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Table 2.1 Chemical composition of 2024-T3 Aluminum alloy (mass%)

Table 2.2 Static test results

Table 2.3 Average fatigue life and variation coefficient for each surface
condition (omax=250MPa)

Table 3.1 List of test condition

Table 3.2 Tensile test result

Table 5.1 Fatigue test results

Table 5.2 Number of observed corrosion pits

Table 5.3 Pit depths for various specimens

Table 5.4 Corrosion pit depth to short axis aspect ratio

Table 5.5 Corrosion pit volume

Table 5.6 Corrosion pit size aspect ratio (perpendicular to loading axis)
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Fig. 1.1 Friction stir welding (a) Section of friction stir welding, (b)
Schematic of friction stir welding

Fig. 2.1 Specimen geometry used for static tests

Fig. 2.2 Specimen geometry used for fatigue tests to compare effect of weld
condition

Fig. 2.3 Specimen geometry used for fatigue tests (a) As weld and both
surface grinding, (b) Top surface polished and both surface
polished

Fig. 2.4 Morphology of friction stir welding (a) Weld A, (b) Weld B

Fig. 2.5 Metallographic observations of sections for weld A (a) Section
perpendicular to the welding line, (b) Base Material, (c) TMAZ/SZ
boundary, (d) SZ, (e) Section parallel to the welding line

Fig. 2.6 Metallographic observations of sections for weld B (a) Section
perpendicular to the welding line, (b) Base Material, (c)
TMAZ/HAZ boundary, (d) SZ

Fig. 2.7 Hardness profile for weld A at different thickness direction

Fig. 2.8 Hardness profiles for weld A and weld B
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2.9 Fracture location and surface for the base material (a) top view, (b)
side view, and (c) fracture surface

2.10 Fracture location and surface for weld A (a) top view, (b) side view,
(¢) fracture surface, and (d) fracture surface at a higher
magnification

2.11 Fracture location and surface for weld B (a) top view, (b) side view,
and (c) Fracture surface

2.12 Fatigue test results for the FSW

2.13 Fracture surface when a kissing bond is the origin of fracture (4o =
275 MPa, failed at 5k cycles) (a) top view, (b) fracture surface
between the kissing bond and the final failure surface, (c) 0.30 mm
from the bottom surface, and (d) 0.74 mm from the bottom surface

2.14 Fracture surface when the tool mark near the burr is the origin of
fracture (4o = 225 MPa, failed at 86k cycles) (a) top view, (b)
fracture surface between the tool mark near the burr and the final
failure surface, (c) 0.72 mm from the top surface, (d) 1.20 mm from
the top surface

2.15 Fracture surface when the burr is the origin of fracture (4o = 225
MPa, failed at 223k cycles) (a) top view, (b) fracture surface
between the burr and the final failure surface, (¢c) 1.60 mm from
the origin of fracture, (d) 2.11 mm from the origin of fracture

2.16 Fracture surface when the edge within the base material is the
origin of fracture (4o = 180 MPa, failed at 299k cycles) (a) top
view, (b) fracture surface between the edge and the final failure
surface, (¢) 1.54 mm from the origin of fracture, and (d) 2.61 mm
from the origin of fracture

2.17 Fatigue test result of FSW specimen for different surface
treatment

2.18 Typical fracture surface in case multiple cracks form at tool mark
(@) Fracture location, (b) Fracture surface

2.19 Typical fracture surface when LOP is the crack origin (a) Fracture
location, (b) Fracture surface, (c) Fracture surface at point A, (d)
Fracture surface at point B

2.20 Typical fracture surface when an internal crevice is the crack
origin (a) Fracture location, (b) Fracture surface, (c) Fracture
surface around crevice, (d) Fracture surface around crevice
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2.21 Typical fracture surface when a grinding mark is the crack origin

(a) Fracture location, (b) Fracture surface

2.22 Typical fracture surface in case particle is crack origin (a) Fracture

surface, (b) Fracture surface near origin (SEM), (c) Fracture
surface near origin (Backscatter image)

2.23 Typical fracture surface in case crack forms at inside of specimen

(a) Fracture location, (b) Fracture surface, (c) Crevice surface

3.1 Geometry of the static test coupon

3.2 Geometry of the fatigue crack growth specimen

3.3 Geometry of the fatigue crack growth specimen, 90deg

3.4 Residual stress distribution of the FSW joint, tool and root side

3.5 Residual stress distribution of the FSW joint, average

3.6 Stress-strain relation of each area

3.7 TFatigue crack growth rate of FSW joint (£=0.1, Z=40)

3.8 TFatigue crack growth rate of FSW joint (£=0.1, Z=10)

3.9 Crack growth path of FSW joint (#£=0.1, Z=40) (a) Tool side,
(b) Root side (Inverse image)

3.10 Crack growth path of FSW joint (£2=0.1, Z=10) (a) Tool side,
(b) Root side (Inverse image)

3.11 Fatigue crack growth rate of FSW joint (£=0.4, Z=10)

3.12 Fatigue crack growth rate of FSW joint (#=0.7, Z=10)

3.13 Crack growth path of FSW joint (£2=0.4, Z=10) (a) Tool side,
(b) Root side (Inverse image)

3.14 Crack growth path of FSW joint (2=0.7, Z=10) (a) Tool side,
(b) Root side (Inverse image)

3.15 Fatigue crack growth rate of FSW joint (#=0.1, 90deg)

3.16 Crack growth path of FSW joint (/2=0.1, 90deg) (a) Left side, (b)
Right side, (c) Overall crack growth path

3.17 Fatigue crack growth rate of base material

3.18 Effect of weld line distance to modified stress ratio (£2=0.1)

3.19 Comparison of maximum acceleration ratio (£=0.1)

3.20 Effect of weld line distance to modified stress ratio (Z=10)

3.21 Comparison of maximum acceleration ratio (Z=10)

3.22 Fracture surface observation of FSW joint (£2=0.7, Z=10) (a)
Fracture surface, (b) BM, (c) SZ, (d) HAZ, (¢) BM
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3.23 Fracture surface observation of FSW joint (£=0.1, Z=40) (a)
Fracture surface, (b) BM, (c) HAZ, (d) SZ, (e) HAZ

3.24 Fatigue crack growth rates of the FSW specimens

4.1 FEM model

4.2 Fatigue crack growth path on FSW panel

4.3 Fatigue crack growth data for FSW panel

4.4 Crack opening stress

4.5 Equivalent plastic strain distribution (crack length = 40mm, x=40
at crack tip) (a) BM, (b) FSW

4.6 Equivalent plastic strain distribution (crack length = 63mm, x=63
at crack tip) (a) BM, (b) FSW

4.7 Vertical displacement on crack wedge

4.8 Contact pressure on crack wedge (40mm)

4.9 Contact pressure on crack wedge (63mm)

4.10 Vertical stress on crack wedge and ahead of crack (a) BM, (b) FSW

4.11 a-Ncurve

5.1 Dimensions of fatigue test specimen

5.2 Corroded surface of base material (a) 24-, (b) 48-, (c) 72-, and (d)
96-h exposure

5.3 Corroded surface of FSW specimen (a) 24-, (b) 48-, (c) 72-, and (d)
96-h exposure

5.4 Fatigue test result of prior corroded specimens

5.5 Fracture surface of FSW joint with 96-h corrosive exposure

5.6 Fracture surface of base material with 96-h corrosive exposure

5.7 Fracture surface of FSW joint with 96-h corrosive exposure
(tunneling pit)

5.8 TEM observations of FSW joint cross section (a) Overall section of
FSW joint, (b) base material (outside of (a)), (c) HAZ, (d) TMAZ,
and (e) SZ

5.9 EDXS observations of base material (a) SEM image, (a-1) Mg, (a-2)
Cu, (a-3) Mn

5.10 EDXS observations of HAZ region (a) SEM image, (a-1) Mg, (a-2)
Cu, (a-3) Mn

6.11 EDXS observations of TMAZ region (a) SEM image, (a-1) Mg, (a-2)
Cu, (a-3) Mn

5.12 EDXS observations of SZ region (a) SEM image, (a-1) Mg, (a-2) Cu,
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Fig.

(a-3) Mn

5.13 Distribution of corrosion pit depths in base material after 96- h
exposure

5.14 Distribution of corrosion pit depths in FSW specimen after 96-h
exposure, excluding corrosion pits in SZ region

5.15 Distribution of aspect ratios of corrosion pits in base material after
96-h exposure

5.16 Distribution of aspect ratios of corrosion pits in FSW specimen after
96-h exposure, excluding corrosion pits in SZ region

5.17 Distribution of corrosion pit volumes in base material after 96-h
exposure

5.18 Distribution of corrosion pit volumes in FSW specimen after 96-h
exposure, excluding corrosion pits in SZ region (a) 0-8.55 x 106 pms3,
(b) entire volume rang

5.19 Fatigue lives of prior corroded specimens with 24-h exposure

5.20 Fatigue lives of prior corroded specimens with 48-h exposure

5.21 Fatigue lives of prior corroded specimens with 72-h exposure

5.22 Fatigue lives of prior corroded specimens with 96-h exposure

6.1 Geometry of the fatigue test specimen of a riveted joint

6.2 Fatigue test result of riveted specimen

6.3 Riveted joint fractured on manufacturing side (Ao= 100.0 MPa,
failed at 143k cycles) (a) top view and (b) fracture surface

6.4 Riveted joint fractured on the manufacturing side (4o = 69.8 MPa,
failed at 727k cycles) (a) top view and (b) fracture surface

6.5 Relationship between stress range/tensile strength and fatigue life



Nomenclature
AL CHEAT D52 L IR T,

e
Ha, p)
F;'es
Kremote
Kres

K;

AK
AK,fr

AKgpp
L

N
R

Rerr

§gh@g‘<k<qu
o

Ores,max

coefficient for crack opening stress
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half crack length [mm]

plane stress/strain constraint factor

half distance of the tensile residual stress distribution [mm]
distance between center of the plate and that of crack
correction coefficient of stress intensity factor

correction coefficient of stress intensity factor for residual stress
stress intensity factor for remote stress [MPa m05]

stress intensity factor for residual stress [MPa m?0-5]

stress concentration factor
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crack opening ratio
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FEHEICAET D720, T DB O MR BRI, RS IR T S
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EWHLGHETH-TH, AP OEIRAEIZ LY | K2R L Bmi 72 iE
EIZE D RN RGO Z AIRE & 3 2 G REMEZ . EES O S0kt
LTRETAVNERD D, &5, EEOBANFRRHERT 5854 2R
B8 A TRT 5 2 L IXBUEOEM L~V TIRES TR &b, 1988 4D
T a ML ZERE S T A U - S o BN R BRI AGE I HE I S B IS8R O R
(Wide-spread Fatigue Damage, WFD) %, fiiZefk &AM P I3 A ez
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DO TIOITE T,
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IR FH B DMZEH O ENEIZ OV T, B EHIE AR & ik U CTHREIX
INEV, L USREREOIERL A & LT, SEERHITROZERA O/, BEOH
BEMBERMENERENTWD, L2 -> T, IHEMEOHER G LB L ST
a3

1.1.2 FSW (2 B934 B ifF 52

FEEIERPES (Friction Stir Welding, FSW) %, 1991 £ 35 [E TWI 12 T4y
TN SN BEA N TH 5, FSWIL, BEAICH AT 2 EERY — /L % @l T
[FR S, AT & 2 DOEM &2 BEEEUC X 0L - B s 5, 2L T, [
Y — NV EBBISHE L 2 L CHEAEZIT), BAEEHFD FSW B6 0K %
Fig. 1.1 1277, FSWITAELSLL T COEANARETH H Z &b, MIG HH%E
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U7l KT % Airbus A400M O 7 &0 7 — B — A~ AR T T 5,
LonL, ZHVE T, KO 22 BREE 12 3\ Tl & 3 FH S 03 Bk L N 5 9 3
DT VT 4 BV b Ip B EEREERAL K5 FSW O HHEHlIL /20, ZET
FSWIZ oW T R EDIIRESCRE S S DA 7 & A x RN 2 ST\ 5D,

() TMAZ
(Thermo mechanically affected zone)

BM BM

(Base material)

b

HAZ
(Heat affected zone)

(b) Stir Rod

\BM

Fig. 1.1 Friction stir welding (a) Section of friction stir welding, (b)
Schematic of friction stir welding

PEAE O 4 BRI 278 TlE. Rhodes & (5Tt 1.1) 1% SZ(Stir Zone)
(TR A L2 B0 Nt il & B L 0 b /N S T 3 E T 5 2 & % Sutton &

(3CHR 1.2) 13> —Tih o 7o @R OBUIMEER TR SN D 2 & B 5T LT,
EE S, (SCHk 1.8) 13 6063-T5 7 /L 2 =7 A A4 FSW kT O M s D 8%
& AETFREE DRI 21TV, A S O fe/IME DN RIRAY IR BRI 71 S OV IR FREE 1T 52
BrhzbZ &xmLic, Jones b (UK 1.4) 1FHRJE 10mm @ 2024-T351 7
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TEIEINDWZ S HHNEERFOBY A 7 NVICE DD THY | [FENLOE
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ZENE L HEEMOMIMEE b IER RIS EE B XS5 L AR LI, R D
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BEAIZ L A58 Bl D concentric ripple & L <% SZ FiE DY — L D[AEERIT
L D5HREHS, REM LA 72 0EEEE (as weld) @ FSW ik F D57
EEDR N & 725 Z L 2R L1z, Dickerson & (SC#k 1.11) 1. 5083-0, 5083-
H321, 6082-T6 @ FSW #kT1Z-2U T, root flaw DR L DGR FIZF5- L
720 root flaw ~fiEIE, B4&IZ X0 B D 2 L AMREIES, FoRE K O 5 R
2B EMRER & L TR L7, Basel 5 (OCHK 1.12) 1% 5024-H116 7 /LI =17
LE4D FSWikF 122\ T, JLRJoint Line Remnant) 130 57 il 8 O L sl 2 52
BLIRNHOD, TOROEFRIERIZ JLR NES5 T 28546, Ky HEMOIK
TEBlERITZEEZHLMNTLE,

Busse & (3K 1.13), Frantini & (GU#k 1.14) 1%, 2024-T351 7 /LI =
LA4 FSW T 0¥ o5 a2 R 2K B O i 21T > 7. Ma & (5Cik 1.15-1.17)
%, Al'Li &4 FSW ik Fiz oW T, BBA ~HEN/hSWGa, B0 H L
IZ R > THEAICE RIS IR S, BEERICB T 2RI 0 E%
W DEEd 2 FIREME AN D Z & &2 R L=, Pouget & (SCHK 1.18) 1. IS /¥EK
REIRIEZ —E & LI2%6a O FSW #t FOBZMERFEIC OV TRF Z1T - 72,
Lemmen o (OCHK 1.19) 1% FSW kT 009k 57 8 200 f 550 K OGRER 1% O il i 8
BREITU, PR & AT O J5 18 M ORI K D1 MG ) &5 R )7 18] 12
B 2L R LT, S (OUER 1.20) 13, FSWH#AHIcr—F —I|Z
LN —= U T ETOBIREREIG N IR T EE 5 2 L I2 X - T, FSW #4630



DY T RIFEEN L EIND Z 2R LT,

FSW OTHEREEAEIZ OV T, THE &M L THEMED 2 oBREF o5, ES (X
Bk 1.21) 1% 7075-T6 7L I = L4654 FSW fkF ® TMAZ(Thermo
Mechanically Affected Zone)/HAZ O R HEIZF 1T 5D Cu DEHFIC LY | BEAED
PEAWriE OIS B ENME T2 2 & 2/R] L7z, Ghidini 5 (GCHk 1.22) 1%, 2024-
T3 7V =7 L5H4 FSW ik FICE BERFEREIC X VIR S -8 & 4 F5
M OWIBRA L RKE L, ERBER O FHFaO TRNCET 258217572,
—J7. FSWHFOMPEMEIZOWNT, TV E TAR I RLITR N,

FSW L, WENERZGE, 8BEY — IV, BEFMHNRERL Z D, #E
HORMEL R D, Z D78, G~ Z B L TS O R %4
BT 272 OI2IE, M2 & S S 2 RIS T 2 FSW % O FeM: 2 -5
LENDH D, ZNVETEL O FSWIZET 27803 ED STV D05, HiZei
M2 S A2 EROMIEITLT L+ Tidkwy, £z, wED FSW D
JERFMERM I B3 2 AF2EI%. BRI B MO R E N T S L2 W EHFIR L,
ZO%E . NV FEOHERIZ X AREOMUNR MM ED R & 70 5, #2512 X
%N EINEREERAEIC B 2 DB OFNIINATH H— 5T, FSW O3 H
IZBWTIE, A2V ITBEOHB SOOIV BERINDIGEND D Z &)
5. N ZERWZBR OB SO RO AL E TH H, o, #EIC K
%A B O AL D HE O S L OTREIZ 5 2 2 8%, FSW OFEZ R4
5 ETCHATHDAN., ZHHIZET 2 AIE 70 TiEu,

kR AI% T, AIEEEEORENRED LW L2 RNEE LoHEA
Z4EA$H (Virtual Crack Closure Technique, VCCT) {EIZ XLV . R O BRERE
ZFEOTHNARETH D, HERMTICL VEEHMOBREIS N DOMN R D Z b
N, FSWICEIT 2 BFERED . #ARMTICEIV AR EEZOND, £
7o, BRI OKRE S SN, B LTG0 & O BBk SR R
PICEE B 25, 2O, FREdbh 2 203090217 5 72 DI, EBRIZ X 57
DHTZNT T2, T X DR MEHIFIE b LB E SN D, £/, FSWIZE
T D BRAMERIZI W T, BEUEmNEAIECH D56 FERICIAAEIZLY
B ALER % CRASLIIEF ORBIT R/ D, - T, VCCT EOFEH DR
[ZDWTCIAREZREIZIEZIA B M e o TRV, E 72, TP TR FR VAT IO &
DIRE IS 155 TORAB NI ) OFHIIZ DWW T, 1T & A EFEFID R,

SFH (CCk 1.23) 13, R DRI L CEREICER T 2R A DI
PERARIR DT R 2 1222 UL IS ILRAREDN IED BRI 2 2 DIX, FREEIE 17351
RCTHIHEMD 1.8 (FICRRMEINBFE L LS THIERZE WD, £,
SFH O (G 1.24) 13, STHK 1.23 O Z SRR L, s & g R o i
HEN 213 L, IR IAL LT S IIE RGO e RIED D35 Z L 2B 6 L



7co Tada & (OCHK 1.25) 1&, FEMEFRREIS A DI SCHR 1.23 OIREAX LD $ 5
BREIZIT W AR AR L, BN RIS NI H 556 TH->ThH, i
TVERRENTIE & R DERE/ TV D, Z2h] Ok 1.26) 1%, EREISGIZE
T DI DYERARI O AMEIC BT 2P 21TV, RIS A b L IR RIG
TR BB ZRIGE | TS DPERIREE S CTE W AREME R S D Z & A o Ff
BOLEVMEITZ TFZAHBNC RS BIRED DLENH D Z L 2T L 0 B
5L TS, Grinka (GCHK 1.27) 135S L0 IR LIS 2520) D8z
W RRE 2 S IR D ERA HE KO Forman DR & W73 El 2170,
FFEOBRE., BEEREEDENICBW TR N EZESBAENH S Z & &R
LTW5, Ml (CCik 1.28) X, RHEIG &0 LIS &% 2 8HOED
JEIERFFE DR AR A RE L, BEERERE O TR W TR SN 4 U
VHERZBE TS, 2D DO FIEICB W CRESRISE D& Bk O 2T E E X
TR, FSWIZEBW T B oi@ v | &m0 EERmoOmEsE L
bV, Lo T, FSWIZEIT 2 BEALERRFHEZZRICIT O 2ok, k
SO FIED FSW ~OEHIZ O W THRE Z T 5 & & blo, Hilc R IbEREED
AT FIENLETH 5,

F7-. FSW OFEREH O7-DITIE, THEEME, WSOV TRA & OF
ZIERETHZEDARIRTH D,

1.2 HAY

FSW Dfifi Zekit s ~D 5l 2 Y5k S5 72012, #iR o 2024-T3 7L =
LE4AD FSW OGO B, HosE I T, MAEHE BV TR
FrrE ORIV L D FSW 12T 2 555 O A & 72 5 5L DK,
FSW 2 &8fHic k1 2 AZSEREEZH LN T 2 L2 AN E 5, Azt
JREFMEIC DWW TIE, EBRIC K 0 B M OV FSW O 8258 R Z R T & & b
12, FSW IZ X 2 8a o EREE 2 T4 2 FEOKRR, BXEITY, £
7o, FSW O EMELZ B 62T 5,

1.3 KL OHERK

1 EDOFRTIX, A0 L LT, FSW 2B A K OWFZEBE 3812
B9 2@ M O 21T o 72, £ L T, ARia LD H T D WiZEi~ 1 5K D
72 OIZEL Y fHTe N &, FH9RFE, SRR JE o S E R . MRS 2 &



te FSW # 5 O Rtk oz & FEAlh, AEEREE O THIFIE, FSWkF& U
Ny MkEFORTREO I & LTz,

55 2 B FSW HE5 OFBHRF M ) OBERURFIE Tl FSW #2558 O BHERME
ZHEET D700, HEHKEO~A 7 v By B — A6 S 3R L O BRIMEE
B 7 EELEIYT (Electron Backscatter Diffraction, EBSD)IZ X % 4@ #Hi%
BEEITo T, FSW FrEE ORI IR O 72012, From B alln, J sl
1TV, A OR AR G0 EE K ORI RS 5 2 D BOZELEE T T,

55 3 FD FSW #2503 57 B ZE R FFE Clrx. FSW ERIK D% 77 & 200 i
FREBR N OFEATARIZ K0 | b & D 7 B AE R RFE & OB NS R & 3
B L O BREE, SIS FSW BT 2 BZLERFEN D 5 2 DB DB LR 51T
>7,

854 D FSW A O BEAERIZR 9 2 HEMEA TR 2575 (Finite Element
Method, FEM) f##T Clx. M FEM fi#dT 2 AV TR KOV FSW (R D
BAANOIG N ZRD, M OBIERRBRT —&% LWL Z 22k b, FSW 1k
RO BIERFT ZFHUNT 2 FIEDBLE LT o712,

%5 EOD FSW # 55 OMERMETIE, 7KiE 60°C, 3.5%BH/KETEEZITV,
RBHEDBREE Y NOTELDGAANE, FSW #45H & B OE Btk 0542
ZiTolo, SBIC, BREEZREZORRA Z W B REBEN R HFmIZh 2
LR BO L 1T o T,

FOED FSW H#EEH & Uy MEFOWRE 5 RHETIX, FSW O x4 & 72
5V Ry MET L FSW D5 57 38BR I 1 0 | £k T ORI 55 K OV 55 2582 35
FHEWCET 5B R LT 0T,

BT EOMm CIL, FETHOLNIHEROE L ORMILOMREEZ T L L&
HIZ, AEROREL BT,
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2.1 &=

ARETIZ EEEHOMBE L OEREEZ . EBSD, ~ 1 7 0 By b — Al S5k,
UEFRA 5| IEERER . JRTERBR 21TV . FSWIZ L 0 & U 288 5 O M 0 FAf
o ARy

2.2 BRI E

ARG, HE2mMmD2024-T37 /L 2 =7 A4 % WV THEEEDOFSWH:
AR AEBWE LT, 2024-T37 /L 2 =7 A4 DA O HRME (EE%) %
Table 2.112757,

Table 2.1 Chemical composition of 2024-T3 Aluminum alloy (mass%)

Si Fe Cu Mn Mg Cr Zn Ti
Composi 0.5 0.5 3.8 0.3 1.2 0.1 0.25 0.15
tion Max Max Min Min Min Max Max Max
4.9 0.9 1.8
Max Max Max

BEAWROREIL B ADOH ZEELES 2t IC RFE L. 2R OFSWHEA D
EEAT -T2, AT DY — L R OVE B3 RIESAEIC X - TIEBNCHRTE X
iz, BEAWROTRTHESE T L IC® R | £ Y — VLV OBEASMMT, #iES
ORI S ZWE R KRR ESNTND, 207D, FEMARSRFITE
BEOMEFRETHY ARTERY, LLARRL, #5Y — VOHEEAE,
Y — R E FEOHIEGEZ. WITNOBEASEELRIETHD Z EE2mERL
77 FSWHAHm LV, Y — LD KONy g L E—O~HEX, A
A4mm & 10mm., FHBOLAE2MmME6mm TH D, Fi-, V—/L[aliEHE L
YV VEBEHEOIZZENEN, 1.97L5.33TH D, LE2.1TIE, MERY —
MNAEIET 2 b DD, RGO IRWEES Z1T 9 7O OEA R S 1mm Y72 O —
NVElEE A Ra2~8L LTk 0 | WA SMFIL. ZITHHEANTH D, FSWDHE
B IR O EIE S & WAT & Lz,

2.2.1 4@ 5%
GIBMRBRELZRIC L | A OMBHR A R, AL T A v v &



—EIZX 0G0 B LR E A BRI U CHEMAFE 21T - 7o, BB L L
TT NI F = M & HWT 0.05pum F CEEEAFELZITV, BIEE2RELT-,
FEE: . ASTM E-407 [Zit#i ST b7 7 —ildE 2 V(RO vy F o 7
AT, SEFRBRMEE 2 W TR e SRR OB 21T - 7o, AR LT
AT M OIRIEL 722 Wi i OB 21T o 7o, £70, $EE ORI 72 & @ik 2 Bl 235
D710, BEAFEE 247 - 7 fHHE DR 2 BB 28 W L, EBSD (2L 5
Bl 21T o T2,

2.2.2 il Xk

BRI\ CRANR SN D D & 54 TRIT 5720, BAH
DA I TR AR WTIH OBE S 2340 2 FHI U7, B S BRBRAT O LR 3 i AL SR
PR, BB L kL Lz, ASTM E-384 [Zii#i ST b~
BBy h— AR SRR AT o, PBEE L E E LR AL & B HMV-2
J 2R Ui, 4fF A IR 2> 5 JE & J71E12 0.5, 1.0, 1.5mm OAZET, £AF
B (3HREE 2 B S 5 AN 1.0mm ONZE T S FHA 21T - 72, BRI 9.8N
& L7,

2.2.3 UEFRIY 5| 5EGER

FSWHlkF DFEIRIG ) L O [iRIREE 2 59~ 5 728, HEFFAY S RHABR 217 -
7o WRER TR A2 Fig. 2.1, REDOIL U OIZFEHE L 7ZFSWHEE ) 5k
BRR 2800 U7, #aidalBA haifiiE LT g, B oA i
BAmEEETHY , MM OFEIES IR L TERES AN I D,
ASTM E-8IZ DS &R A 17 o 70, B E | TINSTRON# B 1 3R 2L &
8850% il L7z, &&= 5RO ZITV, BRIRIS ], 5IEREE, filklr
IRF DR N D SR fE 2 B L T2,

2O0FHNZ By & L CHERIGIERBRZ1To72, 1 2HIE, EEEMHENM
JERFIEIZ G- 2 DB L2 HE L, RIFA. RIUEBIZOWTHAEL
DOEMOF NI Z i 72 WEAE E (As weld) [IZOWTREREZITo72, 2
D EIE, RELEDGIRIBEIZG 2 D ELT L7201, FIFAITONT,
BAEE (Asweld) MUWZREZ0.2mmiN TYIHIT 5N T (Both
surface grinding) ® 218V OR M) L THREBRZ1T o 72, MmN TIx,
BERHTY === N PRSI RN BIE A Z L IINETH D Z &
B, REMLPEASREIITONALARBENR S D720, FHMIiEZITH> 2 & & L
7=

10



é, 45
| ! |

s = S S F

794 |

Fig. 2.1 Specimen geometry used for static tests

2.2.4 W57k

FSWik T3 57 50 Bk 2 Rl 2 7= 60, Rz T o712, 2 DORHi%
HgL L TEFRBR AT o7, 1 DHEIL, BESFMDNREREICS 2 o 8%
TRDHZEEBENE L, FMHA. RUEBICKH L THEAR ORI L OEA
FFIZOWTHBRAEIT o7z, REREFig. 2.2127779, 35975880 #EIC
B DEML, WEHMSIERBRA ERI U TH D, HEMARER Rk ? &
NI L7, BB oA FRITES M EEBETHY . M OIEE W
W6 L CERESAICAR SN D, ASTM E-4661C S X RER 21T o 72, R
& I ZINSTRON AL B 5 BR 2L B 8850 2 ff l L 7=, akBRE:IE. IR,
10Hz, A R=0.1, it HiRIEA0=135, 180, 225, 270MPa & L7=, &5 A5
D%, WA 7 V&8 LCCD A A 7 W ONS B SEAUERTRIFE-SEM S-4700
(R D IRmBIEE 1T o T2,

£

B I 2 | 49
| r

Fig. 2.2 Specimen geometry used for fatigue tests to compare effect of weld
condition

2 OBIE, FIHLEDE T REIC G 2 DHELFRD -0, FHAIZON
T, 418 ORMUEIZOWTIHME 21T 72, 1 2>HOREAHEIT, BIMDOFE
A Z S RVEEEE TH D, BEEEFEFORBERICLY, Y—~—
7 N RONCER2. 212 FE# & 715 Kissing Bond, Root Flaw$ L < JLR & FEIE
15 LOP(Lack of Penetration) CCHR2.3) MR F3REIC 5- 2 DB L 2T

11



HZEEHEHME L, 2OHOERmMAHEIL, WMmM L Thd, 32HDORmMAL
ML, LOPDOEEZHLNIT 572010, Rl DAEZIT - 7= L HEATE

(Top surface polished) ToH 5, FhDOREUFIL, HEEIC L HEAOEMET
HDHY—N~v—7 NUBTRNEARICL D KRETHLILOPRERDIEKIZS 2
LB YRS D720, K OMEHIN TER N RO S 2 5 BB % JbrT 5
7o, BB O W OIS 21T > 7o, BB e LT I FX—x |
Z W TO0.05pum E THIEMEE AT > 72 EftEE (Both surface polished) T®
5o

B, BRI U o R EH S X 0 EENA U S TRt 2 PR 5 7
DI, A TORER T OME ST 26 U7, JE9aRBRiX, /S0l &
HE10HZ TIT > 72, BRI /113200, 250, 300035 Y & L7z, BRIL=IRIZT
FTbitz, B4 Fig. 2.31073, RER 080 L AR
SlEREBR R L FETH D,

(@) | / 150
~307 // \ 37.5
T 'y I — i
J P [ : _____________________________ | 19
— 124 ! T~ Y
R=16 150
(b) [
ég 45
B I s s .115
| TN v

Fig. 2.3 Specimen geometry used for fatigue tests (a) As weld and both surface
grinding, (b) Top surface polished and both surface polished

2.3 BRI

2.3.1 A mEIE

Fig. 2. 4IZ/ AR O T BER 2 RT, FMFADY —)b~—7 KON D
X A TORERDIIFENF0.05mm,. 0.45mm. 0.15mmTh o7, 5
HBOHEAEIZ., FNF0.02mm. 0.22mm., 0.06mmT&H > 7-,

12



Fig. 2.4 Morphology of friction stir welding (a) Weld A, (b) Weld B

2.3.2 4@ AR

Fig. 2.5 [T A OBAEEE O 6 F BB BLEAE F L OV EBSD (2 X 58152
BaRmT, M OGE, BIETROEEIZ L REITHB W TeEiiE My 2
EMMTIND, SZ TIE, ) 2.0um OFHOFEENBIEZ ST, BlE LY SZ X
AEFEmMICITEREL TWRWZ & 28 LTz, AR T2 Bimicisun T, &
M2 R b nle, Z OEENTES Y — N OBENEHE & [BlESEE OEIE T
H5 0.51lmm/rpm [ZITVMETH -7z, V—I~v—27DOEYFHLIDOfELFEILCT
HoT,

13



Fig. 2.5 Metallographic observations of sections for weld A (a) Section
perpendicular to the welding line, (b) Base Material, (c) TMAZ/SZ
boundary, (d) SZ, (e) Section parallel to the welding line

14



Fig. 2.6 (250 B O FW i Ot A BMET Bl R & O EBSD (12 L 281445 %
R

Fig. 2.6 Metallographic observations of sections for weld B (a) Section of the
FSW joint, (b) Base material, (c) TMAZ/HAZ, (d) SZ

15



2.3.3 i SR

Fig. 2.7 125 A OWJEJ71H 0.5mm, 1.0mm, 1.5mm O &5 % w1, Y
— LT & Wi O BRI SMG & A b C Fig. 2.7 (77, R OREIT
3} OVE S S5 [ R E i o S RE &% 127, 137 HV Th - 7=, Fig. 2.7 L 0| A
BRIEOGE ., BEEHICB W THARE I O NITIAL T RNEZ X b
5o Flz, M A O HAZ IZBWTE I HFH OB S oM E2{L L Tune
WZ ENGD, — 5T, TMAZ KON SZ Tlk, #4810 L 2MEiE & AR
BIZE Y, WIEF MO I GARICEALN A HILD Z & PRSIz,

155

145

135

Hardness [HV]

125

115

Distance from welding line [mm]
Fig. 2.7 Hardness profile for weld A at different thickness direction

A, BOBEA W OB X534 & Fig. 2.812759, R O R X 1%
127THVTH 5, RAFADSZTOM S (3RS & el LT D @V, &14B
DE., AR ETHIIILELTEY ., M EIZIER UETH - 254FAD
EURIZISREBORIE TH D, EUBEDEWRES T 1t RTB T DRIE T
~OMELOBHRIREE I E R L 52 Q0D EEZ LD, £, BEMFICBW
T, HAHICBHE 2l SR TIXR ooz, 3CHk2.4, 2.5128\\ T, 2024-
T3 FSWilk TDOSZOME X (3R L 1ZIEF U Th - 72,



Shoulder: Weld A

h Pin: Weld A "
Shouldgr: Weld B

155 I
. —e— Weld A
= 145 --o---WeldB [
‘;‘ [
o 135 -
[= 99 “ _a b

[ b
115
-12 4 8 12

Distance from weld line center [mm]

Fig. 2.8 Hardness profiles for weld A and weld B

2.3.4 HEFRHYG | 5ERER

Table 2.21Z R~ K ONFSWiflk T D HeEFFH 5| iRERBRE 2 8D 5, MEWTIRF o
WL, HBRATOFEEANE S LM ORIOEIGTERTH I LE L, Abt
TTable 22125 R &2, R R OV SR I 2 REBA 7R AEIEAAT B S OV Bt
& Fig. 2.9, 2.10, 2.1UZENZEiUrT, Fig 29380 . RA O 4
ITAM I L TEEZA LT Y, HROMREFN RO Z R LT
W5, SMEAD LIRS 1)13339.4MPa TR & Hele L T6%m < o 51 9RRE
13435.2MPa CR-AA & Ll L T10%1EVy, A ONE 8% TRAS 1D 40% TdH -
776

Table 2.2 Static test results

Yield strength Tensile strength Elongation
A Variation A Variation
verage coefficient verage coefficient
Base
. 319.6 0.0134 482.0 0.0025 20.0
material
Weld A (As
339.4 0.0085 435.2 0.0518 8.0
weld)
Weld B (As
333.4 0.0034 451.8 0.0123 12.0
weld)
Weld A (Both
surface 355.4 0.0160 483.0 0.0207 15.6
grinding)

17



1.0 mm

Fig. 2.9 Fracture location and surface for the base material (a) top view, (b)

side view, and (c) fracture surface

Tool side

Root side

Tool side
—— AT T T W e

x100 5.0k¥ LED s WD

Fig. 2.10 Fracture location and surface for weld A (a) top view, (b) side view,
() fracture surface, and (d) fracture surface at a higher

magnification
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Tool side

Ro m‘ _:E: ide

1.0 mm

Tool side

Fig. 2.11 Fracture location and surface for weld B (a) top view, (b) side view,
and (c) Fracture surface

SMEADREBIZE LV . — MACLOPA ® 5 Z & ZHezd L=, Fig. 2.10(d)
IZRTHEY . LOPIFEIEDOR S & 72> TH Y . LOPIT L DM & By 7=t i
I, ARSI L THEE2HT5 2 8005, LOP X, 5IEMEK T O
FERO—D2EZ 2 b b, FIEBOGE, FEHRERIE111E£333.4MPaTh Y
M ED4%E < BIRFREITRAT & ik L Te%IEV, M NE12% TH D |
R D60% Tdo o 7o, A M ORI OBLEE B | AE O UIZLOP T 722
CHAZL Z2 b5, Lo T, AT LA HMOOIE TR ERE DK FICH L
Liz&EBxbhD,

Table 2.2 (25 A OFEEMN TOWEHR SRR R %2 5 H¥ CTORT, LOP
R Z LIk, FSW BB O 5 [ BRIEEE 3R & [FRREICUET 5 2 &35y
iRVl

2.3.5 i F7 kR

Fig. 2.1212#26 % £ OFSWaklk i & ORI a0k i O 57 sk it SR & 7R 9,
Fig. 2.12i28\ T, LOPHAEER s O S-NE#fRE O X 1 TR OO FEE T, NV
DY —)b~— 7 DM R OS-NEh#IT R OMHE Trd, FSWikli i O
SFFEIEERS & IR LT SR 2 E D, SR /1R 2 135MPa D
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Gy BE YA I NVARTE IR Lo Tn, SMFADEmBIZE )G, LOP, A
VI DY —~—7 O 2O RN E0s 2 L 2R Le (Fig. 2.13,
2.14),

300
m._ WIS 00
250 ~ o
\\\E\MOOO "
T 200 P
= ] o o7
S 150
D/"
O base material
100 OWeld A
<OWeld B
50 | | 'jv
10° 104 10° 106 107

N [Cycles]

Fig. 2.12 Fatigue test results for the FSW

LOP % fif 5L 55 & 3 2 il Wni S I HRIE270, 225 MPadD A IcBlgi S ivfz, N
ViE O — v~ — 7 BER R O%E, LOPEZBIEE R L T556L50 b,
L REWERHMERoTo, ISIEER180MPadGA, NV Oy —/L~
— 7 DHIEERLS & 72 o 72, Fig. 2.1213- 7 0 . LOPAHREE R DA &
i LT, NV IR O — b~ — 7 PEERE S OSHE. S NERKOMHE X RNAT
HHZENTND,

FHBOGE. FEADSGE L0 BETEMPEVN, I BEV, ik
g SIE, NY OEAM (Fig. 2.15) & LIEF—YEmo= vy U (Fig.
2.16) THHZ LRI, 23 1HITRLIZED . FHEBDONY RBEH
DOBER A IIFAL D B/AhSWZ b AR SO S FHmIc b 2 D
DNS L, ODDORERFII N THRE Lot B2 65,
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I )
1.00um

failed at 5k cycles) (a) top view, (b) fracture surface between the LOP
and the final failure surface, (c) 0.30 mm from the bottom surface,
and (d) 0.74 mm from the bottom surface
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]
1.00mm

i
15 SE(M) 10.0um
Fig. 2.14 Fracture surface when the tool mark near the burr is the origin of
fracture (4o = 225 MPa, failed at 86k cycles) (a) top view, (b) fracture
surface between the tool mark near the burr and the final failure

surface, (¢c) 0.72 mm from the top surface, (d) 1.20 mm from the top

surface
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M mm

LI I I I I I )
1.00mm

ST 1 1 1 1
2 5.00um

cf111-3 10.0kV x4.00k

Fig. 2.15 Fracture surface when the burr is the origin of fracture (4o = 225

MPa, failed at 223k cycles) (a) top view, (b) fracture surface between
the burr and the final failure surface, (c) 1.60 mm from the origin of
fracture, (d) 2.11 mm from the origin of fracture
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I I R I
1.00mm

cf111-13 10.0k

N N i .
Fig. 2.16 Fracture surface when the edge within the base material is the
origin of fracture (4o = 180 MPa, failed at 299k cycles) (a) top view,

(b) fracture surface between the edge and the final failure surface,

(c) 1.54 mm from the origin of fracture, and (d) 2.61 mm from the

origin of fracture
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Fig. 2.17 |2 #72 5 R LB D FSW Bk i O3 77 ik BAk R4~ 97, B O as
received DR AR AE D FRER T O F73BR A R b GO T Fig. 2171277, £%
TEALIRIZ 35 1T 2 SR 57 F i B OVEENREL % Table 2.3 IZ777,

OBase material

OAs weld

X Both surface grinding

A Top surface polished

¢ Both surface polished

@Biallas et al (base material 1.6mm)

400 HBiallas et al (as weld 1.6mm, 2400/240)
ABiallas et al (as weld 1.6mm, 2100/210)
A e
o le
= 300 H o6
o
=3 A A o
) A O Ams X xgf & 00
£
b
200 =
100
102 10 105 108 107
N [cycles]

Fig. 2.17 Fatigue test result of FSW specimen for different surface treatment

Table 2.3 Average fatigue life and variation coefficient for each surface
condition (omax=250MPa)

Average fatigue life

Variation coefficient

As weld 77,220 0.253

Both surface grinding 810,478 0.815
Top surface polished 7,831 2.552
Both surfaces 2,742,961 0.894

polished

Fig. 2.17 X 0| #E5FFOHA. M Ll L TH L TES FHEmnmn 2 &
D, REMRRER T 23 K 71 250MPa (2350 T 200 1591 7 /L ChERrd9
runout & 725 — 5T, #58F EFRBRTITHEKIE D 200MPa O5GE, K17 75
A I NVTHEE L TS, BEEEEOLE. 2 < ORBA A/ O 5 ThMT L
TW2 (Fig. 2.18), ZoOfhdigA, LOP NHER S L 72> 7 (Fig. 2.19),
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Fig. 2.18 Typical fracture surface in case multiple cracks form at tool mark
(a) Fracture location, (b) Fracture surface

af111-4 10.0kV 12.0mm x200 200um

Fig. 2.19 Typical fracture surface when LOP is the crack origin (a) Fracture
location, (b) Fracture surface, (c) Fracture surface at point A, (d)

Fracture surface at point B
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Table 2.3 £ 0, W1 LakER i D2 55 Famid, #6 F £l 0557 F
LT IMUL ERWZ 235025, LarL, runout & 72> 25l 14K
DHTEHY | WEINLOGEOREITTRET, MM & ITRZ R LR TH o7,

Fig. 2.20 I[ZW N TORERTIZIW T, e b IR 5 F 23O ERER T Ol Wi
o, MR, BREBRA NERD crevice TH D Z &350 5,

af121-2up 10.0kV 12.0mm x500

Fig. 2.20 Typical fracture surface when an internal crevice is the crack origin
(a) Fracture location, (b) Fracture surface, (¢) Fracture surface

around crevice, (d) Fracture surface around crevice
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Z O OFER A X FEE S S U < TN L7 1 & 212 Ko THE T 7oL
%i (L LTI LTS T s (Fig. 2.21). SKE/) 250MPa

A LimitERER A O G T A E 2R ERA LY ?Bﬁb\ﬁ‘t%k ol R
iiaﬁ%ﬁﬁ@#éﬁk Ak, LOP MMEEEDOE N TH D Z & DRI NIz, mmhf
PEDYE . IR I FFmITINHE OME & 7r o 70, b EWIE FmiL, 5 FEF LIF
CA—H—THHDIZx LT, W%Eb\rﬁﬁ'ﬁ\i MBIV T run
out |ZFXE L7 200 H¥A 7 VBl E L7572, P FFMD run out LV RKE W
Bty RO SITRBA NI CTh o7, TOMOGE . Frii i E ok S L
ol

Fig. 2.21 Typical fracture surface when a grinding mark is the crack origin
(a) Fracture location, (b) Fracture surface

2.4 E%52

LD ORHIBIEORERI G . REAFIZ X U #4D Discontinuity State 73
PR DE I L 720 Z LR BN R o Tz,

2.4.1 BEEEFOHE

A OLGE . NNV DY —)v<w—7 K INLOP N EA £ £ OG5 OEED
EREBZXDOND, W O OEHE THEINEmY | Y —/b~— 27 O DE
me%@é&@%ﬁ”@@@b %@@é linkup LRKERBHEZALTTND, T/h2D
B ARSI > TEEOBHEDOESNIHLTND I EEBERL TS, o
T, NNV aﬂﬁ@ Y —=— 7%, ZM% FEo%E . FSWkF O FEICH
ETHLZERDMD FMEAICBIT AN LY —~v—7 OFE S 1L, 5 2.3.1
BiCR L@y, ZEh 0.45, 0.05mm TH Y. $2EE TOMRIERAITH
0.15mm Th - 7=(Fig. 2.4a), F7-. V—Ib~—7 NHEE S OLE., &2 TOR
%ﬁﬁ@ﬁﬂitﬁiﬁ I ANV OIETH o= (Fig. 2.14a), > T, NU FOVY —)u

WK BDISTERICE Y BADEREINTZ B2 N5, M4 B O%E,
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WY EONF =V ROy DEHPEOR R EB X OND, RIF BIZBITH
JERY —N~—7 O3, 5 2.3 18 TRLIZEY | %M%m0220mmm
ThO ., A TORERAITH 0.06mm TH - 7= (Fig. 2.4b),

Biallas &%, 3CHk 2.6 (28T, HE 1.6mm @ FSW 225t TFO84
BRFORER N LD RNVEL OV —)~—27 L0 SZ EiZh AT X
L% ripple DEFLTHDLEHS LUZED N FDRA 7 Z ‘/?ﬁmﬁﬁﬁiﬁ@i
MERDERZETWD, L 2.6 TlX. NV OE IR D EWVEAE T 0.07mm
Tholz, 3CHK 2.6 DV O ORERFEREZ GO T Fig. 2.17 (2T, HRERE
DD TR W TR YR & 2 D581 y~w@%ﬁﬁﬁ24mmm\

Y — LS ENEFE )Y 240mm/min T - 7=, RSB IT 5 FSW O¥F 55 FHfn
MO T Fm DT X DEPHNTH o7, 16> T, N DOF é&fﬂ’ﬁ/\ﬁ
ST RBR DB RENGE, BROE SO FmNEE BT 5 k%z
bihvd,

LOP LI HMICAE R EL 5252 Lnbins, LOPITEARRO LI
o T, RBAEMINIE L TWD, Fig. 219 TR LZEY . EHENHK
0.15mm ¥ TOMEHE O IL, FE > HBEN T ALE TORRIE & B 528 -
TEY ., B OEFWIEORME L Bl o> Tnd, T+/\f£1’%%§“(“§) 5 LOPIZE
discontinuity TH Y | FEHHEMO R HEEL . Z2HOBAD S & L’Cﬁgﬁﬁ
T 5, Fig. 2,121~ 78 Y . LOPITIL IIEIE180MPad &4 I 77 A DR
IZIE72 63, NUIEBEOY — L ~— 7 BEHEOR S L 72 5, i@ﬁwmﬁVA
NDYE, LOPIIEGMEICL > THltLianeEX b5, MOEEH L F
BEOHESHREZA L TWRNEDOO, LOPIIWEMICHEA SN TE D, LOP

SEELZ2WRY | RIESTOIRAZAITRZRNE 0D, —5 T LRSI
BT, NVEHEOY —~—7 TISHEFEETLDHZ b, XKWL
Al eV At wf%ﬁﬁimkﬁbﬁék%i%hé

Fig. 2.20 T/ L7z crevice | MFE DO SIFIZEBIT DT RADOE R L 7o
720 A crevice IZHEEH L6 2mm B TERY | YV — v /@Tﬁ/m\ﬂ%?@ﬂL
DOFFHNICH 5, crevice DK E ZHE 1.45mm. & S 0.4mm, EE 0.1lmm T
b o7z, crevice KHE ORI TH O | JEHME L X8R > T\ D, iE- T,
A crevice 1%, 58 T4 U7z discontinuity & & % %7}%5 I 57 FF A DB
DA crevice ITHEAEFDOHATHoTH I FREDOE S LR H 5, FSW
AR EIND, b &R HFEED dlscontlnulty 23, Biallas 52
STHIZESINTWD (OCHk 2.6), Y —/LVEIEDHREE, y—xv%%ﬁﬁﬁ%i%h%‘ﬂ
2,100rpm, 210mm/min D&, SZ O TANZAE U D ZEILBAEEDOR S & 725 Z
EMIESNTWD, RERRZELOTEZL, 18 0.3mm, &S 0.085mm Th
ST, Rr—ADEHFmbEHLE T Fig. 217177, ZOHE. M AT
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— /VEHAHEE 2400rpm, Y — /LB ENHE 240mm/min @ FSW ik & g L T
W FFam <, BB SN B ALIIAKREE G KA OGEIR TS L THET
HLZEMTND,

INDDOFRERNG, REEEKMEOEAE. NV, Y—~—7 LOP 3, #H
FERAB ORI FMICEE L 5 2 5 F 72 discontinuity ThH D Z L2350 -
TJES HmoNRY Y —v~w—27 LOP O~HEX, # £, 0.45mm, 0.05mm,
0.16mm TH 5, T b DAL, BEFARGHIB W TEEHT S 5 91K
fa~is (B 21X 1.2Tmm) S L ThSWEEZOND, TRHPEARIZE
STHMTHILICEY, TNBIIEITHIEEIZ L >To7 VT o s, Mz
T, A7 B RITL > Tcerevice NWELDGE. TOREBLRFITLEND
5o REEERMIZTIBWT, crevice DHEIT 1.45mm Th V. #FIHIKME~T1E & TH
BETH D,

2.4.2 K EEWIN L L7856

MEAIN LoSgE, Y —/b~—2 LOP IFEY BRAvv, Rl LEIZA T 500
TR 55 Fr e\ 2B % H- 2 5 discontinuity & 72> 72, NG EE 7 nt X
12 & % crevice BEFINEICAEET 256, SBREE R RT@Y | I FHFmITxt
L CX W AE discontinuity & 720 5 5, AFEICBWT, REMLIZEHE
LS Ra 1% 25pum TH V. #48 F F OB THIE S /- discontinuity £ Y
S, A EERBR & L TR FMITR,

2.4.3 RmEZBEmitE L7-55

WS E A E I BV T, LOP AERICEA N TWDHEE, 2 @Y D
discontinuity 2MER S 7z, 1D H OBHER SIIREICH Y . SEM (2 X A
BEORER, REICHHIITHDPBIEOR L TH D Z L MHE I (Fig.
2.22), BEROES L RS W, 26025 bmm, 15mm Biviz, Bk
Mt L<IEHAZ IZALE LTV e, 200 O O-TET 22 KON 44um Th
STz, K 2.7 Tik, BEmAFE & i U 7= 3B 2 VT, 2024 T3 7L =0 A
A4 D discontinuity OFMIINNTHOIL, FRIEIZNALE T DATHY MREE D A & 72
L EDHERINTWD, - T, FSW #FoHA& b, U LOP %40
discontinuity MFRNVTZSE . B & FIRRICHT M DMEDOR R L 720 9 5 2
ERHLMNER T, B THZ RS & U FiEIc B W TR S FHm
10 HHA 7 NVOREOEANRL SN, ZHUIRENTIZ X 0 REREL 72
D REDOIEIENEND LTz B2 b b,
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Fig. 2.22 Typical fracture surface in case particle is crack origin (a) Fracture
surface, (b) Fracture surface near origin (SEM), (c) Fracture surface
near origin (Backscatter Image)

t D —OOEER MU, Fig. 2.28 [ZR &N 5B NICTFEET DA H NI
AFAT72 crevice Th D, A crevice [THEEH L5 bmm Bl TV A 720 —L
B OBEARFOBLE FIZIZ 20, A crevice DA 7O ~HEIZF Imm T, Fig.
2.20 TR LN REEI RS S L VB ST crevice £V 1 HTRE <,
EE OB B e > T D, - T, Fig. 2.23 ORI, Rl eda 4
HIZEDHDO TRV B S D, 107Ul EDE YA 7 VS O%54A ., Rk
W inclusion PEEDE IR D Z ER—HRICH LN TWD, LNLERG,
FEEOFL R & 72 5 inclusion (XA E <, T A & T A Fig.
223 IZHOLND X I RBEELZE LR, €T, ARMEHEIZRF OEY A 7 Vg
T L TR EEZOND,
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(2) : ol

Fig. 2.23 Typical fracture surface in case crack forms at inside of specimen (a)
Fracture location, (b) Fracture surface, (c) Crevice surface

2.5 H

2024-T3 7 /W2 =0 LA BEAEDZEAEYE FSW M- T O 23T 572912, 29
DA LMFIZONCTERMAMREIES, 8 XFHH, HEFO5ERER, B & 1T -
Too BEEGMUEPBEAHNOM S DML 525 Z & BEESMIC LV g
LE LT S 15 5 Al e N D Z E N S L 2o T, AW TIIES
FAMANZ B W THRE 0 & DI FIIfER SN o 7o, 8GR & AT 72 Wi 2
IR RSB S s, 2 ORI, A Y — VOB BN & [ElfisE R %
HLITF—F LT,
HEFSERBAER LV . LOPHFET 2546, FSWlkTO 5 IRME MK T
T5HZ LR LT, LOPIZRERISTTBIR T EE 5, LOPBEE L2 WEA

G S B A L 72 ) FSWHE T O 5[ RTREE 2K T S 2508, BRSO
EIME TR N o T,

TG BRAE R L OREBIEZE LV . RMFADSGE, NV ES DY —~—7 Kk
OLOPHRIEEL R & 70D 2 &0 R/MBOYGE . N U RORM O v DR MR
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B ERDIEEMER LTz, 1o T, FSWOREAEKMIE, 7 VT o b
discontinuity X R FH B a2 5.2 5, KA KED Y —N~—7 JON
UDBER R & 72 5556 D OSHENES FREIZEB T HHER R OEWIC
HETLZEEZUTOBY BRI, FMADGE. NVEHEOY —Lv~—7
\ZBUT DIS IR DRI B2 52 5720, PRIV &SSO
By NVIEFEOY — v~y — I PRRERE R R D, — . KVIRWSEO%E
LOPIIMfEAniET 5 Z b, LOPITAREER S &7 b 7e0, N UEEDY —
L~ — 7 DMEEERL R L 72 DA L U C, LOPAMREEE S OS54 97 FHm
ME, FMEBOSGE ., NY OSHENRFIFAL D /NS WD HEF /NS
<, WU THER L2WEERH D,

WL OO FREUBERSAT T TR FBAENTER I N DA L 725 discontinuity
R 272, R A FEhi L7, RBROMER, BB REQEITIE U T,
WYL DY —v~—7 LOP, crevice %7 discontinuity & 725 2 & ZH 5
M LTz, Fio. AW CHIER S vz discontinuity 1%, FSW kT D3 57 FH i
ICREREEEHEZ D L2 EENITR LT
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3.1 t#65

AETIE, FSWkFIZIR T 2 BFERFMEEZH O NNCT 7201, EITAR
R 2T > 7, BEAWRDORENHR 2mm TH L5720, CTRBRAIZL D&
FOERFHIm OS5 G ARIFIHA U TR A AR/ NS <7220 FREIS 5281
L RIGERFEZMET 2 Z ENNEETH D, Z oo, IRIE MT &R A &
L. 3G 0 LIS X » TREER ORREIS 3B e 2 I D THEEZ R L
7co FSWHEERIRIL, 56 2 mOSM B O FSW #6680 H Lz, #a/T
D ERBATLORE, KO, SO 2 0% /37 A =2 L LTz,

F 7o WG O AREL, @, YR LA LD S U IEHEA
R LHERAKE Y, TOROEHIBERAKOHERIC &V ki) epdRIc =
Do £ T, 2 EOR TR OMmBIZR 1TV, ISP S - IEH @
BROBRERZEE 26 TN,

3.2 R JTIk

3.2.1 A IO US| R

AT EOGEEE 2 52T 572012, HEHR SRR 21T > 7o, 7Bk
(Z1% INSTRON - Hyh FEFBRAEE 8850 Ml L7z, UEHAYS|iRRER i OIIK
% Fig. 3.11T77, B I3EE 005 0, 2, 4, 6mm BB S 8]0 H
Lz, AOET, ZRAL LTRMMNGREBRA 280 H L, FSW kT & DLk
AT 1o, HZEBD D OFEED 0, 2mm ONETHEEHAICH Y | 4, 6mm HEiL
A, WAEROHN LR D,

FSW Wi OMIMNC X 2 JRFTRI 7S R OBz Peird 572, FSW AR
A OWE I, YIHDUN T 2 56 U7z, MOSHE FV CTRERFORER i OOz G L
7o MO OFHFERNOREH SN TR Z AN T, IS —ERKZRD T,

84.2
) 30 156 13
v | r ) I r___
|- — —_——_—_——_— = — !__: .................
f 3 |
‘Ka | NT

Fig. 3.1 Geometry of the static test coupon
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3.2.2 9% 5 Bl iR

Fig. 3.2 (Z7~7 Mg 400mm, &£ & 1,000mm. HE 2mm O RS &Y FSW it
DRLGRIE 2 V798 7 2t R R BRI  R=0.1 THEM L7, 7=, 1@
1556mm, & & 580mm DO RHARER A & AT, ISk B=0.4, 0.7 DRBR A 1T -
7=o #BRIZIZ INSTRON #h#ihEal Bt & 8804 & L7z, Bl O Oflic—
XOFBEEBA LT, YIREPROMILIE R Y L, 1K & Saw Cut (2L Y
15 U7-, FSW IR0 ~FEIL, FSW #8470 b K2 0] 0 9Bz, #4
BT DR RIS 1 AT\ S B % 5. 2 7\ 2 b % BYAYE FEM fRHT % AV CRead
L7,

400
A
155
..
5 .5 [0
o
I3k :
\ ” "
OO
0=
Starter notch
h

Fig. 3.2 Geometry of the fatigue crack growth specimen

PRI, IS RIE 50MPa O 0 3R U E 2521 5, i) bS8 e e i i
\ZH-2 D BETRD -0, RETIE, 5k 0.1, 0.4, 0.7 x5 L LT,
FSW kD54, 2 @0 O B R OElEEZ HVWT, Zh b0
SUEREEIZ G- 2 D BOMB 21T > 72, Table 3.1 (2, AZETH A L7= FSW
HETF & BRI DN T, IS R OG0 & BB A H L D RTHIRIBR DAL 25
b ERt, BRI ME NZORITITIECCD 7 A7 2 AWTHEIEL, BRE ST

36



ERZAE > CEHAI L7z, RBREBREEIXHIEF W N & Lz, ASTM (¥l . &A%
HWRT — Z I IEHHEICEIES Imm UL EO T8&E2%E 5 2 =% ICBE LT,

Table 3.1 List of test condition

FSW BM
Angle 0 0 0 0 90 N/A* N/A N/A
Stress ratio 0.1 0.1 0.4 0.7 0.1 0.1 0.4 0.7
Initial distance 10 40 10 10 N/A N/A N/A N/A

*: Not applicable

Fig. 3.2 [Z/R T X 912, IR TH 2 HILo S AR HER T 5 BT AR
EE@ELRV, — 5T, EMGERT 2 RAIIEAREEET D, BAICK D5
IS L0, I OMMEE K OB OIS DN EA DRI TR D =
EMD, A OBILEREE IR 22 B0, 165 T, EBHAMIZ K DIk
REBFARRIZ, A4 TEREERNCHEZITo72 Gk 3.1),

AK = AoVmaF(a,pB) (3.1)
ZIT, aldFRAERE S, Ha PIMEERETHY ., LTOXTREND,

(3.2)

2T, WiTRBRAE, el ZRR T L EHRETLLORLTH D,
Flo EERPARITH & WATTHLHEICHONTHIHMEiZ1T > 72, AR
% Fig. 3.3 (¥, A MIIMEAE P RITALE L TR Y . IR M3 E# 1
15 Uc, AT MBPHEMEDLENSHIZR D Lo I E0g Y H L 217 -
7. FSWHEEHROFEE, RHEHOKEIS 54 % Fig. 3.4 1T~ 3, PO x, yid
BETENCRE X AT RZ2 R, RETORBISDET/ NSV, HRT
HHZENL, BREHEUNT 2HEISTOEIT NS N EEZ BN D,
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400

A

h 4

e Tt Pt W L
eiatolototetititotitetoretetitizet
i
|
|

Weld line

917

Fig. 3.3 Geometry of the fatigue crack growth specimen, 90 deg

200
—@—oy(Tool side)
150 I —8—ox(Tool side)
—&—oy(Root side)
—O— ox(Root side)
100
g
2
bE
50
O -
—o
-50

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60

Distance from weld line center [mm]

Fig. 3.4 Residual stress distribution of the FSW joint, tool and root side



T, REDO VY OREIG 154 % Fig. 3.5 121, HABROPLT, H—0
SIRFRRIS I L B D B2 G RD B 9.8mm B 72L& T 7% /)5 711E OMPa
(272 o 1o, TERMEFR R I )X B SRR O SMA CTHERR S A, iR ROz S < lzoh
OMPa (2t 3\ 7o, SIREE IS ) K EMEERE IS 1O B — 7 132K
170MPa & -13MPa Tdh -7z, Fig. 3.5 LV, A FSW R IKDOLE, HEEIET
AR EHITK L TRIEHTFETH 5, REDMEHTHYRIRE TIE, AR
B R FER IS I AN o RIS/ E i LTS WD Lk, AR
IR S T RIS I DR ZZBET D, RIS DN RRMERITE 2 5B OHKIER)
RELAMBICT D720, RS040 % KR 3.2 ISR ENLHRATET v
kL7,

1-¢?

O-J/(E) = Oresmax m (3.3)

§ = (3.4)

Z 2T, olDIFFREIE 15340, S3FREEIG IR U CERE I 17 & ook L7 iR
B, dIXSIIRIRRIS AR O 12, LITEEH 0 & e o o i 4 R
‘j‘o

200
+UV

150 L —o—OX
---eq.(3.3)

Ores [MPa]
=
o
o

50

_50 Ll | | T T T N T T N T T T T e | I T T - 1 1
-60 -0 -40 -30 -20 -10 O 10 20 30 40 50 60
Distance from weld line [mm]

Fig. 3.5 Residual stress distribution of the FSW joint, average
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TETTART BN KT D IS IJIERBRIL D /ST A — 1%, IR R EIZ L DS IRE &
FRAERSOFEGTMTH D, RATRT LD ITHEBIST) bISIERREUT
“h 2% (OCHK 3.3),

_ L[ azs
Kres = == oy() 7548 (3.5)

ZIT, alFRARREESTH D, BISHIEREEIT, ETHBIC L DG DR
DIFERPRE L FRBEIE TN K DISHIERARELAS 0 LLEDSG S TR END,

K = Kremote T Kres (3.6)

FETRIE P2V T ISR, RATRTEY | EISHIERERE D R R E &
RMEDHTER SN D,

Kremote,min + Kres

Reff = (3.7

Kremote,max + Kres

3.2.3 IEE BB DBILE

2 O RER A O EBLEE 21TV, FSW 5 OFRE ISR S - I E
% IDWE R E) 23 7, kmBisR I, B L EFTE FE-SEM S-4700 MO8
AKEFH FE-SEM JSM-7800F % fii f L 7~

3.3 fiRHT FIE

B ZUE R ) 2 AT BT A 722 . Ma BIC X > TERASNTEZ 7 T v 7
sua—yxy—7 Fa—F M L=CCHE 8.4), AR DIERBREIIR A TEE
S5 Lk 8.5),

AKesr = U AKgpy (3.8)
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U_l_amx (3.9)
1 - Reff
da
an = f(BKery) (3.10)
°— = Ay + AR + A,R? + A3R® forR >0 (3.11)
amax
° =Ay+AR for—1<R<0 (3.12)
Gmax
1
namax a
Ay = 01825-—(134c-+(105c2)[cos< - )] (3.13)
0
0.
mzamw—amu):” (3.14)
0
Ay =1—A,— A — A (3.15)
Ay =24, +4,—1 (3.16)

ZZC. Cmax I KEMITT. oo lXIRENS I TH 5,

WENIG L, BARIS ST & SRR OEIEE L, Ma b E[RERIC cld 1.5 & L
72Tk 3.4), da/dN- AKes D Hi—~ A X2 —fhfifiZ, ik 0.1, 0.4, 0.7 DRFF O
AREAER LY RO T,

3.4 HEHE

3.4.1 YEFRI GRS R

S —EZ#) % Fig. 3.6 (I~ T, N OMRE BEADERTRT, £io, #H
D2 H 0 KU 2mm ALEOKER 2 KGN CBEAORGH TRT, HEERNO
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] —EBEENL, AT ORICR 7 2AE T TR . M ozsE) & B & o B
2D, HEABLD 4 KO 6mm 7B ORE R A2 Bk VKGO8 TRt =
NEOFEFRIL, MM EIRIERM LR CHEAEZR L TV 5,

450
400
350
300
250
200
150
100
50
0

Stress [MPa]

0.0 1.0 2.0 3.0 4.0 5.0
Strain [%]

Fig. 3.6 Stress-strain relation of each area

3.4.2 FEAMR & O FEREA I 7 B IOE R ENZ 5 2 5

Fig. 3.7, 3.8 | FSW {3k 1=10, 40mm 0 da/dN-AK Hisi % =25
T, M OBZEREEZ O THbLE CORT, [=40mm OAE, @ TRIH#EA
e EHE L2 WA RO INERER IIRM L IZER—TCh D, —FHOTR
THAMRE BT 20RO BEHERIER X, BN EATEFIZH
L8556 GIREEISIC XD IE L T\Wb, BN EAREZEBR L%, &
SAE R PE 1 TR 2 123D U RIA O B e JR i B ISl 3 %, i3 g a
ST D% G BANEREE IR O 1.6 5 Th -7, Fig. 3.8 L V. I=10mm
DY, AR EEET o RAOBIMEREE X, B X0 v, Zhicxt L
T, EAEMEER L2 VWBAOBILEREE G, M L0 by, BESCIEN
BRI & DA . FSW HEA D @S0 B E 1T R O 54 L g LT
205 CThoT, HEMEEBE L2 VWRADOINEIL, e EET 28HD
ML X D /S o Tz,
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«— Weld line

o FSWL —*
Tensile | | e— o
* FSWR residual stress
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10> '
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Fig. 3.7 Fatigue crack growth rate of FSW joint (£=0.1, Z=40)
10 Weld line— —
Tensile residual
O FSWL «—stress O
e FSWR ﬁ
102 O BM / .
—Effective @
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S
<
g 103
z Ve
é //
3 S
D
104 5 =
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Fig. 3.8 Fatigue crack growth rate of FSW joint (£=0.1, Z=10)
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Fig. 3.9, 3.10 |2, #ABIEOBAOERRIE 2R, BAITHESHROEMR
MHER L, AR E LM EERT 5, BRI AM R L CRIFEEICER
T 5, L, BEEERNEARNICH D5E ., BEERITRNY —L~—7|C
HBo TR Loo, Hmm EBEERT S, Zo@E™IX, 1 %E Fig. 1.1 1R
V=B W TOR R BT, BB OHICliaZaER FmiT Ll Eo
T THo T,

Fig. 3.9 Crack growth path of FSW joint (£=0.1, Z=40) (a) Tool side, (b) Root
side (Inverse image)

Fig. 3.10 Crack growth path of FSW joint (£=0.1, Z=10) (a) Tool side, (b) Root
side (Inverse image)
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Fig. 3.11 Fatigue crack growth rate of FSW joint (#2=0.4, Z=10)
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IS 0.7 DA, BRDPESHREEET 20 ENIEL 5T, FSW KO
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Fig. 3.13, 3.14 ([ZHAME A O BADOIE %~ , BEMERTT L, Fig. 3.9,
3.10 LRILTH D, iz, BIEEREFENIL, 3428 LAETH D,

Fig. 3.13 Crack growth path of FSW joint (£=0.4, Z=10) (a) Tool side, (b) Root

side (Inverse image)

Fig. 3.14 Crack growth path of FSW joint (£=0.7, Z=10) (a) Tool side, (b) Root

side (Inverse image)
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Fig. 3.15 Fatigue crack growth rate of FSW joint (2=0.1, 90deg)

Fig. 3.16 Crack growth path of FSW joint (/=0.1, 90deg) (a) Left side, (b)
Right side, (c) Overall crack growth path
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Table 3.2 Tensile test result

Young’s 0.2 % proof Tensile ]
Elongation %
Modulus GPa  stress MPa strength  MPa

Omm, SZ 71.6 344 443 22.7
2mm, 71.7 331 466 28.0
TMAZ/HAZ

4mm, 74.2 351 492 24.7
HAZ/BM

6mm, BM 70.4 353 485 18.6
BM 72.9 357 482 19.9
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Fig. 3.17 Fatigue crack growth rate of base material
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Fig. 3.18 Effect of weld line distance to modified stress ratio (£2=0.1)
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Fig. 3.19 Comparison of maximum acceleration ratio (£=0.1)
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Fig. 3.20 Effect of weld line distance to modified stress ratio (Z=10)
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Fig. 3.21 Comparison of maximum acceleration ratio (Z=10)

RER DA B RNME IS it U TRIZIZZ(L T 208, fTOSE . i)
Rz L TR0 &SI ZA LT 5 Z 3005, IS oI 3T LT, R
HIEEA LT g, ARBHCRANT2ICHOT 256, MEiE 1.0 &7 b,
EBROEE, S 0.7 TRAMELA 1.0 (12725 DIk LT, i TiE, 15

52



oMz X0 | RRMEIE 1.0 IS LT D, FEERGER & AT is o2
1. B=0.1 DA KE <, B=0.4,0.7T DFEIZ/NE W, Fig. 3.20 IZ7-3@ 0,
ISR EWIGA | EEIS T OIS I HTEWE E 72 %, 56> T, BRI
b & DRSS DZED/INE T2 DITHE e RAME b 0D FEBRE R & fg it R o
ZH/NESL DRy D, HEEHRTO & EEIRT L ORBENET D5 E
IZ2OWNWThH, RERZBATIERNL DD, [FEROMRNABLILD,

3.5.5 AN O B R

Fig. 3.9, 3.10, 3.13, 3.14 |ZA 6L 5B Y . Y — 1 MHDOEGAE, & DHHEFAIZE
TY—~—7 Fhllih> TRADERT 2 DIZx LT, v— MDA, B4
HERITIZIEEROTH D, FSW HERIKONE 77 @2 RT3 1T 2 REER H 1m0
WA, Lemmen 52X THEE I TWAHCCHR 3.8), [FISCHATIE, A
O IXYIHI TR0 | BEIME R T7 10 O A I3 BN O Jg ik O o & L2
LB MmO LN TVWD, AETIE, [=10mm (2B T, S #Eing %
IZHEV, IR OB IMEE 127D - TRANER T 28I/ v, Zhud, ISk
OEENINZ X 0 R RILERICB T 28NS NPT 572D Th b, £, #E
B & B L O BEBEASEEIN T D I2HEV . JBIR OMUIMEE I - TR &
HPNERTDEMIIED LB oD, KEBWT, £=0.1, I=40mm D}
A IR OB IEE DB b /N SODFERDE DV, BN AR 7 Ikt
L CHRELRSGS, BTGRP ERT IHE, Y — I ~— 7 liho - BLUE
BEHHORENEONTZN, Lt R CEBETHD EBEXOND,

% 2 BT FSW R oI 57217\, LOP %48 &35 FSW bz
DIFERBADBIEREE R L 1IZIER U TH Y . KA TR, B
RN BSLEERE IZ 5 2 D BT HE Tl L AR Lz, Rt AR
PEAHEN R E < FSW #5810 L 2RI O BN B L0EREE RN D
EEBEZLND, HEEMBAR TR E AT 0 EHERIEOLA . BIEREIS I
& DR INERME ONEN MR SN, —F, AP ART T & 'EE T, %5
M ZBANERT 5 90 EHEADS G, BAEREE OIEIT R oo
7o PEEICHRE R TR OERE IS NIRRT 20MPa F2E TH Y | A H I OR K
SRR IS 7] 173MPa OF) 14% ToH D | s HHRME 50MPa @ 40% Th 5, &J&E
KRR X D BELEREE OMENLIE 2 BOMENOREBIIFE TRV ES D
N5 NG, 90 EHREOLGE, RIS INRRMEREE IS 2 2 I
EAERWEHIT IS, Mz T, FSW 84128 T tool K O root 1] TF#E
WIS AR RIR D03, IR TR OFRRE I T15540 OE WD BRERZFENC G 2
LR NS W E TSNS,

53
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Fig. 3.22 Fracture surface observation of FSW joint (£=0.7, Z=10) (a) Fracture
surface, (b) BM, (c) SZ, (d) HAZ, (e) BM
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Fig. 3.23 Fracture surface observation of FSW joint (£=0.1, Z=40) (a) Fracture
surface, (b) BM, (c) HAZ, (d) SZ, (e) HAZ
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Fig. 3.24 Fatigue crack growth rates of the FSW specimens
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BV OIS ARSI E % Analytical (23R 2 5k, KO FEM fi#4T
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exp(—0.5¢2)

O-y(f) = Oyresmax (4.1)
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Fig. 4.1 FEM model
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Fig. 4.2 Fatigue crack growth path on FSW panel
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Fig. 4.3 Fatigue crack growth data for FSW panel
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Fig. 4.4 Crack opening stress
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Fig. 4.5 Equivalent plastic strain distribution (crack length =40mm, x=40 at
crack tip) (a) BM, (b) FSW
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Fig. 4.6 Equwalent plastlc strain d1str1but10n (crack length = 63mm, x=63 at
crack tip) (a) BM, (b) FSW
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Fig. 4.7 Vertical displacement on crack wedge
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Fig. 4.8 Contact pressure on crack wedge (40mm)
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Fig. 4.9 Contact pressure on crack wedge (63mm)
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Fig. 4.10 Vertical stress on crack wedge and ahead of crack (a) BM, (b) FSW
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Fig. 5.1 Dimensions of fatigue test specimen
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Fig. 5.2 Corroded surface of base material (a) 24-, (b) 48-, (c) 72-, and (d) 96-h
exposure

[F] C iR I 64~ 2 FSWakER i £ 2 Fig. 5312787, R & Jie o 7o K5

76



ZRLTWD, 24hZFEICEBW T, BMHEET 056 & ik U THA B

BWTEVHEENKRE WV, FEFHNEWVIZE, MR & FSWRE T DO

BOEWIRE <, FSWiHB A HE OB E Y Y MIRMRBRA L L Tk

B EVIBIAThoTz, T2, BAEY Y MIEESROP LK OERBICES LT

W5, F2EOEBMBBIEND ., IO OEMIZSZE ITMAZTH S Z L %
LT,

Weld line |

Weld line

Weld line

1 mm

Weld line N

Fig. 5.3 Corroded surface of FSW specimen (a) 24-, (b) 48-, (c) 72-, and (d) 96-
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OFSW corrosion: 200 MPa
x BM corrosion: 200 MPa
=FSW Non-corrosion: 250 MPa

OFSW corrosion: 250 MPa
+ BM corrosion: 250 MPa
A BM Non-corrosion: 250 MPa
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Fig. 5.4 Fatigue test result of prior corroded specimens

Table 5.1 Fatigue test results

O Cycles to No. of fracture Fracture origin Remarks

(MPa) failure origins location
BM-24-1 250 419309 1 BM
BM-24-2 250 103478 1 BM
BM-48-1 250 93258 1 BM
BM-48-2 250 113139 3 BM
BM-72-1 250 69959 1 BM
BM-72-2 250 44156 1 BM
BM-96-1 250 63149 1 BM
BM-96-2 250 41559 1 BM
BM-24-3 200 Run out N/A N/A
BM-24-4 200 Run out N/A N/A
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Table 5.1 Fatigue test results (continued)

Crax Cycles to No. of fracture Fracture origin Remarks
(MPa) failure origins location
BM-48-3 200 Run out N/A N/A
BM-48-4 200 Run out N/A N/A
BM-72-3 200 214591 2 BM
BM-72-4 200 195894 1 BM
BM-96-3 200 151534 2 BM
FSW-24-1 250 98376 1 SZ tunneling
FSW-24-2 250 88530 1 SZ
FSW-48-1 250 65196 1 SZ
FSW-48-2 250 65030 1 SZ tunneling
FSW-72-1 250 84032 2 TMAZ
FSW-72-2 250 84898 1 TMAZ
FSW-96-1 250 45151 3 SZ
FSW-96-2 250 45519 1 SZ tunneling
FSW-24-3 200 Run out N/A N/A
FSW-24-4 200 Run out N/A N/A
FSW-48-3 200 151963 1 SZ tunneling
FSW-48-4 200 Run out N/A N/A
FSW-72-3 200 202479 2 TMAZ
FSW-72-4 200 842523 2 TMAZ
FSW-96-3 200 170917 3 TMAZ
FSW-96-4 200 93466 1 TMAZ
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wAIETI260MPadD A BEEEGEZ AT o2 B A 13, 5573 s L
oo Flo. BEEGEZHFE LRWFSWRER T oF S HEmiT, BREEGELZET R
B D100, ETH Y | BEBEEDEIFMICH L TRO THETHDL Z N
HELTHD, KIZATEY, BEEEGL AT 5B A L FSWill i O
F M OFPFIIE TV D DY, 24hZ B O RMRER T 1RIL, K421 27 v Th

DA & b L CRVWE FmAa R L TS, ARG /1200MPadE . S
{17324, 48hiZ3HB W\ T5005 A 7 /L THMEE L2 WEFIN R o, —FH, %
BN WS eI /123200MPa T & - T b 3Bk i ol s /B S 7,
FBRRINE WG, BRI DR FEMICE 2 D BIINEL D T sy
mnd,

WIZ, EOESZHERT 72D, BmBlEEIT-o7-, 2 TORBRAIZ
BWT, JBAEEY Y FABEORE TH 72, Table 5.112, BIEEES L /2o -8
By MiEEOETRT, BMREBT LR | FSWRBR A 054, #50
JEEY y MPEOR S L7209V (Fig. 5.5) 2 &EBX0nd, EEEREE~
DFEBENVFEWVIZE, ZOMANEETH S, Fig. 5612, 96h#FHE L 7o FA R
ROMSERRE -T2 BRY Yy MarRd, AT dakm#igE L v, Fig.
5.61Z R T X O ICRMRER T O S L R AR Yy MIFE FEER LW
Z Ny nD, Table 5. LCHEE S &7 D BRE > FOFHEE G bE TORT,
BMRER IR SEDERE v N EFRERIC, FSWREBH OTMAZIZE R S
HIBREYy MIRE FEERT L hrrmkicz b7z (Fig. 5.5),

Corrosion pit

N

Fig. 5.5 Fracture surface of FSW joint with 96-h corrosive exposure
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Corrosion pit

Fig. 5.6 Fracture surface of base material with 96-h corrosive exposure

—7J7. Fig. 5.71396h#FE SNI-FSWRB O R Y Yy F 2R L TW5, [FY
v MISZIZERA S, Rl FE2EREL TR, MEOESER-> TS,
Table 5. 11Z/R T Y | B2 5 ZZEGFFICBWTHREEOBAY v h2HET 5
FSWiBr g4k Tdh - 7=,

Corrosion pit

Fig. 5.7 Fracture surface of FSW joint with 96-h corrosive exposure (tunneling
pit)
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5.4 &5

WmE, E51L. FSW 7075-T67 /L 2 =7 554 DTMAZ/Meat affected zone
HADIZHERBEY Yy SRR Z EZHLMNI LTS (SCHRE.1), [A]
R TIE, TMAZ/HAZEESR TOCuDERNMERMEOIK T TH 5 L fEamST
TWD, AL TIE, B & s U TR A ELIC IS T 2 BRI R & B & 2>
IZFT D72 OICTEMBIE 21T o 12, B R % Fig. 58127, ABIESRERILL
k5.1 2D B o fEREZ R LTV D, R OTEMBIERE 1T, fEdkiNIC
T U H DIZEHR OB A0 LT D, HAZICE T DT OBUI R &
B LT IFEAEDRIFUCIHFEL TV D, AT, HAZIZEB T 2HTHY
DL AT TH Y . #HRITHTH D, Zhicxt LT, TMAZK SZOHTHY
WL, Rk CTH Y < BRIFUTHFTEL TV 5 (Fig. 5.8),

Fig. 5.8 TEM observations of FSW joint cross section (a) Overall section of
FSW joint, (b) base material (outside of (a)), (c) HAZ, (d) TMAZ, and
(e) SZ

%I)?Mﬁtﬂ%@ﬁ}‘z/\ T2 7= ICEDXS% Az, Fig. 591”615

BY . MOV EHYOEDXS LY . oI, Al Cu, Mn& £ 5
ZEHERLTWD, Al Cu, MgxaietTH b A 5415 A1, Cu, Mn% & TeAT
D105 DILL T TH 5, A THIITHAZOT HIC b Ao ive (Fig.
5.10), Z#uzxf LT, Al Cu, Mgk & $iZAl, Cu, MnZ & &4 i 3 TMAZ T
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Blgisnic (Fig. 5.11), &b, Mga @itk clig sz, Zh

H2 ) OFTHIISZTH B S (Fig. 5.12), Mgz S Letriid, ki<

Aoz, MgldCuk ¥ b EMEIMENZ LB TS, > T, Mgk
AT E R OTMAZ, SZOAHEIL, R M OHAZ & bl L Tl & rE MK
WHREMEZ R L TR D . R RE B L7 & o7z, RREG L &R

MR D K0 SR BIFRDEEITIE, EERITE & LI OEDXSBIZRIC & 5

AENLE LB ZBND,

Mg K ————— 1.0 ym CuK c————1.0 pm

Fig. 5.9 EDXS observations of base material (a) SEM image, (a-1) Mg, (a-2)
Cu, (a-3) Mn

MgK:ﬂﬂpm CukK ————— 1.0 pm

Fig. 5.10 EDXS observations of HAZ region (a) SEM image, (a-1) Mg, (a-2) Cu,

(a-3) Mn

————— 1.0 pm Mg K 1.0 pm 1.0 ym Mn K

Fig. 5.11 EDXS observations of TMAZ region (a) SEM image, (a-1) Mg, (a-2)
Cu, (a-3) Mn
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MgK —————11.0 ym CukK ———— 1.0 ym Mn K

Fig. 5.12 EDXS observations of SZ region (a) SEM image, (a-1) Mg, (a-2) Cu,
(a-3) Mn

F 72, EDXSBIZIC XLV, SZOKIFIZI T Dirregular 222K O TN IS
ENTWD, TEIZ600nmiRE TH W OHTH LV b RE <, WHEME T
FARREMEN B B,

kG2 THgam SAVTW A Y . SZOFELITEf C2umfeE Th 5, BIfiT
ALY, SZE OTMAZORISFHUI R SCHAZO RIS L 0 Bl MEDME Y,
TMAZDYA . [ UfEmAFSW et 22 L W B S nE S FMIciEiF s ns
TEND, BEITHRETMICE D ER LT WATREER H 5,

Table 5.21%. HFZERFHICHBITLHERY Y Mz~ T, FSWali i o5
G, SZOBREY v MIERWIEZFLHE L7z, Table 5.312 % Z& RIS 1T
HIFRYE Yy MES O R OEMEE A RS, Py MESIX, B4, FSW
REF OWTNOEAE S BB OB LY | IR 5 Z &R0 0n
%o Fio. M OEHEAY v MESIIFSWRBR A & il L TH10um/h S0
ZEBNMD, FSWRER T O R Y v NES OLEMRENT, B oL EfRE &
4L EOETH 7=, Fig. 5.9~5.1212~ 9@ VD . FSWHET D 4 @ ffiki L8z
BRI EEREICK L TR > TRY | HAPICERE L 7%t L CteE &
LR DEEZ DD, TIEM L E L CFSWiRBR 1 iz B W TE R EIED
EHNRKREWVEHBETOHDL EBZOND,

Table 5.2 Number of observed corrosion pits

Exposure period (h) Base material FSW joint (Excluding SZ)
24 13 78
48 78 98
72 82 50
96 76 50
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Table 5.3 Pit depths for various specimens

Exposure period (h) Base material FSW joint (Excluding SZ)
Average (um) Variation Average (um) Variation
coefficient coefficient
24 14.0 0.25 23.6 0.42
48 26.1 0.45 36.6 0.47
72 48.0 0.23 55.2 041
96 71.0 0.18 82.2 0.43

Table 5.413 45 B M SRR I2 BT 283257 A7 o
VI, ZEMREE AT, B, FSWakli & b SREFRFRI OB L v i 7
AR N LTS, FERERHIARWSGG. FSWRBi o7 2~
NSRS & b L C20% R E W T & 33025, Table 5.35 0 . FSWakBi i o
JBEE Yy MEIIIRAHM & HEg L TRy, Table 5450, FSWlih OfF R v
v NOEEOT AT NEOYEEMEIIHM LD S REWZ LRGN D, FEIZED
#H L@, FSWRB oA Y v MISZEOTMAZIZ TEICBE S, K
FHECIZSZOB R » MISL SN TS, TMAZICEWT, LONORRA
ITE S HEICHEMIZTEINTWD, 2D ORERIIRMICEB T ks & i L
T, WNFHTHS EEV, (> TFSWREBR T 04, L0 23 aBEE,N
JRIND, 1o, FSWiBR o7 A7 N OEEMREIL, B & g LTk
VN,

Table 5.4 Corrosion pit depth to short axis aspect ratio

Exposure period (h) Base material FSW joint (Excluding SZ)
Averege Soefticient Averege Soefticient

24 5.2 0.37 54 0.69

48 4.0 0.48 4.0 0.63

72 3.3 0.33 3.8 0.45

96 2.8 0.21 33 0.52

Table 5.5/X % ZFE R LK KRB BT EREE v NEHEICKHT 57 A
7 MEEONYME, BEaMER AR, RERFEOEIMNC L 2z, FSWiR
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OWEFREE Y PEMEIT, 2URITHEML TWD, Ziud, FSWikBif ofR s &
O7 A7 M, BMaBRA LR L TREWVWTZOTH D,

Table 5.5 Corrosion pit volume

Exposure period (h) Base material FSW joint ( Excluding SZ)
Average (10° Variation Average (10° um) Variation
um) coefficient coefficient

24 0.17 0.88 0.96 0.87

48 0.91 1.40 2.70 1.56

72 3.99 0.75 11.70 1.40

96 11.52 0.42 41.20 2.77

Fig. 5.131296hZ&FE % DM DIE Y v MESOMMiZ R L TWD, T6HEDIEE
By ROABIERSN, 209 bRESDRITI~80um TH 5,

40 | 10
g 35 v
= i | |
IS5 30 L mmm No. of corrosion pits |4 .8 <
o Cumulative fraction =
g T 106 &
- 20 + Q
S | | | 04 2
= 15 + . E
Corrosion pit as 5
10
5 l Jrfrac:ture origin 1 02 ©
0 | 1 1 1 11 1 1 | L1 00

O D O PSSO PO
AN N RPNC N )

Range of max. corrosion pit depth (um)

Fig. 5.13 Distribution of corrosion pit depths in base material after 96- h

exposure
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4RI, Fig. 5.141296hH& T % OFSWiRk i O &y MES iz 7, SZ
DIFEE Y MI hrxikic’z?d (Fig. 5.7) ZERHH1=0, 777 TlE%E
FELTI/V‘OEI/\ SOEDIERY y BTSN TWD, By MESIIRH & g
THMERIE, BFREE Y MEZD A /Y/ai81~9oumf&b>:> L7
NH, 1IFBICEVERE Y NI, 231~240um, 2EFBICRWVWERE Y v MM
151~160um T 5,

40 — 1.0
35
2 ——— 0.8 ¢
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o I,
= @
= 20 2
> 15 : : 4+ 04 ©
© Corrosion pit as 2
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5 |
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© %*\5 r\q’ '\b‘ \‘b r\‘b q,qf

Range of max. corrosion pit depth (.um)

Fig. 5.14 Distribution of corrosion pit depths in FSW specimen after 96-h

exposure, excluding corrosion pits in SZ region

Fig. 5.151296hB®&FE % DR OB RY » MES LEHOT ZA~7 KD /3Ah
% . Fig. 5.161296h &% ODFSWRER /i OfER (SZOFEE v F%FR<) &%
AT, KED, B EOFSWRER I\ T, 7 AN FH2.4~3.2
DFRE > ML, ZNEN49, 24 Th-o7-, FSWERERF D&, 7 A
MEAB 6T A DR Y FAER SN,
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Aspect ratio

Fig. 5.15 Distribution of aspect ratios of corrosion pits in base material after
96-h exposure
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Aspect ratio

Fig. 5.16 Distribution of aspect ratios of corrosion pits in FSW specimen after
96-h exposure, excluding corrosion pits in SZ region
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Fig. 5.171296hZ% B % ORI OMSER R & o T2 F R Y Y N ORED i %
Y, 777 OF— RiX1.05~1.2X105 pm3, R KEFEIL2.40~2.55X 105 um3
Th 5, Fig. 5.181F96h#FEZDSZOBFEYE » N &R FSWillR i O 7540 & 7~
T, BT LR LY TH D, 200RBA OB ALY v FAFEIX107 um3
F—H =TV, &g L TIRIAIZ A LT 5,

EEOR KR L 2o ERY Yy FORE, 7T AT Mh, FiEE ., FRIZHBWD
TRAITRT, BN RED . M, FSWilih & bR bIEWEREE v k
N, T U SAEEDE S &R DR TR 03905, Fig. 5.15, 5.161%,
WTHNORB A OLAE S, EOESAERDERY Y hOT AT R EHR2.2~
B6DHPMTHDL I LERLTEY, BWEAE Y F2AXLT L HMIEO/R S L 72
STV, B, FSWilR i OEER A & 2> T BB E v F OFME % Fig.
5.17, 518127, FIMOLE, BHARBREOBREY v MIBEOR KR L - T
Wiy (Fig. 5.17), FSWaEli i 0856, mARKBFHOBEY v MIMEEOE A
LlpoTW5b, L, FSWiB T FSW-96-3ICB T 2 R RKRAEBOBFRELE v K
736.68 X106 pm3 T 5 DIZxF LT, MIEDEN L 2o EREE Y FOEEIL
1.50, 3.48, 3.51 X106 um3®D 32 TH Y . F#f, FSWikfr oW hoda
H, MABFHEOEAEY Yy FAMLT LOHIEOR S LR DN E AR LT
5o
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Fig. 5.17 Distribution of corrosion pit volumes in base material after 96-h
exposure
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Fig. 5.18 Distribution of corrosion pit volumes in FSW specimen after 96-h
exposure, excluding corrosion pits in SZ region (a) 0—8.55 x 106 um3,

(b) entire volume rang

Sankaran 513, CES.3ICRBWT, JERY v M a#IHaRY 1 X EE L.
JEREY Y R BERER T OMEICE S £ TORTHEMO TR EZIT-> TW\Wb, [
BRCIE, EHER Yy MHEEZHWE S AZEREMNRBRER L T 5
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T TS, Fig. 5.19~5.221C, 24, 48, 72, 96h#&EE L7255 DI T)
B FEMOBERERT, o, PHERY vy M HEEIIARHEE LT,
R E S ICBANERT S EToHEmapEH Y 7 RNASGRO (3CHk5.4) %
FAWTEHE LR R4, B8 TFig. 5.19~5.2212~7, AR IAICE L&
BEZRBEAEY Y SOFHE (Table 5.6) & MATIZEEH Lz, TICBWTERY
v MIEBRAFRICHD SREL, BT HREY Yy hORELBAEAT 52 &
L7z,

Table 5.6 Corrosion pit size aspect ratio (perpendicular to loading axis)

Exposure period (h) Base material FSW joint (Excluding SZ)
Averege cosfricient Averege cosfricient

24 5.6 0.36 54 0.55

48 4.5 0.55 4.2 0.62

72 34 0.36 41 0.47

96 3.0 0.25 3.7 0.50

BUTRTE Y . KIS T1250MPad 3556 O fRHTRE R 13 Hulse i) FEBRRE R & —
LTW5b, ZHIUIX LT, &K SI200MPad 4, FRIZIE & RFERER N B
BB\ T, TR IR & ERASERICH O RE R A O, MTIC L D FE
fli S 7oy SER ML, BRY Yy M RREE L TERT 2 £ TodiM &
O, BIHERITE T Sshort crack DFEEEZZE L TV, ZiubiE, &R
MBS RFREY Yy MTBW TR VEENRKRE N, ZibDENT, F25HR
EFRATDFEVNZTFE LTV D EEZ B, SCHRE.4IZB W T BEN ThIL T
%o IHIT, FMEFSWRHERF OERE v Fo@EoIT/hE < Wl h Tl
SITEENIEEL LT 5, Table 5.3 6B 570372 & 512, FSWikER i D
BIEAY y MESIIRM LD H010umiE, A OEEY v N OZEMRE)
5., BMOBAY vy FOEERZEIZINIOmMTH 5, MOBEEY Y h DY
K OMERERZEOFL, FSWRERF O L1 RIER U Th D, FSWaRER A o2
EREE. R O2.5TH D, FSWiBr i icB T 2 FH L0 HIEVERE v
MIRM B & g U TR 0 EVET Fam L 705, Jonesblid, SCHERG.51238
WT, WA %5 27-2024-T37 /L 2 =7 AEEDEITEFBEZFMM L, Kb
EWEEBE Yy b2 T LOLMEOR S L2570 L2 /R LTz, £/, Merati
IE3CHRG.612FVN T, 2024-T37 /L X =7 A G@OHT /340 & — ERIRIE 55 3
BRICH T DR S ORI 21TV, &b KRE T vd L bk O Rz
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TR 6720 2 L AR LI, AR LY . FSWRER A b ARO[ Z2R~4 2 &
DHENE R ST,

o] FSW corrosion: 24 h
A BM corrosion: 24 h

300 ®  FSWMNon-corrosion
—+—F3W: 24-h Avg. pit
— —= — BM:24-h Avg. pit
250 e A v
E ™
s, &
5 -
s x
200 - o
Va
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104 10°

108 107
N [cycles]

Fig. 5.19 Fatigue lives of prior corroded specimens with 24-h exposure

(o] FSW corrosion: 48 h
300 i BM corrosion: 48 h

FSW Mon-corrosion
—+—F5WW: 48-h Avg. pit
- —= — BM:48-h Avg. pit
250 A Vel
o
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P r
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200 A o
150
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Fig. 5.20 Fatigue lives of prior corroded specimens with 48-h exposure
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(o] FSW corrosion: 72 h
A BM corrosion: 72 h

300 X  FSW Non-corrosion
—4— FSW: 72-h Avg. pit
- —= — BM: 72-h Avg. pit
250 - : Val
‘w©
0
= \
5 \
200 &
\a
150
10¢ 10° 108
N [cycles]

Fig. 5.21 Fatigue lives of prior corroded specimens with 72-h exposure

(o] FSW corrosion: 96 h
A B corrosion: 96 h

107

300 x FSW Non-corrosion
—+— FSW: 96-h Avg. pit
- —= — BM:96-h Avg. pit
= 290 - z\’
o
= A
5
200 -© /O
150
10% 10° 108
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Fig. 5.22 Fatigue lives of prior corroded specimens with 96-h exposure
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FSWiBR F DF &y MIESRTP O O IICED T 2EARH D Z &
5, BREY Yy hOBEEIIRM LY LE, FSWRBAFICBIT2ERE Yy hok
HIXZ D OEfEZ LWES & L, R’ & ik U O 97 i 2 SIS S
LEREMEN S D, ZORMEIZ L VIRIAORBRAICE TRV EEE LD L E X
bid,

6.5 FiEm

2024-T3 7V = L54 FSW it FOME MO 21T > 7, R % 5-
L 7=iRBR O3 S5 F e DRl & G CTiT-o 72, ERERER LY, FSWRE O
BEE Y MIEGRTREOUEICET T 5D LT, BMOBEY v M
T UH BT DERBE LN, HAEAEHO TEM g2k 0, TMAZ kO
SZ O HEWITRDIR TRINICR BN D Z & 2R Lz, ZAUTK L TR RO
HAZ OHr I3 EHIR TRNIZ R B vz, 72450 EDXS f#tric L v . TMAZ
J N SZ TliE Mg 2 & 0T RIS UCAFAET 5 — 7T, R L HAZ OHTHY
WIMg #5202 EEHLMNI LT, 26 DFEEND FSW O TMAZ, SZ
DG EVERS A & B L TIR T LT 2 AIREE 2 7RI L 72,

FSWiRB OIF R E > FORS L OEREIIRM O%E & g U TR E W
WG NT, ZRERENEWGS, B E FSWRBHFOBREY v O T A
MHIZRERBWITR N2 ooy, BREBEFHNAELS b &, FSW il h o
JEREY Y hOT AT FMUIKEL o7z, FSW BRIk Sz F¥ LD
REWFEEE Y NI, BMEBRAFOBEY Y ML TRTHFMICGERDE
BRRENT & PRI L0 ERE LTz,

PR OB LV, SZOERY y MIERmE FEERT L AREENH
LZEMHBMNERoT, REIZBWT MO TOEEY »y MIERE O
RIZA OGN o7, £ BEWERY Y NERIIRREHEOBREE v b2
DT LU BREOR S E R b RN L2 EBMITR LT,
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6.1 &=

RFETIL, 2024-T3 TNV =T LEBEEENRE T DU Xy METFOREF7RER
1T, 2024-T3 7V =7 554 FSW ik L e i okt /5, JZ 95 Fam D b
21T 9,

6.2 AR 71k

WE2mmD2024-T37 VI =7 AEEZHAWTY Xy METFEZRWEL, FSW
T & O IFRHED I AT o7, Uy MI211T-TAT VI =T A58 TH
5o Uy MEFIXHAROHZZHELEGNEYE LTZ, Fig. 6. 1M L 723173
YO HHELRETORRE RS, MHTFOE, EIIXZNE4160mm, 420mm T
HbH, VX FERNY Ry MROERIZ3.96mmML M4.0mmTH S, Uy b
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Fig. 6.1 Geometry of the fatigue test specimen of a riveted joint
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Fig. 6.2 Fatigue test result of riveted specimen
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Fig. 6.3 Riveted joint fractured on manufacturing side (40= 100.0 MPa,
failed at 143k cycles) (a) top view and (b) fracture surface

Fig. 6.4 Riveted joint fractured on the manufacturing side (40 = 69.8 MPa,
failed at 727k cycles) (a) top view and (b) fracture surface
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Fig. 6.5 Relationship between stress range/tensile strength and fatigue life
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Fig. A.1 Geometry of specimen (a) Base material specimen, (b) FSW specimen

116



Wzt OBRIRGERICHERA S FEERBICET 2 HETH S, SAE APR
5412BCCHk A DICFEEH SN TV D EBRREBRIE 2 AW CHEBRRABR 21T, H
TECTIIMZEREDEALI I U CEBIEE N E D 5TV D, ARFZETIL, EBRIEE
DOIRITEEE 2T A R EH WS L &L, BE— 7 BROEEL TR
Lz, ARICBIT 5 Y — 7 &% 3, 10, 40kA @ 3 @ 0 ITEE LB A I
EEBEA L, BEMEI, BEERORmEART I, #2500 Lo 280 |
BEOWEMIIREST RO 1@ & LT, BABRONMNE L EARDERE~D
BE DB OW T 21T o 72, BBRMEO T L 2 KT 57291, AT
ZFAN—ERTIT R BE A Uiz, 288 LA & ORI 2mm & L7z,
RERNEEE L DT D% Table A1 107, BRI, MASHEEDOTT
B4 DA 20 2EFI AR SSGA 200-360 Z#H Lz, FHEABROK %
Fig. A.2 1277,
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Fig. A.2 Set up of lightning test
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Fig. A.4 lightening damage on FSW joint (a) 3 dimensional contour
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Fig. A.5 Lightning damage on FSW joint (a) SZ on Tool side, 10kA, (b) HAZ
on Tool side, 10kA, (c¢) SZ on Tool side, 40kA, (d) SZ on the Root side,
40kA
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Fig. A.6 Relationship between peak current and damage size
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