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Fatigue Behavior of Friction Stir Welded Joints of 6061-T6 Aluminum Alloy
by

Yoshihiko Uemarsu*, Keiro Toxan ¥, Yasunari Tozak ** and Hideaki Smsara**

In this study, the fatigue behavior of friction stir welded (FSW) joints of 6061-T6 aluminum alloy was investigat-
ed. 6061-T6 plates were joined with the welding speeds of 100 and 200 mm/min and the rotation speeds of tool of
1200 and 1800 rpm. The microstructure of the weld zone was classified into three regions : stir zone (SZ), thermo-
mechanically affected zone (TMAZ) and heat affected zone (HAZ). In the SZ, fine equiaxed grains were observed
resulting from dynamic recrystallization, and TMAZ was recognized as the microstructural transition zone between
SZ and HAZ. Vickers hardness measurement revealed softening inside the weld zone, which was attributed to the dis-
solution of precipitates due to temperature rise during the FSW process. Fatigue tests were conducted at stress ratio
R = -1 under axial loading. It was found that the fatigue strength of FSW joints was lower than that of the parent
metal and the location of fatigue fracture was dependent on stress level. In the high stress region, fracture occurred
at the TMAZ, while at the HAZ in the low stress région. Macroscopic observation revealed that the localized plastic
deformation at the TMAZ was responsible for the fatigue fracture at the TMAZ. Such deformation at the TMAZ was
not recognized when the applied stress was low and fracture occurred at the HAZ. Based on the hardness measure-
ments before and after fatigue tests, the fatigue fracture at the HAZ was attributed to both the grain refinement at the
SZ and the dynamic aging at the SZ and TMAZ by cyclic loading. The microstructures, hardness profiles, tensile
strength and fatigue strength were hardly affected by the welding condition.
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Fig. 1. Schematic illustrations of friction stir welding process.
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Fig. 2. Microstructures of parent metal.
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Table I . FSW conditions.

Rotation speed

Translation speed

Designation (rpm) (mm/min)
1200-100 1200 100
1200-200 1200 200
1800-200 1800 200
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Fig. 3. Configuration of fatigue specimen.
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Fig. 4. Schematic illustration of weld zone in FSW joint.
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Fig. 5. Macroscopic appearance near weld zone (1200-200).
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Fig. 6. Microstructures of weld zone (1200-200).
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Fig. 7. Microstructure (TMAZ) between SZ and HAZ
(longitudinal section).

Fig. 8. Microstructure at TMAZ (surface).

Ricd, TMAZ 13 HAZ L5 HIML L 7= SZ &0
ERERTHDILARLTNS,

MDOBEZMEICH TS SZOEMEE (Top ™) %
Fig. 9127, BAMANDOABEL Y - L BEHROHH
WEPBEAEZMICE > TER S8, SZ TOXMREHHL
EBARMCIRET 2 Z L BB XA TWE LA L,
Fig. 9 D & ICthOBEEEFMHEITHE T Y SZ TO LK
ERTRIE 8 ~ 10um TH Y, TMAZ R HAZ £ &% T
PR T 2 BARBEOHBEIAD b NE 57,

3-2 WX9H

Fig. 10 ICE2 A 2BAZMHDO FSWHFIcK T 52Fm
(Top ) OWEXAAARY. HAPICIEZRMOE X OF
PHEEBRR TR LTV, & DB X5 IdEA SN
ITIFLACIKTELTE ST, BABTIIHM LD 0
METLTWBZEbhrs, B3 SZEMD TMAZ
TR/hNEeD, HAZ CER U TRHMOMx &L —Hd 5.
& B ABE DK Bottom T, Fig. 4 TRLALD
IZTop T & D & SZ, TMAZ, HAZ DFEIRIZ/INEL & 5
A, Top M & IEITFE O X 340 & 2 - 7z, Fr LAY
DAETIE, HARKOBEEEIC X D BASIIERSSIEE
IZEL, MHMAHBENE 27201 MET LZLH
AbN3D WE=TMAZ TRR/NE 8 5DI%, s
BEB L2720 7Tk, SZIEERSER ORI 51T L
TN EEIONS,

(b) 1800-120

e 1

Fig. 9. Microstructures at SZ (1200-100, 1800-200).
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Fig. 10. Hardness distribution in friction stir welded joint.
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Fig. 11. Microstructures of the specimen surface with
T6 treatment after FSW (1200-200).

Designation Tensile strength Elongation
op (MPa) 8 (%)
Parent metal 308 15
1200-100 194 7
1200-200 205 7
1800-200 204 7

(a) Macroscopic appearance of tensile fracture (1200-200)

v (b) Fracture surface (c) Fracture surface
(1200-200) (Parent metal)

Fig. 12. Macroscopic appearance and fracture surfaces
of tensile test specimens.
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Fig. 13. S-N diagram.
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Fig. 14. Fatigue strength characterized in terms of
fatigue ratio.

(b) o = 80MPa (fractured at HAZ)
Fig. 15. Photograph showing fatigue fracture (1200-200).

THHEE L =R OF — 2 ThH DI L, 1RIGHDE
FRER IS A HAZ TH 0, BERNANER S
7HEELLND,

TMAZ ¥ &K U HAZ MR R & & - 72, 1200-200 #4
RERH OEMRBREME % Fig. 1513RY. (@ O TMAZ »
PR R & 2> T B384, Fig. 5 T L7z& 5 7% Top
& Bottom M COERM AMBOIEATEIZ LD, mEEK
54\ TMAZ 738 AMTENZEEMZTE U TR RETOALE
IKBRENE L TWA Z Ebh 5. Thbbminfl T,
ZD &S BEREIRDIBHER D=0 TMAZ H3HEEHE R
D, BMICHARTRESERBEMET LZEEL
BB, Y 25T T Bottom HCHRAELTHED, HAZ
H AR U TR ICE 572, L7243 T, Bottom T
RlicH T 2B TORNEPRESKRENEELONS,
—7%, (b) O HAZ BBERPEA L G- =5ATHE, (@ D
&5 BE¥ERAE U T, F 2R S 25 Bottom TH
IZRmBZ &g %<, Top EHHOMEEFERRER LS.,
Tabb FSW T Tk, ISHhEH L E DN IMAER
ZFAUT, X OENSZ R TMAZ Tidk <, RERIC
HAZ CHEFBENEL 5. :

Fig. 16 I35 sRERIE T #1012, 1200-200 #1 D FE HiBE X
SAEERE LR TH 5. BAIOWE 13, RERATX
D EF LT\, BIEEEA TMAZ T, HHHRE L
Nt %8 5 340cycles & R OIBETEH S E EH LT
B, ZTNIHEOE LICK 28MESIBE L%
Zbhd, 7z HAZ S REEOBAIL, X3 LA
U72SZ LIZIZRIEEOW & #6535 ME CHRENE U
72, ThbHEAEBEE TH UL, B EOKEN
HAZ THENEU B EEZ N5, &k, fBRETHS
TMAZ O E AN E 5 TOB A, ZOES ITBR T
REBSEPo7z, ZOEEBEE LT, TMAZ TORE SN
AL, A S OB AN O SR IE A D OB
RENELONED, FMIIARBHATSH S, FSW Tidk, SZ,

140 T

Before expérimenlt ' ' l
130F — —- After test — fractured at TMAZ

Vickers hardness HV

0 i

50

—40 30 -20 -10 0 10 20 30 40

Distance from center of weld zone d (mm)

Fig. 16. Hardness distribution before and after fatigue
‘tests (1200-200).
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