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Abstract: In this study, neutron diffraction mapping was performed on linear friction welded joints of a 12 mm thick
high-phosphorus weathering steel (SPA-H) to evaluate the distribution of residual stress, dislocation den-
sity and crystallographic orientation. Linear friction welding (LFW) was conducted under two applied
pressures (100 MPa and 250 MPa). The welded interface primarily consisted of refined ferrite with minor
retained austenite and martensite, suggesting that peak temperatures during welding exceeded the 4, point
(the eutectoid transformation temperature) and induced reverse transformation to austenite. However, the
joint produced at 250 MPa exhibited a lower welding temperature. At the weld region, grains near the
specimen surface were elongated along the oscillation direction (OD), whereas equiaxed grains appeared
at the center in both thickness and width directions. Inhomogeneous microstructural distributions were
observed near the interface along OD. Both joints exhibited high tensile residual stresses in all directions
at the weld center, while compressive residual stresses developed near the surface in the direction perpen-
dicular to the weld interface. The applied pressure
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Evaluation of Residual Stress Distribution in Linear Friction Welded Steel

Joint via Neutron Diffraction Mapping Measurement
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HEEEA (Linear friction welding: LFW) " 13, ##25
ARt 2 22 2 5 b ¥ THUBHEE) & & 72FRIC 4 C 2 EEG#
B & U7z TH 5. SO RIS B CREEEC
& 0 SR S ISR S 5 23, M U 22 IRE TR Y
W% 4 2 &2 O FITIRBY A1 ds K U2 OEE AN
o THEAmMAEBNED & LT a3, 2L T, 91
DEAEFMHAE LD & LTl X 3 & WA mE 1A
WX NEA VBRI NS, LEW IS EEEREA (Friction
stir welding: FSW) THWSHN 2 K5 Y — LB AETH
2ZELICMAT, 1 sIEEOMEFE TRENTESLZ L%
W aM A2 2 HbE S TN TENRIBRICE S TS
BTEBRHWEAD 5, D10, HEEMBABICIRE X
NBERIERE L0 & @OIUHES BT 5, LEW DR
KOFEHIE T O X 285 2 — 2 —D—DTh 55O
MEJNZ & > T, HEARmOREIERE (BEWNE) %
HHRETHTE B TH B, Kuroiwa 5132.6 mm/FDOH
SR EHS45CITHR LT, T4 OFEIIE T TLFW #2170, ]
PR RE & B2 Rl OB HIE 2 &, S % 4
BIEEHAEIEIMCT 222 RMLEY AT, #
TR EE DR FERTENE & R ICHBEN S 5 Z L 2R L,
S45C DA TIXEINE 1% 250 MPal & §5 Z & T, 4,
O (REMOBA £ 723C) LT TORESITRILEY, D
F0, LEWIXEAHROHMENIC &> THEARKE 25 %
FEEE T &, FEATBOMARMER O Hl6H0 23 1 e 25 2 Ak T
bHLEADb, TOMRERE AT, Aoki SIFBERL v IL

F V¥4 b EBHHE L 72 SCM440 & IV T, AT o FIN
FEJT & A5 BRI T & 5 DAL oD BY 15 % SEAI B4
L7=Y, GHINE S & ¢ 3 2 & THAERICIZ T ok 1%
723200 nm 2L F ORI AR o5 Z L 2HS & L,
LFW 2 EARE 2RI, KR TOHEAL R TH S Z
Lo #ENE ENGREE & B RO O & M T X
5, L2L, LFWICBT 28O KPP IdizEEeny o V
e UTEAMELE L ENTOHBATIE") Th b, S
MBHZ R 2 B IERERN T 5, LEW % & 0 PUHN 285
e LTk 23 7-0120%, SMMEHIN 4T3 LFW D
FEREN AR B RHETH 5, ZD720, HEHIBIZER S
2 AR O G 72 0 T <, KT DA 5 2 B RRE &
ZDOHEFEE OBREBRST 2 Z ENEBETH S & T
INhs,

LSO LEW T 12 36 1F 2 B0 R 1 & A &
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Y IZONTRT TICEHEN TR TS, AT, EH
it EE MR D D Th BRI ONT
SO BRI EL D & RN Z < OREA L I T
%, Wang 5 (1A FH S SMA490AW F5 & Ui fige 4 i
SPA-H D LFW ik T-12 35 1 20897 Rtk &2 30t L 727, 2 D
FESE LEWHET-2 5 BRECL 72388 F Cla R & I FIE R S 0
WP REAE TSI & EWS L L7z, Miao 5 IELFW K
TFOBAE B A RMEMEL 2", Aot
2 DR T AR EIE S 2 FINS 5 Z & TREF IS IR
B I HEROMIISEII U, LEW #0537 R A A
E5 3R A5, X 512Miao 5 1F, LEWD#HEA 7ot
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2 DT EARIZ N X B 22 FHINE 143, LEW Sk 9% 77
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B, A OO X ORI ) 125 % 5 I
wf%%&%ﬁéﬁn,ﬁb%¢%ﬁ@ﬁm#mérﬁﬁ
o LI F S At A R L2, B X5
LEW D EATBISTER & 5 TRt R0 e 4 o> Bb 1 5 14
IZOWTIRZOEIIREE N TV B 5, WL D OIS
WX Tnb, LA L, LFWHRFOMEM AL, %
OPUHMEZE LK 5 7201213, BAHOEUEME - mHNC
KOBFEAXNZEHIEN? 1IZONT S HR A HED B
ZENHEETH 5, FH, LFWIEESHPICEMEE 15
TaX A TH BT L5, IR0 OVA MR
DOFRFIS N340 > &0 4k 5 & P EN B, LFW
TR I N EZE T OIS A mIc >0, a v
2 =57 REPEX R B & O a7
DHERTHON TSR, WFhd TIAERAIAE, Ni’a\
BIZRT MR TH D, SO LFW kT2 4 5 )
TTIEE ICAD o0, SRR O LFW KT 1206 4 2 50
JIHI5E 13 Gadallah 512 & 2 XAgWIrEE 2 v 4 — k& W
WA B 52, 5132 mmEDOHRFEH S45CIZxF LT
fifi % DA OFIINE T TLEW %170, 6T 05 #IEH
A ENE L7z, 2 ORER, A OHNET) % 8N & &
% &, BEART NS - 725 N3 U, Ao
LU CRI A S AOKHISITIEMN§ 2 Z 2 /A L7z, L
PLEDRS, BERHME UCEBEE & 58586 mm b Lo
JESAR DFEFAIE 1 73 A dMET S T, JEEIR O 5
A, AR BT 2 EA O A R B O 2% )
DR E IR PHINS, 20720, FOFKmL
INEBCIRHAIB 17346 & e 7s 2 nTREME DS & 5 o SRS O LEW
T OFREIG I A0 R0 AR & 7 O IR O A R Rk
WL % Z &%, LFW OPNHIPECHET O S HEE % if1
IHTOL LCHEAEFENAMR L UTET 5 Z L0 iy
TZ5%,

12 mm

(@)

30 mm

OD
NI‘); ;
LD ;
‘ L Ly

Oscillating

Welding interface

Loading

Z ZCAME TR, BBREEDHEA VT SHEWZH
W5 B i MES O SRR A 5 & U CIKEINIE T B L OF
M) CLFW KR 21ERIL 72, 2 L C, f6 7=k F
XU CH TR o ¥V SHIE 24T 5 Z & TR
LFW kT O IR 15046 & 2 D53t 3 5 Ao
MESOWBEFM L 72, A<, hErafi s - %
RN 5 Z & TR O N BN EE &S ST O 53 A & AT
35 Z LT, JEHAR LEW Mk F O AR & A &0
Btk % BHIE(L 9 5 Z & A3k A& 7z,

2. KEBRGE
2-1 fHEMLEALRH

HEENEH & U T30 mmE, 63 mm3z, 12 mm/)5E O i lk D
Ve T P JE 22 30 #4 SPA-H: JIS G3125 O JE§il B % FH W 72,
Table 112 fHEAEH D (b A RHBE % 7R 97, L a8 13 R 3K 1 0.08
wt% DKM T H 5 25, PREDSE N80, ERIEEN K
#E BT B B, Fig.l (a) 12 LFW kT O & G0ORHE
RO EHE/NT, KPOLD, OD, ND &7 2 HIIE S
] (Loading direction: LD), {&#) /5 1A (Oscillation direction:
OD), #8751 (Normal direction: ND) Z =KL T\ 5%, %
7z, LD AINIELE S & P47 CTh 5, LEWIE R R % 15
Hz, #&IEZ 1.5 mm T—& & U TCHEfEL 7=, ST OHIINE
TNEBEA KM% tb DGR T, pERAIAY 22512
FEAIRE 23 U Sl ds K OMKIR & 28 % & 9 12100 MPa ks
K U250 MPa & U 7z, IR, SHEUNES TR7=/EF%2 20
FNLFWI100 #5 L OF'LFW250 £ 19 5,

Table 1. Chemical composition of the base metal. (wt%)

Specimen C Si Mn P S Cu Ni Cr Fe

SPA-H: JIS G3125 0.08 0.44 0.39 0.087 0.003 0.27 0.17 0.64 Bal.

i Welding interface
00 O0OO0O0O0O0
ND oo

50 mm

6 mm
0 : Measurement point 2 mm
£ F = OO0 O0OO0OO0OOO0OO [e]
HIEN:
sl 2\
£
3 . oD
‘Welding interface I
ND

2 mm
6 mm
12 mm

50 mm

Fig. 1. Schematic of (a) LFW joint and definition of sample coordinate system and (b) neutron diffraction measurement positions for
the LFW joints perpendicular and parallel to the welding interface.
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2.2 WREEHE

AL AR 2 12 13 E A EE 7 ¥ S% (Scanning electron
microscopy: SEM) ¥ & UM 1 ## % 7 8L B BT (Electron
backscattered diffraction: EBSD) ¥ %& > 72, Tt fH kg 22
O ET A ¥ 7y PREMTIC K > TEAH»S
PR U 7z, BB ND il % fiif AR BT ME (#240~#4000) THIF
JEL 72812, —15CICRF L iR T 2 7 — L G
T/ —)L=1:9) #HOT, BHE34 VT30sHD

EIRUIE CHEm & L 72, EBSD M IS NETEIE % 15 kv, A
T T H A4 X%005umE LTHEEL 7=, &, SHEME
B (confidence index: CI) DAEAY0.05 L FOMIEMIZ /) 4 X
E LTI L 72,
2.3 hEFEIT

eI T~ o & 2 5 HIE 1 OK R RS T T A e s
J-PARC OWI'E - A Fh#FZBR M MLF 12 8% & 72 TRAT I
R T2 bR TIF (TAKUMI) | 212 THhE L 72,
HEITEE L C, MR IR & 213 0 i KB (#80~
#2000) THFE LHLD B 72, Fig 1 (b) 127 » ¥ 2 2 ERL
BOBEAX 2R, EHEESIHO~ v ¥y 7 HJllETIE
NDZ A 52mm#B & 6 mm(HRJE A L), ODFEH A 6
2mm#B & C15mmD 4772 Fric i U Tl & F i L 7=,
Fig.1 (b) 1278 F LD 2 o 72 7 712 1L 0 W2 A7 i 13 DR,
ND2-0D2, ND2-OD15, ND6-OD2, ND6-OD15 & Z 112 HLfi
T %, 72, ODKRMNIZ I W IE £ (ND2-OD2, ND6-OD2)
% MR i 355, OD 2 1 A 5 15 mm @ Ml 7E 1 (ND2-0D15,
ND6-OD15) ZHRMEH L& 2 Ehbid 5, AT
MO~y ¥y ZHETIE, A REOHREH AR LT

2% THIE % F20E L 72, &I10E RS J6 1) 5 IE e

FEHT Y — 2 O@BESR RN E TS LTl kb kI
7.5 min~10 min O B DL D BER & U 72, Fig2 12 h ¥+
[T OMEE B OV A4 7 MZBT 3 ERX &R,
RERF AT — 210/ L T4 HIcilE T %
Z & T, LD 72130D & ND D& T b 2 Mlwe T & %,
Fig2 (a) IZ/RTLA 7% F TIZLD B X UNDIZHi 5727 —
S %, Fig2 0) 12§ LA 7Y F TIEODH K UNDICH -
F— 2 EFTNETREE L 72, ASTE —204% 4 XiE 2
Doy MZED2mmiEX2mmE & L, 2 mmiED 140 5
DT a) A =2 EMHLT, RO — Dk E
2mm X2 mmX2mmé& U7z, T ¥ — A5 800 kW
T b o720 BRSSO H N DB 7 e 0 ST Yo b8 -1 [ B
OWEIZIZ 7 =KVl & 07z, 7 — K VRN, #E
AR 36 K A RIMA 62 mm AOREE T 4 ¥ 7 v
N RN T A% A FOTEREL L, Z 0 6 2 HR Ol 51
TIRDAEDETC6mmMAE b IIMERLE, 7 —-KR VKl
BHI 2 M mETHlE I, 7 —F VikRohoizst L
TLEWHF DA LFARO Y4 ZD2Y) » P& T VT

) A — & & T 10 min [BZE6E L 72,
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2-4 FT—HBNEE
BoNh Pk EETOME T — 2130 — kL b EBrY
7 b = 7 [Z-Rietveld] * % FIWTHEHT L 7=, &5 1
B 5 FEkg b, Gi=11,22,33) 28— =k
&ML Bohizd, # T TORIZE D BHA
WS> BT OF A (0= 11,22,33) ZEH L 7=,

_ dii B do,ii
d

N (1)

2 ZCdy, (ii=11, 22, 33) I3FEHAIETI O 72 W IRRED FeitE
BT D, Rl K OLFWEAS,» S /EELL 72
=R VB> S /7l AMHL 72, &, LFW100 % K&
ULFW250 D &7 — K ¥V ilBt» & {3 =il 8 Rl &
BLEZONBBMEOAIHEHL, 2SO EHIZON
TIIBM D o — K VBt 5 5 7-f & L 7=, 11131LD,
22130D, 33IENDIZX LT Zh FhFATa A &EwkL
Tnb, AR 725 o, (i=11,22,33) 1355

(a)

Transverse
detector

Beam slit

LFW joint

Incident
neutrons

Radial
collimator

detector

(b)

Transverse
detector

@eam slit

3

LFW joint

Incident
neutrons
LD
’)_, oD
ND
\ Radial

Axial collimator
detector

Fig. 2. Schematic illustration of experimental setups of
TAKUMI instrument. (a) The joint is aligned to measure
with scattering vectors parallel to the LD and ND. (b)
The joint is aligned to measure with scattering vectors
parallel to the OD and ND. (Online version in color.)
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60

T l-v

E \4
Oii __|:gii +E(811 t&,téy )} """"""""" ()

ZZT, ERWMER viZET7T Y VT H B, KiFET
MR RIS TH 5 &E L, E13206 GPa, vi%0.3
& U 720 AT TE O hkl A5 SORE O P 48 (Ful width at half
maximum: FWHM) Z RO Y 7 + % = 7 % FHW TLD,
OD, NDD K Fmn» 6 &G L, Zh 5 O FHE % v 7z,
LFW #k TP O K557 V0 A 1, 110-a D P ¥ — 2 O FiSy
HRIE A TR U 72, & ds, SlE SIS 60 B R 5RE
13, AR 5 S 72 LD: 50 mm O A e L
LU THIRSAL L 72, AR OB & O OREE ik
IZBF5 I 70 0FAEMSETFH A XIE [MAUD] V7 b
w7 BN TRD 72,

3. BREEE

3.1 EEEOMMRER

Fig.3 (a) ISR OHUEHLHE A 545372 “RE 11§ %2R
T I T T 254 FES—F 4 PSRRI TV
72o FM7 274 L OPFIRESREIZ 139 um TH D, Fiil
KTho7e BE_MTHB/5—=54 MET7 =274 MRRE
IZEL TR D, 2 DBETHEIZN10% Th - 72, Fig.3 (b)

@~

/7 foiy
Perlite

Ferrite

W2 BERE O &S 5 AL~ v 712 Image quality (IQ) ¥ v 7 %
HRAEDLE LR ERT, 78— F 4t OFEBIX QM AME <
Wiy ¥ b5 2 b k&5 Tz, Fig3 (o) IZFig3 (b) &
[RIFREY 7> & 19 72 R A 5. 2% (Kernel average misorientation:
KAM) ¥ v 7% 3, 7274 PRAIZIEZS 771 A4 Uk
D KAMABED E WAL L 72 (KIFRERHED) . Z D720,
RERH BRI T X N al{8 L 724k C b 3 LRk X i,

Fig. 412 R, LFW100 35 K TFLFW250 D &7 — K ¥ Gl EHS
DWW, Fig2 1278 ¥ Axial detectorfll 2> 5 572 ¥ — 2 71
7 74 VL ERT, Figd (a) 18T & 5 IZRMIE BCCHgdEH
RKOE—=2DARTH 572, THIZH LT, Figd (b) BT
Fig.4 (c) 1278 LFW100 % & OFLFW250 Tid BCC ki K
DY —=ZIZMA T, FCCREEHKRD Y — 7 BFIEL 72, £
D7, WFROLFWHET 2B W T AT O RERIE
WEEA, U ETHD, KA — 2T T4 P FLz&
EibNhd, ) — UL FMEBIIEIC K DR 2R A —
Z 7 F 4 b EIZLFWI100 5 & I'LFW250 T 2 11 2 114.2%
£3.1% T & D LFW2500D J5 AALFWI100 &k » & # T 5% #
* =27 FA4 M EEID L, 5Tz WTHhOMT LA —
2754 b % < FEREIR N B BEBCCH &
WU TIEREIThNEWEE L 6%, 20710, EHILT
IEBCCHDAAEZEL THIL 7=,

Fig.5 \ZLFW100 DA 6 F -8 i~ v 7, M
vy TEBLOCKAM~Y » T2I8T, &b, Mt~y 7
B LU~ v 712131Q (Image quality) ¥ v 72 EHASD

Fig. 3. Microstructure of the base metal: (a) secondary electron image, (b) inverse pole figure map, and (c) kernel average
misorientation map. RD and TD denote the rolling direction and transverse direction, respectively. (Online version in color.)
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BTH D, fdbITN~ v 73BT TH 5 ND» 5 ff#f
LA Th 5, BUEEHI A - (LD: 0 mm) O
P [l 47 o il E 47 & (ND2-OD2, ND2-OD15, ND6-0D2,
ND6-OD15) =S L =2 fiid & L 7z, fidh i~ v 7 &
D, Fig5 (a) I K OFig.5 () (2§ Ml él (ND2-0D2,
ND6-OD2) T, #f&okiiZoDIzii - & L, NDIZxt
LT<110> & <11>ICfdm L 7245k A 2 < fFfE L 72, %
Ik L T, Figs (b) ¥ & OFig.s (d) 1278 ¢ B o0
(ND2-OD15, ND6-OD15) TiZ, fishiiz ik cd v, #
%ﬁﬁé%ﬁ%?yﬁATéoto$w%%ﬁﬁu,W@
Ui D H RO LD B 0.5~1 um FEE WM T dH - 72,
Fig.5 (e) ~Fig.5 (h) IZRTH~ v 7Tk, WFhoddy
TEHHPARMTRT LKA A — 27 4 PSS
N7z, EBSDIETCHZEEA — 2774 P RIZVLThOM
BE1%METH D, HEFRPrE» 552l & D K<
Koz, ZHUIEKRHEA — 27 54 PRIEPIERITNE o5
727-DIZEBSD CREAEELE LBEL 220 ThH i LEL
5NBY, 7274 FThbLELHN5BCCHEDR: M,
RORR E12iE, IQEAMES Hua Yy b J 2 b OfGskiA
L T 7z, LEW100 TR A — 274 P HBFEEL
Tl ens, HETORMBEERE 34, L LE TH
WENFZETHINS, LA -T, 2TOXS EIQIEOL
WKV LT VA P TH B EEZ L NS, Fighs (i) ~
Fig.s () IZ/RTKAM~ v 77X 0D, WEFhOBISRHTIZE
WTE T 274 MRINTICARIANZ RIS U 72 R A2 H
R X7, BCCHETH S 7 =74 NIRRT 3L

4
10
i LD
10° %
10° %
10" =
= (b) LFW100 s LD
- — ()
2 10°; ? -
el =
£ - -
2103 =
175}
[
3
= 4 )
= 10 :
(c) LFW250 3 LD
s 3 2 =
10° %
10" %
1

0.15 0.20

d-spacing (nm)

0.10 0.25

Fig. 4. Diffraction patterns obtained from d, coupon: (a) base
metal, (b) LFW100, and (c) LFW250.
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F—MEN72®, FSWO LS 25L& ABEES 7a v
2 TR A K EC & 2 0, B S S 2 R 2
ERHISN TS AFEDLFW 20T & B4
FERINT & ABEPES Z &6, FSW DA & [RERIZ B
MERKLERTD >z Rk Eh 5,

Fig.6 12 LFW250 DA 5 B 7= i~ » 7, M
vy T7EBLUCKAM~Y v 7% ZNZIURT . SN~ v
TEMYy FITRIQY y TEERTRLTH D, FEM
i~y TIEBIE ST THANDD SN L7245RTH 5,
g E 3 A A b o A e a4y o JE A7 S e U
7= HIK & L 72, Fig6 (a) B L6 (c) 12789 Ml i & T
1, LFW100 & [AIBRIC ODIZ R U 7= Kl dtoki &2 5 L, Al
FhiE<110> %&ﬁ@‘é% ki KT H - 72, Fig6 (b) I
U6 (d) (SRS HE D TR, HE A SR o &G SOk
25 R S T 7z, PSRRIV T ho Bl
& LFWI100 & i U ThH 2 Ml T - 72, Fig.6 (e) ~
Fig.6 (h) (2R M~ v 7 TIXLFW100 & [FAREIZ TR A+ — 2
T4 P EIQEDKNEETNT Y T X O ELE X
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Fig. 5. Microstructure at the welding interface of LFW100 corresponding to the neutron diffraction measurement position: (a) to (d)
inverse pole figure map, (e) to (h) phase map, and (i) to (1) kernel average misorientation map. (Online version in color.)
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Fig. 6. Microstructure at the welding interface of LFW250 corresponding to the neutron diffraction measurement position: (a) to (d)
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Fig. 7. Inverse pole figures at the joint interface obtained from neutron diffraction pattern: (a) LFW100 and (b) LEFW250. (Online
version in color.)
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Fig. 8. Residual stress distribution of LFW100 as a function of distance from the welding interface along the LD: (a) o,;, (b) 6,,, and (c)
043, respectively. (Online version in color.)
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Fig. 9. Residual stress distribution of LFW250 as a function of distance from the welding interface along the LD: (a) oy, (b) 7,,, and (c)
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