
wannduaziidunisinglfiaiomadeumiudiuuvlansedndinuassgszuuigesh
wewmpIn 100 kN Arsduveaeulusmeuiiolinanufeu nnanTsindeumsfaTuFUT
prunpduanehsfunudh wuinysFndnduasiuunianasdegamgivinanstugy (n1s
§n) gandn 750K Fasningaunginafinndnlval (n1stiugudew) Aoudnann Swamsvaaes
namafagun 2.91
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~ i * 24 hardened steel)
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S u 3
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c 1 1 o2 I
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JUN 2.91 ANudTUSIEnIIUALUARFINGULAL QUNANUSIMINAR [69]
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JUN 2.92 Anuduiusesuiadindusazaumgiinisanwuuisinseyindudae [69]

NnramnaassiewIeuifisunuduiusseninsunyuiafanduuas Ay
WurAsEnansnaeurssRu s adudonsigaumgiunnsieiu wuinuiayw
Aasanduinunliuanasedisdniay esungivesdanuiaiennsouinunisiuasugy
asildwinnda 750 k nsuualunisiadandugud 2.92 wuindiaanundeadstunants
yadaunTIRATLI U

Yanagimoto W&z Oyamada [70] 'v‘hmsﬁmﬂmmmmaﬂiumiﬁugﬂimamiéfm
JugluuuiiguagnginssunisiadanduainnisaasunadatusUuuudase figumgd
wane19iy veuuinnainuwdanssgeviinuag (OP) wazegiiileudansy A6016-T4
Snunrdunaaeuiilianmisvaasumdatugusganeldgumndfuandetu uansdgud
2.93 Fanuirmnayudndnduazanatetiadiulada Wegumglivdnnduazgumaives
wifiaigandn 773 K Geagludrsgamginistusuuuugy

v d'

5UN 2.93 dnwurveliunaaauNNIAnTusUiggnmniin1sTusuunnsiaiu [70]
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5U# 2.94 Ywiaguinfindunevansanfuguignmgiunnsnsiu [70]
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A5N15ANUUNT5IY

v '
v AAv & A

NuIeiTIngUssasAiefinwiUIsuisuauaunsalunisvuguveslans sy

4
< a

wEnndanuudansegs 2 viin lneldnmessafiomarfanlsnisdatuguimangan e
FBnsdntusuuuudaszuar huusiulsienadmatenuannsalunisdniusuues
wiEnnéwdarnuudaussgs Seseneulude suinyun1sia (Bending angle) firvnanisin
(Rolling direction) wazgamgiin13in (Bending temperature) Wielsignanaunsnthitouly
fomnzauluussgndldlumsseniuunssuiunisiasndn Sunuiivsaananudemouas

lvunaiineswmsanenianstugy Ineiivedmuauaztuneulunisaniunisidenad

3.1 VHANITNNGDY
ia@e%’m%umimaaqﬁﬁ]ui’a@ﬂszLm/]mﬁﬂﬂé’wmmwﬁumga 2 %1l Usenaunae
<@ ¥ [ a i < ¥ < a
wannaIANuLTsLsageriiamagunga DP98O warnannaInuLdsegeiia TRIP 1nsa
TRIP780 JUIAANUNUN 1 TaaLIAT NANISHSIFFUBIAUSENDUNILATIAIELATILASIEI
drulsznauniaall (Spectrometer) %anmﬁmﬁwmmLL%quqaﬁaaawﬁmu,am AIMNS19N
3.1

A13797 3.1 AVUNANNIBATIVBLNANNATAINUTIS IS

¢Gl C (%) Fe (%)  Mn (%)  Si(%) P (%) Cr (%)
TRIP 780 0.1067 ~ 973576 1.3855 09524 0.0246 0.0310
DP 980 ~ 0.1766 968111 =  1.3858 14262 0.0190 0.0306

= 4

ASI9ABUAIINLTIILTIFIVOUNENNE1AI MU 14598 9V9d 03T AN g aumg i sn

9 Y
% a

1173574 DIN EN 10002-1 1ag518a2,88AN15LA38UTUNAGDULINMAAIFITUN 3.1 uasna

3
MavpapuusIRaLandlusUreIns AN LduS T sEAIIILAL-AATEN FeszyaNTRANG
nafiddydsuseneusiy Ara1IAuATIN (Yield strength), A1AuLTsusafegegn
(Ultimate tensile strength) sagaan1uBaneu (Elastic modulus) waz Wesidudn1sBnda
1ne57u (Total elongation) I@ﬂi?ﬂﬁ%@ﬂ@ﬂﬁﬂ’]i%ﬂﬁauLLNa\‘ﬁJENLMSﬂﬂﬁﬂﬂ’J’]@JLL%QLLN%ﬂQ%&

AOUUALAAIAINNITINN 3.2
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U 3.1 EnuarTunAaBULsIRIAAINASEIL DIN EN 10002-1 [74)

'
a

A13197 3.2 HANTSNAROULIIFIVBANANNAIAILUDII T QN TIvTe

)

Material Yield strength| Ultimate tensile |Elastic modulus | Total elongation
(MPa) strength (MPa) (GPa) (%)
TRIP780 655.65 843.94 193 19.25
DP980 764.44 996.98 208 15.02

#insmsiadevdnuuslassaiisaniadeunisiniusuiiounnivesvostag
LM%ﬂﬂé’ﬁﬂ’;'}mLLﬂﬁaLmqqﬂgqaawﬁm 1A8NISUARISBUAIYATEAIENIIBLUDS 320 — 1,200 Lay
naagiitnauie 0.3 lilasuns maduaginstafnfensaaiineuntsnsiadeulasadne
3an1a laeldndesgaimuuuudesnsan (Scanning Electron Microscope; SEM) A
892818 2,000 LN mamimmamu,l,amé’agﬂﬁ 3.2 WUTIANBLYRILATIASI99ANIAYDY
WaNNaA N LT usegevilauadinsn DPIB0 9xUseneudaiaudsdaunsinuled
(Martensitic Phase; M) é’ﬂwmzLﬁuﬁauﬁmamzmaﬁaagﬂu‘lmaa%nﬁuw\laﬂsﬁ (Ferrite
Matrix; F) fisidnuniziduiiuding §a3ud 3.2 (a) daulaseaireganiaveaninndining
wlausageuila TRIP 1n3n TRIP780 asUsyneulmaaudilnosanulusinndng (Retained
austenite; RA) dnwauzidufaudany Lﬁmmsmaé’aagiuimaa%"]aﬁmmﬂiﬁ (F) fldnwas
HuuAndssuil 3.2 (b)

1
127

"d‘ (Y - "- a—g""
SN F =T

|
10mm

Ui 3.2 Tassasrsganmiaveavdnndnauudausegs (a) DP9SO (b) TRIPT80
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3.2 3FN1INAARIATaUNIAINITNAADS
3.2.1 F/N1MAGRBS

smidsilagdniunsfnvineasadieIeuiieuauannsalunisiuguves
Tavzusiumdnndranuudeusigs 2 via TnsnsnaaeunisdaiusuinelmiAnnisdndu
(Pure bending) Uulanzuuus Fsegneldinnuinienszunu (Plane strain) frenssuisns
ﬁﬂﬁugﬂLLuuﬁaiz (Air-bending) Mu3NATFIU ISO 7438:2005 wansfsgudl 3.3 Tunns
ponuuuLAasiiadmiunsvadeun1sfntugy ax fusliuuiasadivesianaiud (r) =
0.25 fiaduns Insdnunzvasiutlunsmaaaunsfndusuuansdiasuil 3.4 (a) fvuaaung
Srilnamsanszuanasiu (1) = 10 fadng Fednuwazvemssnszuansessulunismaaey
mimmusmmmmsﬂw 3.4 (D) MYUATEEEYITEIIHMTINTEUBNTBNIU () = 2.75
fiodums AaksyavnasunsdatugUuuieomnaeumafauuUBIunUsEaIRTU Zwick /2020
mgﬂ‘w 3.5

Direction of

Testing Force /\)\<

Pressurizing
metal fitting bending angle (0)
Mandrel : =3

| s Tool Piece Ly,

5UN 3.4 dnwazyanaaeunseinduUwuudase (Air-bending)
(a) fWudnadaTugy (b) wimsinszuansesu



5UN 3.5 GNwuen1SAnAAVIAZaUNTRnULIATENNAAE UBIUNUTE AR

JUT 3.6 BUALUNMTANMIETTNIINAGBUNIIAALUUBATE (Air-bending)

74



75

JUN 3.7 FuUTdMTUNISATLINTEEENATUSEALIUIALLNITAR (OL/2)

yhmsnaaaunsfntusUlagliouagunisdafiutunn 15 asen Ao 15, 30, 45, 60
LAz 75 99m AalawuRagUR 3.6 TasmuAuvuIRLNNSnaINTEeznAveIRLT Garnuanl
MnAdILUITIABITeeRasUT 3.7 wazaunsil 3.1-3.4 damuadieiuiiilunisnadn
1 fladuins/Aundt warllldansvadedusnssinismaaeunsein

3.2.1.1 N1SANUIUSTLYLNITNAVDINUY
UINTFIUUTZYITNIIMIAILUAALAY (Q/2) VBITUNAADUAELALIINAGA
A o o Y & =~ a ~ A aa ° A a
oM yinlaunsvesuinlaulusongeen JNsIauaIsNITAILINTTETLARaUN
(f) VBIINANUUUINLUNITARN(QL/2) VBITUNARBY FIFNUITOAINIUTLELATOUNVRITINA
Taanaunnsaadl [69]

Sjngsz<;+w><(f:c) (3.1)
2 p +({f—c¢)

o _ wxp=cx(f=c)

e (3.2)
O T T A (f—c)
e
2 2 2
w=\/p +(f-c) —c (3.3)
c:25+a+% (3.4)

¥ '
= i)

ANUNTAAIUIUNIAITEEENITNARAIINNITUNUAIUANNTT WNBNITARTUIUNTUIALY
N15AARN 9 1aeadl
15 99f1 = 2.8865 Uadlung
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30 99A1 = 5.2178 UadLung
45 94F1 = 7.3357 HadlUAT
60 99A1 = 9.4752 UadLUAT
75 99A1 = 12,5131 Haawuns

3.2.1.2 AAUANIUNNTNITNADY

FieRnwmanssnuresguvnitunnaeuiidssaronuaiusalunisiugy
wmnndanuudeussgarisanseda Tnefvungunainisaaoud 4 sefugumgids
Usznoudie gumgiies (25 °C) 200 °C 400 °C uay 600 °C muddy lun1smanesiy
nagovazgnoulinrueusieminiuagldnsniuaugamgiuuy PID vhnsissamosla
fuidalusumidlndiuluneasuinniigafionunsusilunsaueugamgd Tassuuuuly
NIVARBULAZANTAIUAIURNVYTITEINIEUILNN TR AT uTULan I 3UT 3.8 Berivua
é’m’m’mﬁmﬁmmqmmﬁﬁ 2 °C/Aunil ﬁ]uﬁqqmmﬁﬁﬁmumLLazﬁwq%uwmaaulﬂuLmﬁLﬁu
e 5 nil Mntnieennmisuiennaeun1dAusUmiTuesL it e wasUdes T
Ausilueine

Temperature
(°C)
‘ Holding at temperature ]
(T =5 min)
R
Air cooling
Heating rate
(2°C’s)
0 . -
N | Time | Punch
Bending | J stroke

SUT 3.8 LHUNINNTAIVANYUNYINTNAFBUYBILaNTUHY

3.2.2 gUnsaluaziniasiionsungeu
donageunuanmsolunsfatugUveslavsurumdnndmuudusigeneld
AuLAURAEIU (Pure bending) Fsusfiuidmiunaaunisfniusunuudasy (Air
bending die) n1uN1ATFIU 1SO 7438:2005 F9dnwmrresTudIuLfisidmiunsFaTy
sULansfsgUR 3.9 %qv‘hmiam(?T’qLLawmaaUmsé’m?ﬁyugﬂuul,ﬂ%"aqmaauLmﬁqmumﬂszmﬁ
Zwick /2020 fagUfl 3.10 LiloaufissnsslunisauauszeznaiauaznsinAusdlung
é’ﬂ%ugﬂ



Zwick J Z020

] (%

JUM 3.10 N1SAARIYANARBUNISANULIATINAADULSIOIUNUTEASA Zwick / 2020
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3.2.3 MaATeatunaFou

LanzurumannaAULTINITIGUNTA TRIP780 wazinsA DPISO TUIAAINMUT 1
fadwns szgnameienlitioninnnuniig x 817 = 10 x 30 fadluns FMewadesindising
naofulanziiunaenim WeannansznuInemLfouTNdnr BT UnaeUTIeTdwa
soauiAinenauarinssadisganiavadlansusiu nendsnimeaeunsdatugy Junaaouay
gnimaedesiudgUll 3.11 9nduasthludeRaBoufonseaunasuasusogiiul
3R 0.1 Wm. wazdniafensaadl imsesaaeulasiadianeganiauazanuidenied
e eisuifisudnvurlasadisganmedousasudinisnisdndusuiivungunisde
UANANSAY

5UM 3.11 dnuaznseRundunaaauiionsiadeulaswsgana

3.3 33asvseunsilaeunUatiaznisuaniuuiuia

nsATREeUnSWasLUaazA eI ATaNande. n13ies1edenn
andnglagldnaasldnaesganssaiuuunas (Optical microscope) sﬁa%umaangﬂﬁw
ANNAY AR YNTUEADE 1MUIUNUIVULYINN5ATIVARY Felumiseiiazshnsnsaaey
Snwarmawdsuilamezenudmevesiiuisvestuaaeulngldndesganssmiuuuuas
93 JENCO Ju GL E20 faguit 3.12

SUN
U

3.12 N&RIRANIIAUKUULLES (Optical Microscope)
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3.4 FasvseudnuaznsuanILanUasuLawaslaseainagania

Tumsnvaeudnuvaranndsoaznsiasuuladlassaiavesianmaaey
ﬁ']msm'saaa‘uﬁu%ummaauiuaﬂwwdauLLawé’qmsﬁﬂﬁugﬂ Ima‘??umaauwgﬂﬁmm‘%sm
waznaemelstu gnihludniaBeusmenseaunae neegiil uazdaiamensaadiiiionis
psaasulassaiaganaLar ULUUANLETNE TasiinTsvenedavessesunnlulasaadig
ANIANULUINIARAYINUIIUYUAR FeluaAtedaginisasaaeudnuuslassai
Janadasfulngldngosqansminislanginen (LOM) 283 Olympus Ju CX31 Kigud
3.13 4LAYiIN1IMII9d0UaNwaElATIAT1ILUUALLBEA N1TVENEAIVOITOULAN WAL
psAUsEnaumMaiaiivastunagey Ingldndesmanssminuudesniin (SEM) e JEOL fu
JSME010LY fsguUdt 3.14

5UN 3.14 dnuagnaeRanssmiiuudeinsia (SEM)
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3.5 33n193ATzilaseaienEn
mslneilasaiendnlasordondnnsideivuresisiiond e Ydnannseny
mgvReUNIAYLIAinNTTNMYeIE Sadazieueanu LN iUTEUIUYeRUM AW UYL VDS
dr¥edannszny lesnansUsznevudazyila d5Uuvulassairawdnuansneiy uas
syegiesEnissuvtesernouiitaSestuogadussdeufunndeiuly Juegivaun
wazUszqueternay a1susznauwsiavylinaziisuiuy (XRD pattern) l@n1g6n
Tumafedidinsesageumsindosivedasaiwisesiusenouvadasai
qanAvpundnndiauulusgsiigumnginistuguiienounistugiasvdamstugy Tng
THeSe3 XRD (In-situ x-ray diffraction) 484 Rigaku 31 D/Max-RB ﬁﬂg‘dﬁ 3.15 Tunsin3on
Funnaoy AzidunaaeuuTTIadlugUnsnidniuiuBatunaaoy wennsiamdhuedud
dioamsneaeulildszuiy nduriidiaies XRD Tutuneuiisannsofiazirungungd

8nI1INTILTRRAUNAN LazTeazianlun13nsIadn lagdvuadeyamuniauiifianis

denuukaziaudiduivsueadunisideaun (20) 9nyw 40-100 aem

F.--:--."

T TSN R
pE——— S ) > '\

ARMRMAARARNAN L1111
ARV s

JUT 3.15 dnvagveunsoendisganunsnduy (In-situ XRD)
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3.6 A5N1INTIVFIUVUIAYUAAAINGY
Tun1s¥adyufiadinduresiunaaeuiiiiunisdat uguluauided 9¢1433n1s
f1enmseNded9ansIMILUULAT (Optical microscope) waztiawaeldluinvuinys
felusunsumeufinmes AutoCAD 2016 Tasagyinisannidudiedsiiveuiunnasuiiions
foapiunaaounendinsdn eSsuifisumanayuiafndutesdunnaey Faguil 3.16

Autodesk AutoCAD 2014 Drawing.chwg

S
)
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NANISNAADILAZNITIATIZINE

mnmsidiundfoiieAnyaruamsalunisdatusureavdnndinuuduse
gevila TRIP780 uay DP 980 mﬂmamwu‘fuaﬂﬁumiﬁdqmaaimmﬁm%ugﬂ VUIALUAA G
ndu Amudemevesiiuii uernsdsuuladesiainaganatesiunaaey mevdnisd
JugUuuudassievuayuntsdauandistufue 15° 81 75° wavenmnivestunnae vy
ﬁwmiﬁmﬁugﬂﬁum@mﬁu 4 56U M aumgivias (25 °C) uag 200 °C, 400 °C uag 600 °C
fldnan1ifouazannsnsuunmamsnaaodldfwelud

4.1 arwanansalunsdadusuiianngfives

Tudrnilifunmnasuiferisufisuaruaunsalunisdatugd veundnndiaanm
wiaussgenfantiniananazlasiadnganiaiuansisiufemanndininuudaussgavia
DP980 Lazwiin TRIP780 #1838n1sfndusuuuudassfigumgivios (R25°C) uagdnwy
Wisuifisuaruannsatunisfndusuainnisdnduguluumnnsieunndisiy dawanis
yaapduarnsTemginanandlifelud

4.1.1 usenA¥U3YU (Bending load)
A a o &£ a a v b ' I v <
NI TUgUTIgUMaed (25 °C) YadlansliutnannaIAULTLL
geyila TRIP780 Uay DP980 31N1TAALUNIANINAINLAZYIINLUINITIA AILVUIALUNTAN
wanseiuase 15° 89 75° waglidldensvaedu FangasiBeanan1snaaasuantdsgui 4.1
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INNANITNARDINUINVUIAVDIUT AT UFUAZUUTNUAIUIUIAYDIYUNITHAR LA
YUIAVBIU TR LU U ANGIPUBE 190 HR 1LIlBUUINVRIUNITARALNLLINTY BINANIT

naaesladanuduiusivanuAuelutunuIINNIRnTugl denntediunguuaznis

AaAusluNsAnTugUaiaun1si 4.1071] wennUmuInn1sAnTUIULUUYINHYD

a v o X i Y} a & w = & =
ﬂ'ﬁiﬂﬂSIGULLiﬂéLUﬂWﬁﬂ@GUUEﬂEjQﬂT]ﬂ'ﬁﬂﬂLLU‘UGﬂNLLu’JﬂqiiﬂLaﬂuaﬁJ%QL‘UUIUW']&JWQUQ@QW&I

Wuweoulelalnsy (Anisotropy) v033a0 [72] Immmwﬁ’m%ugﬂmaamé‘ﬂﬂé’ﬁmmLL%&LLNQQ
DP980 (KWUUMNKLINITIA) NUIAusIiadunliuananantosilogunisaaiiiugenit 45°
FuUUNaINNITANTIELANSIIVUNURIVIITUNAZFDU

F= M 0s2.2
L, -2(R, —Rt.T)sing
o
F o ussdadugy
M Ao luaudn1sen
Ly Ao AUINANUAINNUINANY
Ry Ao SadUnene
R, Ao SAlwud
Y A ANUTUIVDIANSUHY

4.1.2 N15ARANAY (Springback)
mﬂmimmusﬂawLLmummmmmmsmwLmnmmu 1A8NI3AIVANTTEENTS

(4.1)

NAVDINUS LZLI@U’WIUV]@&@U%J’]Q’]EJIHWLLau’J(ﬂL‘USEJUL‘V]EJ‘USU‘LHGUJLIﬂﬂ@?ﬂﬁUIﬂﬂisﬁUSLLﬂiﬂ

Auto CAD 2014 GNE‘LJ‘V] 4.2 %QN@%U?@HN@@WJﬂa‘USUENGU‘Ll‘Vl@ﬁ@ULLﬂ@\‘I(ﬂQE‘U‘W 4.3

A2y

Bending Angle (o)

5UN 4.2 dnwaznisiaiaUTeuiguryuanamingu
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Bending angle (°)

JUN 4.3 AuEiUSTENINUInLUARAING Y IALNNTER LA TANIaNITER

MNuaNInaesguil 4.3 wuhauinvesyudasandufiuuliiiugeduesadeiies
Sovwmunisdadismaniu Tnsmanndiauudonssgansn DP9SO fuuinvossufng
ndugsninmanndn TRIP780 Tushsaumsdail 15° uae 30° iesannananeseaudsiidia
asuilofanmaiUAsustonsdamalimaiuduanniiugedy velduunyuiedaniuay
anaveguTIniifleruinuumsdaiintudu 450 wasivwiainiundnndwie TRIP780
Homnifnsesuaninuuiuinsinuagruinunindnduazanaseswaifiondosuns
Faufiuannau drumdnndrsia TRIP wudrwuesuiafindudaufuiusgiedeiiies
desnwdnndedaiilassaihgamedeUsznoulufemaseamuludnnds (RA) u
osfdsznaundnfiinumisvieianuannsalumsiesigenia Sntainanuiaioauds
fni silfmdnndavdadindanisuanindemeldonuagiivuauiadandusinid
uaﬂaﬁﬂﬁﬁqwudwmiﬁm%ugmwumwLmeﬁ@ (TD) vaslansunuaaosrinagiiou
Finsnduganitnisfnisunsie (LD) egidnties LosainAmnuduATININMINAABY
LS9 IULLINITIRasdiA AN AU eI [73] fedudlerinisdatusuiu
nadeUFBLTIv LRy AauduiAnuTasity LLﬁ%HVI@ﬁ@UQﬂﬁ@%UEUEU’JNLL‘LJ’Jﬂﬁ
IndeTananiinnsBadvonnuiuinsindulufismemununisia felieanduasn
i wardianuBaveuandnandsannnisindugannndt SsdmaliAnmsinsanduesiu
nagoundin1sFatuzlinnt Sawamsinfandureaminnd i 2 9da fmuaenadasiy
Ao [74] uazransvageULSIRtuTiAIsNTIaTiuAneeiy (Faanaruan ) @
yunsAndInduaansadunilagldaunisil 4.2 ves Fei uaz Hodgson [56]

A0 3K, (1-0%)(1-4tw)
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(4.2)
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K Ao AULDIIIRIEIER
0 fo uudndugy
p A9 ALVAUBILUILNUNANNITAR
\Y% Ao Aemsrdutives
w Ao AnunIUIneY
E Ao dedlupdaveslansury
T Ao Auvuvedlanigay

4.1.3 frvnanisiauazanudevevasiunagay
Tumsfinwnansdndusuluiemaniuiuansiauagunauunnsinds Ui 4.4
dadsuiiisunuannsalunistuguiionmgiiviosueundnndiauudeusegeis 2 «da
Tnefnnsananmaildsuulasesiiufiauazanudemeiintuuuiiuiavesudn Sady
dufiAnmuiuivgeaaiiiugatudiuresnisunnd idone Ssagiinnmoaeuiiuia
vostunnaBui LAt URBIRNnNsiaTinTun 4 15° Tnenisdienmdendes
anssAifdsweies (OM)

f=——%

Sheet metal

Rolling direction

Transverse rolling direction

JUT 4.4 SNUAIN1TNAGBUNTAAKUUALLLINTIALAYINWUINIGTIA

MNHANIIATIIFURUIIMIFRTesTunadauNUT NMsinTugumuLLINTInaziAn
Audsmeldineniinaiatuzuuuurannun1sinesedaay 1nenan13nIaanuns
WasuudasesiuRumdnndrauudussgeaiainag DP9SO uazmdnndn TRIP780 910
mfatugUlufienauumsiaiunnistusagiiovuagunisdnistulduanismaasiuans
Faguil 4.5- 4.12
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¥ v ¥
A a

JUN 4.7 dnuaugiuiivesiunagey DP980 1INN5AATUFULUUAINLLINGIA (LD)
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JUN 4.8 Anudemeuuituinveuninng DP980 91NN15AARINKLINTTIA (LD)

mﬂmamimaaqgﬂﬁ 4.5 way gﬂﬁ 4.6 uansiananIsUAsuLUaseaiiuian1sin
Y0uUnaNNE1 DP9B0 91nN15RATUSUNULTIULANTSIR (TD) Wlenunisdmdiiutuluta
msdadl 15°-75° nuirsesuaninazusngdunuadunaonanunitnwesiunaaeuegig
Ioauiumadn 60° uagsekaniTazTeefn e ntudogunisdafiutuil 75° dugy
7l 0.7 uay 3UT 4.8 uansdnuuziiuiaTunaaoUaINNIRATgULUUALLLANTTA (LD) 39
wusaaLmnsnﬂs'mg]mw,mLauamwmwuwm n136R 45° Imaaﬂwm“maﬁammmmﬂg
LUuLLmLaumaammmmwwawumaauLLawumammwumammmmmeawuLLauw
yadeuIzwAon by 2 dumendimafatuguiienunisda 75°

SUTl 4.9 Snuauriufinvestunedou TRIPT80 99nMsdatugUanauwnisn (TD)

gﬂﬁ 4.10 Arudemeuuiiuiinveandnnd TRIPT80 11nN15Anw19uwInIs3a (TD)
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NHANTNARDIFUN 4.9 Uag3uh 4.10 LARIANEULNURINTAAVBUNANNAYLA
TRIP780 91nM15AATUFULUUYINULINTTIA (TD) loyunmsaniindulugie 15° - 75° lagll
PUTBYLANSMUUNURITUNAADULADENILA

A% - - e A | ' i

UM 4.12 AMILALMNEUUNURIT8MENNA1 TRIP780 210n15ARRNLLLINISSA (LD)

AU 4.11 war JUN 4.12 uand N YaINURITUNAZEUININNTAATUIULUY
AINLUINITIA (LD) voamannan TRIP780 wudndisvwinyunisanindulugag 15°-60°
anvauriiuilszianureuinvulianvuzvaaldendy wiszhivsingnisuanirifintuuy

¥
A a

fuiusiegdl TngaznusaauanduuImEnuUNURINBaINSHATUIUAIBLNRR 75°
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DP980 21nM3sindugUn1uuulnisia (LD)
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INHANTINAADIFUN 4.13 uanslyiiudaaudunusvesssosnaiudvsovuinyy
NSANTILALEITY TazdmalagnsanaussnatuzUlagdTnnInsue950guans 1T UUNURINS
fn TUNTAVDINITNAFBUNITAA LANTLNY DPI80 WUUAINLUINITIA NUINVUIALSINADLI

D

)

wwilfuiugtuidoszeynisnavesiuduievuanunisdaiindy Taousdnasiintugegn
LUNTIFAUTEANL 45° MaNTTIIATILTRRTEanaet TS BeduiusAunisiAnses
unn$rvionnudemefiAeluuunuinuunsndntesiunaasy naAerLIATaNL IR
JugUazuUsiunuszognaviovuinyslunsfatugy uarauinveussdaazSuanasiion
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Bending angle (°)

JUN 4.14 AuduseIfian19nsIn wsnTusUkazamdemeuuiuiaveuminnd
AVIULTUSIFUNTA DPIBO

mﬂgﬂ‘ﬁ 4.14 uanswansisuisunadsuulasuesiiufatunadauindnndl
viia DPY80 Wieruinyumsdaifiugaiulusivanauuinisia wuirdunaaouiiiiunisdauuy
LUUTILLINTINALLTATREUANT1ITINIINITARLUUMLLUINITIA 8E9TRLAN Iaensan
LUUALUEINNSIAYRaMAnnAwdin DP98O axUsIngseBunnI s dauitInIin 45°
dutuneaeuRiHunITRATUSULULI AN 3RS amuTosL AN 1 TiNNN13iA 60° 34
namldhmsfatugUuuurnanisiassiismannsalunstuguiiiniinsdatusuuuy
mawuInsIn Lesnlngmlumamiuidasiwesianlufiamenuuuanisinozilmaiy
WfaussgeniimmedeussiauuUTwINsin fudlavhmadintusuiumdniety
Aasduiiinduasiaidu iesandauudussdidufianiswnauunisieda
n1 Fedudlevinsdeluienemuunnmsn @ofagaziieauduiduiiansnuuanis
30) Fedanalsivagiafnnisunninldiendt Famanismeaesiildfinuaenadesiungud
woulelglnsUvesTanuasannanisideves Cinar [72]

4.1.4 mml?ilﬂuuﬂawaq‘lﬂsea%’ﬁeqan'\ﬂ
yinsnsiaaeudnuazlasiaineganinniendinisdatuglvesiunaaoy
wiEnnd1Anundaussga TRIPT80 way DP98S0 Tnetdentunadaumadindusumuuuanisin
\fosanniAanisuanidemeniiuaziiulddaaundt Tagldinnisnsaaeudiuiu 3
Auvsuunafaunsuinaedn Jaseneuseuinalndtuveuindiunendauduidu
L3974 (Tension Zone) AunisAsnatsndnumun (Middle Zone) waguitaadndfuveuin
suiludie3uusasn (Compressive Zone) faguil 4.15
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A = Tension Zone
B = Middle Zone

C = Compressive Zone

1
=

3UN 4.15 fumiin1snTivaeuanuulasaiagan1ANenan1santugy

NNHaNTIAaRIFUR 4.16 Jaudnsdnuarlasiainsamauinasuiaveaminnd
AuLdausageniin TRIP780 21nnadnduguinenudn 75° nudtsesunniinagduintud
Uinmiuianieuen (A) Fududuiléfunuduusiiganuazsosunninnazaeeiasiu
funurununisdnusgntas 45° ganansanamuiveiiHuFunaaoy (8) Feaonadasiiy
naNTIdIes Reche wavamy [45] uanatntusnusosuanuadniindudiuluyoym
M3 (Q) Fadudaiildfuanuidusalaese suandsnanaziSunefivouiasulundanis
FrfugUfeyun1Ifn 60° LaskayToULANI g8 IEFIgRInA AL Loy I
amugaguil 4.17 failsesunndsnaniazaenedaluninszuunisdounisluredansusiy
lold3uanusn dsaenndesiunanisidues Aslam wazane [42]

| SEI - 20kV  ‘WD22mm’ SS50 .~ zooum = pas
Sample s LR 0000 23 Sep 2015

JUN 4.16 Anwauzsesunninlulwiniadnuewninngt TRIP780 fiyun1san 75°
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@

SElI  20kV WD22mm  SS50
Sample 23 3ep 2015

JUT 4.18 dnwauzsesunnimlunwiniadnuseuninnd DP98O Niyunisen 75°

MNNANINARBIUT 4.18 LanwdnunElATIASII9aNIANILILLINARAYINIUT IR
Favoananndnuuiusigenin DPISO TiHuntsdndisyude 75° FewuiiuTianiuia
aeuen (A) Fadudiuildiuanudunssiis (Tensile stress) gean azUsing dusesunning
wazveeiitgianarsnumuvedlavsusiulngas vinuaszanas 45° fuluannunsdn
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WennnilleTanlasuusenseyiiivauasneiiinnisidsuslainnisifousasnaliianis
wan3veedIlUmuTEuIUNTRBUINAIAMUAUTLINEY Ineluanuiugeanay

Lﬁm%uuuizunums@auﬁﬁmuﬂssmm 45° fufimnsveansinagii Seuanisveaeifing1
IANAAAIRITUNANITIEVRY Sarkar wazAy [39] WAz Réche wavany [45] lngdnuae
yoslasvaisgamauinalndfurevinduuenvestunadey axlidnuuzinduduwouen
vufureuin lnsgniduduressosuanimasintuiiyafnaiswesdinlAdadugailladen
Amadufsgean dnlassaianavinafnanesemumuresdunaday (8) wAnnis
Waguwlasdisndntey wazuinulndtuvevindulu (O Fududuilddumnunduse
(Compressive stress) a4 Fsdsnaribmnsugnndudunaveniuaziadilulufianiadesiu
N13NARRYRINLY Inu3aELANS1IaETeIefvIYY 45° AUkNUNITAR

dieisananvaelasiasganavestunegeuusnalnafiusosuaniuLandain
nANULAUAaEiuRluRlaTuaIUAUSe (5T 4.19) :INN1sARTLIUMLNRn 45°
FITOIUANT1IALAATUIINNURINTUUBNTLAAINNITLRLUTUYDIAMULAURAWLDUUIALUNTT
LY ~ X a & = A o a < 1 ! [ . PN P
anLiady Tnginsuusnaiagiingamuaziialuyesitwuinin (Void) 5Un 4.19(a) Lile
YUNFARLANNINTUYRIININaRazIsIafliauReiunatadusasuan Ul ng T
1 12 a ‘:9‘; a 14 N a £% o = ! Y a [
drunsuaniusaiurnuly 5UN 4.19 (b) %mmmﬂm’mmuammmmawm@uJu
uuwmiLaauﬂwiu’lmaavlmﬂimg%amw (Void) Fuluusiad uassesuansmiiinduain
maaammummamLﬁmamﬂmammwmm%umaamummﬂu 2 du LﬂJEJVl'lm‘iﬂWU‘ui‘d

AEGn 75°

5UN 4.19 dnwarlaswaieganiavedlangusiy DPI80 Myun1san 75°
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SE 7oV wibami S50

JUN 4.20 dnwaiziiurasesunninueuninndl TRIP780

INHANINAABIFUT 4.20 (a) = (0 wansdnwazesiuRINsLAninvoundnndn
arundausegeviin TRIP 780 mendsnsdndugudouudn 75° frefdsens 100 wh 3U7
4.20 (a) A&sene 2500 Wi U7 4.20 (b) uay Mdsvene 5000 Wi §UA 4.20 () nud1an
Snwairresiuitsesunniiudnvazvesnmsuaniinuuumiel sesunniidnvazdunqudn
AnduseninandadudiuveddnsaiuiumeslsvifiantRsoumnie,

Spectrum 1 Weight | Atomic
Element | o/ %

Cc 97.19 | 99.31

Si | 027 | 012
Cr—| 099 | 023

E Fe 165 | 032

a 2 4 8 Totals 100.00

Full Scale 1400 cts Cursor 0.000 keV

Spectrum 2 Weight Atomic

Element % %

c 9493 | 99.72

si |os6 | 029
Mn | 011 | 003
E Fe 435 | 097

0 2 4 8 Totals 100.00

10 wm Electron Image 1 Full Scale 1400 cts Cursor 0000 kev

JU 4.21 nansnsiadeussfUsenaumaaiivuiiuinseeunnvesmannd TRIP780

ilefinnsaNanIsnsIvaeUsIAUsEnaUNBATvesTELAN31I3UR 4.20 Fevihnns
nyrvaeulusumisoniauaziusesuguil 4.21 (a)-(b) wuirusnaeeauvauiiuiinuues
§IMANSUBUEINIIRUvANADuTIsN (Uszana 3%) FaRnanmsanadnvessinasuenly
Tassadsiiumosloilurmetugy [75] vhlvddnvursosunninilveeilunuuuivoy
wnsududiulng
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JUN 4.22 dnwaiziiuiiniswaninvesmnanndl DP9SO

Full Scale 1400 ¢ts Cursor 0.000

L
10 um Electron Image 1

ke

Spectrum 1 Weight | Atomic

Element % o,

C | 96.02| 99.06

P 027 | 01

or | 024 | 006

E Fe | 347 | 077
¥ SNLZN BT rogis (| 100w

TPEng Element W%ibght Atc;;n e

G | 9528 | 9890

Si. | 017 | 0.08

Mn 0.43 0.10

I Fe | 339 | 076
0 2 4 6 Totals 100.00

U 4.23 nan1snsiadevasnUszneunLaillngls EDX UuNURIToswAnN

NANIINAGBIFUT 4.22 (3) = () KAMIANYAIZYRINURITOBUANTDUMANNEIAIIY
wIIu59899Tn DPIBO NMEMEINITRATUFUMEBLNAR 75° Airdavens 100 Wi JUT 4.22 (a)
Maswey 2500 i1 U 4.22 (b) Uay Ad981g 5000 11 §UT 4.22 () INANBMLVed
seounnindliiiuinnisuanindenailudnvazaeinisuaninuuulse Jasesuwnnd
anvazilunguiiuiasdanuvuiwiuiinaenndosivruiauarUsunameunausimuled

| = @ v & ¢l wa 1 = N = =t
druveauvangaludivedlasaiauneslyindaudfseumilyy WeNarsangui 4.23
< 3 = & a o 1 a =

Junan1snsivdevasdusznaunaaiivesiiuinsesuanlumuniieaniigui 4.23 (a) wag
FLVUaIUNAY JUN 4.23 (b) nudtusnageauvauivsuasinasusulnalAgaiuumm
wau YITEgUANAATUIINNITVLILAILUUK N TURALAULUIVBULN TURANTY
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4.2 wansznuvasgmgiinidsmadaanusunsalunsiatusUuas Snumzar
\demevaaundnndianaudusegeriamsg

mu%’adauﬁﬁi’mqﬂszmﬁLﬁamiwaaumaﬂiwwaqqmmﬁﬁa'ﬂwasiammmmsa
TunmsdntugUuardnuaganudsmevedlangudumninndeuudussgeadamagingn
DP980 #eABnsmaAaUNIRatuzlLuLBas flgnmgiiunndisiu 4 szfu Ssusznaudae
gaumgiisied (25 °C) 200 °C 400 °C uaz 600 °C AmdyU vnsduiinnanisnaasaiions
Uszillulaginginalsenaulume LLiaﬁmﬁugﬂ VuaAndINdy dnvaznisiuasuuas
vosiiuiIn1sie Tnondesganssairidaenes (OM) nvuslassaiisgananeunands
m3findusuanniseulimnufeuiigaumgiiuanetu Tnglindesndosganssaididnaseu
wuudesnsin (SEM) asdusgnavvedlassadaganiafigaumginisdniususidasldvaia
endisganuisnduniemaiaiinsneinadeiuueesssdidnd (in-situ XRD) ¥inn1smaaey
nsfnTugUuuUBassAulanzukun L daussgesiniaginsn DPIBO UuIAAIINMUT 1
fladung faoaziBoananisvaaaaseneulume

4.2.1 wanszwwmqmwgﬁmsﬁ'ﬂﬁdaNaeiausaﬁ'ﬂ%ugmmm?mﬂe’h DP 980
dloRsandvsnavesgamgiilunistusudewssiililumsdn fuunsdaiuty
yn 15° 990 15° §9 75° AusadatuglaglinniadomaaoueiunUssasd Fsauduiusves
LLiﬂﬁ@“ﬁUEU YUNALUNITAR LLazqmmﬁmmzﬁwmiﬁmﬁugU YDUNANNAIAI UM gavTin
wiaginse DP980  ldannisvaasunsintuudassuansdsgUd 4.24

2,000 -
1,600 4
3
o 1,200 <
5
&
;%n 800 A —a-25°C
z ——200 °C
KA —0—400 °C
400 —+—600 °C
0 L) L L] L L
0 15° 30° 45° 60° o
Bending angle (°)

[

JUN 4.24 HaveLTRATUFUVRAMANNAIRLLTILTIZY DPISO TiyudinuazgunglinIsen
WANANaiY
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mﬂmamsmaaqwm’]mLmﬁmzLLUssmﬁuﬁ’uqmmﬁmsﬁmﬁugﬂﬂénﬁaLﬁa
gaunpilunsdnfiugeduardmarilivunrousidinanas duNaNTENUINIUINLLNITHA
wuiAvreasIRAazLl SR ITIAINTSAR HierusinaziunTdniutudovunny
maé’w’mﬁuqqﬁu LﬁaﬁmimmmwazLﬁamwamimaaqawudﬁmiﬁmﬁugﬂﬁqmmﬁﬁﬂ
9 gaumiivies (25 °C) uazgamgil 200 °C nnsmidulAmesAussialuTIaEuduN156n
nutusadnasdulduiugduaudaudadl 45° Auswinassunsiiuasiiuuianas s
HurasnandranueioandiiifiugdudofnnaasusUamaassuaosiaudud
Fugatuegarniideiliianuaniidensvuiiuinfunaaey Jsdsmalidian
ufuqmeawumaauawaamwaiwmLst"lﬁummmugUamaqLﬁuummﬂu

4.2.2 NaNIzNUYDIRUNYANIIANTdsHadangAnIIuN1TAnGINGUVBLLUANNED
DP980
a a o v < = = ! = X 1 =
woAnssunsAnsInaudunidludymnnudesnantunszuiunstusulaveuiu
szdwmaibiialgniiensalunszuiunsusznaududiu NidngAnssunIsanfInauas
Fuegiuladenainvaieusznis Wi Auudwswesian Anudangy dnvuziesesde
neaau ANST way aagllunismegeulusiu

6 - crack

oy 5 1

3 4

g

2 7]

£, .- 25°C

& ——200°C

& 14 —8— 400°C

X\ —A— 600 °C
0 e
-1 . . . : ]

15 30 45 60 75
Bending angle (°)

JUT 4.25 nsmanuduiusvesyudniarvuinaiafinauiguminisaniuansaii

Nnuansaaeshusui 4.25 WU’jwmiﬁmsﬁugﬂﬁqmmﬁﬁw (25 °C uag 200 °C) UM
vowAnfnduanfintudntoslutiaiudunisdatugy uazavanasegenaiuiionun
yunIALiNgandy 45° Fadunainanmsifnsesuaninuuiiuiansdn waziiloyunIfe
dusnnfuardsiilimnudavguandrevesTananasddamaliyufiadinduivulianas

Tnefigamninisein 400 °C wuirvuayuAndInduiavugegaiotnniludeamginig
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wWasuguvealawulud [76] wazvwayufndinduazanasdntosiliovuiagunisaniiy
297U uarigauMiinsAn 600 °C wudvunvesuRnfngutloeian

4.2.3 wansznuvesumglifidwasdednunsuazanaudemevasiuiianisdn

Tuduilasdunsdnsaiuannsolunisdatuguedansuiulagldsainisdas
(0.25 Tadwns) Fansmeaeunsiailinguszasdiowanddiifiufannuanunsavesiaglu
nsnsoilugunsemg o TngliAnanudsneiingy Tumi‘maaqﬁ%ﬁ'}mséfﬂ%{ugﬂéu
wmaaumﬂéfqmmﬁLLazsummgaJﬁ'LL@ﬂﬁiNfTué?aLwi 15°-75° nendansnadeunnsfaiiys
M3fe 45°-75° aneldaumgiinisfaiuansneii 4 sefufie gaumnlivies (25 °C) 200 °C 400
“C waw 600 °C ndsnsintugulivhmansaaeummdsmediiatuuuiiuia madelngld
ndesqansaaiidmeios (OM) Wasnniufdudifuduildumudunsedisgan (71]
Tnednunzvesiufintunadouainnisintuguienuda 75° fanmgiinisdaunnsatu Tay
Tdidsens 30 wiuansssgudl 4.26-6.29

a

JUT 4.26 SnuaguRIIuMAaaUINNTANTNRANYH 25 °C FIgyuNIIARTLANATSIY

RY)
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60 °

al

5UN 4.27 dnusuRBunadeuaINNIsAngamnail 200 °C AglUNTAANLANANIIY

15°

30° 457

a

5UN 4.28 dnuyaguifunaaauannsanigamail 400 °C meyun1saniuaniaiu

Y
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JUT 4.29 SnuaguRWTUNAAaUINNTANTNENNYI 600 °C MEuNISHATILANFA1aIY

Mndnvaziuindulfwesdunsaoundinisdatugiufiemsmiaunmsinda
fiamsfiviliuiuanfnnisuaniinledan 21n3ud 4.26 Sadunaniidadugud
auniivios (25 °0) wuhsosuandnazdINgUULEINsAnoeadaauTmnIia 45° Tng
fdnvnnduadussenriunswestunsdeuusssesuanaza i s uileyunsda
Wngatuguiaunisa 75° saEJu,mﬂ%f'n%msnaﬂ*ﬁwﬁua}u%umaauLLsmﬁ)'mﬁ’uLi‘;Ju 2 d
i“U‘VI 4.27 Lﬂuaﬂwm‘uawwmaauwmumamﬁumﬂmmmm 1200°C Fawuinsesunninag
Buduasiatuilyunisdn 60° dugUil 4.28 L‘Uuaﬂwmvmaqwum%wmaaummumimmﬁuu
sUshegamain1sfn 400 °C Famusesuandnfigunsia 45° Insdnuvagueisesunninieg
Antudumansuuadudauandenmsinduguiissfuonmniou q uaziloyunisdaiiia
99y wundurassosianinuinafnatsdiuldsdaiuduildyuauduigeanas
veefudeudteiufuwuidunsmaonauniwedunaaey  diugui 4.29 Hudnuy
maqﬁuﬁﬁw@aauﬁmumiﬁm‘ﬁugﬂﬁwqmmi 600 °C Tunnuyunisda Falaisingses
uan§nuuiiuiansdausiogdla
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Bending temperature

200 °C

Bending angle
=
(85

~J
w
=

JUN 4.30 seguaninuunuiINIsiaiegnglaanauAs

P = = D) i ) & a o & v a

WatSeuguliiufisanuuansnsuessnvalziiugg 31nn13anTugUalg ol
La¥IUINLUNIANTUANANSIY 2INN15UIING T08UANTNTRATUUUNURINSARGAIFUN 4.30
FanuudleyunisaatingaduasdaalinuianisaniianumeruinYuidn vz adgidy
Aouazusngiuiianduiniinuneruainiu lnodnvuzyesiulanisanaena1aiinam
A0AAADINUNAN13298993 Davidkov [40] wag Tsoupis [77] 3995u18lA29A1MUNEI1UDS
& a da X < 1 = a a A o t% wa < & o LY
HuRIM AT TUNENIINAIANNATEANTINGUY Fedsmariiviaudfnnuduiiobioiu
vosdananasviinnsiuasuguasvestan sglsnaudounnsosainanazfintuany
UsnesdulAweNgnTeNn1san esainiludiuiiinaiiuAuiadan waziliavuin
YDIYUN TN UITAINARDAIANALRWIN TR Te SEnUUUR 2venefinatedu
FRELANIINTARUIINTY

4.2.4 woansznuvaseglifiiralasiainsganmaiaunsiatugy
rounaiatusUTunageuIEnnd1aaudaussgs DPISO axgnauliiniudoy
puioulvnisnaass TnstuneaeuiiiiuniseulimmdeutasUdoslbusiluennmea aud
Tnssafrsqanindsusznevlde waesamuluduazinsimuledas fdnvasdudam dw
Tnssadauiidumasteslsiasusing dudmdssuil 4.31
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L

3 F)
g"""}""f’ﬂ
[ : A \
‘,'%&u‘ L

T RMUTR

JUN 4.31 lAseas199an1AmAnna1 DP9SO Mlaaunglumnengny

INNANIATINABUFIBNEDIganTImiLUUAsNT A (SEM) Wyl Tunadeudlsiinu
nseulsieudeu (U 431 (2) dnwarlassainsgamaussnoushomasniivled (§v1)
Annszargeglulassadrstiumosle @) Funaaoufiduniseulimanioudsgungd
200 °C uiaan 5 Wit Snvaglassaiisganaitldasadiefuiuanaaouiiliniuniseuly
Anwdeu (5URl 4,31 (b) ilesnnidutisguugdndshineliAansiasusuvosaly
Tasvadmaniauaznarluniseuliaudeursutnduissifinaaouadassaied
Funald iflovhniseulfenufousegamnll 400 °C iWunan 5 Wit wumsiasusUves
Tassadagania Aefintsuninszaisvosasueuannimaundinled fiudu Aaduay
lusf (Bainite) uazasluduunain vieTiuulasi (Fe,C) nszaesoglulassadaiiumaslsy
(0-Fe) Fauanslugudl 4.31 (o) wasidlogamginisouliaudewdinduil 600 °C nunis
Wasuuasweslasadrsqamedsguil 4.31 (d) Sedanailulassaraiueslsiosiviuna
voumasmuled uazUiinunsludsanas dawanisnsisasusisnanilniuaenadesiv
WHUNIN TTT 299780 LAy $19I98v09 Thipwipa WavAuy [78] WAy Anazadeh UavAg
[79]

ilennugndedlunisiianegsinaififuesduszneuvedlasiainaganinveslany
uriufeunsintugy Mensnsaeulassadisganaveslanzusiy DPISO figaungiinisiy
sUasalaunisuanusieia3os XRD (In-situ x-ray diffraction) $aufunnsitasevsnsidiu
Usgnouvealass 9 gamgiisies (25 °C) 200 °C, 400 °C wag 600 °C lagld¥adsnn Cu
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Ka Tuthasunstaeaiuy 20 :ndayana XRD malindviliaunsouenvinvesasnsiny
Lot (00) uazilaseamulud () 1 ilesanilguuuuveslassadezaeuuaz dnsosiogly
ssuufiunnsafy deanaanisnsaadeussduszneulnsainsgamaresdunaaeuiouns
fndususeiaTes XRD figamgdinstuzuass TnganunsouansseazBonnanisnsaaould
Faguil 4.32

s
E 5
) o
J 1 600 “C
89 o
> A 400 “C
E JL :
2 f)
- o (o]
g e 200 °C
A 3 CinA |
o
i A A T
4I0 | 5I0' ’ 5‘0 : '?.U BIC! : 910 ( 160

20 (deq)

JUN 4.32 nan13n53adeuaeAUsEnaulaseaienan1emeis XRD vaslangiiy DP980

21NNANTNAABITUT .32 FauaneranisnsradeussAUszneuvedlasiaiisgania
foun1sfndusUueslansuruntondsnseulinrudeuiiguvaiunndaiu Fasznouly
MY gRUNAIviad (25 °C) 200 °C 400 °C uaz 600 °C AINEIFU INNHANITATIVABUAIYTT
XRD uansliituindunaaeufigaugdes (25 °0) uazanniseulsiannudou 200 °C 2y
nyraaeunumannsmuledluszuiu (200)q TiiusgdaLau mmWamsmulw mmuum
drumnundagaisinlitagiugulfenifnnisuaniradomeldie dutunnaeudiiiunis
auliimnufoumeaaumall 400 °C Ysinaweamaunsmuledazanasegraiuladawagnuii
wassamuludluszuiu (111)y wag (311)y fUsnavesiiunnty Wewnilaeeamulud
fautAshunnumingsisdsmariliianinginssumsfnfndugedsaonadesiunuidon
druan [80] wardunaaeudiiiuniseulvianudoudisgamad 600 °C anma XRD a¢ll
UimgLWaﬁnummmmulﬁmLauLWaaaamulummUimmamaa dwalianaziimudoumies
awamLﬂmmsLmﬂinuuwummimLLaummmummmﬂauamaq Fenansmaasasisnanndl
AuADnARDIfUATETHLN [68] aelsfnuannua XRD lusAdeilifunisuands
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1
==

winiasinaweanausmuleduaziaseamuludigumainisnn Tuguase Faunne1eein
NATeTIRUINdngziNMTIsgeund N uiivesian

ada

4.2.5 nansznuvasaun)indsalaseaieganiatazauidenenanisandusy

v
v =

MnuanIegeunsinTuUlansuiurannainuwlusaiamas DPISO

Y
v

Taen158Ul AU UN 18 TULAIAIE D URATNWLANAIIAY HANITHSIVABUUSLIUNUR

9 Y
[

N1AFNYINIVDITUNAARUUSIMYUNISARlauldndesganssAduuuLas (Light optical
microscope) uandluzui 4.33

SEl  5kV WD10mm | SS56

A

LA

3UN 4.34 1a59a37199a01AnaIn15andugUngaumgiivie (25 °C)

Y
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5UN 4.35 1A59a3199001AAIN13AnTugUnaamgil 200 °C

9 U

5UN 4.36 1a59a3199a01AnaIN15anTugUNaaungil 400 °C

q



a

5U# 4.37 las9a3199amanain1sanduguiiaamgil 600 °C

Y

1NJUT 4.30-3U71 .37 uansdnuwairlassaingamauinuyunsdinnendinis
nadeUNITA AT UTURELLN1IRR 75° Tagarnuansnaassgui 4.3¢ uansdnuurlaseaing
ﬁ;amﬂluLmeﬂé’fm’mu’%L’Jﬁuagmqiﬁméuaqs?}uumaau aﬁﬂﬂqsﬁﬂﬁﬁuguﬁqmuqﬁﬁm (25 °C)
wuhsesuAndNazsIRINgUULI SRR TuendadudnilldTuamuduRtuazvenes
ghenannununieruiagunisdaifisuiniy duunadeuainnisdniuzuigunad
200 °C 53U 4.35 nun1suan3Ldsmeifianuguuseiesninnsdafigumaiivies daugud
4.36 \Judnwarlassaiisganiandamssaiigamnil 400 °C wuamgunsslunisuanin
ffovasudnisunniaziintulunanedumisunreuia Snedmunisusingveatesing
(Void) Bsnszanvegimluaziamnuvuuugsluvinalndveuinduuendadudiuilasy
ANuAURsgean esaniigamadl 400 °C WuthsgamaifdmalhAnnisidsuuvasmes
wialumdnndnefingl (81-82] Fsaenndasiunansnraeusidusznouredlasiainqania
ﬁqmwgﬁﬂﬁugﬂﬁﬁwméaa In-situ XRD faguil 4.32 1osaniigamail 400 °C wlasnsimu
lodlulassairsganmiadsiilassairssdniduuuy BCT [83] ansidsuguluiduesamulus
fflassaiawdniduuuy FCC FeilusunstenindsdsnaliAngosing (Void) nszanesiet
jlululassadagania SsdssaliAnnisuandnivlunaesundsuuiiuiansdaidegndn
Juzl uazdovungudaiiumntudwalisosunnveisiuasianudnuiniu udaay
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suusawRsToBuANTiLTULssieenisAaTigumgiviesuas 200 °C 1Hosaninisnsane
fvesmanduInnIInMsUTIngFvessesanlunanes vy Sedesarilvien
AranAuTIAUS (Stress concentration) Wntutiosndn dauguil 4.37 Wudnwaslaseading
QaANINsAATgngR 600 °C Felamunsumndrnuuiiuiiadiuuen desaniilogmgi
Fuganniu asvhlindnndfinuauifseunionnniuannisanasvonnau fmulesd
owsinilestsaonadoefiuna In-situ XRD (3U71 4.32) uazdnwairlassainaganianounisein
MNMIETIRaeuRIeEndes SEM (3UTl 4.29) ussnusesunnuunadniAniulndfureufindu
Tudaduduildsumuidusn

4.3 nansznuvasaamnfifidenasoalnuauisnlunistusUvaaninndinana
wdausegeviia TRIP
Tunsfnsndntasfunmnaasunmsasuasalussrinnislvianufeureau
wazndansfnTusUuagnanssmuIesguniftrel fauinisvedeasiaiugamauasnng
fanduinnsdatugluuudassuonninnda TRIPT80 #1838 In-situ X-ray diffraction
(XRD) Tlgumgdtusuafauazarnmndiglasiarsnanialaendasganssmididnasounuy
dosnsn (SEM) HiednwnaziUeuiiioudnuvaslassaiisanianeulasndsnmssaveunan
mﬁmé’wﬁqmmﬁ 25, 200, 400 wag 600 °C LLaz‘VT’]miﬁlﬂ‘ﬁugﬂéj’:jEJ&J}JﬂWSﬁﬂ%QUi%ﬂ@Uﬁ’JEJ
15° 30° 45° 60° W@y 75° audIaU lnananisnnaeskansliiiuiiasdussnouvesnaly
Tasadganiansumsdintuslasianmsdeuuaeddeiiiorymriamslinnuiouuay
mwé’amié’@%ugﬂ diadunumislumsineweyamuauruadafndureandnnan
TRIP780 Tasmsidenanumgiidindivanzas Gangazidunnanismaassazusznauluse
o &

4.3.1 nanszvuvasguRaiinIsiadidaanausenntusuvaanannan TRIP780

Y
Han13AnwBnSnavesgumnlndimasiausiidadusduuudaselurigunisen

v
o v =%

15° 19 75° fagui 4.38 Fauanafiandnuduiusuelssindugy auIngun1sen wavoumad
M3fnTuFUTeUMaNNA1ANLTLIIgYTia TRIP. 780
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2,000

1,500 -

Bending force (N)
E
=

500 - _
7 —8— 25°C  -#-:200°C
7.
7 ~A-400°C  —4- 600 °C
0 : T T T T T
0 15 30 45 60 75
Bending angle (°)

gUUINIARLANANSIY

ee

JUN 4.38 w39AnTUFUTEUMENNAT TRIP780 VIUL1A3 1A

MNHAMNTNNABITUT 4.38 LLamFLﬁLﬁud%mﬁmﬁugﬂazLLﬂiﬁummmmumiﬁmlu
yneuvind nanfemusiiatusUagiuunliniutueswreiondlonunmyunisdefivgaty
diataguzaaudunsnvesTanuaglildvunauniinty Fwsafuusadielivanianns
WasusunsindulaztnengAnssumaisauidailitandauud s i
SwTaaNanTEIUINuIINAR LTI lagANIEEANILIINgNNATBIS UNARId 1L 1ile
Furugnnaliluamanuniudsdwalriuiidudassriaiuinvesusuiunuuasiuiaiudg
waragfiuannty Ssdsnalngnseilivunnvesnrandsamuiinmntu uasilefionsan
mamwwaaqmmﬁmié’ﬂﬁugﬂ WmfwhLLiﬂé’ms?TugU%LLinﬂﬁuﬁuqmmﬁmiﬁwﬁugU
nanfoidegunailunsdaiiugeluazdsmaiiliausainiuguanas Taonsdatugud
gauviniivies (25 °0) agldusslunmsdintusUgeanuasiigaumadl 600 °C ldusslunisdndugy
touiian osnidetanegiigamgigeiusrdmaliranuudusmeananasdsaonnias
funansMaae e ITeTiNILIN [61], [84]

4.3.2 NAN3ENUVBIQMUNAANTIARTIdINasiangAnTsUNISARGINAUYRLUANNED
TRIP780
é’wwqaﬂsmmiamﬁaﬂé’uL‘f]u{]gy,mﬁwﬁ@lumﬁugﬂimzu&iu Favzdmalaunsise
nsgvIuMIUIENaUTUdIY ﬁaﬁnwnﬂ%ugﬂmaqLﬂ/\lamﬂmim?{ﬂugﬂmai (TRIP effect) 3
DungAnssuiidrdgueandnndivia TRIPIma%ﬁqma&iammmmsaiumﬁugﬂLLaz
ngRnssunsAnsandundamstugy Tudnuidddvhmsinyfmansemuresgumninisdaii
fifevunyufnfIndureamanndiauulansegeiia TRIP780 lugisgumgll 25, 200, 400
uay 600°C wazuualfunnsdafindunn  15° Usgnaude 15° 30° 45° 60° uay 75°
AUEIRY
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5
4 A
C
2]
B 3
=
®
4
2 - .-
50 - -
= : iy
= - =
B —
w 1 EEE Xkl ™ o ——"“‘#
; ............. i o ——25°C -4--200°C
1 —A-400°C  --@- 600°C
0 T v . . :
15 30 45 60 75
Bending angle (°)

JUN 4.39 nTvAnuduiusvasuinLasIuIaNARFInauAgMN NI sAATILAN AT

nuamsvaaediuzuil 4.39 wuimuavessfeinduiiuuiliiiugduiovun
yunsiAY Wesanndeduddniidwasenisfasnduresminndinnuudausigs fo
?’i’]ﬂ’J'lllLﬂ%EJG]LL%Q‘ﬁILﬁﬂéﬁﬂ%ﬂﬂ’]ﬂ%ﬁﬂﬂ’ﬁ%ﬂgﬂ é’ﬂﬁ?uLﬁaﬂ%mwmﬂWiLﬂﬁaugﬂawaiLﬁ'm%umﬂ
Mafisrummmsdn SemavidliAnmaisusuvesalulnssainqaniafiunniuuay
fanaieandodindu Sedmalasnsslivuinguindinduingety drunansenures
qmmﬂﬁﬁdawa&iammmmﬁmﬁaﬂé’wé'qmsﬁm%ugﬂ WuinvuIaLNAnFInaUITdLuIliNanas
Sognmgivestunaaeuiiingsiu iesninidlegaungiiugaiuaginliauudiusuas
autiAshumsiasenudwesiananas [81-82] Taaflaaimginissin 400 °C azdvuinvosyy
ﬁﬂé’hﬂé‘uﬁwﬁqwuawuwmuﬁmﬁaﬂé’uwLﬁwﬁmﬁﬂﬁaaﬁqmmgﬁmséf@ 600 °C 1o991nWa
mMsdsugUveanalulassaiisnanin [86]
4.3.3 wansznuvesammgiiiiivelasiairsaamaneunisintugy
nnuamseuliaudouuntunaaeuniglumlnihlnesnnisliausouusy
syiugamniifsiinanlideiu Wemsaaeulasiairsganmamendeanssatiuuudeiniig
(SEM) wealavguwsu TRIP780 dnwarlassaineganianiendiniseulinnuioudisyiu

QoM HuANF1aTU UaRIRasUN 4.40



JUN 4.40 dnwazlasainsganianeuntsrnduguveaninngn TRIP780

INNANITATIFBUANYULLATIAT1N9aNIAVBTUNARRUAIFUN 4.40 nudlaseasne

JanIAveuannaT TRIP780 azusznaulusalasassiiunesls (F) dsflaudfisaunineg
v a = ! dl' VY @ < & Ao ! & a 3

gninAafannIunady 9 wandlilmunduiiundd duiuiiveavlaivulud (B) uavinases

¢ 1Y ANa A v 2 & & dao & o o &£ =
wuludanAs (RA) asiiiaseuuanslyiiuilunundun lngdunaaeuiinnsanduui
gaungIviea (25 °0) wseluiunseulvauiou dnvarlasaiisganinazUsenaumeila
goawmuludnnAlg (RA) tRnnszageglulassadaiuneslsm (F) degun 4.40(a) eauln

v v P = o & % A 2 v d

ANNTEUMILUNNNAWUAD 200 °C dnunielaTsasaganinvilisuwdasliiantey Ao
e oeamuludnnAsasiinduidntsensgun ¢.40(b) Weeuliauieuiigamgll 400 °C
nwuilSunanazanvazesungesamuludanasazilasunuategruiuladn lneduunm
YouaoaanuludaziingnTukas usdiudnisuandudunsuaundnaIgun 4.40(c)
lassasnaganinvzUsznaulumemassanuluinniauazinauulud iinnszatedegly
lassadanumeslsn Natiillesanfigamall 400 °C Fuduyisguuginvinliaseamulud
wWasugUludusauulud (Bainite transformation) [63] Winn1sanagneurassinasueuly
lassaanuneslsviunnay
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WasugUveaalulaseadiagania 21nran1smaasinuinlasasemieganInveLannad
TRIP 780 figaungiivias (25 °C) enoun1slianuieu aadusenauvedlasiasnaganine
Usznaulumemasls (F) dsdinisdniseenvendnduiuy BCC wazimasaanuludnnng
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JUT 4.43 a3duszneaulasiasganiAnounsantuguaieds XRD voumannan TRIPT80

MNHanIInTITdeUssAUsEneumanelulasiaisananountsinTugUigumgd
M5TUTUTII9ETE XRD Faguit 4.43 nuinslaseaynilud (RA) azusinglussunud (111)y,
(200)y, (220)y way (311)y wagiamoslsy () ayusingluseuruil (110)a, (200)q way

(211)0, WE8198952UIUNTUTINGVRANANLWITBV0L YU UazaAne [10] waz De Meyer
wazAne [87] dnandiuvetianaainuludnnans (RA) aunsaduwinlalngldaunisi (4.3)
wag (4.4) drudsunamessigasueulumla RA aunsadwalaainaunislunuidetiu

111 [88]

aY
X =3.578 + 0.044Cy (4.3)
a, =3.572+0.033x[C%]+0.0012 x [Mn%] — 0.00157 x[Si?%] +0.0056 x[Al%] (4.4)
e

ay fio  wisdlmesveanaeeamnulus (A) [89]

Cy Ao wWesWudasveululasaanulug
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C 9 WesWudumdnuessigaisuey
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JUN 4.44 nansenuvatgunniide (a) Usinauwaeeaimnulud wag (b) Snidmusigaiiveu
Tuagaamuludnna
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Q%LL?{ﬂﬂﬁﬁﬂ’ﬁLUE‘IEJ‘L!E‘LJGUENLWﬁLﬁ@%u%ﬂﬁaUﬁquﬂ”ﬁLﬁlmjﬂ%u InuaooanuluannAig
(RA) axiimsImisasinvesranduuuy BCC dnnnaslsviwazmaunludaziinisinSesives
wEnlunuy FCC 1ilothgUil 4.31 wazgUd 4.43 snfinrsandaniusznuingamaiinisin
dvsnaethannsieUSuaewaeaamnuludnnis (RA) lulassaigania lnenuinsunm
oaNa RA ﬁlvamaaasjwi'fmLauLﬁaﬁuwmaauﬁammﬁLﬁ'maqsﬁué’ﬁﬂﬁ 4.44(a) Wqﬁmimﬁﬁ
AUEDAARDINUIIUITBYBS Yu uazAnLz [10] waz Tang uazanz [90] TosUTunaueana
RA avanaudntiosann 15% tJu 14% Lmaammmawumaaumeumﬂ 25 101 200 °C
szwa‘mLﬂmuummaamﬂammJmwimqaﬂqa;amﬂwlmmﬂmimwaaumsmam SEM ¥99
Funnaouitliinunisoulimnudou (25 °0) way ’runseulinruoudl 200 °C Figud
4.31(a) uay 4.31(b) \fesarniranlunisevuasdeSlumldnardeudiedu Sanunis
Wasuuameaalulassaieganaifisadniios

SofinnsanemdiiusvesgumniinsdauazUnaieasvessinaivelumlases
mulummﬂﬂ'm (RA) msﬂw 4.44(b) Wm’msmmmiuau‘iumaaaaLmulumavmLLu'ﬂumwmu
Laﬂuamuaammmawumaaumewumﬂammwm (25 °0) T 200 °C Haiinsiiudu
%wimmﬁmmiuaﬂmmaaamulum Imsmuimgmmmmil,m'iﬂiumstuaqawlmiuau
Tusawleslsi () Wgwaooamuludlussnirefitunaaeuiigamgiifingadu (76] dadana
Fliaeeamuludanda (RA) Tiadosamuiniu lnenanisnsaaounisiasaiu (XRD)
goulaeadnuludnndig (RA) wuidniswasuwdaslvegeived iy IneuSunaveans
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goamuludANAY (RA) 9vanadnd1959a15191n 14% U 4% uarUSunamsusuanadogns
ﬁiaLﬁaqLﬁaqmmﬁmiﬁmﬁwﬁumﬂ 200 11 400 °C FetfuFsoyunalldin msanasossg
mfveu (O) daulngfaziAnanmsiasusvennassamuludanda (RA) Tudumauulud
(B) wazduulavi (Fes0) fs3ufl 4.31(0) Faaonndosfunan1siseves Anazadeh wazani
[79] Lﬁ'aqmmﬁ%umaauLﬁmsﬁuiuﬁthqmmﬁ 400 £ 600 ° C wudnUsunavesaaainy
lufifeuasmelunienuifisndnioslurnsiivleslsd (F) SufuufisTuuas ey
arsveuluaseanuludrananinios anuan1snaasandlimfiuinminnainiy
uTau39g3viin TRIP780 %LﬁﬂﬂmﬂﬁaugﬂmaﬂLWaLﬁmsﬁuﬁqmmﬁ 600 °C Fslassasiagania
azUsznaulumie Ferrite (F), Pearlite (F + FesC) waz aaaamuludnnaia (RA) vu1aLén
Faguil 4.31(d) Feaonadesiunanisnaaeswes Zhao wazAni [91]

4.3.5 N3UAgUFUYRANATININNTTUIUNTATUSY
lun1snsivaeuetAlsnaulATIai199an AT UNAFRUAILTT In-situ XRD &
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swanivaulumdesamilusiands Wiulddaheamgfintsdmuazniaudeusuresiunadou
wdwmaroUiinasgativeuluaseanulusd Tneusnusaesuenasfiugaiudieringg
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[192] AldinsnsaasunsasuuUaswesUTInus A svsulumlasoamuludnndg 3
wuiUSinamessnasueulaeladeaziivualiianas sudadiunisanaswenaseany
lusnnds illogungfimadingstu

4.3.6 AMUFURUSVDIATIATI9RANIALAZAUIANITAAARINGY
nswiulagyluitadendniidimansenuienisindinduveslansusiu Ao
autiinisnavesian dSnvurveaaiosde aulufsgaumgfinisdugy Semudinistugud
gumgiigeaningamginaiiananiviivesian szdwalivuinyudndinduanas dalagiialy
gaumnniin1siAnnanyvd (Recrystallization temperature) suaqmﬁﬂﬂé’wzagﬂmm 1,000-
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LU?%EJuLLUaaIﬂNa%NqamﬂLLazeiqma“[,ﬁﬂ"]mmLL%QLLiwé’mflﬁﬁugﬂmm'}’aﬂamm il
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yadey nouwasndin1sfniusudeds XrD uandifuindeonmgiiiingatuasdsmals
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anAe (RA) Tudunaiuulug (8) lnsvwinvesuiaiinduazanatodsiniuiiogumd
NSAANAET 400 °C Beaenndasiudnsinisiasusvesnaeaamnuludnndi (RA) lng
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Transformation-induced plasticity (TRIP) steel possesses high strength and formability, enabling the use
of a thinner gauge material and allowing for the fabrication of complex shapes. In this research, we
measured the effect of bending temperatures on the microstructure and air-bending springback angle of
TRIP steel at temperatures from 25 to 600 “C. Real-time in situ X-ray diffraction and scanning electron
microscopy were used for pre- and postbending analysis. As the prebending temperature increased from
25 °C to 600 °C, the retained austenite (RA) volume fraction decreased, and the RA transformed to bainite
at temperatures above 400 °C. The springback angle was positively correlated with the prebending RA
volume fraction, with the smallest springback angle achieved at 400 “C. Additicnally, the springback
angle was positively correlated with the bending angle, because the RA transformation ratio contributed
to increased strain hardening. Further microstructure analysis revealed that the RA became elongated in
the tension direction as the bending temperatures increased.

@© 2019 The Authors. Preduction and hosting by Elsevier B.V. on behalf of China Ordnance Society. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

Keywords:

TRIP steel

In situ X-ray diffraction
Phase transformation
Bending temperature
Springback
Air-bending test

40/).

1. Introduction

Autobody metal sheets require high strength and formability. A
high-strength sheet enables the use of a thinner gauge material,
which further allows light weight and fuel efficiency [1]. Mean-
while, material formability allows for the fabrication of complex
shapes. Transformation-induced plasticity (TRIP) steel possesses
both characteristics [2]. TRIP steel has generally been shown to
have a tensile strength of 600—-1000 MPa and an elongation of
20-25% [3].

The high strength and formability of TRIP steel are largely
attributed to the complex microstructure, consisting of retained
austenite and bainite in the ferrite matrix [4]. Furthermore, the
retained austenite is transformed to martensite upon deformation,
contributing to increased strain hardening [5]. Nevertheless, high-
strength steel is often affected by bending springback. The
springback affects the mechanical properties, metal sheet thick-
ness, bending radius and forming temperature [G]. The existing
research on advanced high-strength steel (AHSS) focused on the

* Corresponding author.
E-mail address: kkkannac@kmitl.ac.th (K. Kanlayasiri).
Peer review under responsibility of China Ordnance Society

https://doi.org/10.1016/j.dt.2019.11.018

effect of a thermal treatment on the microstructure and springback
[7--10] and failure mechanisms [11].

A variation in the deformation temperatures impacts the me-
chanical properties of TRIP steel and, in turn, the springback
behavior. For AHSS and TRIP and twinning-induced plasticity
(TWIP) steels, the yield strength, ultimate tensile strength and
strain hardening reduced at elevated deformation temperatures
(25—600 °C) [12,13]. The highest strength was achieved at 25 °C
and steadily decreased with increased deformation temperatures.
Meanwhile, the total elongation decreased between 25 and 400 °C
and increased between 400 and 600 C. In addition, the springback
behavior was governed by the phase dislocation and mechanically
induced phase transformation [14,15].

The springback angles for TRIP steel sheets decreased when the
hot and warm forming temperatures were above 457 °C [16], the
recrystallization temperature of ferrite. The V-bending springback
angle in TRIP steel was positively correlated with the retained
austenite volume fraction and bending temperatures [17]. In
essence, at forming temperatures of 400—450 °C, the springback
angle was significantly reduced as the ferrite recrystallized. None-
theless, the springback behavior and microstructure analysis in
previous work followed cooling (at room temperature) rather than
with real-time in situ analysis. On the other hand, Allain et al.
[18—20] used in situ X-ray diffraction to characterize the

2214-9147/© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of China Ordnance Society. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.orgflicenses/by-nc-nd/4.0/).
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microstructure evolution of AHSS and other steels during thermal
treatment and air-cooling.

We investigated, in real time, the phase transformation during
heating for pre- and postbending and the effect of the bending
temperatures on the microstructure evolution and air-bending
springback angles of TRIP780 steel. Real-time in situ X-ray
diffraction (XRD) and scanning electron microscopy (SEM) were
used to characterize the pre- and postbending microstructures of
the steel at 25, 200, 400, and 600 °C. Our results revealed the
continuous phase transformation during prebending heating and
the postbending phase transformation of TRIP steels shown by the
real-time XRD technique for springback control of TRIP steel by
choosing the optimal bending temperature.

2. Experimental procedure
2.1. Material preparation

In this research, the base metal was TRIP780-grade AHSS sheet
with a thickness (t) of 1 mm and chemical composition of 0.107 wt%
C, 1.39 wt% Mn, 0,952 wt% Si, 0.024 wt% Al, 0.031 wt% Cr, 0.014 wt%
Cu and 0.0246 wt%P. Table 1 lists the tensile properties in the
transverse direction of the experimental steel at room temperature
(25 °C) based on the ASTM E8 standard, obtained using a universal
tensile testing machine. The bending specimens had dimensions of
12 % 30 x 1.0mm (W x L x ).

Fig. 1 shows the thermal cycle used to obtain the typical TRIP
steel microstructure [22]. TRIP steel is produced by heating steel to
the annealing temperature so that the dissolution of cementite
occurs and the formation of austenite starts to produce a micro-
structure consisting of austenite distributed in a matrix of ferrite.
The holding time and temperature determine the proportion of
each phase. The temperature for annealing was set at 770—850 °C.
Then, the steel was cooled quickly to 400 °C and held at this tem-
perature. During cooling and holding, part of the intercritical
austenite transformed to B. Later, after cooling to room tempera-
ture, the final microstructure consisted of F, containing the RA
dispersed into B.

2.2. Experimental bending temperatures

The warm-bending temperatures were varied between 25 and
600 °C, given a bending rate of 60 mm-min . Prior to the air-bend
loading, the steel specimens (initial temperature of 25 °C) were
thermally treated in an electrical furnace at 2 °C. min ' to the
target temperatures (200, 400, and 600 °C) and were retained in
the furnace for another 5 min upon reaching the target tempera-
tures, so that the unstable retained austenite phase was trans-
formed into the bainite and ferrite phase [17]. A thermocouple was
placed close to the specimens for temperature regulation [23]. Fig. 2
illustrates the prebending thermal treatment of the experimental
specimens, and Table 2 lists the experimental parameters.

2.3. Air-bending experiment and microstructure analysis

The air-bending experimental setup followed the ISO 7438:2010
standard (Fig. 3). The sample was bent at various angles (15°, 30°,
45°, 60°, and 75°) for each of the four bending temperatures (25,

Table 1
Tensile properties of the TRIP780-grade AHSS sheet at room temperature [21].
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Fig. 1. Thermal cycle used to obtain the TRIP microstructure,
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Fig. 2. Prebending thermal treatment of the TRIP780 specimens.

Table 2

Experimental parameters.
Steel specimen TRIP780
Thermal rate/(*C -sec™") 2
Retention time in the furnace/min 5
Bending ratef/(mm-min~') 60

Bending angles 152, 30°, 45°, 60°, and 75

200, 400 and 600 °C), and while bending, the temperature of the
test specimen was maintained at the required temperature by an
induction heating system. The radius of the punch (Rp) was
0.25 mm, and the roller (Rg) was 10 mm. The springback behavior
and microstructure of the postbending steel specimens were sub-
sequently determined. The bending angle was manipulated by the
punch penetration, controlled by a Zwick Z20 universal testing
machine, at a bending rate of 60 mm-min~".

The springback angles (Ad) were determined by optical micro-
scopy, and the bending angle (#) was compared with the unbending
angle (#) using CAD software. Fig. 4 shows the method used to
measure the springback angle in the air-bending test. The standard
method of measuring the springback angle used three point ref-
erences (at the center and both ends) on the cross-section of the
specimen (V-shape). If the center point is the vertex, the two lines

Material Young's modulus/GPa

Yield strength/MPa

Ultimate tensile strength/MPa Total elongation/(%)

TRIP780 193 655.65

843.94 19.25
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Work angle
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Fig. 4. Method of springback angle measurement.

can be connected. The two resulting lines function as baselines, and
the work angle can be determined using these two lines. The
springback angle is the bending angle # minus the unbending angle
0 (A0 =0 -6).

The pre- and postbending phase transformations at various
bending temperatures were determined at 200, 400 and 600 °C
using real-time in situ X-ray diffraction (XRD, Rigaku, D/Max-RB)
with Cu Ka radiation. The volume fraction of retained austenite
(V) was calculated using the integrated intensities (1) of the (200),
and (211), peaks of the BCC structure and the (200)y, (220), and
(311); peaks of the FCC structure following [24]:

181, 1 Zlf NMIVEY iy
v |1 l]/[, o NT E ] 100% (1)
! [qj1Rw' q 5 Ry PZR**'

where V, is the volume fraction of retained austenite, I, is the in-
tensity of retained austenite, I, is the intensity of ferrite and R is the
calculated theoretical intensity [24].

The microstructures of the pre- and postbending steel speci-
mens were characterized by scanning electron microscopy (SEM,
JEOL, JSM-6510 LV); the specimens were mechanically polished
using a conventional method, and the samples were cut into cross-
sections, hot mounted, and polished. Additionally, the samples
were polished with 0.1 pm alumina powder and Lepera etchant
[18]. In the SEM micrographs, retained austenite (RA), bainite (B),
and ferrite (F) are represented by white, gray, and black colors,
respectively [25].

3. Results and discussion
3.1. Microstructure of the experimental steel
Fig. 5(a)-(d) illustrate the microstructure of the prebending

TRIP780 steel specimens (after air-cooling) treated at 25, 200, 400
and 600 °C. In general, the surface of the F was the roughest, as it

N

_Bending angle

Fig. 5. SEM micrographs of the prebending TRIP780 specimens at the indicated
temperatures.

was etched more deeply than the other phases. The surface of
bainite (B) was smoother, and carbide had smaller particles, while
the surface of retained austenite (RA) was smooth [26]. The
microstructure of TRIP steel without heating (25 °C) is shown in
Fig. 5(a); the microstructure consists of RA, and B was embedded in
the F matrix. The microstructures of the samples heated at
200-600 °C and held for 5 min are shown in Fig. 5(b)—(d). The
microstructure of the sample, after 5 min at 200 °C (Fig. 5(b)),
mainly consists of RA and B embedded in the F matrix, which differs
slightly from that of the unheated sample. As the bending tem-
perature increased, RA transformed into B and carbides. Once the
bending temperature reached 400 °C, the microstructure of the
TRIP steel sample clearly differed from that of the unheated sample.
Fig. 5(c) shows that the microstructure of the sample heated at
400 °C predominately consisted of F and B, with some RA islands
embedded in the F matrix. When the bending temperature
increased to 600 °C, the RA phase decreased to a minimum, and the
carbide (Fe;C) was embedded in the F matrix, as shown in Fig. 5(d).
In the SEM analysis, RA is shown in white, B is shown in gray,
carbide is shown in fine particle white, and F is shown in black.

3.2. Phase transformation

3.2.1. Phase transformations during isothermal processing
Prebending phase transformation at various bending tempera-

tures, where diffraction peaks indicate phase transformations. The

RA peaks at (111)y, (200),, (220)y, and (311), and the F peaks at
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(110),, (200); and (211),, were assigned following Yu et al. [13] and
Sugimoto et al. [27]. The volume fraction of RA at each temperature
was calculated using Equation (1), and the carbon contents in RA
were measured using the lattice parameter and empirical equation
[28], expressed as:

ay /A =3578+0.044C, @)

ay=3.572 + 0.033 x [C%] + 0.0012x[Mn%] — 0.00157 x[$i%]
+0.0056 % |Al%|

(3)

where ay is the austenite lattice parameter (A)[29], Cy is the weight
percent of the carbon atom, and [C%]|, [Mn%], [Si%] and [Al%]
represent the concentrations in weight fractions of carbon, man-
ganese, silicon and aluminum, respectively. For convenience, the
contents of the alloying elements in RA were assumed to be
equivalent to the nominal steel composition for all bending
temperatures.

A phase transformation in TRIP steel before bending can be
evidenced by the dramatic changes in the diffraction patterns in
Fig. 6. The disappearance and appearance of diffraction peaks are
typical indicators of phase transformations. The diffraction pattern
constitutes a mixture of the « pattern that reflects the matrix of F
and B, which is hard to distinguish by X-ray diffraction due to its
similarity with the diffraction pattern from the body-centered cu-
bic (BCC) structure, whereas the v pattern is derived from retained
austenite (RA). Combining Figs. 6 and 7(a), it may be noted that the
bending temperature has a significant influence on the RA volume
fraction. The RA volume decreased obviously as the temperature
increased: this behavior was also observed by Yu et al. [13] and
Tang et al. [30]. The volume fraction of RA decreased slightly from
15.11 to 14.14% as the temperature increased from 25 to 200 °C and
was similar to that in the microstructure images of TRIP steel
without heating (25 °C), as shown in Fig. 5(a) and b. Since the
holding time was relatively short, a noticeable structural change
did not occur. The relationship between the bending temperature
and the average carbon content in the RA is shown in Fig, 7b; the RA
carbon content increased slightly as the temperature increased
from 25 to 200 °C. The increased RA carbon content was mainly
caused by the carbon diffusion of F inte the RA during heating [31].
It should be noted that carbon diffused into the RA as the tem-
perature increased, leading to more stable RA. Interestingly, the
diffraction patterns changed significantly, the v pattern peaks
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Fig. 6. Prebending real-time in situ XRD at different bending temperatures.
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Fig. 7. Prebending: (a) volume fraction of RA and (b) carben content in RA.

rapidly decreased from 14.14 to 4.24%, and the carbon content
continuously decreased with increasing bending temperature from
200 to 400 °C. Therefore, more carbon diffused from RA and mainly
caused the decomposition of RA into B, including fine carbide
(FesC), as shown in Fig. 5(c), which was consistent with the ob-
servations of Anazadeh et al. [32]. When the bending temperature
was in the range of 400—600 °C, the v pattern peaks nearly dis-
appeared, while the « pattern peaks grew and the RA carbon con-
tent decreased slightly, indicating that the steel consisted of pure
ferrite during holding in this temperature region, This indicated a
TRIP steel phase transformation at 600 °C, at which the micro-
structure consisted of F, pearlite (F+FesC) and little RA, as shown in
Fig. 5(d).

3.2.2. Phase transformation during deformation

A phase transformation during a deformation or the TRIP effect
is the main reason for the improved ductility and formability. Fig. 8
shows the postbending diffraction pattern by in situ XRD. Fig. 9(a)
presents the RA volume fraction after bending. With a 45° bending
angle, the RA volume fraction decreased to ~15 vol% at 25 °C and
continuously decreased with increasing bending temperature; the
RA fraction decreased to a minimum of ~2 vol% at 600 °C. Fig. 9(b)
shows the variation in the carbon content in the RA phase (post-
bending) with the bending temperature: it is clear that the bending
temperature and plastic deformation affected the carbon content.
The carbon content in the RA phase increased after bending and
then decreased as the bending temperature increased. Note that
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Fig. 9. Postbending of 45°: (a) volume fraction of RA and (b) carbon content in RA,

this evolution of the carbon content was also observed by Shen
etal. [33], where the average RA carbon content decreased with the
RA volume fraction, following the higher bending temperature. A
low carbon content reduces the stability of retained austenite [34].

3.3. Bending load and the springback angle

Fig. 10 shows the bending load versus the bending angle during
air-bending for temperatures from 25 to 600 °C. It can be seen that
the bending load increased with increasing bending angle. It is
understood that the bending force is a function of the plastic
deformation volume and strain hardening. Meanwhile, the bending
load decreased slightly with increasing bending temperature.
These results correspond with the tensile test using different
temperatures, and at higher testing temperatures, both the yield
stress and ultimate tensile stress values decreased [35].

Fig. 11 illustrates the effect of the bending angle and bending
temperature on the springback angle of the steel specimens. From
this figure, we can understand how temperature affects the
springback angle. This material exhibited lower springback at
400 °C. In contrast, the material showed higher springback at a low
bending temperature (25 °C). The springback angles were posi-
tively correlated with the bending angles. Increasing the bending
angle caused an increase in the springback angle. The springback
was very low at a 15° bending angle and began to increase for
higher strains up to a 75° bending angle. Increasing the bending
angle increased the stretching in the material and consequently
extended the region of the plastic deformation. Therefore, it can be
understood that the RA phase transformation, strain hardening and
springback angle increased as the plastic strain or bending angle
increased.

The air-bending springback angle for thin steel sheet can be
calculated from Ref, [36]:

3K,(1 - 12)
49 (1’%)

w3 i @

where # is the bending angle, Afl is the springback angle, K is the
ultimate tensile strength, p is the neutral axial position, v is

wn

*25C = 200C
4T o 400T -+-600C : 7

Springbace angle/(°)

30 45 60 75
Bending angle/(®)

Fig. 11. Effect of the bending temperature and angle on the springback angle.
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Fig. 12, Transformation ratio of RA and springback angle vs the bending temperatures
for a 45% bending angle.

Poisson’s ratio, w is the die gap, E is Young's modulus, and t is the
thickness.

In the air-bending experiment, the specimens were individually
placed on cylindrical mandrels and pressed by a punch. Increased
punch penetration depths increased the bending angles and the
plastic deformation, contributing to increased springback angles.

It can be seen that the springback angles and bending temper-
atures were inversely correlated. This reduction can also be seen in
the relation between the springback angle and phase trans-
formation (see Fig. 12).

The RA volume fraction after bending was investigated by XRD.
It is obvious that the RA peaks decreased to a minimum after air
bending, indicating that the RA decomposed during the test. The RA
was transformed to martensite (M) during bending and thus
increased the plasticity of the steel, which is the TRIP effect [37,38].
Additionally, the appearance of the microstructure composition, as
shown in Fig. 13(a) and (b), and the XRD result confirmed the TRIP
effect. Meyer and Vanderschueren [39] reported that the trans-
formation of RA to the M phase, after forming, affected the (200),
and (211), peaks, which increased with increasing deformation,
corresponding to the XRD postbending shown in Fig. 14.

Fig. 15 illustrates the transformation ratio of RA by comparing
the volume fraction with pre- and post-bending and the springback
angles for bending temperatures from 25 to 600 °C. A higher
springback angle was observed with low bending temperatures (25
and 200 °C) due to the higher transformation ratio of RA to M
during the plastic deformation by bending or the TRIP effect and
higher strain hardening [40]. After 5 min at 200 °C, no noticeable
structural changes occurred, similar to the case for the micro-
structure without heating (25 °C), as seen from the time-
temperature-transformation (TTT) diagram [41] in Fig. 15. In this
temperature range, below the transformation temperature for RA

600 °C, because the material yield stress increased due to the

400
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Fig. 14. XRD patterns with pre- and postbending of 45° at a bending temperature of
25°C
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Fig. 13. TRIP steel microstructure at bending temperature of 25 °C and bending angle of 45°,
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Fig. 16. Cross-section of a steel specimen for a 45° bending angle.

increase in carbide or cementite (Fe3C) in ferrite, leading to a higher
yield strength [29,30]. Furthermore, a large amount of carbide
(FesC) precipitated with heating at 600 “C, which increased the
yield strength [29,31] and, in turn, increased the springbaclk.

3.4. Microstructure evolution

This section discusses the effect of the bending temperatures
and bending angles on the cross-sectional microstructure of the
steel specimens, as observed by SEM. Fig. 16 shows a diagram of the
cross-section of a steel specimen for a 45° bending angle, where C
and T denote the sections that are subjected to compressive stress
and tensile stress, respectively, and M is the midpoint, which is
minimally affected by bending. The bending temperatures were
varied between 25 and 600 °C, In Fig, 16, the T region was the target
region of the microstructure evolution analysis, due to the rela-
tively extensive phase deformation.

Fig. 17(a)—(d) show the bending cross-section microstructure

evolution at the target region (T region) at bending temperatures of
25,200, 400 and 600 °C for a 45° bending angle. In Fig. 17(a) and (b),
with postbending at 25 °C and 200 °C, the microstructure showed
that there was a high fraction of the rough surface of martensite asa
result of the phase transformation from RA to M during the plastic
deformation by bending, and the RA phase became elongated in the
tension direction. In Fig. 17(c), with postbending at 400 °C, i.e., the
temperature ranges of the bainite transformation, the microstruc-
ture showed the B phase, and the RA phase was elongated in the
tension direction. When the bending temperature increased to
600 °C, the microstructure consisted of carbide (Fe;C) dispersed in
the F matrix, and the RA phase decreased, as shown in Fig. 17(d).

4. Conclusion

We investigated the effect of variable bending temperatures
from 25 to 600 °C on the pre- and postbending microstructures and
air-bending springback angles of a TRIP780 steel sheet. The
microstructure analysis used real-time in situ XRD and SEM ob-
servations. With prebending at 25 °C and 200 °C, the SEM images
showed RA and B embedded in the F matrix; however, at 400 °C,
the RA rapidly transformed into F and fine bainite and then, at
600 °C, transformed into F and pearlite (F+-Fe3C), as shown in the
XRD spectrum. The RA volume fraction decreased with increasing
bending temperature. Furthermore, the pre- and postbending mi-
crostructures showed that the RA phase transformation ratio
decreased with increasing bending temperature (from ~60% at
25 °C to ~40% at 600 °C). At the same time, the springback angle
was positively correlated with the RA phase transformation ratio,
and the smallest springback angle was achieved at 400 °C, In
addition, the springback angle and bending angle were positively
correlated. This result was attributed to the amount of phase
transformation and strain hardening. Moreover, the microstructure
evolution analysis indicated that the RA became elongated in the
tension direction as the bending temperatures increased.

Fig- 17. Microstructure evolution in the T region for various temperatures.
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Abstract. This research investigated the failure phenomena and underlying damage
mechanisms in small curvature bending and spring-back angles of two advanced high strength
steel (AHSS) sheets (TRIP780 and DP980). The study also examined the effect of the bending
angle on the failure mechanism. In the analysis, this research utilized an optimal microscope
(OM), scanning electron microscope (SEM) and energy-dispersive X-ray spectroscope (EDX).
The research findings indicated that the bending force and the bending angle were positively
correlated and that the spring-back and bending angles were inversely correlated. On the failure
mechanism, at the 45° bending angle, the initial crack was identified on the outer region of the
LD-rolling DP980 sheet, while no visible crack emerged for the TD-rolling TRIP780 until
arriving at the 60° bending angle, indicating that, by comparison, the former possessed the
lowest bendability and the latter the highest.

1. Introduction

The structural lightweight, energy saving and safety requirements of the automotive industry
contribute to the search for steels with high strength and good formability. In response, numerous
attempts have been made and one viable solution is advanced high strength steels (AHSS). The
enhanced strength however affects the formability of the steel into complex-shape parts. The AHSS
are typically of multiphase steels whose microstructures comprise diverse phases, e.g. the dual phase
(DP) and transformation induced plasticity (TRIP) steels [1]. To ascertain the industrial applicability
of the DP and TRIP steels, it is necessary that the effects of their microstructures on the bendability
and failure mechanisms be thoroughly investigated. The bendability of metallic sheets refers to the
limit of the forming process accomplished without failure. The bending limit could be defined as the
amount of clongation on the outer surface of the bending zone, from which a minimum bending radius
is deduced |2]. Furthermore, the limit is subject to a variety of parameters, including the ratio of sheet
thickness to tool radius, material propertics, surface and microstructure of the metal sheet.

It is well known that the fabrication history has a significant effect on bendability and must be
included failure mechanisms in order to achieve accurate predictions of forming limits. Nakataki et al
[3] investigated the bendability of dual-phase AHSS metal sheets and it was documented that the
microstructure of these steels could be refined and homogenized for the bendability improvement.
Kaupper and Merklein |4] proposed the failure phenomena and underlying damage mechanisms
associated with the small curvature bending of AHSS using a novel comprehensive optical strain-
based characterization technique. R'eche et al [5] studied the failure mechanism in air-bending of
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TRIP steel sheet and the results showed that the initial cracks occurred on the outer bent surface (roof)
of the metal sheet. Despite the ubiquity and severity of metal failure in the industrial production, prior
research has largely focused on the relationship between the bending angle and the damage
mechanism at the expense of several other contributing factors of the metal failure. In other words,
there exists no research that attempts to explain the relationship of the metal microstructure, rolling
direction and bending angle to the bendability and the failure mechanism of the metal sheet has ever
been carried out.

This current research has investigated the relationships between the bending angle and the bending
force; and between the bending and spring-back angles of the TRIP780 and DP980 AHSS steel sheets
under the traverse (TD) and longitudinal (LD) rolling dircctions. The effect of the bending angle on
the failure mechanism was also determined. In addition, an optimal microscope (OM), scanning
clectron microscope (SEM) and encrgy-dispersive X-ray spectroscope (EDX) were deployed in the
analysis.

2. Materials and experimental procedure

2.1. Materials

This research experimented with two types of AHSS sheets of identical thickness (Imm): the
transformation induced plasticity (TRIP780) and dual phase (DP980) steels. Table I tabulates their
tensile mechanical properties determined using the uniaxial tensile test at room temperature.

Table 1. Mechanical property at room temperature.

Material Yield Stress (MPa) Ultimate Tensile Stress (MPa) Total Elongation (%)
TRIP780 589 983 24.7
DP980 638 1017 19

Figure 1. Initial microstructure of investigated steels (a) TRIP780 and (b) DP980.

In this rescarch, the microstructure and chemical composition were respectively analyzed using
SEM. Figure 1(a) illustrates the TRIP780 microstructure comprising the island-like retained austenite
(RA) phases embedded in the ferrite matrix (o). Meanwhile, Figure 1(b) depicts the DP980
microstructure consisting of ferrite matrix (o) in which the martensitic phase (M) 1s dispersed in the
form of islands.
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Figure 2. The schematics of the pure-bending experimental sctup.

2.2. Experimental procedure

Figure 2 illustrates the pure-bending plane-strain experimental setup to investigate the failure
mechanisms of the TRIP780 and DP980 steel sheets using the air bending test as per the 1SO
7438:2010 standard. The punch (r)and roller (R) radii were respectively 0.25mm and 10mm. The
metal sheets were 12mm in width (b), 30mm in length (1) and 1.0mm in thickness (t).

In the operation, the punch pressed downward while the support sct remained stationary. The
experiments were carried out by varying the bending angles in a 15° increment from 0° to 75° under
the room temperature and without lubrication condition. The post-bending failure mechanisms were
determined using photography technology by which the outer surface bent arca was first investigated
using a Digital Single Lens Reflex (DSLR) camera (CANNON, EOS 80D EF-S) and a Light Optical
Microscope (LOM) (JENCO, GL7-290) to identify the initial crack. The specimens were then polished
and ctched prior to undergoing the macro-scale microstructure inspection using a 50X Optical
Microscope (OM) (OLYMPUS, BX 60 M) to investigate the cross-sectional crack and crack
propagation. The cross-sectional micro-scale failure mechanisms and the chemical composition at the
bent area (or fracture surface) were further determined using SEM (JEOL, JSM-6510 LV) and EDX
(OXFORD, X-MAX IE-350).

3. Experimental Results and Discussion

3.1. Relationships between the bending angle and spring-back angle
This part investigates the effects of the bending angle on the bendability of the TRIP780 and DP980
experimental metal sheets, given the two rolling directions (i.c. TD and LD).
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Figure 3. Relationships between the spring-back angle and bending angle of
the DP and TRIP stecls in the longitudinal and transverse rolling directions.
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Figure 3 depicts the spring-back angles relative to the various bending angles (0°-75°) and the
rolling directions. The experimental results showed that the spring-back angles were inversely
correlated with the bending angles, whereby the spring-back angles decreased with increase in the
bending angles. By comparison, the spring-back angles relative to the bending angles were greatest for
the TD-rolling TRIP780 metal sheet, suggesting the highest bendability, followed by TRIP780LD,
DP980TD and DP980LD. The relationship between the spring-back and the bending angle, in these
phenomena, the large of plastic deformation at higher bending angle on the bending arca, this
decreases the elongation property which in turn induces a lower spring-back angle and can be
cxpressed in cquation (1), where K is the ultimate tensile strength, @ is the bending angle, p is the

position of the neutral axial, v is the Poisson ratio, @ is the dic gap, E is the Young’s modulus and 7 is
the thickncss [6].
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Figure 4. The LD-rolling failure mechanisms under
various bending angles: (a) TRIP780 (b) DP980 steels.

Figure 4 compares the LD-rolling failure mechanisms under the bending angles of 15°-75° of the
TRIP780 and DP980 steel sheets. In figure 4(a), the failure (i.e. cracks) started to appear on the roof of
the TRIP780 sheet under the 75° bending angle condition and the crack propagation increased with
increase in the bending angle but with no complete separation. Meanwhile, in figure 4(b), at the 45°
bending angel, numerous crack lines emerged on the roof of DP980 and decteriorated as the bending

angle increased. The total separation of the DP980 specimen occurred once the bending angle reached
75°.
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Figure 5. The relationship between the punch depth,
rolling directions and bending force at the roof of DP980
sheet.

Figure 5 illustrates the relationship between the punch depth, rolling directions and bending force
at the outer bent surface (roof) of DP980 sheet. In the figure, the bending force increased with the
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punch depth (mm) for both rolling directions. The bending force belonging to the LD-rolling DP980
started to decline approaching (before) the 45° bending angle. On the other hand, in the traverse-
rolling direction, the bending force declined shortly after arriving at the 45° bending angle. The forces
continued to decrease as the punch depth increased. The findings indicated that the TD-rolling DP980
outperformed the LD-rolling counterpart with regard to the bendability and strength. The experimental
findings arc consistent with the theory of anisotropic materials [7] in which the traverse-rolling
direction (TD) material exhibits greater bendability than that of the longitudinal-rolling direction (LD).

3.2. Failure Mechanisms
The failure mechanisms of the TRIP780 and DP980 steel sheets in the longitudinal direction (LD) of
rolling were investigated and compared. As previously mentioned, the LD rolling is more susceptible
to cracking and thereby the study focus. Figure 6 depicts the cross-sectional SEM failure mechanism
of the LD-rolling TRIP780 steel under the 75° bending angle condition, where (A), (B) and (C)
represent the outer, central and inner regions. Under the 75° bending angle, the failure was noticcably
pronounced from the edge of the outer region to the central region, while small cracks appeared in the
inner region. Upon closer inspection, a small crack however emerged and could be detected in the LD-
rolling TRIP780 steel under the bending angle of 60°, as illustrated in figure 7.
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Figure 6.The cross-scctional SEM failurc Figure 7. The cross-sectional OM of LD-

mechanism of the LD-rolling TRIP780 steel with rolling TRIP780 in which the initial crack
the 75° bending angle: (A) the outer, (B) central, appeared on the inner region with the 60°¢
(C) inner regions. bending angle.

Figure 7 depicts the cross-sectional optical microscopy of the LD-rolling TRIP780 metal sheet
under the 60° bending angle condition. In the figure, despite the outward compressive stress-induced
hairline fracturc on the inner region [8], the overall bendability of the metal sheet was minimally
restricted. This phenomenon is attributable to a delayed crack propagation on this particular region
relative to that of the tensile stress-induced outer region.

Figure 8. The cross-sectional SEM Figure 9. The SEM images of DP980 under the 75°
failure mechanism of the LD-rolling bending angle: (a) the outer and (b) inner regions.
DP980 steel with the 75° bending angle:

(A) the outer, (B) central, (C) inner

regions.
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Figure 8 illustrates the cross-sectional SEM failure mechanism of on the outer (A), central (B) and
inner (C) regions of the LD-rolling DP980 steel under the 75° bending angle, where a complete
separation took place. In the figure, the crack propagation was of 45° in relation to the punch,
consistent with Reche et al [5]. Specifically, the phase in the outer region (A) was clongated along the
outermost edge of the metal sheet, while there was minimal change in the martensitic phase in the
central region (B). In the inner region (C), the shape of the martensitic phase altered as per the punch
direction. In fact, the initial cracks on the DP980 steel sheet emerged under the bending angle 45°
condition (Figure 4), with the extent of failure more pronounced on the outer than inner region. With
the increase in the bending angle, the dual-directional cracks propagated to the central region of the
metal sheet. A total separation of the specimen materialized at the 75° bending angle. Figure 9(a) and
(b) are the magnified SEM images on the outer regions and the inner region, respectively, of the
DP980 steel sheet under the 75° bending angle condition. In figure 9(a), voids of varying sizes (i.e.
macro- and micro-voids) were present on the outer and central regions where ferrite and martensite
interface, with the significant proportion residing on the outer region. The crack propagation on both
the outer and central regions proceecded in the direction of the macro-voids inward (i.e. toward the
inner region). Mcanwhile, in figure 9(b), the erack propagation on this region (i.e. inner region) was
attributable to the compressive pressure. Due to the compressive pressure, no void was detected on the
inner region. The experimental results with regard to the initial crack of both metal sheet types are
consistent with Pathak et al [9] and Zhao et al [10]. The results are in good agreement.

4. Conclusions

This experimental research has investigated the relationships between the bending angles and the
bending force; and between the bending and spring-back angles of two types of advanced high
strength steel (AHSS) sheets (TRIP780 and DP980) under two rolling direction conditions (traverse
(TD) and longitudinal (LD)). The study also determined the effect of the bending angle on the failure
mechanism of the metal sheets. The findings revealed that the bending force and the bending angle
were positively correlated. Specifically, the bending force of TRIP780 steadily rose with increase in
the bending angle under both rolling directions. Meanwhile, the bending force of the LD-rolling
DP980 increased and decreased approaching the 45° bending angle while that of the TD-rolling
DP980 increased and declined shortly after arriving at the 45° bending angle. Interestingly, the
bending force of the LD-rolling DP980 reversed to zero at the 75° bending angle, the point at which a
total separation occurred. On the other hand, the spring-back and bending angles were inversely
correlated. The experiments revealed that the TD-rolling TRIP780 and LD-rolling DP980 sheets
respectively had the largest and smallest spring-back angles under all the experimental bending angles.
Nevertheless, the spring-back angle of the LD-rolling DP980 becamc zero at the 60° bending angle.
On the failure mechanism, at the 45° bending angle, the initial crack could be detected on both the
inner and outer regions of the LD-rolling DP980 sheet; and on the inner region of the TD-rolling
TRIP780 sheet. The crack was more severe when the bending angle reached 60° for the TD-rolling
TRIP780.
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Bendability and failure mechanisms of dual phase steel under
air-bending at elevated temperatures

Naithasak Pornputsiri and Kannachai Kanlayasiri

Industrial Engineering Department, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand

Abstract. In this study, process parameters such as the bending angle and bending temperature of the metal

sheets for pure bending of advanced high strength steel sheet DP980 were investigated using the air-bending
method. This investigation focused on bendability and failure mechanisms. Experimental studies were carried

out with various bending temperatures and the bending angle parameters to identify effect on springback
angle, initial crack, and the evolution of the microstructure. Prior to testing, the DP steel sheets were heat-
treated at different temperatures (room temperature, 200 °C, 400 °C, and 600 °C) with a heating rate of 2 °C/S
and 5 minutes of holding time in an electric furnace. As a result of the experiments performed at different

temperature values and bending angle values, it was determined that an increase in the bending angle reduces
the size of the springback angle. It was also determined that an increase in air-bending-temperature reduces
the amount of springback. Air-bending-temperature also affected the microstructure evolution and slowed the

cracking of the bent surface.

1 Introduction

High strength steel, dual-phase (DP) steels type, have
been commonly used in the motor manufacturing sector
due to their high strength and formability, which makes
them ideal for body construction and for use in the chassis
[1]. The typical characteristics of DP steels, in terms of
mechanical properties, include relatively low-yield
strength, high-strain hardening, and continuous yielding
behavior. Due to the relatively high-hardening rate of DP
steels, a reasonable combination of formability and
strength is provided [2]. These strong DP steels earned
their name on account of the two phases from which they
are composed; a ferrite matrix in combination with a
martensitic phase. The benefits to the manufacturer
include good formability along with increased strength,
thereby allowing lighter cars and trucks (o be built while
offering an environmental advantage due to the lower cost
offered by reducing the overall weight. The only
drawback is that such steels can fail unexpectedly during
bending by even the smallest radius, and the bending
surface will frequently indicate signs of failure below the
forming limit strain. One of the problems that needs to be
solved is the springback issue [3].

Bendability is an indicator that shows the extent of
formability for a sheet metal sample. One important
manufacturing technique is air-bending, whereby the
sheet metal components are produced using pure bending
stress and severe forming. Therefore, it is necessary to
fully understand the bendability properties of sheet metals
in order to produce high-quality components. The sheet
metal bending process for high-strength steel has
extensive industrial applications, but it is difficult to

m
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complete the forming or bending process at room
temperature due to the significant degree of deformation
involved, as well as the high-flow stresses that affect the
materials [4.5]. If the temperature is increased for the
forming process, the flow stresses are lowered, residual
stresses arc also reduced, and deformation becomes
easier, hence improving formability [6,7]. The lower flow
stresses and heightened formability make it possible to
achieve greater stretching, and permits deeper drawing in
creating the final product [8]. Sheet metal bending at
elevated temperatures that are below recrystallization
temperature is considered warm forming. Materials can be
formed into complex shapes without much difficulty at
this temperature. While high temperature air-bending has
not yet found effective commercial use, it is likely that it
will become much more important in the future as the
technique develops.

Good bendability is absolutely vital when making
metal components which take complex forms. Therefore,
it is important to develop more effective ways for AHSS
to perform in industrial applications. Ability of the
bending is could be evaluated as the lowest ratio of the
inside bending radius (r) to the sheet thickness (t) that the
sheet metal can accept without the manifestation of
surface defects during bending to an angle of 90° in pure
bending [9]. Generally, when the sheet metal stronger is
affected to decreasing of the bending ability. The
damaging effect of stretched inclusions is well known,
especially in advanced high strength steel (AHSS), on
mechanical properties and bendability in conventional
structural steels.

While the use of high temperature metal forming
processes has not yet become widespread in industrial

© The Authors, published by EDP Sciences. This 1s an open access article distributed under the terms of the Creative Commons Attibution
License 4 0 (http://ereativecommons org/licenses/by/4.0/).
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applications, it is expected that this will change.
Therefore, one study that investigated the formability of
pure titanium and titanium alloy at high temperatures is of
particular interest, primarily because its findings present
the effects of temperature when applied with high-
strength metals [10]. However, studies involving high-
strength steels are rather limited, meaning there is a gap
that must be addressed because the applications are
potentially valuable. The required temperatures for the
formation of steel sheets are particularly high. The
problems this presents may be responsible for the fact that
few experiments have been conducted to date.

This research seeks to carry out an investigation of
the effect of bending temperature on bendability and the
damage mechanism in dual phase steel sheets (DP980),
which would be examined with air-bending tests
conducted at varying temperatures (room temperature Lo
600 °C) in order to assess the suitability and limitations of
the technique along with the results for springback angle,
microstructure evolution, and failure mechanisms by
optical microscope (OM). scanning electron microscope
(SEM), and crystal structure by XRD.

2 Experimental Procedures

2.1 Materials

This research experimented with AHSS sheets of 1 mm
thickness. For the dual phase steel (DP980) sheets used in
this study, Table 1 tabulates their tensile mechanical
properties, which were obtained on the Zwick universal
testing machine according to ASTM E 8M at room
temperature. The microstructures of the DP steel sheets
were investigated via 50X Optical Microscope (OM),
scanning electron microscopy (SEM), while the XRD
measurements of the DPS microstructures were also
investigated. Specimens of each heat treatment were
metallographically prepared with a final polishing step of
0.1 um. The macro-scale microstructure (OM) and SEM
study was made after etching with 2% Nital using the
Optical Microscope (OLYMPUS, BX 60 M) and JEOL
JSM-6510 LV FRG-SEM (field emission gun scanning
electron microscope) working at 15kV. The characterized
microstructure of each heat treatment before the bending
is shown in Fig. 1, where the ferrite (a) appears as light
brown and the martensite (o) as a whitish color.

Table 1. Mechanical properties at room temperature

Material Ys (MPa) UTS (MPa) TE (%)

DP980 740 1020 16

2.2 Mechanical conformation tests

Figure 2 illustrates the pure-bending, plane-strain
experimental setup at different deformation temperatures,
which was used to investigate the bendability and failure
mechanisms of the DP980 steel sheets using three-point
air-bending.

Fig 1. Microstructure of dual phase steel (DP980) observed via
SEM image atter 2% Nital etching

During experimentation, the specimen is subjected to a
punch with a cylindrical body. The experiment was
devised in accordance with the ISO 7438:2010 standard.
The punch (R ;) and roller (Rq) radii were 0.25mm and
10mm, respectively. The metal sheets were 12 mm in
width (b), 30mm in length (1), and 1.0mm in thickness (t).
In the operation, the punch pressed downward while the
support set remained stationary. The experiments were
carried out by varying the bending angles in 15°
increments from 0° to 75°. Uni-axial tensile tests were
conducted with a Zwick Z20 universal testing machine at
a constant bending speed of 60 mm/min.

r-Punch 0.25 mm.
Punch

Work sheet
Roller support

Die set

Fig 2. Air-bending tool ISO 7438:2010 standard

The tests were completed at varying temperatures
including room (emperature(RT), 200°C, 400°C, and
600°C and without lubrication. Regulation of the
temperature was accomplished through the use of a
thermostatic chamber with sensitivity of + 2 °C under
warm and hot conditions. A thermocouple was set up at
the position of the specimen, where the temperature was
controlled precisely. The test pattern is shown in Fig. 3.
First, the specimen was heated to the target temperature at
a heat increase rate of 2 °C /s using a thermostatic
chamber, after which it was soaked for 5 min to assure
complete austenitization [7]. The item being tested was
then bent to accomplish the target bending angle utilizing
the punch stroke and subsequently cooled in the air to
room temperature.
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Temperature
(§=]

Holding at emperature
T = 5 min)

Air cooling

Heating rate
@°Cs)

o - T
5 i Time Punch
Bending™, | stroke

Fig 3. Scheme of the elevated temperature air-bending test
procedure, which consists of four main steps: heating, holding,
air-bending to the testing level, and air-cooling.

3 Results and Discussion

3.1 Springback

In the sheet metal forming process, the product geometry
must be within dimensional tolerances. However,
dimensional errors due to springback occur following the
plastic deformation, which is are known to be among the
most important problems encountered in the sheet metal
forming process [11].

Initial erack

Springback angle (°)

45°
Bending angle (%)

60° o

Fig 4. Bending angle — springback angle relationships

The springback results after bending in this study
are shown in Fig. 4, which illustrates the influence of the
bending angle on the springback angle. It was determined
that an increase in bending angle decreased the springback
angle at all temperatures. It was also clear that the angle
of the springback increased for the temperature increase
to 400 °C, for bending at room temperature, and at 200
°C. For bending at 45° the springback decreased
continuously, with the initial crack appearing on the
convex bending surface, while the springback angle was
likely to decrease as temperatures increased higher than
400 °C. This was likely due to the yield strength and strain
hardening decrease [12]. This leads to a reduction in the
amount of springback occurring after the forming process
[13]. In conclusion, springback is likely to decrease
markedly for temperature increases above 400 °C, while
the microstructures of this steel are in the ferrite-pearlite

phase at warm temperatures [7]. According to previous
literature [14], recovery and recrystallization of partial
ferrite occurs in specimens at this temperature. Thus, the
bending strength and hardness becomes lower as the
temperature rises higher than 400 °C.

3.2 Failure mechanisms

The experimental process was continued up to the point
when the convex surface began to show signs of fracture.
These cracks tend to appear first in the central areas of the
specimen because the plane strain is higher in these
regions than at the edges, as confirmed by the ASM
Handbooks (2000) [15].

Figure 5 shows the condition of the various bent
specimens in differing bending states. The convex surface
can be examined for cracks using 20X magnification. For
the purposes of this study, minor wrinkling effects or an
orange peel appearance is not taken to be a significant
type of defect.

Bending angle
60°

Fig 5. Various bent specimens shown at different temperatures
and bending angles

Bending temperature

Bending angle
'

~
v}

Fig 6. Development of surface undulations by extent of
deformation

The different stages of a developing crack are shown
in Fig. 6. The orange peel appearance becomes visible
along with a wavy effect upon the surface. This
undulation appears on the convex part of the bending
region. As explained by Dao and Lie [16], the grooves that
are formed cause the strain to be increased, leading to a
lack of homogeneity in the plastic flow measured in
micrometers. However, the defects are limited to narrow
slip bands.
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When these slip bands intersect with a free surface,
they can become the source of both intrusions and
extrusions. Cracks tend to originate from intrusions, as
would be expected on the basis of the findings related to
bending, whereby the intruding undulations are where
cracks are observed to start.

3.3 Relationship between microstructures and
crystal structures

The microstructures of dual phase steel sheets produced
by different temperatures show no changes in the ferrite
phase following heat treatment that affects the austenite
and ferrite regions. As the temperature rises, the fraction
by volume of martensite declines.

The results in Fig. 7 reveal the usual DP980 XRD
patterns as indicated by the XRD phase analysis
performed at room temperature, 200 °C, 400 °C, and 600
°C using Cu Ka radiation. This technique offers accuracy
of around 5%, while a step of 20 occurs from 40 to 100.

[y(111)
f ¥311)
= A 600 °C
B Jyatn)
s ﬂ 1(311)
= g N 400°C
® 4
5 ¥(111)
=1 o/(200) ¥(311)
A A 200°C
] y(111)
o'(200) Y(311)
_ A A RT
4‘0 SIU ;0— 7'(] 8‘0 9‘0 1(‘!0
20 (deg)

Fig 7. The result of the XRD scan, which applied Cu Ka
radiation with the DP980 microstructures, the y austenite phase
and the o’ -martensite phase

Figure 7 also clearly shows the body-centered
tetragonal martensite and face-centered austenite, which
comprise each separate diffracting plane. When
experimenting at room femperature and 200 °C, the
presence of the planes can be readily observed, along with
the existence of the o’-martensite phase, which appears
before the deformation occurs. The material has lower
formability and bending at this temperature range, which
can easily cause cracking, as shown in Fig. 6. If the
temperature is increased to 400 °C, the martensite phase
(o) no longer appears. Instead, there is a prominent
austenite phase (y) by the high stress yield, resulting in a
high springback angle. According to previous literature
[17], a higher martensite volume fraction was obtained
with a higher work hardening, but it led to a decreased
amount of springback. Therefore, the XRD result shows
that the martensite phase (o’) no longer appears at 400 °C,
resulting in springback angle increase. Increasing the
temperature to 600 °C leads to an increase in ductility and
results in a lack of fractures on the convex bending
surface. Other authors have reported similar findings [18].

However, the findings in this study show the dominance
of the austenite phase in terms of the eventual condition
of the microstructure.

4 Conclusions

Concerning the fundamentals of the experimental study
carried out and exhibited in this research, the following
conclusions can be drawn:

- The amount of springback occurring in the sheet matal
following the pure-bending is significantly reduced as
the bending angle increases, and the amount of
springback is significantly affected by temperature
increased at about 400 °C.

- The initial crack occurring on the convex surface of the
specimen occurs significantly more slowly as the
bending temperature increases.

- Intermediate heat temperature of dual phase steel
resulted in a product that comprised a ferrite-plus-
martensite grain structure. The lower volume fraction
of o’ -martensite declined as the temperature increased
to intermediate and high levels. The quantity of
austentite forms was shown to be higher than that of
martensite within the DPS microstructure.
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Rolling Tensile force Yield stress | Young modulus | Ultimate tensile stress | Total elongation
direction (N) (MPa) (GPa) (MPa) (%)
0°-1 16477.05 777.20 211 1013.97 16.40
0°-2 16348.15 758.10 218 1006.04 16.65
Average 16412.6 767.65 214 1010.01 16.53
45°-1 16265.73 771.36 195 1000.97 12.92
45°-2 16021.16 772.23 190 965.92 14.01
Average 16143.445 771.80 192 983.45 13.47
90°-1 16063.46 747.05 217 988,52 15.26
90°-2 16354.67 760.72 216 1006.44 14.89
Average 16209.065 753.89 217 997.48 15.08
T-Average 16255,04 764.44 208 996.98 15.02

Gl'li'lﬂ‘ﬁ .3 mamimaauLm?ﬁaﬁummﬁmé’wmmwﬁmmqq TRIP780 ﬁqmmﬁﬁm
Rolling Tensile force Yield stress | Young modulus | Ultimate tensile stress | Total elongation
direction (N) (MPa) (GPa) (MPa) (%)
0°-1 12,354.62 650.9 174 823.64 21.35
0°-2 12435.65 642.75 194 829.04 20.61
Average 12395.135 646.825 184 826.34 20.98
45°-1 12495.32 651.37 213 833.02 18.91
45°-2 12700.78 663.15 162 846.72 19.42
Average 12598.05 657.26 188 839.87 19.165
90°-1 12876.88 662.526 205 868.48 17.75
90°-2 12791.04 663.21 210 862.74 17.48
Average 12833.96 662.868 207 865.61 17.615
T-Average 12609.05 655.65 193 843.94 19.25
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