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Strength Analysis of DP980 Steel Spot Welds
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Abstract: This paper studies the cross-tension and coach peel strengths of DP980 steel spot welds.
To deal with the material failure and separation occurred in strength analysis, the paper briefly
introduced the fundamentals and functions of the Smoothed Particle Galerkin (SPG) method and the
bond-based failure mechanism. To find an effective approach for strength prediction of spot welds, SPG
and FEM (finite element method) results are compared and they are compared with limited test data as
well. Furthermore, the numerical convergence and the sensitivity to failure criteria are also investigated
through numerical analyses.

Key words: Spot Welds; SPG; FEM; Cross Tension; Coach Peel; Failure Criteria

1. 8IS

R EE S REMIEES 2B R R R RN A4, A e, A4
BEMBEE, RERBAN R K T REFAERER, WwEm (B 9. {Juﬁsﬂ% (FIEH O
22 R, PEERFERSE, eISE A, THTARRE., AEMERER:. HeE, (FRE
Pemm AR I R BB, R AR AR T M TR ERE S, BERZAIE 6000
SR WL AR S AFAE, AR T BRUAR R (1) O 55 M PR 2 o) 8 2 (1l 48 2 A e [ A 28 O L 1)
SO DRI, TEREZERE AT, IR R R RS AR T B AR AL

SRR B L RS @ ERAR N, H RTE B R e i, BT BRI R (B H
SEAR BTN TR 2 BN, BELME U RGeS, Sl DAS ok BEAH S A A i fr h e o I 5256
Sk VR b SR H 5 FEE it 2 225 1R = B[R] S0 A, R, FH AR 80 300 5 R AEL gk 1
THME—RATRER. 5, R EE A B S B R I BT A AR X (o T B A
TR RGBT BEMIRD o R, SRR 4H S0 B T R i 55 O S S5 M oA B
FoE R EEN E?Fﬁhﬁl'ﬁfﬁbkBTRif%%&EEﬁEE‘@E%ﬂﬁ%ﬁiﬁéﬁﬁE‘Jiﬁ-‘ﬁfc?‘iﬁ%ﬁm,
T 55 A R BE AR, R ROBE RIS MR BE . Forbr b ROBE RO H: Cn . 042 . A
FEEE) [WSREE A, T W REE RSO ZE e B AT, TR 2 D) ) B A e i iR N SRR
7. HAl LSTC IEAETF ARSI, WA R THR 2 HIAEA R 1) CPU LRI 4T

BEREOUR BE SR A B IR B 40 b, B T A2 410 FEM N ool FRi%, LSTC ?J‘Efﬁﬂﬁﬁﬁ
T RLFNIL 4% (Smoothed Particle Galerkin, SPG) [1-4) . Z 7R HiE AR
(Direct Nodal Integration — DNI) 5 F2E PE38 55 01 DA 822 (Bond Break) #AY, £RIE T



. SIESEENTIELLBERE S Wilt, DI Ress A ot BB R S R . Oy
BNV B E A 8077, AN T SPG JrvA MR SR BT 2R, LhE T B FEM A
SPG FITELIULRY) DP980 A ki 12 Sk + R AN R B M B, FEWFTT 1 IR BB S DL Hff 45
SRS BARLIR D (4 BB

2. EMH&E—SPG &t

XT R G R AT 58 FE o AT A AT 2 PR BEAA AR S ORI o A5 BIR o I B 7 ) o4k v R G 1
BT 2 WS A SR R S R o (E2, SoniIMBR 2 S BUR BRI REE Ik,
HEMRAL SRS TN, R | B iR TN &5 M) R RS

AT EAES OB RN IR, B AR IGE TSRS B T EAM KR, i LA
FraaEN 7 Tl N S8 A2 A B TE MR A H B SRR, tedn: T i
RUEARORIEBUEN S ;s BRE A R B I BB RR s s X T &850, Hm By (8
AR T8 Je A AR 43 AR TR A CRIBEIR J5 X DA S A AR 2 S, T
B4 (Direct Nodal Integration — DND 2= A {KRE (VD) . B, AT REBRR
SE A RO R RS BIAR, LSTC I AFRIT R 1 6K 3L 7% (Smoothed Particle
Galerkin, SPG) [1-4] .

2.1. SPGREAH L

SPG /ZRMEZ KM (DND L&k, ERBMEIEEE (1] S 7 HEkE
FO3E5EIIT, AT T 55 U M DNT S B AE (i) 8L, REfs A5 Fe e e S B e
BEMT R T AR RS R e SCRR D1 AAZAS S B8 H R HE S 1 S Ree 1k (49 5
Iitke SPG MLFHTE | 4R sk @ik, foR 1 HARE MERY e s SCRR (2] 42 SPG 47 & 2
T Y ARZR PR VERT R RS WA S s SR (3. 4 A SPG EIR A B T N AR SR
AL SIBPE RSE A . ZIRTRE, ASCA S SPG A EZMS, HAHIRIES I
FIZ3CHR »

BHROLT, SRAREE A E 75 R~ B O R A

Mlumpﬁ — fot _fint 0

o MM R R R, £ AN S, RN ST, RN TR R R ), [
Bt Ay BOR A DNI DR AR (HA2, WIHTHTE, B DNURTHR ML S35/ A 77,
PR

N7 0 H AL DN TS EMRRERL, SPG X AEHEAT 7 OB ALER (Rt A 44 o6 i
TMNLEE) , S RSN, TR, BRI EEUT R BEE SN (1] -

Mlumpﬁ — fext _ fint _ fstb (2)
R RO RORS T S R e MR, e s R 5 50(DMIA. @3S DNI, £ Wy
ORI
£ sth Dt L o’ ~ 07,0
£ = B](X,)e(X,)JVy 3)
N=1

b B 2 56T R B L R AL A2 I UL ek BOR SR I B FEFE RS, o R AR g I 9 77 o B REARLRS:
B UL Ae i S5 N /) o (THE AT 2 0GR (4, 51, XEAHES,

SPG % CAE BB S E e VEA KL RS R - th A 2RI R SCHik K6 ' SPG 4t
fRdE L CEETE) S5 iR 2 5 SEM A RA IR s T et 3Gk (51 %5 SPG HIFE T
Aae (B RmuHEERNRN T, {287 5LRRBGTNE S, JHRs) 7oL



FrreAe e @ik s SCEk (7 ¥ SPG HITE TH & & MAN CBH) BI04 /4
TCVE A T 375 Ji (100 A% 30 30 A % 0 5 i s B —
FghEE R, SPG kA PAN EE kA
1) SRF 7ML £ 557 20 LR U USCSE 5
2) GINT HAEIFES T AR MR I, JE 7R VR S A v] SR A AR e BUE AR s
3) KM DNI, 2R IELMIMEE, AT AR 81 5, & T 2 A RHIBR
4) KA EEROHEFEREC £, Fib 3RS E RS GE 5D
5) RAEAA BRICMIME A RA I NN, XA BRICH P A= AR RA 1 EAEE 5K
6) SINTHWIRBR CRIER) , REE U EMEHBIA 550 5 .

22. BEIRARA

N TS B BEIR 543 85, LSTC 7F SPG [HESL F Ik TSR, 7F SPG &, f
ARLFEA — DR HIFEIER, S8 B AL 2 AT R A A — A LT e
BT , ZEE DU DRI R R i 1 (a) B, AR S 3 B9
W, BEGEEIAG LA 1. 2. 4, TRIEAEE 3-1. 3-2. 3-4; ZLOBHECY A 4 B2, &
BHES ARG RS 3. 5.6, TRIEHE4-3. 4-5. 4-6.

e O
® 6 6 6 6 o o o e ©6 6 © 0 o o o
(a) WIUEHITE (b) BB CHEWTED

1 R R R

o )E, BIAMENER 3-4 (B0 4-3) EAREHEL, Wiz (LK 1 b ), B
AR AEMEIEIR . T5&, /03 FELPIRAUE S 4 RS, RZ, m4 KPR EE = 3 A
W EE. Y, 030 4 MR ETIES S 1L 20 50 6 BIFEAR, REETEA
3 MRS B Rl 4 (DT, THEL AL 4 MR A B 3 Ttk OE MU EE, A
3. APYEAREXS T 2D .

PRlt, REFRER MRERBEWIR) KA, NAUIRE UL RA RS A
BABRTTIFER > i GZH AR 3. 4 BRI RO 1D IR B ZFI R e, M
MR AE MR ES K. FrEl, SPG iEMNIGZILHE 3-4 VIWr, M AMERAEM AR, AT
(D HIA%E, M RIEY 5 K A& 718

HIT ST 2 (10 5 W7 2R (X0 A PR A UL RS el R P R E 1K, T DO MR A M B S A2 &,
SERIBTENAR . R BT LR TR A KA R, WK Ny AR BYMNAE
SEHMNAR L KIS I5E . R, P AT DURSE A RO (B R A 58 AR L AR HE T o

3. RIRHELRE S

FUAREESK ML R SR T S BRI R, R BBEIE S BERT 1%, I
IR S 2, A0S PV AR BE Sk R (- Ref, RIB R A RHE B FEEAT
B WAk DR, B, AT UAT R RO B, A SOR % R R



(nugget indentation) , [RIAS ST 5T 5 m 2 HOE T VR W] LR MR R SE %, 0 AS 22 vE A b A
PERUR SR 0 B AT W) AR AE

3.1, JE A

Fcik (81 ATt ftiifs: TS50 A P SRS RN 1.2 mm (1) DP9SO HXAR I,
AR EAZN 6.0 mm FEA, WA 2 (a) Fian. B, H4ESCHR (8] , #mX
(Heat Affected Zone — HAZ) R #ITLLNZ) 0.5 mm JE) Ao

MRHESCHk (81 M, ASCRBM BRI 5 R o R AR X FAEm X, Kk,
WKl 2 (b) fiw, fERHIEE FEM-SPG VAMGRE /- #TEs, RXT LA E = XIE{EH SPG Bk,
MR X ORI WH FEM S8l  AT7E PRIUERS BE I R 2 st R . 5 8 2 i 1)
ZE5E, PR X RGN X AR A RO W R HE N A — R (IR 1D o fEE X5
4> FEM FERIA, X6k DL b = DXt n A (3] Al SR R I AR B 206, AN AU R IR 5 43 5
AN, AT FREUE TR S, A SCREUT =R U SO R, T RREE R (R
MHAZ) BI5/DRFES A2 0.167 mm CRHREE, 3£28629 41 £i+124800 HEIGEL 150656 FLIT)
0.125 mm (R, 3 60913 77 55+280640 H.yuE, 336880 H.0) Al 0.100 mm (4R, 3t
109425 75 £1+521664 H.708, 624096 HI6)

fH#: 1.2mmE

:

25x25x1.2mm

Qﬂ%'ﬂz: 0.5mm
(a) (b)
2 HPH ARk (@) JURIRSE GRITED 5 (b) JUATES#K
J U P A0 I AR MEER S OB KAAE 10 mm/min) , {H 2 & 200H 5B DL

JRAR AP TR AP B R (b, R, AT xE AR (B g alds) KA 7 A
FIRNEGEE CRATIERRSD » FEILKE 3.

Vo : 200mm/s

(a) T HifH (b) FIE 1%
B 3 RSk R o A

¥ ocHk [8) 8%k, MR IX N ATk 2 SR FIAE, HAZ X al4i45 48 SCHAZ (650°C) ,
ICHAZ (760°C) 1 UCHAZ (X A% FGHAZ (950°C) A1 CGHAZ (1250°C) ) . fEiXLb[X i



H, ICHAZ [P Ias B A, Rk, ASCHEA 0.5 mm £ HAZ &% ICHAZ. BT
= REEHE, HAZ FIMESEECE T30k [8) » TR AUERZ X FI# RS BN E 3 T ¢
wk [9) , VEWR 1. BT AR A N T, 25 22 14 5 08 P A

MR SCik [81 A [9] sttt , R SMBIR KL &R AETEERBIENAE N 0.10~
0.15 B o R FNRI B BRI6 0 2 BRI =R Fi A, [RIbk, e S ROB MR AR 0.10 AR IX
FIREIR Ctbr2Le B o) #EN, 0.15 9 HAZ FOBESRVEI . AR 77 B00E 45 5 X AR v 0 )
TR, AR SCABEFE T X AR AEN 735 b R IFBh 40%0 SN . S Ak, dnwiErid, BF
S 5 500 PR 0J H H R SRS SE IS, AR SCHEM R AN i A 25 FE LA AN

%% 1 DP980 4M#1 Kl 2%
JEARSEEE (MPa) | Z&AR9REE (MPa) | BEIRAEN  (EE008 1 N AR )
IS 710 1056 +o0
HAZ 584 1085 0.15
1% 800 1102 0.10

32. R 50
AT T E S Y 8T LS-DYNA® [10) XUFS 5 SR i ae sk i

321 FfERSME

N FBUE T RIS, AT T R . IR EUTY FEM fIVE A FEM-SPG
REER. B R TR S LS 8 2k, HBEAARR (Stretch) it /13w MIAL # ,
NABAR N BITIEA 7, BB A AT R S Borb B s e, PR mme AR AT R AR R v ) L3
1, i HAZ, TCit FEM if4& SPG #1 FH lfs F 452 Y8 N A8 0.15.

Bl 4 Fos o RRIE I B R . BT, BE e R B R A R R, R EEUE
RIS, PRl DA BT3RS SR B B (BKAM ) SRE, JUMTES B &5 3R e 2 SPG) 1)
MK, ESR FEM VR A FEM-SPG 45 R 2 B B R ZER GERE R RE AT NALFE) o« FE
Fa b2, A BRIC AL PR B oA W b B 2 1 B R Ah T 3l 1T SPG VA RIAN IS K 40 I F e
PIMIRR, FrfRsh I s A XS 5N o

2

—0.167 —0.167

—0.125
ak
1.5 i WNM‘ 0100
AANPTEVVY

I M
"‘," I"‘f/.

Force(kN)

=]

o w
Force(kN)

o
(3]
T

1 s
-
T

o
-

2 3 5
Stretch(mm) Stretch(mm)
(a) FEM (b) SPG

Kl 4 R IRl s

TR R 45 R A& 5 P, BB Refl.2 Jy3Cik 111 A0 (12 Frigftrasqel
5 (1.2 mm J§ DP9SO #WAR . B 6 mm M%) BT hiffismis. B Ros, HfE4iRhE



BHUG AR AN K, R JUART 28 RO P A i B U AUE 7RISR {252, FEM FTASE AUl 1) o
B (RANTD 5SFEH KL 25%H1% 2%, 1 SPG FITIN 5 S HEMZETE 10%L 4 .

7 7

—0.167 —0.167
6| —0.125 ] 6L ==0.125
0.100 0.100
5 == Ref1.2 5 = Ref1.2
4r 4-
Z 3 Z 3
g 3
5 o
S 2r S 2r
'S 'S
1 s
0 o
- 1k
-2 i i i i i i - i
0 1 2 3 4 5 6 7 0 2 4 6 8 10
Stretch(mm) Stretch(mm)
(a) FEM (b) SPG

K5 il st

3.2.2.  BRIRVHE AU

AN F AR 0.125 mm B R REEE B, H FEM AR A FEM-SPG 43 SIAR AL T AS B Rl IR i
TR - R AR ) 2556 A R B o VR BT Al AT A F8 #my i 2, Bl A it s A %
W NFTiEA 1 BBINR 1 o BRI IRHEN B 2 L, DL HAZ SR 1 3 AR A 1
60% 245 0.09, 100%& 0.15, 140%& 0.21.

BRI AN [F IR HE I B B L 6 Fios . MBIl LA EE 3], it FEM 82
VB4 FEM-SPG, IB5iR560 M0 N K f B om g (e Ko 1) EO R A — 2 i BUs:,  Finb,
e ARV DU P 58 5 ok S 5 i o7 () T A B 25 o AR ORTE , PR O AL 4 SR X A AR v U F At
T TR A A IR G- TE MARTE 25 5 .

—60% —60%
—100% 35
140% |

Force(kN)
o
w
Force(kN)
P

2 3 5 1
Stretch(mm) Stretch(mm)
(a) FEM (b) SPG
Kl 6 RIEGRI AN B HE N

B 7 BoR TANFEBEIAEN S+ R R 0T A R BRI, A PR TR X AR R D (1
PR ME iy, BRI (KA ) R r W 2R i 10 RE R MR A RE 0 A1 BE 5 B OR VAR DU FR B v
WERE, T E MR SR B SR TR R 507, RE FEM-SPG XSy
SRHE N R BRI A, T H, SRR HE e — e va B I CERn 90%~110%) » {7 HFr
P00 P 5 SN (B AR I HLABCEL A R 22 S AN K, DRI RO HE DU PR B0 WA — 52 R R 1



—60% —60%

| =—100% e ——— || m—100%
140% 140%

—Ref1.2 ‘ ( o||[=——Ref1.2

)

Force(kN)
_I\ o - N w -~ o o ~
&
q
Force(kN)
2o = v u e

N
N

i i i i i
1 2 3 5 6 7 8

J
o
o
N

4 4 6
Stretch(mm) Stretch(mm)

(a) FEM (b) SPG
B 7 s AR

323, Wig

AT A FEM AR A FEM-SPG BB, SR R BB EUER 1 FrZI R s R e
Rt th & B EGIERT, =B GEXNFRITITR) RSEAEMRAE, EFIEE 8 (d) .

Kl 8 Fron A%l B FEM FIVE & FEM-SPG BRI Ema v, M 8 (a) AL, SPG Friii
IR B 5 s i T FEM AT, [EIF, SPG Frit S s bR mi i A B e 8 7 oz i
T FEM. X2 FEM {FH 1 B el Bre AR DB RN, 1 K & 5 oo rMibs S8 7 95
FREEPK, FIULAHN AN IR, CRRRED) K Re RIS T 9 KORHIAIR AL o 7088 ARl e e
AR, BRI RE R AT BE 2 R KRS M E SE IR N o A7 B B S ) 1) S S
Aot (WK 8 (b) « (¢) ) fIR, FEM Bl JLTFHEA G XA ER G MIBR, 1 SPG %
AR PG X AP 2 (BT DATERERE) o BRI SRS AR IS SR, AN 2
SR, X5 P AR BT B AR AR

4-
35

2.000e-01
1.800e-01 l
1.600e-01 _|
1.400e-01 _
1.200e-01 _
1.000e-01 _
8.000e-02 _
6.000e-02 _
4.000e-02
2.000e-02 ]
0.000e+00

Force(kN)

0 2 4 6 8 10 12 14
Stretch(mm)

(a) FLFE BT i 2k (b) FEM (c) SPG (d) I
Kl 8 RIES ik tl: FEM vs SPG

HH FEM FVE 4 FEM-SPG 43 A A FL I AR i ma S 0L 9. B 9 () HIihiZk iR, H
SPG 1T TSRk B BT TS0 25, 1 FEM T ¥ 5 2 m I O HL SR 45 M 7E B,
N2 A AT e BRI I T SPG BN . SRIERIERML, XAt T FEM ff Eid 2
HREMHITOMEE, S TYRMBERERSI, NS R 5RE K& e B ILEE /), TREE
WS - R il i 22 A e BT R SR B I N B O B, AR b R A S R N AR A a9



(b) + (o) fiow, AR RIREOT AR M BIR, Hrf FEM JLF “Biash” Mgk 78B4
PG X, M0 SPG 45 RN IGM XA iR o[RS WL B3 A (B RS R AL AR
ki, 5RO B GRIEBIRTIA R S mERD M.

== e — E§E B N
6 e Ref1.2 il I .
i |
ki 8
| Ll |
| N I Y
0 ; ]

| ] | |
-20 2 4Stretch(mm? s b ! !

(a) 1% #ifr Hh £k (b) FEM (c) SPG
K 9 +Fhfh4l: FEM vs SPG
4. &g

AIAE AR ICE (FEMD MOGHPRL 7ML 7% (SPG) R i 8 12 Sk F 3R 8 A0+ iz fif
FEEAT T HUE Mo BUE VAR S E I BB RS B 798, DRSE A AR SRR
RGN, SCEABHTT T BUES RS BIAMEN U . 2R S, AT (FEMD {54,
SRR B A D R BB v TG RL ML 3k (SPG) o MNESUAE 45 T BB v U PRy S Pt T
CAHEITr .  BARE 25 B B0 X 5 AL Wi L P I A o R

HUESS R EIR, ARIGE (FEMD 456 3l BREASRESIM B R B S8R, S8T
VIR RE R B%, T AT RE =™ ARG S M A A Joma B (SR RED AR REBIRIRE 5 TGy
R il ik (SPG) MW RS AR AL BEABL K R S BIR,  RES IRIEY) R 5 RE B ~F 1,
T BE 8% 58 AE AR S 25 R TR 5 B2 S Re R, RIE, SPGB SE BRI SE A 805 V. e
ZHRHINE, Lk FEM 82 SPG, i HAE LSS RIAK (R BB S B e A R
Ko HT SPG IR HT BRAR KT LUEIE RN AL 5 BAR G b, DL S
G EREEY AL TIVANQIIE 0D e o/ DI

S 3k

1. Wu CT, Koishi M, Hu W. A displacement smoothing induced strain gradient stabilization for the
meshfree Galerkin nodal integration method. Comput. Mech. 56, 19-37, 2015.

2. Wu CT, Chi SW, Koishi M, Wu Y. Strain gradient stabilization with dual stress points for the
meshfree nodal integration method in inelastic analysis. Int. J. Numer. Methods Engrg. 107, 3-30,
2016.

3. WuCT, WuY, Koishi M. A strain-morphed nonlocal meshfree method for the regularized particle
simulation of elastic-damage induced strain localization problems. Comput. Mech. 56, 1039-1054,
2015.

4. Wu CT, Ma N, Takada K, Okada H. A Meshfree Continuous-Discontinuous Approach for the
Ductile Fracture Modeling in Explicit Dynamics Analysis. Comput. Mech. 58, 391-409, 2016.

5. WuCT,BuiTQ,WuY, Luo TL, Wang M, Liao CC, Chen PY, Lai YS. Numerical and experimental
validation of a particle Galerkin method for metal grinding simulation. Comput. Mech. 61, 365-383,
2018.

6. WuCT, Wu Y, Crawford JE, Magallanes JM. Three-dimensional concrete impact and penetration



10.

11.

12.

simulations using the smoothed particle Galerkin method. Int. J. Impact Engrg. 106, 1-17, 2017.
Wu Y, Wu CT. Simulation of Impact Penetration and Perforation of Metal Targets Using the
Smoothed Particle Galerkin Method. J. Engrg. Mech. 144(8), 04018057, 2018.

Rezayat H, Ghassemi-Armaki H, Bhat SP, Sriram S, Babu SS. Constitutive properties and plastic
instabilities in the heat-affected zones of advanced high-strength steel spot welds. J. Mater. Sci. 54 :
5825-5843,2019.

Park N, Park M, Kwon J, Huh H. Material properties of the nugget zone in resistance spot-welded
DP980 steel joint at various strain rates. Sci. Technol. Weld Join. 23:7-12, 2018.

Hallquist JO. LS-DYNA® Keyword User’s Manual, Livermore Software Technology
Corporation, Livermore, California, 2019

Ghassemi-Armaki H, Bhat S, Kelley S, Sadagopan S. Quasi-static spot weld strength of advanced
high-strength sheet steels. Welding Journal 96:104-112, 2017.

Radakovic J, Tumuluru M. An evaluation of the cross-tension test of resistance spot welds in high-
strength dual-phase steels. Welding Journal 91:8-14, 2012.



