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Applicability of Friction Stir Welding (FSW) to Steels and
Properties of the Welds
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Abstract:

Applicability of friction stir welding (FSW) to steels was studied with respect to the tensile strength and thickness of
base metal. Using the advanced high strength steel sheets with tensile strength grade between 590 and 1180 N * mm °
and thickness of 1.6 mm for automotive applications, the appropriate parameter windows for tested steels were
investigated. The result showed that the higher the tensile strength of base metal was, the narrower the parameter
window became. The investigation of weld joint properties verified that the tensile strength of weld joint was as high
as that of the base metal up to 980 N - mm 2 grade. Using the structural steel plates with thickness of 12 mm and
tensile strength grade of 400 N - mm 7, it was verified that the appropriate parameter existed to produce sound

welds, and the investigation of mechanical properties of weld indicated that the toughness within the stir zone showed

the variation, conceivably attributed to the inhomogeneous microstructure evolution.
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Table 1 Carbon content, carbon equivalent, and tensile
strength of steel sheets tested

Carbon Carbon Tensile
Mark content equivalent, |strength Steel type
(mass%) | CE (mass%) | (N - mm )
HT590 0.08 038 647 | Precipitation
hardened
HT780 0.05 0.46 795 Dual phase
HT980 0.09 0.61 1015 Dual phase
HT1180 0.13 0.55 1214 Dual phase
b Tool tilt angle: 3°
Advancing side
. &
;FZICkneSS: — Welding direction \QQ
-0 mi, Retreating side »
H QQ§

‘ 300 mm N

1 EEERREHOETN
Fig.1 Schematic of welding setup
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Table 2 Welding conditions

Tool rotation speed
(min"")
200-600

Travel speed Tool tilt angle
(mm - min~") )
100-600 3

Shoulder diameter:
12 mm

Prove length:
1.4 mm

Prove diameter:
4 mm

2 BEEEHEs FSW) v—ILoORIk
Fig.2 Schematic of friction stir welding (FSW) tool

kl.0mm ,15mmR JWeld

25 mm 35 mm

— [¢ 60 mm PN

200 mm
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Fig.3 Geometry of cross-weld tensile test specimen
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BEE 1 HEBRTESNIAERNGHFONEE HT780, &4 Y —
JVIEIERE: 200 min~ - #EAREE: 200 mm/min)

Photo1 Appearance of representative weld produced by
the experiment (HT780, Condition; Tool rotation
speed: 200 min  “Travel speed: 200 mm * min )

RS: Retreating side AS: Advancing side

(a) Condition; Tool rotation speed: 200 min "'

Travel speed: 200 mm * min ™'

RS: Retreating side AS: Advancing side

(b) Condition; Tool rotation speed: 200 min -

Travel speed: 400 mm * min '

RS: Retreating side AS: Advancing side

(c) Condition; Tool rotation speed: 400 min~'-

Travel speed: 400 mm * min ™'

AS: Advancing side

RS: Retreating side

(d) Condition; Tool rotation speed: 400 min~'-

Travel speed: 600 mm * min '
EH 2 HT780 #tFOkm~< v Qs (£ ) VEEEKERK
ITvFY)
Photo 2 Transverse macrostructures of welds of HT780
(Etched with picric acid solution)
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(a) Condition; Tool rotation speed: 200 min ™'

Travel speed: 400 mm * min~' (Photo 2(b))

(b) Condition; Tool rotation speed: 400 min -

Travel speed: 600 mm * min~' (Photo 2(d))
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Photo 3 Incomplete consolidation observed in transverse
sections of welds of HT780
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Fig. 4 Appropriate welding parameter window
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RS: Retreating side HAZ: Heat-affected zone SZ: Stir zone Ac;: Transformation temperature
AS: Advancing side TMAZ: Thermo-mechanically affected zone BM: Base metal

EE 4 HT780 fkFOrm~< 7 O (Fr2—IbTvF 5
S: 200 min~'-200 mm - min~")

Photo 4 Transverse macrostructure of weld of HT780 (Etched
with natal, Condition: 200 min -200 mm - rninfl)

EBES5 HT/80#F SZN S &~ O (&4 200min -
200mm - min~")

Photo 5 Microstructures in SZ of welds of HT780, Etched with
natal (Condition: 200 min~-200 mm * min )
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200 min 200 mm - min ' DA THEA LI HET O S )
% RTo SZHRANT TR S PR & R L s,
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P HT780 & Y @ icORMH D= /v T >3 4 FHEHRD RS

RS: Retreating side  HAZ: Heat-affected zone ~ SZ: Stirzone  Ac;: Transformation temperature
AS: Advancing side  TMAZ: Thermo-mechanically affected zone BM: Base metal

g 450 i R —
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S T 200 i
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Distance from the center line (mm)

5 HT780 ¢ FHIEFEE 9% (%4 200 min~'
-200mm * min~")

Fig.5 Hardness profiles in transverse sections of welds of
HT780 (Condition: 200 min~-200 mm * min ")

RS: Retreating side ~ HAZ: Heat-affected zone ~ SZ: Stir zone  Ac;: Transformation temperature
AS: Advancing side  TMAZ: Thermo-mechanically affected zone BM: Base metal
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® = 300 H
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6 HT1180 #FUIEE 7 (4 1 200min~'
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Fig. 6 Hardness profile in transverse section of weld of
HT1180 (Condition: 200 min~'-200 mm * min ")
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Fig. 7 Relationship between tensile strengths of base metals
and weld joints(Condition; Tool rotation speed:
200 min “Travel speed: 200 mm * min )
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HT590 DT IR L, #EF5 RaEE IR e L v
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b HAZ T HAEL, QXN TEHRSNIUTIRL LT,
HT780=96%, HT980=95%33 & Tf HT1180=84% ¥ 7z - 72,

WFE (%)
:%liié'li}ﬁgﬁ&# (N+*mm 2 »
REFAB 388 (N » mm )

DLEX Y, FSWIZ & 35 |5E54AE 13, HAZ TOIR{k
BH2LOD 980N » mm * & TOEENHNIC B VTR
YIRIFE L ¥ 2 5 2 e DR S Nz,

3. BEREHRD FSW
3.1 RERAE
MRJE 12 mm, 513EHEE 400 N » mm 2§ O VA B 5 2

x3 MHEEROCFER

Table 3 Chemical composition of tested steel plate

(mass %)
Chemical composition
C Si Mn P S CE
0.13 0.2 1.0 0.01 0.002 0.31
x4 BEXG

Table 4 Welding condition

Tool rotation speed Travel speed Tool tilt angle
(min~") (mm - min~ ") )
450 51.0 3.5
Stepped spiral pin

Concave
shoulder

Shoulder diameter: 24.1 mm

Pin length: 11.4 mm

BEE6 FSW (BIEHES) V—ILONE
Photo 6 Appearance of friction stir welding (FSW) tool
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Weld

—>

25 mm 37\mm

! 37 mm” S0R :
! 250 mm '

X8 #FIREERADE (1504136 (JISZ3121) (<#EHL)

Fig.8 Geometry of cross-weld tensile test specimen
(Complying with ISO 4136 (JIS Z 3121))

W O THERIBRZITE - 12, & 3 ISR DL 24
WETRT. RAITRTHEASTMET, 460 mm BOZEEE#
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Ty F 2 RITIRVICPIAMENC & IS LT, AR
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TR LI, ¥ v v —1EEEEIS 1SO/DIS 148-1 (JIS
7 2242) \ZHEHLL 7CTAIR D H > 7oV e RIBHIRALE I B8V T

TMAZ Weld.center

TMAZ

RS: Retreating side HAZ: Heat-affected zone SZ: Stir zone
AS: Advancing sidle TMAZ: Thermo-mechanically affected zone
BM: Base metal

BE7 HEEMR@FOMES Y 088 (7 ) BRIk
BRI YFY)

Photo 7 Transverse macrostructure of weld of the steel plate
tested (Etched with picric acid solution)
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32 ERERBLUER

BEH 7 ICHARMSE D & 225 mm ONE QWi < 2 i
WERT, BAMICAEGHBE CORMSHFEL TELT,
e MEIEL N, 21, BETIORT &5 ICHEEH
GRS (SZ), BN TR (TMAZ), B8N (HAZ)

RS: Retreating side SZ: Stir zone HAZ: Heat-affected zone
AS: Advancing side BM: Base metal

220 BN
200

180 |
160 |
140 |

120 - —
-20 =15 —-10 =5 0 5 10 15 20

Distance from weld center (mm)

HAZ Sz

HAZ
) BM

Vickers hardness, HV4.9 N

9 MFEIERE S D

Fig. 9 Hardness profile in transverse section of weld

RS: Retreating side
AS: Advancing side

Weld center
BM: Base metal .

400 | Testing temperature
' © -20T
O~ —40T
= 300
>
20
£ 1BM (—20T)
m o
5 200 BM (- 40C)
2
2
= 100 f
o
© |
L L I I { 1 I I I

0
-5-4-3-2-10 1 2 3 4 5

Distance from weld center (mm)

10 MFEAETOY vILE—FHEDELL,
Fig. 10 Charpy toughness variation across the weld

&5 MF5RARRER

Table 5 Results of cross-weld tensile test

Thickness of sample Tensile strength (N - mmiz) Region of fracture
12 mm (As welded) 470
10 mm (Reduced) 479

SZ: Stir zone BM: Base metal

JFE $5%R No. 34 (2014 4 8 H)
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(b) —1 mm from weld center

(d) 3 mm from weld center

FE8 Vv/VE—&ERFE/ v FNETDSZ =7 OfEE

Photo 8 Microstructures of stir zone (SZ) corresponding to
the notch locations of tested Charpy specimens
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MWEIRLTCe —/7, S 6L VBRI T & 5 Al g
—40°CIZ BV TUE AS IZB WV TUIR LA DWRIY T 3 v ¥ —
PELNTZOICH L, RS TIHEWEY -7, BE 812
JEA e EEED 4 5y Fid /v F EICHIET 2 00E
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