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Research Progress on the Effect of Welding Process on Weld
Geometry and Joint Properties of Stainless Steel Sheet

LI Zhuoxin' , WANG Ning' , TILLMANN Wolfgang®
(1. College of Materials Science and Engineering, Beijing University of Technology, Beijing 100124, China)

(2. Institute of Materials Engineering, Dortmund University of Technology, Dortmund 44227, Germany)

Abstract: Stainless steel sheet, as one kind of energy-saving materials with superior performance, has been widely applied
to national production, and has broad application prospects. Based on the importance of stainless steel sheet, studying the
welding process is of great significance to promote the development of stainless steel sheet industry. In this paper, the effect of
welding process on weld geometry and joint properties of stainless steel sheets are reviewed. Weld geometry of laser welding joint
is better than that of arc welding joint for stainless steel sheet welding. Good weld geometry can be obtained through appropriate
shielding gas method and waveform control. High energy beam welding and friction stir welding can optimize the joint

mechanical properties due to grain refinement. The corrosion sensitivity of joint by welding process of low heat input falls off.
The shielding gas flow rate and external magnetic field have strong positive effect on corrosion resistance.
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o, HL R R A A e, xfE LA DR IR T 17 6 4 1O o
i, HaSEUR kA WAL, S Ak e &
[ e S e = N1 6

EET A AR L 0 B B, AR SCERIR TR AR
He T2 Rt T2 ) 0 r R B AR A S 5 A A 4 1
ORI FE IR, R 4 A TR AR T 200 AN 5 0 A A
BN RIS VERESL W R BT T I, fi i X AR5
BT,

2 RBREIZWAFRHEREEREHNRIE

BEE NG NEUR L 2 N, TS0 e s 4
L i = N W SR ) 2 Py S o ) ok <3

EAWAE S 2 mm 301L AFEHIIEATIOE AR (laser
beam welding, LBW) S5454bA% 15 1S ARES 4 (metal inert-
gas welding, MIG) i, PIAPFREE =T B MRAE 1 1H 5 AR
T AT, (0 MIG R4 R 4515 1 BUE A g . LBW
JREERT R A A, MIG JRAERTH &2 KB 6, XEHT

MIG JZ e AR T LBW KIRZ, 2 REM TR
BAR, BEAIRIR SRS RS, DR RO B T I sk
TR B R, SRR AR R AL B, LBW S 4% iUE
B, MREET R LT AMAERG R R B G , JREE 1R
AR L), SREEE AN 1. 64 mm, MIG YR4EH) 15 v
IKFNT 6.35 mm, M HARGER R, KM m AT oA
WA, LBW SREEHUBAR T MIG 1 4%,

Siva Shanmugam 2= 21 B A5 BE JC 92 ( finite element
method, FEM) Xt 2.5 mm (1) 304 A5 40 A 5506 s B 72
HEFTRSEANL, I 40 B 1 08 4 S 8O0 R 8% BUR R (52
FHEZPRIN L 251 5 FEM 85 5R3- 17X 1k, ISR SRR
BRI IR 229 R 3.23%  4.15% F115.11% , FEM &
Mgk 1 PR’ . AR, WO A 85 [
B 750, JREEIETR. TR SN OGNy 500 W
IF, v 2 BUE, YOG AIAF] 750 WL R,
RN, SEEE

*1 FESHTELAEEERTHRTEER

Table 1 Calculated weld dimensions of laser spot welding process!”’

Beam incident angle, 85° Beam incident angle, 80° Beam incident angle, 75°

Beam exposure

time (s) pfriﬁlr};t?ofn Bead width Bead length pfneilr};t?ofn Bead width Bead length pgneftlrl;t?ofn Bead width Bead length

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

0.5 0.673 1. 058 1. 162 0. 646 0.914 1.279 0.554 0. 827 1. 386

500 W 1 0. 863 1. 346 1.415 0.814 1. 196 1.598 0.761 1. 083 1.723
1.5 0. 965 1. 487 1. 506 0. 892 1.302 1. 678 0. 855 1. 115 1.852

0.5 0. 823 1.163 1.175 0.763 1. 098 1.312 0. 697 0.923 1.534

750 W 1 1. 075 1.426 1. 481 0. 965 1.298 1. 685 0.874 1. 167 1. 836
1.5 1.327 1.529 1. 687 1. 195 1.427 1.759 1.023 1.221 1.924

0.5 1.276 1. 256 1.286 1. 157 1. 198 1.458 1. 035 1. 025 1. 625

1000 W 1 1. 487 1.51 1.748 1.354 1. 356 1. 947 1.253 1.292 2.153
1.5 1.712 1. 696 1.824 1.584 1.522 1. 986 1. 435 1. 465 2.263

Hao 25" BFFE T OCLFHOEHRBAR X 3 mm JEE K
304 EHEIMR GG BUE B2, K R B 25 OG AR 9 R
BINR, JEEERTE B RALIE R V RS U B,

TRAP SIS W AR T 2R PE R O R 2, iR
I R o NI WL B Bl 1B 97 0| A
Sathiya 4" PURFSY TR R AA RS 904L R4 CO,
BOL-EAL ALY AR (gas metal arc welding, GMAW) &2
BIHREENIE R, W 5% 1 0,81 10% 9 N, 43
BIMA 50% He +45% Ar f145% He +45% Ar [FIRAS,
e, BB RIE TR . O, 78 F i R il O JR
T, HE AN S s ) R TR T, IR o Bh

Dl AR AR A A
BEX, LI GMAW & X, R I o IE 5 X,
FRAEHR T A5 DB B A2 2 Rt

A SCHIRFE R ST 134 HE 1) D7 2O S AR R 4 T
T — i, B S R B, P
FEEH . DIWCRIAE 3 R TR, (& BE9E T 3 RS
PRIEHE LG 7 s CRRAt AR L Al + A8 Dk + K4
X3 mm JREEER) 316L AEER MR CO, HOL-TIG &2 A 45 1%
TR R, e Sk e IO AR AR 4007 30, e AT
ABLLEHY) He-Ar {RASUA, HRTCIEAAT BEAE B REHEIA TR 5
EAERHE + R 50730, SR E AR ) He
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Table 2 Bead profile measured values with different shielding gases!'!!

1 1 1 1
0123456 78 91011121314151617
Height of side nozle (mm)

GMAW part LBW part
Shielding gases
Height (mm) Width (mm) Weld area (mm?)  Height (mm) Width (mm) Weld area (mm?)
50% He +50% Ar 2. 6079 5. 1855 6. 1490 2. 6986 0.7019 1.9252
50% He +45% Ar+5% O, 1. 1860 4.4534 3. 1862 3. 6668 1.2344 2.9319
45% He +45% Ar+10% N, 2. 1964 4.4110 4.7385 2.8015 0. 6535 1.7114
RE P BGRE) 50% LUJS, RIAT ARG A0 i i I 4g . X J2 _ ‘
_ e Al A ‘ s Flow rate of assist gas (L/min)
H T [l O BE A M RO S5 B AR BT, B SR IBOE- 0 2 4 6 8§ 10 12 14 16
P B TR AR T, B AR B R b, WA 2 y -
T AROR, g” k\\\sij§::i////
£
1.5+ 4
4 laser beam g / \ .
o Flow rate of assist gas
. / ° Height of side nozzle
coaxial nozzle i 1.0 F \ .
k=]
o . TIG torch o
trailing paraxial nozle S
leadi . 2 051 i
eading paraxial nozzle =
/ 0.0 1 1 1 1 1 1 1 1 1 1 1 1

B 1 CO,MOG-TIG 52 4 b e He g Jy <t 1Y)

Fig. 1 Gas nozzle arrangement for hybrid CO, laser-TIG welding! '+

SEARAS S B g T 0T X 2 mm 304 55
Br LBW JREE RO RS2 . S5 3RIT, T i A e <,
UL BB AR 2Ry 40° I KRR TS TG TE e K Bl Mg o
OB, RRGE E T 90 W GO0 )N T TR e 3G O UK
JLERTE 10 L/min [, TETE 588 B iR/, 75 044 5835 3
R, GNP 2 TR, ARk AT d e R A TR A AT AR
SRR Ay 2R B4 R R OB B Y E Y

FEAH AR IR GMAW 2 H R 5 R 3 WL Ry
Bz, (RN, AR K. R UE
25, W TR R D R ]
DAA R G, e i O i, A SCRRARE
L& 210 =RV A NP a3y N =18 A NP G P 37
Tt B (ORI HL JAE 1100 18 TR0/ 0N, e 08 R B e R oK
HL T AR RS/ N S 3 s (A T AN AR I, B
LI Ht S I [ 1) 3 DI el s TR I S 1 R L R s il
HAET, EAMIEFRHEC IR T &R AR EBOR (cold
metal transfer, CMT) """ "™ XUk w5 Ak i < 1A 37 065
B Femmiak a8 B 45 AR (surface tension transfer, STT)
DL B 5 i W B 33 9 £ R (controlled  bridge  transfer,

P2 [ v B Al Ak s s )
Fig. 2 Width of weld seam at different height of the side nozzle and

current rate of gas flow! 3

CBT) 20 2V A 2 A Y P R BIORR HE R, 3F 1% HH T iAR
TREESUR SR GMAW 57732 137 FH T A5 45 40 7o A A2
B, KRBTSR,

2 LTk, LBW T 204k sV A6 T 5 P A 1 L 3
BT, R, R i A SR B
PAE I B HE 1) 72Xt T 4 2 4 O i . GMAW 7 i
aob P A B e e O B R AR AR EEROR, Aok ]
LR Ay ol 38 A5 4 T 0 8 B 0
3 BEIZMNAHNHERIEZELMULE

A kel == kAl

DA R £ 35 10 25 B SR AR S D) R i . AR
SR, MR I TR T R B R B, Bk
SRR, 12 rEREOE Y. Yan X T OTIC 4
WOE-TIG &A1 RO 3 AP T 2% 3 mm f 304 REEH
AR 5 Sk MO 2E 20 T 1~ ME R B S, 3 R )7
I R A LA B Ty TR0 30, B R
o TR0 T R4 S 4 DX BT B 00 o ) B R 43 31 g
10 ~14 pm, 4 ~8 pm, 2 ~5 pum, B TIG 45 Fr I8 % 1 5
RN, OGS T B R AR X B8, i 3
TR IR Ty TR0 T IR A A X T AR )



234 Hh A e ik

H31 %

#9139, 7.2 H16.7 mm’; REAFREE G I 7 A EEEE
Ky T AT W AR ES AN, = R e 43 560,
683 71 733 MPa, RO AR i 1545 4% &fohr 5 4 /N EU
1R REE NS o

B3 AT SRR M RHIIESR . () Tpdiesk,
(b) JufEdk, (o) Ik

Fig. 3 Microstructures of joints welded by different technology :

(a) Jgjoint, (b) Ji joint, (¢) Jy joint(?]

Wei 252 BIFSE T HOG D) 3R X 2 mm A 45 A4 2
B BUsh a0 I TERERUSE I, WESEEREE, BOCThR % E
PR IR R Sk HU R RN T S AN K, (LR BB
JETRE BE 40 kW/em® $E15 55 kW/em’ 572, 45145
ek Piah B I TEREN B R R

TR 2 B 1 9K & 4% (micro-plasma arc welding,
M-PAW) L2 — i BE SR AR 4 T2, LR /D T
30 A& TR CFRAR% . Siva Prasad 25 fi ik b Al
ELI PR 19 M-PAW 4350 %F 0. 25 mm JE ) 304L AR
PR A TR, Ko 2R BT AR Sk A X R
YIRS 22,03 wm, B AT AR SR 24 R
31.23 pm, FERKAPECE B 200 SRz 40 ik
TRV EL I PR AR AR 2 42 3k Wb BCRE B (HIV) 4333 2 200. 8 ~
226.4. 180 ~208. 4, [k s 75 2] i 42 3k RO B 4K
Ko d S AT RBK rh A 2R L B 5 nT AR B o
SO S AR Sk o 3302 H T ko R T R Y AR 4 v
IREAE A, SEBLGS AR i A RO, BEAE BV A Y
Ak, MRk WM SR SRR K A B R A
N 5 43 2 g™

FSW R Ry — TR B i [ AR KR LR AR, @I T
PREE G A MR, B H AT TE N B W 4R BN
/020 Bilgin 250 %t 3 mm 430 N5 4K AR SR ] FSW
LTI, RIAES PR B 52 1120 o/min, R
3.5 kN, ARHEHE 125 mm/min WA 15 2y E YRR AERY
4% . Sabooni %50 P BFSY T FSW L% H ¥ X2 mm
304L ANEE AN AR AR % 42 ) it ohn N K A PR Y S,
SRR AE 20 mm/min B, 2945 50% Y AR4E SR R T
15 ~20 wm; &3 7E 80 mm/min B, £ 70% L) |- A% &b ki
ROFAT ~9 wm, MRHEHEERG R, AR R R 080,

AR, gk 3 R
®3 FEFSWRENEERNRTREMERE"
Table 3 Grain sizes and microhardness values of weld metals in

different FSW welding speeds'*!]

Welding speed Peak temperature  Grain size  Microhardness
(mm/min) at weld nugget (°C) (um) (HV)
20 960 21 190
32 865 15 -
50 770 13 245
80 720 11 285

Chuaiphan 25 BF5E T 49 R4 (gas tungsten arc
welding, GTAW)XEEEHEEENT 2 mm 201 ANEEANIREE S B kL
RGF K I 1R, BEAE SR B 1.5 mm/s S0
3.5 mn/s, AREEGRIR ST 198,67 pm J/hE] 102,21 pum,
PR REE R, (B EMRAAT T R R, i 31% Jsisb
$26% , FHT3E 2 Bt o AR H S VT AL SR v R
(AT RES I HIBRIERE FIE, fne 4 TR

£4 FFE GTAW 1RiRHIREE Bk R~F B e
Table 4 Grain sizes and tensile properties of weld metals in differ-

ent GTAW welding speeds!**!

Ultimate tensile P 1
Welding speed Dendrite size Cell spacing tmate fenstie Tercentage

(mm/s) (um) (um) S(t;;;it;l elo(n;at)mn
1.5 198. 67 20. 11 526 31
2.5 158. 96 12.95 546 29
3.5 102. 21 8.44 565 26

Watanabe %5V 2 I R s 41 T GTAW S5 4%
L, X1 mm 444 REERBEA TR, 7E 4 FiOAS [R5 4
BE(1.67, 3.33, 6.67, 10.0 mm/s) T, XFELIIA S AN
N R 237 ) K ok RS i A8 Ak, 2558, A
P IR 3137 AT DA RO N SR RST I ELZE ARG R 2 i
RORWA G, Qi 4 B, IMABAEIREY G, 15 4% Hr i

450

400 KXY No vibration
350 § V7] Vibration |

\
200
150 -
100 -
50
0

1.67 333 6.67
Welding speed (mm/s)

N W
(=3
=]

T
1

Grain size (um)

P4 R P R Sl S TR A T R s )
Fig. 4 Average grain size of the weld metal welded without and with

ultrasonic vibration using various welding speeds!?!
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SR S DT AL (P e A A A v, DT S A R LA A
IR S I T 40% o X B L 1 AR T2 T
HGEW . FSW T. 25 8 4R 82 4 3k b R ¥ KRR/ T
GTAW [ dtbi R ), GTAW FAR W]l o $2 s el . Jm A
IR % T — L ik, (HHACRA A A B,
THEXT GTAW f83: T A — I R IF9E
4 BEIZXNAENEREEZELBMmT

A F M

R AR A2 2R IR W B v A AV A 3 XN B AN
23k o5 b RS DD S b AR e 2R S L BRSRE TS
A BT 3 S AR AR 2 3k O R ke

Lu 2" X% T GTAW 5 LBW T 2% 2 mm 304 45
MR S s e BB A5, GTAW A4 3K Ji 1 60
min J5, FERREET 0 BOE A MEE B A il LBW K4
ek Zead 120 min WS, BEAF LA W] X083 B B A9
MR, MiRSEX TS h, B LBW XR4E L GTAW 47
ZEWT S, BFSREIN R, A 3R [F B R A 4
TLREMIRBERE R e K2/ P ES, RFEPIFMIEE
T ARSI s AN [ ) R A

Lakshminarayanan 21380 5k 400M SN AT M IFST
KIL, FSW ARER1E 3k 8 il ol e BH B AR FAE 48 19 rL IR,
X5 FSW BRI R AAT O, I ] Y FAu AL fel 0 e
SLAERAR IR X a5 B o R, FRAR T 28 Cr KA &,
(AT et P 3 7, FSW 422 3k 1 b ) )6 et 36 Ot )
e BEREDX > BEAE > G X A K TR ik S AR kL
KNGER, HEh CER—E, MR/, & A
R, BN T AR AT R AR T A BORAIG, BRI
(i) g o A e A 1K

(A SCHRARAE ), 388 A T AT ARG B FR R
AN A R S e AR, SRR R, B AL A S AT R T
TR, AR RSN 55 wm 351 #) 89 il 145 pm,
PG R 0. 1936 AR ) 0. 1219 F1 0. 0988 ( R, {H
K, BLECIRANEE AN i (] e s B ) it ) o R
2 B Arr RS 38 I T AR 30 3% BHAS 45 ) o [ g o A
B SR RO SE AP — R R R, (B SR R/ e] 52
Mol [ b, AT B — DA SE, IR AL

BB T2 i T R IR, AT R Sk R
TR . SR AL B Y R TURE T 20t ] A B AR 1R] B 1
Sudhakaran 25 BFSY T GTAW 5432500 202 R4 4K it
SRR, XIS SRR . R UK
RS 5 BB AR B B U R A T A5 1l Y £ ( pitting re-
sistance equivalent number, PREN) ikt %, HorA s
B RIS S PREN gUIE LL#IDC R, PREN B
HERWIE R IR 5B M. RS PREN g2

HeIoC &R, PREN Bl B4 it

Curiel 25" WIS T AMNRE T %) 304 4B GMAW Ji
B A i XS AT N R, TG AN 3 18 A R
B B X BT S8R 100 ~ 200 nm [T Cr X, X
SABKIEME A M 14,7 mT #@g350t, SHAL Cr 431
W/, #ESRHR AR IR AR Y Cr 9w R B
BamrEN, B AMNNREA R T 304 RNEER IR 4 A
Wi X B R, gl s prR

0.59
“1OT Jo.s8
. - . |
= 014} - Degree of sensn}{satlon Jo.57
= —e— Resistance to pitting Toss
S o012t jos6
g A 1055 2
g olor Josa B
E 1 -
g 008 Jos3 §
s £ 10.52 %
o =
g . ./ Jos1 &
3 4
80041 ./ \.%\ 10.50
0.02 - — 10.49
0.48

1 1 1 1 1 Il 1 1 L
2 0 2 4 6 8§ 10 12 14 16 18
Magnetic field (mT)
WIS b X AR AR i A7 S 1)
Fig. 5 Corrosion behavior of weld seam as a function of the intensity of

the magnetic field applied during welding!*

LBW . FSW SAR4% T 20 h T #i A B AR, AR LA ol
T (CTAW, CMAW) 423K Ji fh U Pk A1 2 i 7
e B R AP A e SN 37 T A e L IR Sk
RS JE P o At RS G D/ 2 (8 A A i Il s 52 00 4 P o
fi%, En]REde w Hpt dn Bl e RE, e, anfelfe ik &
LR BT[] I 418 g 2 Sk g 2 PR RE M LI ok i, 38 A9 o
HE— IS

5 & &

(1) BEOGIE 3 A 6550 WA KR 4 R A T F ks, A%
ek Bief, At 6 R AR S AR 1 HE B 7
PTHRE S ARAE R T, TR A R R AR AR 4% BB 1) —
AR &7 . GMAW ] 3 3 ik J 45 il sk S i i 37 ek 3 S
BERUY, PRmEIRERCR, Rk RT DUy $2 AR 4% BUE i
SAHTBY T2, EHE Tz N AR A AU

(2) HGEW, FSW 284545 T 25 AT A Rk st 28 Ak 22 3k b
ki, JIFPEREAU B, GTAW AR W] I i $12 vy A5 436 3 3 |
AR R T2k dbkn, ERCRTRAE R, &
SR — % GTAW T 2377 R W58,

(3) G A T2 (LBW . FSW) firfg- 4% 3k i ik
BRURMEAIR T F IR 220 (GTAW . GMAW) 48 g A5 422 33k
JEE R AR S A B A 37 T R g e TOAR 2 Sk T S ok
PE o AN b 18] 85 o B M 5 b R AP e — 2 R R,
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