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Abstract

The combination of high strength and good ductility enables the advanced high strength
steel (AHSS) to be progressively used in the car body design, reducing the car weight but not
impairing its safety. Among the AHSS, TRIP and DP steels are mostly recognized by auto
makers. TRIP steel is obtained through intercritical annealing followed by subsequent
quenching. Its microstructure at room temperature is composed of ferrite, banite and retained
austenite. The volume fraction of retained austenite is kept about 10-20%. That the retained
austenite transforms into martensite under the stress or strain will introduce plasticity and
enhance its strength. DP steel is manufactured by a two-step heat treatment, namely
intercritical annealing and quenching. The microstructure at room temperature consists of
ferrite and martensite. Ferrite has good ductility while martensite possesses high strength.
The unique microstructural makeup enables DP steel to yielding continuously and possess a
high initial hardening rate.

Laser tailor-welded blanks have been widely used in car body. This thesis is devoted to
the research on microstructure and mechanical properties of TRIP and DP welds under two
welding processes, namely diode and YAG lasers.

In the diode laser welds of AI-TRIP steel, the fusion zone is composed of & ferrite,

upper bainite, few martensite, lower bainite and retained austenite ( filmy and blocky).
Fusion zone solidifies with ferrite as the primary phase and assumes skeletal morphology.
The increase of the fusion zone cooling rate leads to the ferrite content decrease but does not
change the solidification pattern. Si-alloyed TRIP steel fusion zone under diode laser
welding process composes of martensite. Fusion zones’ tensile property is not sensitive to
strain rate dynamically and statically. The strength-ductility product of Al-alloyed fusion
zone decreased less that of Si-alloyed steel compared to their respective base metal. Al and Si
can both suppress the carbide precipitation in the bainitic holding temperature range.

However, they have markedly different influence on weldability.

m



Softened zone formation in the heat affected zone (HAZ), which is one of the most
prominent problems in DP steel welding is attributed to martensite decomposition. The
diode laser welding process develops a more severe soft zone than YAG laser welding. Time
constant introduced can enable the comparison of two softened zones. With the increase of
the time constant, softening happens more severely till levels off and then maximum
softening stage reaches. The decrease of hardness in the maximum stage is proportional to
the base metal martensite content. The law of mixture is applicable to the softening
behaviour. YAG welded fusion zone hardness is linearly proportional to base metal carbon
content and fusion zone is exclusively composed of martensite. And with the increase of
carbon content, fusion zone composition of diode laser weld transfers from ferrite and bainite
to fully martensitic microstructure.

On the other hand, softened zone formation markedly deteriorates the DP tailored
blanks’ LDH formability under the biaxial stress. The decrease from the parent metal is about
50%. The fracture occurs invariably at the softened zone. The inhomogeneous mechanical
property between ferrite and martensite leads to the void or crack nucleation between
boundaries. Softened zone override the influence of rolling direction on tailor welded blanks’
formability, which is the case in parent metal. However, the tailored welded blanks of HSLA
have similar formability to its parent metal. The fracture initiates at the fusion zone and
propogates to the unaffected base metal perpendicular to the fusion zone. In terms of

formability, DP and HSLA have different sensitivity to welding process.

Keywords: TRIP steel, DP steel, Laser welding, Microstructure, Mechanical property,

Softening and hardening, Formability.
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Fig. 1-4 Typical microstructure of dual phase steel at room tempertature (F: ferrite, M: Martensite)
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BT Ashby KM TAEALERQAAIE AURR, Al A FRARRR XUAH N AL 32
RAMARSHAEM—REORERER, WRN DX GEE BRI T HKBREE Hall-
Petch XF R, BEARH, FHHHEm T

o =0,(c, f,.d,)+ K'(e, f,,d, )" (1-4)

H, Hall-Petch Z$(0TF:
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Fig. 1-5 Schematics showing the stress/train induced martensite transformation
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Fig. 1-8 Kinetics of the strain-induced martensite formation, each curve represents a steel with different

carbon content of the retained austenite
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Tab. 1-1 Formability of tailored welded blanks of dual phase steel

LWTB Position of Fracture
combination failure height, mm
2-0DP:2-0DP@ 5 Weld 356
2-0DP:1-8DP@5 Weld 337:
2-0DP:1-75DP@S5 Weld 29-85

2:0DP:1-72DP@5 Thinner parent steel 310
2-0DP:1-7DP@5 Thinner parent steel 29-2%

2-0DP:1-6DP@5 Thinner parent steel 23-95
2-0DP:1-5DP@5 Thinner parent steel 19-51
2-0DP:1-0DP@5 Thinner parent steel 13-3%

*2.0DP:2.0DP@5 fR/EBE 5 H % 2.0 mm [ DP Z [BIHHR, BESHEH 5 m/min.
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Fig. 1-14 Hardness and stretchability of laser butt welds with two AHSS sheets of same thickness
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2.1 REHH

REMHEFEREEREMHSLA). XAHHOPRAEEEFBHN(TRIP), KE
234 1.0 mm, ARFLRE, 2FRKBMEKH Dofascod A Mitta). Stelco. EEHH
USS M5 =H) Rukki FH . FERSFRLBWR 1 Fir, REEHREINAR
PR+ (83 (MPa). BX 4B KA Yurioka AR &Y, AT,

&K 2-1 AR MBI ZE RS (Wi%)
Tab. 2-1 Chemistry of investigated steels (wt%)

o C Mn Mo Cr Si Al CEy
HSLA450 | 0.056 | 064 | 0.015 [ 0.09 | 0.23 0.06 0.14

DP450 0.071 1.43 0.013 049 | 004 | 007 [ 0.265
DP600S 0.077 1.83 0.16 0.04 0.10 { 0.07 | 0279
DP600A 0.095 1.84 0.01 002 [ 036 | 009 | 0305
DP600F 0.099 1.47 [ 0.013 0.55 0.23 0.05 | 0341

DP750 0.147 1.98 0.01 020 | 0.23 0.05 [ 0.483

DP780 0.113 2.08 0.18 0.24 | 0.04 0.09 | 0.425

DP800 0.147 1.72 0.02 0.61 0.29 0.06 | 0.524

DP980 0.132 1.91 0.34 0.16 | 0.03 0.10 | 0474
TRIP780 0.147 | 2.13 0.12 0.10 [ 0.09 1.73 | 0436
TRIP800 0.188 1.63 0.01 0.02 1.62 0.06 | 0.526

CE,=C+A(C)[%+@+gf_+&+Cr+Mo+Nb+V+

58]
6 15 20 5

A(C)=0.75+0.25tanh[20(C — 0.12)]

HSLA SMHKRERREGRIETREERSE R/ EAORAYHE; DP R E
BEAMNDRAMR; TRIP B AL TTHR, TELBEREK. KA, B{BEKKE
AR DB AR AL .
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2.2 REWHABREILEERER

Laser Beam

(a) A% FRIBOLRE

Laser Beam

Keyhole Weld Pool

\ /
T3 7

(b) MLEERHDLT
M 2-1 BiRh TR T SR @
Fig. 2-1 Conduction-mode and keyhole-mode laser welding
BB RBE RS =F: CO, 8. Nd: YAG BOLBAE FAROLRE. &
SCHRR A REEOERM YAG WO 4 MBOLE A BT R R, WEMT
¥ 77 240 B #u% 3 £ (Conduction Mode)F1/MFLE! (Keyhole Mode). 7E#ufk GHE AT
TAERSOEIR, SOCR AR RERU, KRG M Ailtkis, W RUT Bt
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PMBEXTHEENETH EEBER DL, SROFEERMET BN ELEE
FRl, DMLARKRGHARESREMBRKENRE, BEEER, B 2-1 HFEH
THEEXATEREEEGED T EE. MRESEN/DLEE RN TRk TR
{E 58 Z (Peak Laser Intensity) Rt lk i #FF 4L 1 [B](Duration of Laser Pulse), BIiE4EH
BOLER AR T E, '

HTFHEATHERLHAR, SBTHREIREPIEHRBLZNER, B 2-2 XA
EREEHEE N AR RER L, EHERNEERETT, FFEBLE
MABR R E LR, FHRERHNER.

|

TP
3
o
=
©
S LG4
3
-
YAG
Time (s)

B 2-2 PYAfAN ) TR RSO 5 303 X ) P8 R e %

Fig. 2-2 Thermal cycle curves in heat affected zone under two different laser welding processes

EAXS, FSRBOLEEH Nuvonyx ISL-4000L, Z37E Panasonic VR-16 B4
MBAFHE L, BOtAHEMNKAE, BNMKAEHE 20 /MOEES%, EREHER
REE BB RE—H, ZBOLRITUERER EHRKG LR, SRR
%12 mm x 0.9 mm, XHARATLIFEARNEEBER S 3.7x10° Wm?, TR USRI
MLUEEFREHEERHEAED. Nuvonyx ISL-4000L [t BER ~F 77 LUE T 78 In&i5H
REFEHT R E) 6 mm x 035 mm, HWaEREFEHME 1.9x10° Wm?, BIEREER
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BERRT, BERUBCENARELIMLERE BXHRRS, IWNMEETRE
MR EHRE KZ0 10 Wm?Pl,

YAG #7685 4 Haas HL3006D, X—[E{A#otes, #KH 1.06 pm, FEMRARF
ERERAT LB S5, BERAETERACRELRE, EHTRESNERE
HZRNT, BREATREREERLEEN A, XFXFHEAEULHLRFED
R 22 iR,

& 2-2 BREOLRGRFFE
Tab. 2-2 Beam characteristics of two lasers
BWAKRA | kW) | EK (mm) | KRS (mm x mm)
. 4 80 12x0.5
FEE 4 40 6x0.35
YAG 3 200 0.6
XA RMMEEN RS

2.3 BiEREMREES

EFANEERRT, BABRAXMETR, Ar ARPSE, SEKRER 30
Vmin, £8i%, Bl _#mEar=.

B, VIBRENETSEE. TE. MAERAELMBmAEMLE, BrmE
FERA 1%AHETERA Lepera BA, FEARERMA, TLUERRAIAEUSRRE
MBI B,

M AR TFRAAF BHEOM). ARB T EMBESEMMRS B T B st
(TEM). ¥F H-800 & 5t iR B IR B MR A AL BT, RS ZERHh: Bk
BHHWREZE Soum A4, MRERN 3Imm BN, RERAI%NEERIBE
VAT MBERAE, XU ETE 20-30 V 218, B|EBHIE-20 CULTF.

SHERAMARAERER T, MBEHH 500g, MMBEER 155,

2.4 H{HRE
HTHEDH, Bl RIERELN ML, E3ETHFRRMRE.
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BEPPRRAE Instron REHLLBAT, RARRBHLRLEERY 1 mm/min,
PR R BER, — M RER ASTM-ES HREMT, X&8H, SHEERT
FBEATRAR, BMER T 4B TPAT FREETASART A, HRERELLTARN
Wrsfs, BT ESHNFTNEE TR H—MiARRN TN LI ERCRR
B RETIRHIN, AT ABRRYWHEAOGH, Wl 23, SHEHSNZIRTE
.

P 2-3 1948 sl
Fig. 2-3 Coupon for fusion zone tensile testing

R By {2 3hA By 7 Split Hopkinson Bar E#1T, H AR REWMREE 24,
X TRBIFEORERNLE, FENORERENGILN .

Short

metal bar Bullet Input bar Strain gauge Specimen  Strain gauge Input bar
Lol by
7
Super_dymmjc: Transient || Computer
meter convertor
P 2-4 Split Hopkinson Bar ) h i HLr & B

Fig. 2-4 Schematic for Split Hopkinson Bar testing machine
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2.5 Bt

AT EE LT ZAREES BT ZS 80 LM EE B SR 4275 1)
SHHRRBUE M BERI I, XM AHHREEOT R RR, KRN LaERR
(Full-dome Height Test), Bi%: 47 BR i3k & & iX%:(LDH: Limited Dome Height), X%
FEWE 25K, B—AERN 101.6 mm Wk —ARAMAR, & FERIE
B HER, WTRRIRM BRI E. AR, FHBTHERMOCE, FREM
Tk, WRMTREERS | m/min, XK AR SRR AT S 5
i, B 7R 4R BB R RGN IR B A 75 1) b R I WO AR R B fe Jy - AT 28 77 X 1) 2
71, LREAERT, ARE—HNEEZEHR, RENNRAMESSH#HITUE,
F FR AR RN A 2Rt v 3k i FE B b Sk OB AT BE BOR T B M A b vk R, BOKEU
AR i SR S5 AR KA B0 MR S B v SR BT AL BB 23R8, AR EILAS LR
(Data Acquisition System).

MERKA, LZRAKEREAEN. BRMFRE—EOT Y, LR
k2 RBENEERY, BOMENFERER. RERRAERKTFERE ALK
M ERSF R 150 mm=150 mm.

& 2-5 AR LB ELDH)RK ~E R
Fig. 2-5 Tooling geometry of Limited Dome Height test
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F=F TRIP P12 EIE K AYLA LOEFE

3.1 BIE

£ TRIP #%h, AT MHNEKAFEZERTIRPHRADFSY, BESMAEE
JTF Si, B CMnSi £7%) TRIP i, XEMEHEH 0.15mt%LEAH) C, 1.0-2.5wt%H)
Si #1 1.0-3.0wt%f Mn. Mn 2 RKAFRREHTE, FBECLKESRTNEE, HEx5
ARRE CANEERMRRAPRE, HMUARHREERENEEY
(Hardenability). {H7EiB K EEH, Mn M Si ZARESHERNERB KR —BERENHE
W MnSiOs, ZEEWMA Zn MK, XEA WY S M6 405885
(Galvanisbility)!"’. Hik, E#T TRIP 43 KA & 4 8 (Eletrogalvanised) T & #0R
¥ (Hot-dipped Galvanized). & TRENRMERENEE, —HEHAHARKEEELE
KA Si, RIETTEHF AL Py Crfll Cu%, 5 SiffF, XLEASTEALUNHERIL
YI(Fe;OE MR A SRHZFITRFHYY, HHFRE—EBOUFHBEORER
K1k,

KF Si MEIBALYTTR LB AR+ 5, Pichlel AN NARET Si AET
FesC il Al REKEMMITE, T8N CESKESFHFED, % C ANkZ i+
AR RKAEFEE, MA, 5 Si —#, Al RETF Fe;C, WLLAMMERBE LY
i,

XTF AL-TRIP 4R f M Ge R EEME S, Myer ZEABHEH, KA Al K3
B Si Ay AAR K H 2502 4 ) 98 B 4 BE(Galvanisbility); Maki %1 Si 8 AI-TRIP AT Al
#) Si-TRIP $N#47 3T LLRRAT, BN TWH, T Si 9 AI-TRIP 81 1% 488
FIfE 48 Si-TRIP AT LAS BIERM &R0, & mfrfEd, ALTRIP 5REEEHIK
Si-TRIP 2R T E8F M TRIP ZH: H5 si &L ATR, Al A&UNEBLETF
Xk F R B0 B oA e R,
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3.2 KEBHESH

FEEES A-TRIP HHATHR, LR —F Si-TRIP Wit47xf tb. HiFk TRIP 4%
MEBERSWMER 3-1 Fin. ITHREZBTEBEENUEHBENRRRKHE,
TRIP HEH ZHET 1wit%M8%; Mn FIIMART LAE AR M FI9R A Si A Al
BA T ME N RAGRERIRPRBADFTE. Si f AI-TRIP 9 EH 965 504
251 Hv #1221 Hv, BRTHREEERS, Sif Al HEEARNBEERILEE D thLER
e RIS NEIR

£ 31 RE AWK EERD (wt%)
Tab. 3-1 Chemistry of investigated steels (wt%)

B (BFE: mm) C Mn Al Si CE
Si-TRIP (1.2) 019 | 163 | 004 | 1.62 | 0.53

AFTRIP(1.1) | 015 | 213 | 1.73 | 0.09 | 0.47

KAXSEELE, FEERR 1.0-22 m/min. TA%EESHMBIERLN L
BERFIERABLIE S EPEBE, FTUAMT T A& SMA#EHX MR MR, 25#T8HE
FIENAR RS, RAPEES RN 107 s 1.5x10° s

3.3 iEER
3.3.1 BEEINEESH

WL PO MR A 3-1 FrR, AI-TRIP KM RE RS0 E
3-1 P)FiR, EREMEEIE Si-TRIP)FEFR N B, BURLEEALAZNE KX K
.

PIIREEMLL, Si-TRIP AW TXMM AI-TRIPH, BAMELERFTE
RERSARFSIRE, BTHERSERFS, Sifl Al BT840 27 00 A BN R
ETHEEMNEM, BEFRWMUNE: ETAEMEAOKL, THESHPHY
R/ T AR SRF 4 R AR AT, W 3-1 SP(b)A AL-TRIP SKILX MALHFIE, H
B9 R .
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600

-0 Si-alloyed

an

o

o
1

Hardness (Hv)

200 -

6 3 0 3 6
Distance from Weld Centerline (mm)

B 3-1 B IR AW 4 A (PRGN 1.6 m/min)
Fig. 3-1 Weld hardness profiles (welding speed: 1.6 m/min)

Bl 3-2 h/REEREEREIR R R L, AR EDHR S AMEEEN T, BT
REE RN, M LIUMINES, ERMEERAD, BrLUY, 72 SRR
A A5 RV R 9 (BN AR ), ARSI RAT R R RA AR, Rk, T THRE A A AR
JEFER 1.6 m/min BRI KIEATH .
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600
()
0 o
450 @ Q
=
z |
[72]
@ s o ° 8
§ 3004
(Y]
I
150 - A ALTRIP
o Si-TRIP
. : : . ;
1.0 15 2.0 2.5

Welding Speed (m/min)

Bl 3-2 48 450 P B AT AT AR
Fig. 3-2 Fusion zone hardness varying with welding speed

3.3.2 AI-TRIP %3, B ALALAFFIE

1) OM #0 SEM TRy MR

H% BH% T OMBMMALHFEME 3-3, EENM R EHCKE) R EE,
MFHREARRBANR UM, BENKE. R{REARANSETRAE, TRFENDK
HHEG, RARKEHAR, SifALTRIPHATRARKANEELN 12%E4,

BT BME T (SEM)AI-TRIP M AL RFEME 3-3(a)F i, WEMANKRBE
%, HTFSERERFNRDRE, MIREANRKRKAE, BTFDRENNKEHRK
B REIIRITH, U, EHRERRME, EAHRRESERLRIEE, TR
KRARENER—ERBIER, REEHE, REBRIALE.
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(b) Si-TRIP #3

B 3-3 B A LT (A% Lepera™)
Fig. 3-3 Base metal microstructure at room temperature (etched with Lepera)
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2) SEM #n TEM W5

{Eéil 10z2)
(o1)
(]
[0’1:1 la t:rlifl
{oéln (200)
t:gu
(b) REBRAOIEEE AT E 8 S oL
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s © (220)
N =] L]
(z'go) @ .
(ngcn ] © w0
o (l.qlJCI>
hd )
. (og1)
[léDl Iogﬁl
Op o
(%a; L] )
(210 éo O yaustenite
2 ® & @ a' martensite
(d) SHFR A2 X AT 5 B AR AL B

P 3-4 AI-TRIP $47F TEM T FIZ1ZA4F1E

Fig. 3-4 AI-TRIP steel microstructure under TEM observation

B 3-4 KBS T BME T (TEMMALTER, @hWHE: (b)hBnik+IiiE
R 38R A e 02 O 47 S5 PR RO DL B, % R 3 o X i R R A R B X AR
(011 E 3k, HIXT T IRE U HR @ AR, SRMmE TILE, TREANRAEK
Ak, di(d) % DK AT 5 PR RS B 35 (o) P A i Sk A 0 R AR R RIR I B IR 1R A 5 2

HIABE S FARBR 3R, R1GIX — W57 R () R S 4l g=-200y.

(a) 1A%
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(011)
=)
(110)
X [
(348
(110)
o - * e @ o martensite
- x double diffraction
(c) BEDX B FHr 5 B Al E
3-S5 TEH LKA

Fig. 3-5 Twinned martensite

B 3-5 MRS D RS, (@fb)7 50 SRR E, W NEEX
AT E R ) FiR, D R A — A, LEREERE
THRIORER B, HASHHEKS KA.

PR RANFESXRROMIHERX, ENREFREZEET, BaE
SRERRAN R KAAZ TR, £RT OB @EKRKAE, Eh)EKNAEHIT~ES
A AR & D A

500 nm

(a) AR (b) BEH1R
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(210)
:Ign
(iih
123
[ rs ]
(i

(121)
L]

(210)
L]

(c) FiT 5 PRI B0 1 AR AL B

Fe
400 |

300 -

Counts

100
Fe

)

L ~ T bl Cr L \J'k- T

] 2 4 -] 8 10
KeV

(d) fE(EDS)2#

A 3-6 BRALY)
Fig. 3-6 Carbides

B 3-6(a)F1(b) 4 5l A da T BRALD I L S/ RIS A R (i 3k ), BRACADIAE REM P
wWON, MAARFTEMPRRREREREE. @FHIATZABNLY, EREA
B N BRI LA AT, (O A R BRALITE I [12-3) 4l b O RT 5 PR i B xd I fry R 4
K, HEI%(EDS)ZHHT(d)&BZBRAY } M3C (M=Fe,Mn)%,

B, 7ERHFPRILT DM M(Martensite)-A(Austenite) A C, WE 3-7 ff
=, EPFRESRAFAHHRERE RN M-A A AR, HbiF5RAERE
K REELEMTF— AN SRAR S, FrelHIan M-A 4T,
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20l1a

#0207 *10la

(c) BRI (d) B FHIETBE A

3.7M-A AT
Fig. 3-7M-A constituent

3.3.3 TRIP B IR R R H LS

1) OM #0 SEM RYLB LR 4F{E
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[ 3-8 AI-TRIP 18457 OM 1 SEM T RIHL4F1E
Fig. 3-8 Fusion zone microstructure of Al-TRIP steel under OM and SEM observation

#tF A-TRIP 41, 125500 FI9TEEH 334 Hv. B 3-8 5 ATRIP RN AFE
MAR, ATREEKRASHLANMLE, RHTHREMEWERA Lepera &
wh, BESAHSHALUE, HPRORREFRROAEKRE SBNMEEER
B 30%, BM{/EAEEZREREE, XERELAAYSRETMBN 65%, WG LA
i) SEM B AT 7.

B 3-9 % Si-TRIP MEBLMNEBMAL, 5 AI-TRIPRARFE, BE/LFRHE—H
RERAR, FHHEED 484 Hv. R Yurioka TR, B4hL D KAALNE
EERRERZ AMETIIRR:

Hv=884C+294 (3-1)
Hv: 1R4ER04E FCRERE,
C: BEAEESTBW%).
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W, FENH D RABERE A 460 Hy, BAE TR%ME, R RER BT84+
#Si FEE, SiFSGA—EEERLTR. KEERTRAENTZE— DI TRE4
L a—i, BDRHE.

B 3-9 OM T Si-TRIP $4 4% () 41 URFIE
Fig. 3-9 Fusion zone microstructure of Si-TRIP steel under OM obsveration

2) TEM TRYLBLHHE

3-10 R1F4E7E TEM FHURMEER, ABEEFMREFALN, BRERZEEFAH
KEMFE, KTFREALDGRAFL, Tl FFAER.
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A 3-10 AI-TRIP $ 548 H) TEM W82
Fig. 3-10 Fusion zone microstructure of AI-TRIP steel under TEM observation

a IRFAERN

B 3-11(a)h 4R FAL MRS, B AR i Cre B Bk AR AR 4 AL AR
%l MR A REKAAMRARL: B(b)kFAERRERERRESG, KRS TR
(reflection) A g=(-11-1)y; (c)MERATHE, %Kik X B A T3 B0 H1% M B T Wi
JLETHRE, ZERALFEMNERRRECESESHIOREFRERETES N-W
(Nishiyama-Wasserman)% &, N-W {IAHXRTE fec(MO )R bee(fhO LR R4+
HIRBOME MR TR, 7OXFAIAEXR D, foc A bee AHE B HE 248 5. FAT
B, ({111 }ee//{110}0ee)s T E. foc BIBEHE A 1055 bee A8 #IIL T 414 (cube edge)th Al E.
FAT, H(<11056//<100>pcc)e N-W LLAHK R A 12 FhaE (£,
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O yaustenite
O aferrite

(c) REFRAE DX AT LU R Y A L

B 3-11 RARALR (¥ 3k HI38 R 2208 S RBE IR A o 4 R B 9)
Fig. 3-11 Lathy microstructre (arrow refers to the same location in bright and dark field image)

B 3-12() 0 R4+ UM 5 —AHLRE MBS, Y g=(-11-1)y ARFTA,
BIRLREANESHE, MR TAEREGHRET, B{REKEBEUBR
HAEETHRER. ARBOZXATHENEDE, R, REBHEZEPIRIE
1% N-W %R, A, £ TEM REF, SRR TERREBRAKRBRELZA
FERMAHERXR, W K-S KRM-1-1)y/(01-1e> [211}/[311]Je KR
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(d) XFRAIER 14 ERUELRLE

O «ferrite
OO y austenite

B 3-12 EALR (W7 L AEV 5 M 548 1 148 A R AOAL )

Fig. 3-12 Lathy microstructure (arrow refers to the same location in bright and dark field image)

52



BT TR B R 3

RKUTE 3-11. 3-12 PRRFALELEPRERFE, ZBRFAASELGEMLE
NRAFENDRAAR AL, Bil, EXEEIRHEBRTREITES, RTES
S5h, FiEMERMEE SRRk E AR AT, BTUEREE EK EFATATERAR
N RAEERFNDRAR SR, BAFEEERTHENSBERERTATHE
MERETCEZA. B, RAFKERERSXEREAAMUSAS], KBRPKA
Berkovich Fi 3k, MIBRMHHNBHEIENTER, KR BEFEWE 3-13 FE 3-2 Fir.
xR fBEs LAl 1. 3. SARERARAANERE, 2. 4. 6 H LN
Bk, SCHRPXNARMGKER (GRS 3.54Gpa, £ M KAk: 5.5-6GPa)Ri B T4 3L
FRREE BREIWERASI A&

TRIP Diode - Indents in Discrete Phases
Load On Sample Vs Displacement Into Surface

FEoe

(4} (=]

4

Load On Sample (mN)
3] w

—

o

0 50 100 150 200

Displacement Into Surface (nm)

& 3-13 KRR SRR AT-A 8 e
Fig. 3-13 Load-displace curves of nanoindentation tips
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% 32 KRR AR RE
Tab. 3-2 Nanoindentation hardness

E 8 i/ (GPa) JE 1 TE ¥ (GPa)
1 3.141 2 5.501
3 3.143 4 5.055
5 2.642 6 4.301

S 2.98 1A 4.95

(a) 13712 (b) i535 1% (c) ALY SAD

B 3-14 T ILRAE
Fig. 3-14 Lower bainite

Bl 3-14 HIREEPIT MK, RERRR, 5 ETRERFREE AL
AARFEMRZ, EFNRENREEEEN, 2B CRARTHTTRMA, Wk
7, B TATSHIESC ARk Y, Hi@EH S8R K A A 55-60°.

b FRSKE
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| i 1313
‘ |ﬂgi]
?E!: v
| 112 -
| (aias lb#“ Iiéll
L]
1220)
L]
a _ (eh
,‘3’;, 01 121 o
s @ 11;0]
L]
ngf:
aii O y austenite
o * ;.
! © O o martensite

() TEX FT 5t EFAHN B R
B 3-15 FR LKA
Fig. 3-15 Twinned martensite

B 3-15 FRBERRGEEFEDSENOFRDRAEG KR, HLHLES
ERMRFHAE DKL, TEHERERT L.

c BRMZERERE

B 3-16(a), (b)7 A ARRREKERBAZHRBEHE, RIERRREREHER LHTRE
SRS MEGRAREE L, X ROERREAEREPTR.
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(b) B 371R
B 3-16 F R R A4 B

Fig. 3-16 Retained austentie island
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3.4 % ig
3.4.1 BEERN

MEREM, £ AI-TRIP ¥ SRR RED, SEFREIEHAAZ—, K
2 REHARK 30%, MEEHKEASBEERENNEOLRELPRLRE L]
RIEEBMEFH MRS RO.15 %) FERT.

5&ZMKE&EENK Si &4 TRIP #48Lk, AI-TRIP NP EHRENEE
JLE AL Al A FERAREBRHREFHREE REAEZPRYONTE, L
RENRBEERZERS UBANEAFETRRGEAS, ERRERRAENEA,
HFEBMAEIER, FRNAEZHEESEEFENARALM.

16w H 1 1 1 3 1 1 i A

1500

288

1100

TEMPERATURE_CELSIUS
b

R S P g =Y

T T 7 | T T T T
A 0 05 10 15 20 25 30 36 4.0 45 50
MASS_PERCENT AL

B 3-17 Thermal-cacl i #f Fe-Al —TTAHE (L4 AI-TRIP 40/ 54Y)
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Fig. 3-20 Microstructure charcteristics adjacent to the fusion zone boundary of AI-TRIP steel
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3.4.3 HIFEE IR EEHA LA M
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Tab. 3-3 Welding method and parameters
Bk Z2H 5 b 213 A T [
¥ G4k Welding speed: 1.6m/min ~10° C/s
YAG Welding speed: 3.0m/min ~10° C/s
Force: 4.0kN,Current: 8kA
RSW* Time: 20 cycles ~10*C/s
Holding time: 40 cycles

*RSW(Resistance Spot Welding) 4 fifH &
AT EERNEFENEEALTHENZERE, HRT—4R%, RRSHWX 3 K
AABRETETRENAHNEENEANGEASEWRE 321 fin, RAEEA

HEERMR, RRESBRE, HORE T RERENKRIE, BERRESR, W
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Fig. 3-21 The influcence of fusion zome cooling rate on fetrrite content
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PP R E R T B AR SRS RINR 34 Fon, BEHRRARRETS )M

BB (ENZEHUE.

R 3-4 B MEEED YR (FEREEA 1.6 m/min)

Tab. 3-4 Tensile properties of base metal and fusion (welding speed: 1.6 m/min)

AI-TRIP Si-TRIP

R EAL:EE )i [VE'S hr{HsE g V%3

) (MPa) (%) (MPa) (%)
107 74342 23.8+0.3 836+8 27.120.6
& # 1.5%10° 1089+5 20.1+0.2 1182+39 24.0+0.2
= % 107 1080+6 9,0+0.5 1545+14 5.6+0.5
1.5x 10° 1391124 8.7+0.7 1912439 5.5+0.3

Xt F 4, Si-TRIP MH R MK E T3 N AI-TRIP, EN: 1) SialUlF
B3 B B AR AT E SR, BMBANSRE: 2) Si-TRIP P H K51
RERANBEEF R, MRREREOREERRTERSE. R, RRGEEXH
PR UREEATHESES, KhRGEREEY. BHEHSHKE/LFHE
FRKRRKE, MREIBNHERE, RE\EAZFETHM, Si-TRIP RHHELRK
AHERKSEEST AITRIP 1, REEENRKBKERENRL, %R
B, £@LMNARNEEATESDREEE, FHTHaEKS,

EF Si §&4b TRIP RENBUHIGEH —HRI L P E R0 S, £
EHBREPASE R MERGUROM, WRKBKE; 5T Al &&40H TRIP H
R4, RESHERRRREMREMGR), HRARA BB MERNGURNE, TUH
FRI), L0 F TEAFAR 4 A BRI L R AR R K Ak B9 7T #6i% § TRIP
B

EOE RN T MR R R KA R SR, CENGM R BRELURIE, W
R B AR B 0 S A K B T X R R B A P A4, B R b e Bt/ R A i S AR R R
BARKURBENBBRKOTRELGANENES, X—A5TMHER—H
P, TR ERTUAN, SERAKRKAMELSRIE TRIP KN, BRHAHK
ERRMAHEETSFE—EES, MRH, ALTRIP {2472 AN SR KR
ZRMALL, AREE, TRERKERGANKEEREFTIH. RAELTRTLE
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RIX SRR KL WX AR F EEPERERE L, W FERSRAMHT, Bk
SIS R B B KK ERAERR, RHRARERT. X FEEm0E
, HARTFHEAEENRE. ATHRARRRRANSLE T, HAGEERG
N BB B o ) T B A B X T A 56 R G R (R S O B AL 1«
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KER 8 PR A RIKIXUAEN, SRR M 450 MPa F| 980 MPa. ZiE T/
AAND KA ES, TEMRERIINE 41 FIR, M ()ABHMDRENERE
NEL EXRFEMBETEHITEE, XAKELAN Leperal,

& 4-1 KK XM
Tab. 4-1 Investigated dual phase steels
ik C(wt%) CE M (%) Tw(K) Taci(K) Hgm
DP450 0.071 0.265 7 1804 1005 162
DP600S 0.077 0.279 19 1803 993 196
DP600A 0.095 0.305 20 1802 992 193
DP600F 0.099 0.341 16 1801 1012 199
DP750 0.147 0.483 28 1797 997 250
DP780 0.113 0.425 28 1800 990 218
DP800 0.147 0.524 54 1797 1009 262
DP980 0.132 0.474 49 1798 991 283
BAR(CE)MH XA Yurioka 2R, MMAKERESREBTFMPATHEL

K, Ac) EEFA Yurioka AR &S,
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Fig. 4-2 Weld hardness distribution with diode laser welding
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Fig. 4-3 Weld hardness distribution with YAG laser welding
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FE 396 Hv, I FAEOCIEN b 322 Hy, XRHEFHRHTEENAMAZHES T
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AR, T-FEBFRELALMALRE, FEANREHAR, FAREH &
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(a) YAG #0648
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[ 4-4 DP600S 14412 LI £R
Fig. 4-4 Fusion zone microstructure of DP600S under OM and SEM observation
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4.4.3 BIEELNRETE

LA DP980 i, X EEANMBHIBEEMBAASURERI, BEER DXL
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Fig. 4-5 Hardness distribution characteristics of DP9800 weld



PO A BB iR 3L

4.4.4 HHARBXRUKEIE
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XM, XEESBHMODRESTERX, WXmTE”, DRESERE, 12885
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(d) YAG B062, &TF Ac, £k (SFESERE N 10.5 m/min)
4-6 DP600S Bt FIFP X i) SEM ME
Fig. 4-6 SEM observation on base metal and heat affected zone of DP600S
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HDRGSBOMMTRE, EIRATEOYENERX—KENEENARTE
¥ BERM@S R0 ESEN YAG BABRHAT Ac BEKTHALIGIE, i
B, LSHRBEANKUR PN D RASREBEEVEL YAG BOERHEIR, 5K
GhABRBESEETROBE—H, PSBRERRNKLERE, BEERSK.

4.4.5 BERENREEEEHEE
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T HECR F K — S HONT BT A PR A RSO R T R ALAT RAE, BAX A
ABEREZHXOAEAMEFEER, THBOCTEEXNREGFMRERENAR
&K 2 SOt RCR, 3K R RN B HER TH B R BRI, BT LR 3 X AR ]
BRHIBALIN AL . A FES, 3 TINTT LUR SR A #02 me X e Y e 18D 3 4

# 4-3 DP600S I 4 F
Tab. 4-3 Experimental results of DP600S

r x TR 2Tac 21y AHv T
2 ]
HOERA (m/min) (mm) (mm) @) | ©®
10.5 1.14 0.54 1.2 0.028
YAG 6.0 1.50 0.58 0.9 0.065
3.0 1.60 0.64 0.9 0.071
3.0* 5.37 1.93 8 0.91
2.75% 6.35 1.98 13 1.48
2.1 5.96 1.22 21 1.73
* 5% 2.0 6.10 1.24 20 1.82
1.8 6.56 1.28 20 2.15
1.5 7.60 1.88 20 2.52
1.2 9.84 3.48 29 3.12
% 4-4 DP980 X I 4 R
Tab. 4-4 Experimental results of DP930
K 2451 ﬁ%ﬁ& 2 TAct 2 m AHV T
HOARA (m/min) (mm) (mm) (Hv) (s)
6.0 1.24 0.56 25 0.036
YAG 3.0 1.64 0.72 31 0.065
2.0 2.24 0.96 34 0.126
2.5% 6.13 2.09 38 1.26
1.6 6.44 1.52 49 1.86
1.3 7.70 1.70 46 2.77
Sk 12 7.96 1.87 48 2.85
1.0 10.4 4.02 46 3.13
0.8 12.28 5.40 51 3.64

CRARKAERAEEOLR, BRXATHEMEE, Fit, SUEARORTHE, AAESE=
B, tAREES, WRES%E FLUNR.
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Fig. 4-7 The relationship between base metal mrateniste content and hardness/tensile strength
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4.5.2 Rosenthal FEIELZ{LBERGIA

AT AR ARBOCE T EX R X KA, DARA-BRSH N
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W bR, kP BRRRULEHEFREEBERFMLT Ac) K@EE)UT, X T
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T AT DA 8 vk 55 LB 2R SX B AP R4 07 VR T B NMIRTE Acy b FOAR X [B] K B 7]

R Rosenthal # & FHEEEAMBURBERNFBERNFEARARE, ERE
X—HREREE BB MR AR RN RS T, (E7EXTE 81742 6 #
XA, TULAHEEILERRE. ELhrl, Asshby fl Easterling P& Ion FAE
2 XA Rosenthal 777247 uith : TR B X A @R K KA D KAk R, Bk
Rt H R X A R ER A T BB ARG, BEEEHG), FXEXAES
BREEHRUX D RAKEKZE, HKARERE.

FHE# Rosenthal HFREH TREBIN AW, B AER, TRFFZRBBOCHKERT
MEFERENEZE, ME, WURAZEHERST, BAEFRAFHRERRIHHL
#51%, 4t Rosenthal ## R /~EE W E 4-8 Firw.

Line Heat Source

Direction of Motion (v) <—]

y
/x‘——q)

B 4-8 —4E Rosenthal 5 MR E R
Fig. 4-8 Schematic of two dimesioan] solution to Rosenthal equation
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Elitk, (A W X HNR A IR AT AR R R -

2
T—n=-p%‘g”;—?ze -j—m] (4-3)
AAP: ToHRVIHERCGIMREE), KL% 298K,
Quet: BOLEBTIE (W)
v: BEEE (m/min).
d: BERMERE (mm).
p: SR (7860kg/m’).
c: AR HLH (6800/kg/K).
A: BER B0W/m/K).
a: #HFE (A pc)o
t: BFTE (s).
Quer(vd): B KR EENEE F R L ERENEZRREGEE, BRI RAE
BB
HALZEFERRBEAZWX FIEEEEAN Acy MK, %8 Ashby
Easterling f1f#, ik 77 #2707 AfEj 464 AR e

_ Q.. /(vd)

" por(2me)'? -4

p—O

Tp: AIEMEEREK).
r: BEEAERENREER (mm), ATURRA

r= ,/xz +y? (4-5)

BE—RIIMEE, SBEEXTURRETRN,

gne_l = W(r,{cl - rm sz) (4-6)

vd 1 1
TAcl—I'O Tm_]:)

86




PR S .

AH: racy mAANAFREREL, MNNOBREDHNA ToM Taa, MHRERZLTU
T I 45 B Sk OB U B 2R

—EarE R RSN, ST OIS R, X B AR F E(r TR R N
B wee (YR RE B TR AU ETIE], AR T FI&A

dr
—=0 @47
~ C))

T R RE()F &
FrLk, B # &8

__ 1 [o.iadf
" amape (-T,) @8

Q. ((vd) FTFE 4-6 Bizw, B 1A)H BAT UL B 8 R R LB P b A RIBOE AR B B 3
WA, BAXMTERETNERELEFREAMNTREEBOCH SRICE, wTLUL
EFRABEARR T ER URBFHREAARTERHERRFERARREESR.

4.5.3 HEASHSREZER KR

KAHH@4-8), AILEENBRELZSHANEER LR, H3 YAGH
FIEROLE R X KRR T A B LR

4-9 RPFHROCR P X KACBERT (8 5 5 © KRR, R, 1) BEERE
WH O R, BMEESRUKERENEESREA, BRLENTE, kL8
78 “S” M 2) ARUHTE —EREN, RARBENTREEAT —EH, B
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Fig. 4-9 The variation of softening tendency according to time constant

Time Constant (s)

B 4-9 FALEHBEIN 8] H HIK K R

4.5.4 GREFENRLEEHZME

R 4-5 BB E
Tab. 4-5 Weld characteristics under diode laser welding

m ﬁ ﬁ&ﬁfg 2 TAct 2 'm Al-lv T
(m/min) (mm) | (mm) | (Hv) | (s)
DP450 1.0 7.73 1.85 1.3 2.73
DP600S* 1.5 8.55 2.50 19 2.82
DP600A 1.0 8.27 2.25 10 2.98
DP600F 1.2 7.83 2.03 12 2.72
DP750 1.2 7.49 2.01 33 2.88
DP780 1.4 7.61 1.64 34 2.73
DP800 1.0 9.36 3.07 58 2.74
DP980* 1.2 7.96 1.87 48 2.85

*HIEMA RS R

ERERBHMEMAT, JBREAERT Ac B, STESELMIGEN, i+
B RAHRE LR T 5 R BE R LI 2B At . TTEWP A LU
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KEUKEETREBIBMK, KT 0.5%wt), BTLAAFH % 58— IRBE (b33 8R4k X 15 3 22
WERE TR Bk, AARUCXEEHTREIEROADRARKEREAEN. H
TUERAR B, EEHRT —FFRR, RRGROR 4-5 Fir, BMREELA
HABHR AR 8 F L, > T EmEE,

B 4-10 ARUKBEEEFRREFHERMHDRESEXR, HEEF KX
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Fig. 4-10 The effect of martensite content softening
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4.5.5 RAELTRA

bR, E¥IBELRELINAZHX, BEXRUEESEMHD RS BB
HXR. HREAMBEHEEE, BHHEERHvew) T AFR B

Hv,, = f, Hv, + f.Hv, (4-9)
Ad: Hvy M Hve 20304 5 RKF S R AR

fu Al e A A S REMNGREERMFHTE;
Bis, B KRR EHvs) AT LRRA:

Hyvg = fo, v, + f.Hv, (4-10)
XA, A e 2 BAELKE S RAARIR RIS &
Hvw F1 Hve 23 51 8 [8] K 5 AR R[] K A R AR BIE

LR, ERERERD, BREANBRERRRT Ac i, SEERERNT
PIMARZ, Bk, ALK D RARERE A (AHM) A -

AH,, =(Hvy, —Hv_ )/ f, (4-11)

AR BRI S AR AL R B B SoR Rk, ) 4-11 B, RIS R/
BREUELRMHEEZHARGMPRBAER, HE, ZRMRRRLARKLE
%, MBEAEN%E, XEESWHRUERIARRE X, KEOER TR,
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Fig. 4-11 Maximum softening of martensite accoding to time constant

4.5.6 BARBRNEBEBENRW

BTSN, REEMERIRRTRHAR, MREFEAANBRRBENLZRY
MAHEE. HTHABEREBEEUNEOTM, x—HARR, BIXA YAG
BABEXHEFAIAEN, FEEEHR 3.0 m/min, MTTHRE FAHRE F R 2R HEE .

155 PO IR AR 4280 F Y BE L tn B 4-12 FoR, KR

1) YAG #k48

BRXOEESEMKTEZAFELHEXR, KHKETERIEN, HXRK

=L 096, BFEREWTF:

ALAMBRI, FAAREE, BEXNTHEBRKHN DP4SOHIERR), H4E
HAREFALTRAE. X—HERMERRKS TR RBATMIY, 1EXMHERE X

Hv=953*C+288 (4-12)
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R—SRABENDRE, FEHERAOARLY S, DREEEERHHEFK
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KR REEE
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Fig, 4-12 The relationship between fusion zone hardness of eight dual phase steels and carbon content

under two laser welidng processes
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FEXRR YAG FI AP EOICIE, XL XU 9 B ma (X B AL A7 4R 64K
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3) B 1A 3 (r) AT LA Ot PR OG IR T R R AT LB, Bl I T S
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B BE 0T R AN PR R (6] B RALTO AR A, BIBEABRBALIX

4) ERABUK, BEHNTHREEHMPIREZEEALNXR, WDRESE
RN, BT RS

5) YAG BOLIEIHMF ZER ST HBELMELE KRR, REHFNLERE;
FEERSEREN £REENRREHE TARML2D REARTHE, BREADBES
REEIEX N YAG 1RIF4E.
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KERMBROBHAE R FRENZEHMEN, HEERITTEEELRERM
BWEREERED RN RESRAEREORERE, A ERENER, M7
G . WEUAREREREREUEHEAEREHNRIDAE. TRERET,
BHMEHEER RUREREENARAR, HRETRAFEREHHAEIRIE
MEHERNNETRETHEASANERR, WH, ERERMEHERBILRE
B, WiEEE R FENRRE T AN,

EREEGRITS, PHER(TWBs: Tailor Welded Blanks) )& B3R A 7T LU R0t
BIEAEAESGNER®TIE 25%, MMM ERAMMERR. EXHHRRNBEETA
B, BHER ZHRBARMEGREARR), E RAHRA R R B B KR A3 1 AL
04, XHLIIAKRENEWEE, mREEERRES LENBE. NRME SR
SRR RS, Eit, R TEERR, FEEHARMAEDP M HSLA)BRHHE
aRi)Fi A

BIE LA 80 FRM T BN EEA A REEA R, WRE. BE
DUIRAS. BARKA, SLEIZH. RSN IERM R, BT
BREFRMRD, AEHESAHRAIEMHERGREERE, HER—KE &R RN
AT LR A

5.2 RS AR LH

FHESEH YAG BEOLENERMBRK, £FE, RENXAESRY, RE
24 30 /min.

R FHEL Y SRR (DPSOYRIE & & i 3R AN(HSLA450), BS54 1.2 mm
1.14 mm, HALZRS & 5-1 iR,
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% 5-1 DP980 1 HSLA K MM I E RS (wt %)
Tab. 5-1 Chemistry of experimetal steels: DP980 and HSLA (wt%)

% 7 C Mn Mo Si Cr Al B CE*

DP980 | 0.135 2.1 0.35 0.05 | 0.15 [ 045 0.007 0.51
HSLA 0.056 | 0.64 | 0.015 0.03 [ 0.09 | 0.06 | 0.00017 | 0.14

EXES, RRETUTLFFE:

) AEKELE L ZXHHER R,

2)  BHERLEITT R R AR B R

3)  FRMEBHERE RN .

RAMRARTROK 52 fin, ERARRSHET, #TRARR, BEELTR
ST TRERTRHOHETTRA.

R52BETESEK
Tab. 5-2 Welding parameters
e BOLEE | % (kW) | FBIEE (m/min)
DP-DP 38 1.0,1.3,1.6
YAG 43 3.0, 6.0
HSLA-HSLA | T7#% 10,13,1.6
YAG 3.0, 6.0

5.3 REER
5.3.1 B#EELRFE

PR ML E N A T BB T AR HI W E 5-1, 52 Fim.

KEBHE T UEE DPIS0 hEkRAM D RAKMIRR, SKRAANFHEE, REHN
HEY, SREERMRTGE BELIMH, e T XHERNERE, MESR TR
%, RS KA THRRERT, PRdkry rAHLSISAETE,

HSLA450 HEAMKEGML TREASANOE _MRUDER, TRyt
MTHRREERN, ESEREL, BFHERDOBSANESE, BRAHEHAL
FFAE .
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B RIRAEBAR, IARMN A #GR PR (Hot-dipped Galvanized), K& 4
1) L I (Zine Coating).

5-1 DP980 BEFF )ALV ER
Fig. 5-1 Base metal microstructure of DP980

& 5-2 HSLA450 B}44 4R 4R M 52
Fig. 5-2 Base metal microstructure of HSLA450
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Fig. 5-3 Weld hardness profiles and corresponding fusion zone microstructure of DP980 and HSLA450
under diode laser welding process

S EBOCRIRERELNEE N A E 5-3 FiR, BEEEN 1.6 m/min.

ROBEHHE T AREEN®EL; DPIS0 BLAMBEEER T HSLA4S0 HI/R4%
WA, BMEEMLEE, XRHT DPIS0 SARENBEANEGERS. BAALUER
B, DP980 24N ST RAALR, W HSLA4S0 BT ER b N RAMEEEHAR,
meE 5-3 Fis.
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AR EE 1 BER LRI, BEREEAT T %, 7 DP980 RUFREMIX, BT “HEAE
#n”, GXEKEEEEMERELPRIK, BRA —ENEE, X X80
X, JUHAERS f D O B A0 UU AR B i B KA KB A R R 3 7 I B 5
B, BARBM P D RASEE, BIENSED KRS P RIBRERER T B
Hi, A 5-4 pr, SREAWHEMDSFRB. KT RUK I CER
[A):0E Rk punz i ib) e

B 5-4 3 FERUEHT DP980 #HE kAL X B4 LRFFIE
Fig. 5-4 Softened zone microstructure of DP980 under diode alser welding

DP980 1 HSLA450 ()15 4% 5 BE bR # B IR IR 5-3 Frar, (RGBT 17
Pk FE ) & AR, (B4R FHRKTERE.

DP980 Hk MWK AFIES HBHR R BERRIMMLER 54 ., KI, HHE
MEIN, KAKPER A% REE, XERMANREEX, BL2SBEREN#
FEEEMIESS . Ja R R B8 BE 0 1.6 m/min FYREECLIEITIE .
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F 5-3 DP980 F1 HSLA450 }5 42 7% /& B 48 45 3 f (m/min) A9 251k

Tab. 5-3 Fusion zone hardness varatiation according to welding speed

BRERERE

(m/min) DP980 HSLA450
)
1.0 40943 213+4
1.3 41143 22243
1.6 41943 224+4

R 5-4 ¥ 3R IR DPSO B Ak IX 45 1 Bif 5 823 FF (m/min) B9 354k

Tab. 5-4 DP980 softened zone characteristics varing with the welding speed

FEEE | ShXER' | RUREE’ | SLHERKE
(m/min) (mm) (mm) (Hv)
1.0 4.12 1.50 228
1.3 4.05 1.40 231
1.6 3.30 0.90 246

1. BALRK P BB IR BE AL s B AR G P B BE 5
2: WEIKT AR EXENTEE

5.3.3 YAG A BIEIEZEINTE 4B R ELIST

YAG BB IR LR A 5-5 R, 1RESEE N 6.0 m/min, 55X 54k
R AT R ML EE S ARIE, BRI WX KA.

i 5-5 s, DP980 1248 % B — I KK 4 HSLA4S0 fR4EHI A LM BN IKBR
I AR R BB T AR

DP980 HIHRALIX % B TXI M A0 SRR, MRMEFEDNYMT, Kk
KHALAmE 5-6 fizn, DRABHSEERERAYLFHHEEERKIRZ.
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i ' Softzned Zori\v\,
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T
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] 5-5 DP980 Fl HSLA4SOYAG i i A B e Sk A R 13 4 A3 R 44 1) 4H 4R 4T

Fig. 5-5 Weld hardness profiles and corresponding fusion zone microstructure of DP980 and HSLA450

under YAG laser welding process
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B 5-6 YAG #0t12 DP980 3L 4k X A A LU
Fig. 5-6 Softened zone microstructure of DP980 under YAG alser welding

¥ DP980 F1 HSLA4S0 B E##: L MBI R EER 5-5, 5-6.

% 5-5 HSLA450 F1 DP980 #5455 Bt B 17 5% B (m/min) R 2246
Tab. 5-5 Fusion zone hardness varatiation according to welding speed

PR DP980 | HSLA450
(m/min)
30 B3| 3029
60 23053 | 33431

R 5-6 YAG Bt18 DP980 £k 1k X % iE bl #5483 & (m/min) A3 4L
Tab. 5-6 DP980 softened zone characteristics varing with the welding speed

HEEE
(m/min)

KUK EER

(mm)

SUX R
(mm)

(Hy)

3.0

1.6

0.5

276

6.0

1.4

0.5

27
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5.3.4 BHRIRI{HEEE

1000 -
©
o
=
» 750 -
(77}
o
&
2 500-
)
Q
£
u%’ 250 HSLA (Perpendicular to RD)
0 1 1 ]

0 | 10 | 20 | 30
Engineering Strain (%)

B 5-7 BRRF I g AR il 2%
Fig. 5-7 Stress-strain curves of base metal

5-7 7 DP980 FiI HSLA450 BE# (8 7 -2 38 iy 22 4 e i (¥ 3AFF . DP980 &I
HOIESLE i, tE HSLA450 RA7 5 R BEH SER A, 1 HL7EFAT T4L&1 5 m b
SREER M KB, BIRILH &AM HSLA450 %5 RN H B B 1 % 1 57 145
i, EEMRME, AmfAaERAERBRE. BANadRBSEROE 57 B
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R 571 AR FEERE
Tab. 5-7 Tensile properties of two base metals
FATTALE R EHTHHL R
M T R TRAE %4 B EE %13
(MPa) (%) (MPa) (%)
DP980 99720 9.8+0.3 96349 10.5+0.3
HSLA450 45140 19.5x1 444+0.6 21.4+0.9

5.3.5 JRIERELAYR (1% AE

1500

DP980 Longitudinal

& 1200 -
=3 — o
£ i e
) DP980 Transverse
n
2 600 4 HSLA Longitudinal
.g.) -
c HSLA Transverse
2 300 -
c
(1]

0 T T T T T T T

0 5 10 15 20 25 30

Engineering Strain (%)

P 5-8 AR AR i B g - FoE 38 it 4%
Fig. 5-8 Stress-strain curves of welded samples

DP980 71 HSLA450 ¥ 3B 1REEEE L RO o] FIBK ) iz fe I S - R 28 ih 4% /&
5-8 A, DP980 IR &8k A M bR B AN MM, BENBRET, NENRE
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R H TR RS, BRSEMEEIL, R mIR I sR AN AR IE T H A, M
HBREERLK,

AR, YAG BOGEEERELRI Y M BOC IR R REFRFE, 4%
e 5-8.

% 5-8 DP980 Fit il Sk i 45 R
Tab. 5-8 Tensile testing results of DP980 weld
Y1) )
EOALTE LS [07%:3 E0RGE TS V%3
(MPa) (%) (MPa) (%)
YAG 1051+28 | 7.9+0.9 965+5 5.4:0.1
284k | 1173215 | 33201 77513 2.9:0.1

5.3.6 MERFELER

1) B¥ R A R IR E

(a) DP980 (b) HSLA450

B 5-9 BEp i AR AL A (K0 [ LA 1)
Fig. 5-9 Overview of parent metal blanks after formability testing
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B 5-9 N A RS MRALE . DPISO phIRTERE BSAR# .04 17 mm RREF
A, RIGHEEFEENT Y R, %7 R 58 5EJ7 AR ; HSLA450 kR
ML BE B AR 020 30 mm REBENLIF/E, ROY BERERATR, RUNFH
g e S %L BRI B AT A B A

2) YAG # e HHER

5-10 5 YAG #OtH#HE DP980 ph Ik Ja LI, 1RHEGEEH 6 m/min. 581
AEHZ, DP980 PHER MBI/ ER LD LEY | mm &FE, WHETRY
F&, SurmaIEE s iR, RARGFR AL FRUK AN, BRRUKT R,
HE T MERAGERMER, KUXBABERPEREOFAEE.

xtF HSLA4S0 WOLHHER, BRAEFTMERFRBEHEXRR, NYLBERBLFE,
Wk 5-11 fim.

(a) REEPAT THLHI 7 1A (b) HEEEE THEIG @

B 5-10 DP9SOYAG ¥t HHF MMl 5 BRI B (57 3k 7 16 A Ll 5 )
Fig. 5-10 Overview of DP980 tailor welded blanks after formability testing
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(a) HEETFAT TALHIT IR (b) REEEH THLHIT ™

B 5-11 HSLA4S0YAG BOLHR HHE = AL E (8367 1 L 107 1)
Fig. 5-11 Overview of HSLA450 tailor welded blanks after formability testing

3) FBEMEDHIIR

(a) BEETPATFHEIT M (b) REEZEH TR

& 5-12 DP980 ¥ SEBOLBHER v /S IR ARE (5K 77 1 L5175 1)
Fig. 5-12 Sideview of DP980 diode laser welded blanks after formability testing
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(a) BEEFAT THB G R (b) BLEEE TAFH A

B 5-13 HSLA450 i3 SASOLHHR S E S SIS E (#5L0 mslsm)
Fig. 5-13 Sideview of HSLA450 diode laser welded blanks after formability testing

DP980 ¥ SABNHHBR R EE A MWREWE 5-12 fix, BETRAT RIOES
5 YAG #HER#FE; HSLA450 L EIHE YAG BEHFRMEME, A 5-13. &
RERKY, FABOCEFENHERNREEEWEERREN.

4) PRI B FadN R L2

5-14 5 DP980 ¥ SAMNPIHER R G HWNE, BHAEHTRLETERES
5% 30.4 mm R 132 mm. B 5-15 h HSLA450 $HEE P EEHMME, SHAEH
T3LZITRE B 4 7% 32.5 mm #1 31.8 mm,

B 5-14 DP980 §H H4 SAROLRPHRER IS ML E
Fig. 5-14 Sideview of DP980 parent metal and its diode laser welded blanks after formability testing
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B 5-15 HSLA450 #1501 GARSOCHR P R R 1O IR
Fig. 5-15 Sideview of HSLA450 parent metal and its diode laser welded blanks after formability testing

B 5-16 29535 9 B4 F0 B 6 () BOCH IR MR ALE o i 1R P b Sk ) b ity 0 -2 75 it
2, 1R4ETTIA 5 BEMELEITT 7 FAT .

WE—FFEG, BEEME RN, AR ELER, HEIRGOTE, ERETF
JAET, P R EE R R, B o TA, BJE, KB ARM R K 3 ph AR
RIS, i HERR T R

5-16(a)y HSLA4S50 Bb44 R HBHIRRRAI b Sk oh il (0 R LR, AROM R, £
Mgrbd H B R FHNBHHRER, WABOtH R Rz MRV EERN: B 5-
16(b)&y DP980 44 R HBHAF R oty - B i e, FFb4 I L o o (9 o ok 20 RO X B
BIMIR, YAG HHERMR L SAEROLE fsh s DRI B,

—— Parent Metal 120

------ Diode-welded Blank
- - - -YAG-welded Blank

90 -

60 |

Punch Forcé (kN)

30

60 -50 -40 -30 -20 -10 0
Punch Displacement (mm)

(a) HSLA450
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—— Parent Metal 180 |
- - --Diode-welded Blanks
~~~~~~ YAG-welded Blanks 4 |
12
1201~
K
902
=
5]
6045
o
30 4

I
o

50 40 30 20 -10 0
Punch Displacement (mm)
(b) DP980
B 5-16 1 He BT ARER Sk ) b ) - 88 i 2%
Fig. 5-16 Dome load-displacement curves during formability testing
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40

] Parent metal DP980
Weld perpendicular to RD
304 X8 Weld parallel to RD
30
_ ]
E
é 20 1
L 153 152
=N 132 132
% /
0 /

YAG YAG Diode Diode
(b) HSLA450
B 5-17 8 FSOL B R A LDH
Fig. 5-17 LDH value of parent metal and laser welded blanks
B 5-17 ABHAAEMHERTRELEF R LCH, B LETER
(LDH).

5.4 it

REERERSHMBM R IERE, Bl BRMLHUTRT. HERE. &
MEE. WA HREERE UL HETEEZSY, HTEFHE, WERI
EREFE—B, FEEAFMTERERRERMTE: 1) HEER, BRgw
FRAG RAR: 2) BRIk BT,

5.4.1 BHHIRRE

AHES RKRY, DPISO M EIM kMBS HSLA4SO KBHF, BS5XEPH
DP980 AALLANIRS, BEHE R R BT ARKIAAN DL KASENS, BE R
FIE, WREOSRESETEBMHEHENS R SE, WMETHR R R PBERFAR,
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XS RN AR T, XA HRE, Mk, EREW, ¥ETEMN
BLitiR.

FWEMEE, 5 HSLA4S0 FHE, DP980 7 h ¥tk fk L& 1o B Xt S L
W EERAERERBERNOARFE. XFF HSLA450, REAR WA sk KA E R AL
Fr kB THH KL 30 mm &, WH, 507 HSRERILBEMRS REERERY
Wi; DP980 BEM MR ALEL B AL TTRERL 17 mm &b, BLKY B 5 RMHEL ST HEY
& BMZHNEREENENERMRETHRESIE, WAREH . RAREHR
18] LA B AR A ) JEE 3 A R 2010,

MUREL, BFNHRATIRENREAENE R ELEERAER, PGE
A —BHME, AARENEE, DREBHRE, BAERERE, FHZEGFE
HEHNEHRAYS., EHENAERT, SEBLERMPFEBHTERIRL
RUHMERER, LFEARP, RETREEIRBHEERMNENT BHEHHNR
5%, MS—ELTHAEZTHNR, EXRAHER XHAHOERLREEHUE
FEDRENKEGCRELER, HELATREZHRAY. WD REKEERER
1 F (Decohesion)/d R 1 \ Tl S B A E R R/ Z WML, SEM HIMEL R mAE 5-
18(a), BN FRERM BAKRLHIE. BEDRITRE, 2ABEEKK,
DR#ESERRERE TR BORLEE, B S-18G)RRZEHEO SEM %
£, RUKELBLEXBNEHE, BEHELIRTH, N FXESORERE, A
ARBHHGRENKEGARE, WERANKZRSHRIEIER, MAESREKE
EEPIER R, TH, BEDSKEZRERE, HRODKEABLERENT
RROETEKHAE®RZ, B RERIK. Eik, 7 DPIS0 MBERNS, ROEE
Wy EHEEY E.
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[&] 5-18 DP980 EE#4 i J5 ) SEM RLZR
Fig. 5-18 SEM observation on DP980 after testing
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5.4.2 BHEWRBRFE

58 AHEE, 76 HSLA450 BHERMAELES, mkEfrBmh, LE 5-
16(a). T HARBROEFETR, REEETELERNAZHXAGHLT B. XA
AR MERK S, HYFRE, HERPOENBITUSERENIE, WEET
AT TRETT . #kt, BENMYWHX WIEE R TAMAEM, BB R
1%, Bk, PHERMBEYE ZESIREN R I EERERFENRS, ROERELTT
B, HHERDDARFRENBRELE, X2 BT HRIEERSEF) KA RS
W&, AEMBEEANKERERKSKE, FURERFAEME.

IERK R, DP980 HHEIRHKKMEXHNBANRR, MRARMTHRULK, TR
A X PR R BER EA K8 T RS TR HERN W, HES
Sl R W A R R R R, MENESB T RUXKHERESD, BHRUK
FREERTALNRE, RBEXRRZHMERNIM, YRAROBEHEERN,
HYUERXH. FHOEREERBREESHTFRURGEHFERTC, EEIEMH
CO, BOLHHER M RK D, HRATHEAFRMHRER, BWBRRELRE, M
BEBAM AP ERERABAK,

THEHLL YAG BRI A B, HEIHRRBE XZE MW .

B—MEN: BEE5HAHTT. RN TESSH R R HE AR
i, WoRABEHNMXEANBXEAER, WE 5-19a), JREENEIKKSDKE
B, ABRMBAYHIROEXDRESTRSEEREGZ BFEBEHERHAES
¥, EEHENTR, FRZASEREBNY, WHE 5-19(0b).

BEoMER: BESHBTRAER. EXMERT, HHERENRIHLE
B EMER ARG, EARKMNET R W, BABAMKM TR, H5R%E
H, RFEmit, FEMERRET, HEARKHRITMFHREAFRFR
. B 520 EXHERTHRRER, SE—HBAFE—EER, BNHATTURE
FISREANEH TR BADREX, BAMNBIANLSEED RENGEANR
i &, RS FRKEAENRADKE,
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A 5-19 DP980 PRk FE /5 i) SEM TEE (1748 5. TAT)
Fig. 5-19 SEM observation on DP980 welded blanks after testing
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%1, o268 10 »m

A 5-20 DP980 HHEHH E/FWEAIELR (RESHHAMEER)
Fig. 5-20 Fractopography of DP980 welded blanks after testing

5.4.3 WILXFA LDH
_l R3
>,
............................................. - m e m .- '1" ﬁ
v
[ | 13 J
; 2
40 .
& 5-21 BB HRBER

Fig. 5-21 Sample dimension for the thermal simulation

f&Bh Gleeble1500 #ARMINRRIBEBLPRURMAR, FHfEfmile, R
B 5-21. ABRNHEXSHRENE 522, BHMRRSHRBZELFHRER
o
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---- Measured Curve
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T _: Peak Temperature=650 °C
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B 5-22 HHER BB AHR LR

Fig. 5-22 Parameters for themal simulation and related curves

HEBURBE MRS RRI, FEMAAL, REBRAENNHRERET, X
642 MPa(B}#4 24 997 MPa), #{HRKIEINT, Kh 21 %(FHH K 9.8 %). HREH, 5
Bpbf. BN XA, RURKNBUHRET, HBERKT.

BEEOLRB LM DPIS0 BHER M BIEIERE, Bl YAG $HEREL ¥ FEBHER
BEABEHFAREER, AERMEERTZT, B4RFHUNERE. FLUAA,
DP980 3K 4L X B IE 2 &I T HHER I SEAT A

AT LBARBOLEFHRAR M BB, FIAT BERBIEFEELENXE ¥
HERAHSENSH, BHRLER):

- Hvg,, — Hvg,

R x100% (5-1)

Vau

Hvsz 1 Hvam 43 51 0 8K AL X F1 B4 (58 B
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32
| O Parent Metal

28 1

. YAG Weld

Softening Ratio (%)

B 5-23 PHERE S R B S LDH KX &
Fig. 5-23 The relationship between softening ratio of welded blanks and LDH

R A LDH )R AME 5-23, BEHHFHEADIMERM, B R KM, LDH T
#, MX—EAOERNT, £8HMMER, B R=0 K, ZTREINE)SEEANK
WA X FHER, B O<R<1 B, HNRBSEPERTHRLEX. £F 55
BAHERS, KUKBEETREZKR, FUKAXMEALGMEREZNER, Bit
BHSEMBEMBERERMX, BB RS2 A 000 BH X R T TR BT
BA, S SR BHEAR A R AT R, BIR IR KA LDH.
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5.5 KE/NG

FFZ % DP980 Fl HSLA450 BEF K P B HHR R I BTG HE AT T 3 LR 55X

xR RIBHRREAT T A R BRI A RN MR IRR, H 3tk A S
BT T RIE, %4 SEMME, FELBWT:

1) DP980 #LHHBL T ERIHKAL; T HSLA4S0 ML ERMK K, B HER
5% 1n B M L I F AR

2) DP980 BHFE B [ hr I RILH & I ek, BUER, REUSREE ML)
LMY R, T HSLA450 SR #1RR B RIRE S 4L BRI T AE 1

3) AL i DP980 MR B L MM S5 X 1, ER MMM RE T, B RBME
whe, MHRLEREEPRWRY RE, iR EE R U 8850 B 4 AKX 1T BT FR
{; HSLA450 IS EHEXT R IN THIR I A FRIRRE, SHRHHFREH LA
TEtERE, RUEBREH, RS RAZBXARZHEWERNSHY R,

4) PHEARR G REY, SMMAL, TARI—BHR, BERORK, mE
RUEEEK, BHFRA LDH #1K.
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1) £ HHOLEE, ALTRIPMULERSKRIA(S AV EMTHERE, FEEH
RAEFNEE, FEMNKYLFEEERG 30%, BEFEH 65%EA K LN KALL KD
ENSREKRKME; Si-TRIPWELTIERD KK

2) 5 Si-TRIP #1{R484Lk, ALTRIP BIREMBHERE, HRERIK, BMHES
4 o {6 ik e ot e I R UK, AL-TRIP 4RE 48 7P BOP% & R R 18 L R B
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8) 5EMMLL, BUKA—BHE, BERHRE: KEELBK, PHERH
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