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Abstract: Friction stir welding (FSW) was applied to a 10 mm-thick plate for the Fe—15Mn—10Cr—8Ni—4Si seismic
damping alloy. A sound FSW joint was obtained successfully without macro-defects such as groove-like
defects and tunnel holes. However, small pores with diameters of 1-5 um were formed owing to the wear
of the FSW tool during the FSW. The decrease in the heat input suppressed the tool wear. Consequently,
the distribution of small pores was limited to the border of the stir zone at the advancing side under smaller
heat input conditions. The stir zone of the FSW specimen produced at 125 rpm showed a higher tensile
strength of 759 MPa owing to the grain refinement and the high elongation of 50% compared with the
base metal. In addition, the stir zone exhibited a remarkable fatigue life of 9,723 cycles. This was higher
than that of the base metal (8,908 cycles). Grain refinement occurred by discontinuous dynamic recrystal-
lization (DDR X)) via high-angle boundary bulging and direct nucleation in the high-dislocation area. The
increase in the heat input suppressed the DDRX owing to the promotion of dynamic recovery.
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Friction Stir Welding of Fe—15Mn—10Cr—8Ni—4Si Seismic Damping Alloy

Tomoya NAGIRA, Terumi NAKAMURA, Takahiro SawacucHi, Masakazu Mor1, Yoshiaki Morisapa and Hidetoshi Fui
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2. KBRHAE

2.1 MEBLIUCEROERBERES

AR Fe-15Mn—10Cr—8Ni—4Si D A ~ T b % ArZE P
KR CHAENMEGFIZ TR L 72, 204 v Iy b & B
WL, BORICE = LEJE U 72, 38121273 K C 1 BRFMA] 24
WL AT, KBS &2 17 5 720 B A I3 R £ 210 mm, 18
100 mm, JZ X 10 mm OHUZYIWr L 7z, Table 1(Z Fe—15Mn—
10Cr—8Ni—-4Si A DAL ZEK 7 & 7R CRATARIMINZE T
WHE U7z NB KOOI, ANiEEA A Bl — AR IRk
THIE U7z, 520D OILR R, FBEAS T 7 X~ RHH
HBIZEk > THIEL 72,

10 mm JE® Fe—15Mn—10Cr—8Ni—4Si &<B D FSW IX 2 4 —
A V7L — MCTTY, #EMHICRIET ABE O % #
N5 72812, 125, 150, 200, 500 rpm D 420> — L[]z
JE AR L 720 Y — L ORBENHE I 10 mm/min 12 [E7E L7z,
72, B MmO A T — )Ly g LA B ETEX 10 mm
DAL B—=LTa—T 55 pcBNEIEY — L& i L
720 FSWREE T AN HIHE — F CffE L 72, |EIFAENZ
LC5tD—~EDMBEEFNL 72, AN AHET 272012
KA EHMEE (OM) F6 K OB FB T A AL 8 1 i (FE-
SEM) % L 72, BT # A HEGELDIHT (EBSD) F DB 1

Table 1. Chemical composition of Fe—15Mn—10Cr—8Ni—4Si
alloy (mass%).

C Si Mn Cr Ni Al N (0] Fe
0.02 390 15.14 10.00 798 0.02 0.0053 0.0016 Bal.

(a)

87.5% U VIERIEWRHPIZ W THOC OKki) TEMM15 VD
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SR X B (EDS) (&, BB ORI O IE R 5
BT BT L 2z, AKH 4 2 L8 57 Gk % O ol
#% (%, EBSD % fdi [l U Calffi L 7z, &St 1513, EBSD
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Bk, KARIR (LAB, 2°<0<15°), Efaki% (HAB, 0>
15°), B KU <111>/60° (fil/ &) 12k > THRE SN B33
MR (TB) 123 8H L 72,
2-2 5IRBIVEHAVIVEFSHR

Fig. 1125158 % & UMK+ 4 27 L 97 ik B B o X %
Y, ETOREBRKF i%ﬁ%ﬁﬁ IR U CEEICYIWT L,
Fig.1 (a) 1289 & 512, FATHIZFSWHKTF O 5 D A
TdH b, kBt ;U;éﬁr’i L THREA SO H L
72. BIEB L OMEHY 4 7 VB F O~ 2 ZhFh
Figs.1 (b) £ L U1 (¢) 12789, 5I5REBR 1L, Instron 5982
L, BWRIZTOT AEE 0.5%/s THEEL 72, K5 4
2 VT EAERE, MTS 370 # i fH L, SMRICTO§ ARG
0.4%/s 5 K O = FRIE O S THAE L 72, O3 Al i
1% CTdh 5, 5k & OIS 4 7 L 07 akBais, Bk
RS B7zdiczhZh 2B KO3 MDD E L 72,
2-3 FSWHOBHRZK

Fig.2 {2 FSW O AR O fe i fE 2 & 5 200
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direction
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Fig. 2. Schematic of experimental setup for examining the
microstructural evolution during FSW. (Online version
in color.)
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Fig. 1. (a) Schematic of tensile and low-cycle fatigue specimens. Dimensions of (b) tensile and (c) low-cycle fatigue specimens.
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O—TJH5iA=E YT AT VI =54 FELOFSW Y — L
W, ARSI, Y — L OBERE 150 mm/min T
FEhE L 72, FSW Y —Iuid, T 7 LT 3° DR
TEE U7z FSWAEEIIZANHIEE — N CHEL, BE%
S 1.8 mm & —E IR o 7=, TR O FE 3\ R IC K4 5
ABROHE A AT 5 72912, 400 rpm & 600 rpm D 2D
DY — )L [AERHE A L 72 AR, E—2iE %
RIS T, (91631 K)Y THl -2k L& h b, FSW
oY — 2, REA ORISR OICEE X 7z KE
BB & UCHINE U 720 ABAGRIFIR, Y — v Ol
400 rppm T 0.50 7,,, 600 rpm C0.55 7, CTdH 5.
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Fe-15Mn-10Cr-8Ni-4SiflliR% >~/ \—A 2 DEEBIHES

EBSDMIE 12 U 7z, BEWITEE#%, EBSD H OGRERF 1378
fRffEECc T v & L 7=, EBSDMIE L, #MEHRS)O RS
YT A NSO~ —H —MEHIH > TR L 72,

3. BRBIVEE

31 EiROFSW

Fig.3 12 & A B4 (500 rpm) & I A B AF (125 rpm—
200 rpm) 2351+ % 10 mm D FSW skl Fi O SME 5L % R
T MABGRIE T OFSWikliih (Fig3 (a)) O/3) O,
ABGEIET (Figs.3 (b) BXV3 (d) &0 B LHh o720,
WFNOREFIZ e~ 7 0 RGBS I hah 5 7,
500, 200, 150, 125 rpm CTHESL U 72 FSW aAB& Fr oD K& I 1fii
FFPAMBTE E 4 Z W Z N Figs.4 (a), 4 (b), 4 (o), BXV
4 (d) 127”9, Fig4 (a) 1R &5 12, FHRBANO~ 2 aifl
fikid, BABUC K 2 MBI L MENRBI A RIELTED, 20D
R, AnEdl (AS) & #RM (RS) DI KED /YY) 2
e E N7z, L Lo, HEEIZIZ~ 2 i /RIGI3E
WEINK o7z, —H, IRAEL (125 rpm—200 rpm) 356 YJ
GIMRRRBI 25X L, N OREWND X &, BRI
WSRO PRI L TERE™ T > 720 F 72, WK b v %
RO RIGITBIER S g 5 7z,

Fig.5 (a) 2500 rppm CAEHL U 72 FSW k5% F o it #8358
AR A R 3. B EBRRAITRT & 512, BIPEEakc
BWOEIPEAGRTFEZLDORTBHML Tz, K
DORTHIZIFAHBR T REENR Tz, K7 OIEKMX %
Fig.5 (b) I1Z/R7, B 1-5 um DK 7 B EHB TR I h
72 Figs.5 (c) ,5 (d) ,5 () ,5 () ,BLV5 (g IZZ2hTh
Fe, C, Si, B, X U'NDEDS~¥ v ¥V & %/~¢., EDS T
DAER, K7 NOKFIIWEFNZHKRT 5 Siv R 5 &

10 mm

Fig. 3. Photographs of the appearance of the FSW specimens produced at (a) 500 rpm, (b) 200 rpm, (¢) 150 rpm, and (d) 125 rpm.

(Online version in color.)
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RARE IS LA B2 7,

A # & F (125 ipm—200 rpm) T D FSW ik Bk F- o %
MR OBSE T, WIBBAOETIEIEL WAL 72,

(a)

Figs.4 (b), 4(c), ¥ K U4(d) DR TR £ h 7238501,
pPeBN Y — L DPEFEIZ K > T L 22U e R 7 A5
i L7l &R LT %, U R 7 23054 U 7= GEIE,
Y — L OAEERE MK T § 312 O TR Lz, LS
T, ABREORAIEY — L OEEFEEIIHIL 72, BN R FIEF
12 AS DRI BIR & I 5346 L T 72, Morisada & 2
13, EE300 pm DFUNEEOR & v 7 2 T U RF & XA
A=V VK S>TET 5 Z &12&k > TFSWHOMHK
BN A AL L, 1550, 2oL =% =R AT —
T OB A Bl#E U, 530012 & - TR O Ml £ T4
ISRE)T 2 Z L AR L7z, ThED/RERICK UL, BNRT
WEFSWHIZ 7’0 — T OJH D % [BlE L 72 23 6 HEFE O 5 R
ISBEIL 72, X 512, T u— TREBAORE A6 SRR T
HBZENISHBENTNS, RGO WA T T,
ASDURIE SAIERS K 0 &< & 57, HEE, %k %5
ASDOFEEHR TRIZRS KD & K& o7, Thbb, Hil

Fig. 4. Optical micrographs of the cross-section of the FSW specimens produced at (a) 500 rpm, (b) 200 rpm, (c) 150 rpm, and (d) 125

rpm.

(c) (d)

\J —

5 um

Fig. 5. (a) SEM image of the FSW specimen produced at 500 rpm. The black and white arrows show the particles and pores, respectively.
(b—g) EDS mappings to identify tool wear. (Online version in color.)
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BT U7z, ZORR, PSRRI 18.6 umiZ& 572, L
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B 5557, FSWHO Y — 2R, 2 - 3fi T
& 912, BAEGM (600 pm) F T2 mm/EDOAEH TIE
FI900KTH 572, 3 - 3HITHEKT 525, 10 mm/EDEH4E
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ISR RE R, AIRED FRIC k> Tl ah3s Z &
P XN TV B FSWRkBR T 13, EOWATREIZ X

grain size (pm)

Fe-15Mn-10Cr-8Ni-4SiflliR% >~/ \—A 2 DEEBIHES

DRI AR DEIE2327.3% DFRAEEA — 2T 4 M lfE%
mL7,

BIRES O RAE A % R 5 72812, Fig6 (g) 12T &5
12, RS ohLEFE N x=0,y=0) & L 722&KICHEE
REERHL 72, Fig6 (h) 13, FHHEBND 5D DI T D 300
X300 um FEIKIC I F B PR ERIE D i AR L T\ 5,
x HETIE, AS, H0, KURS OFEEERRIEZZRT
#18.1 um, 18.6 um, F KL 17.6 um TH > 7=, ZDxJjlHl
ORI, T a — TR OIS FROWRE 5, T ab
HBASIERS KD A EIRTH B I L E ML Tz, y il
GURtOIEAT71) TiE, EEOV-EikakiE (26.8 pum) 1%
TEBOFEIIFEARIE (103 um) KD & KE D 57z, YT
BIZ & 2 RED R FIZ K0, WHGEE 2358 < 75 5 7285 R,
TFEOREMID L 72EHZ 6N 5,

3.2 RV

Table 212 BM & 125 rpm THEH#L L 72 FSWak % i o 41 44
IS B0 B 5 ERER &K A 2 L ARBR O RS R &R,
BM D 0.2%1i 1), SIREE, kO, 2hE4h230
MPa, 666 MPa, ¥ & U870% Td - 7z, Fig.6 2R g & 912,
RO 5 R8I L, AEaR ORI LIZ &L D BM & Mk L
T14% BN U 72— /T, UM 28% kD L 72, FSW ikl H
DEFEERIL, 759 MPa DN 725 [BRIRIE & 51% O EEYE

0
-3y (mm)
-3 0 3
X (mm)

Fig. 6. (a, d) IPF, (b, e) grain boundary, and (c, f) phase maps for the BM and FSW specimen produced at 125 rpm at the central region
of the stir zone (x = 0, y = 0). The black, green, and red lines denote the HABs, LABs, and TBs in the grain boundary map,
respectively. Green in the phase map denotes the y-phase. (g) Optical micrographs of the cross-section of FSW specimen. (h)
Distribution of grain size in the stir zone. (Online version in color.)

Table 2. Results of tensile and low-cycle fatigue tests for BM and FSW specimens produced at 125 rpm.

0.2% yield stress

Tensile strength

Total elongation Number of cycles to

(MPa) (MPa) (%) fatigue fracture, Nf (cycles)
BM 230 666 70 8908
FSW specimen 347 759 51 9723
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Figs.7 (a) ¥ & U'7 (b) 12, BM & FSW ik 5k F- o i #8350
BT A0S A 2B A 2 LD I-0F Ak 2T
)Y 2N =T B X OMEH A 2 g S akBirh O 0 & L
{bithfe & 2 W Z R 9, Table 212789 & 512, BM & FSW
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BL G572 2R, -4 — AT T4 M bevILT
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LW O ¥ — 251138400 MPaTH D, Z D%, il
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(a)

- BM
= Stir zone of
FSW specimen,

400

200

-200

Nomical stress (MPa)

-400

Peak Stress (MPa)

-1.0 -0.5 0.0 0.5

Nominal strain (%)

1.0

TIEH L 22 FSWikli i O IPF, KR, fH~ v 7%, Zh 7z
T Figs.8 (a), 8 (b), BKUS (c) IZRT. yMHEeMHDEIL
XENZTNI18.6% L 814% THD, -V T V¥4 MIE
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L7229, 0 LASHERIZ 168 pom /NS e LT V4 4
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Fig. 7. (a) Stress—strain hysteresis loops for the BM and stir zone of the FSW specimen. The dashed and solid lines denote one and half-
life cycles, respectively. (b) Cyclic hardening curves during low-cycle fatigue test for the BM and stir zone of the FSW specimen.

(Online version in color.)

Fig. 8. (a) IPF, (b) grain boundary, and (c) phase maps for FSW specimen produced at 125 rpm after the low-cycle fatigue test. The black,
green, and red lines denote the HABs, LABs, and TBs in the grain boundary map, respectively. Green and yellow in the phase
map denote the y-phase and e-phase, respectively. (Online version in color.)
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Fig. 9. Optical micrograph of the horizontal plane of the FSW
specimen under the low heat input condition (0.5 7,,).
(Online version in color.)

Xx=-3

Fig. 10. (a—h) IPF and (i—p) grain boundary maps for FSW specimen in the range of —6 < x < 4. (Online version in color.)
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Fig. 11. (a) Grain size, (b) LAB fraction, and (c) TB fraction in the range of —6 <x < 4. (d) Magnified grain boundary map for the FSW
specimen produced at 0.55 7, at x = —3. (Online version in color.)
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Fig. 12. Magnified grain boundary maps at (a) x =—3.5 and (b) —3. Magnified (c) IPF, (d) grain boundary, and (¢) KAM maps at x =—3.

(Online version in color.)
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