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Interfacial characteristics and mechanical properties of titanium-steel
clad plate joints fabricated based on friction stir welding technology
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Abstract: Buit welding of TA2+Q235B titanium-steel clad plates was performed using single-side friction stir welding (FSW') process
and a hybrid FSW + metal active gas arc welding (MAG) process. The mechanical properties of the joints were characterized through mi-
crohardness and tensile tests, while the Fe-Ti interface characteristics across joint regions were analyzed by scanning electron microscopy
and electron backscatter diffraction. The results demonstrate that the ultimate tensile strength (UTS) and elongation after fracture of the
FSW joint reach 84% and 71% of the base material (BM) , respectively. The FSW+MAG joint exhibits UTS of 95% and elongation after
fracture of 41% of the to BM. The superior performance of the FSW+MAG joint is attributed to the reduction of intermixing of dissimilar
materials, which prevents the formation of stratified structures and effectively suppresses the generation of brittle intermetallic compounds.
Additionally, a more uniform dislocation distribution is observed in the FSW+MAG joint, enabling efficient stress dispersion and mitiga-
ting localized stress concentration, thereby enhancing its mechanical properties.
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B AR EER 1, 38 H T R AR A O SRk A T
HaE, USRS MRRI S, BRAR A = liAs, B,
U] ARAT i o i A 32 3 I H AR A A B i 5
B FELETT M Z—,

PR PR A9 A 5 AR 22 1) O e ) R, L s
B A 23 B R E Fe-Ti AR IC R Y HOH %
PR i 0 T AR YN T AW R e A IR e
(Intermetallic Compounds, IMCs) FeTi } Fe,Ti, fii
Pk )2 P BE 2RI BRAR ™ kst T2
T kA IMCs B9 R, 38 F (ORS00 i A7 R
PR ek 25 A A O Rk AT A, X e
KR SN2 Z =55, BRIREEL  r#RE
J TR FRIAE, HAJRA RN 25000 53 55 4% v it
FLV ., Cu F1 Monel 400 Hr{a] )2 19 77 ik T FeTi J&
Fe,Ti FITEK, (HIXFI T sCA SR BEA b AR 42 5
P RS, HEEWM T TEE 6, Wik,
H BRI 78 & K BN 2 A B 4 1) 32 BEAIF 5 )y 1) SR
e AR A A 18T

DIER R SE 2R B, B PEEE AR 52 (Friction Stir
Welding, FSW) fEh—Fr Bl ARKE I X, AEMS
BRI 5 A . FAZEL-NAJAFABADI M 2 1)
it FSW R4 T IMCs JZ2EAUHN 3 wm 19353k,
TE A AR A B A AT LAAT R0 IMCs i AL,

A s FSW N FH Bk 5 A A I X 4 K 4
SCER T M BR T L 5% BE (Ultimate Tensile Strength,
UTS) ikEB:H (Basic Metal, BM) 88%[EkEH%E
Mtk o (H i TSR R Ti A Fe M, JEUR
R4, PR Fe-Ti S AR, HE DL THE K B
i, P, mReE Sk AR AR 4 T 2C L9 BRI
52 MR s B i

N T SRR T AW R IR, BRI R
FH FSW AR TG PE A4 IR 3, (Metal Ac-
tive Gas Arc Welding, MAG) XUHK T. 25X} TA2 +
Q235B BRENIL G A AT X IR 4 X T2 e AE kA
Fe, Ti fHHEIRGFIRT, BRI A, A3
XFHCAIFE T L FSW 3k 5 FSWHMAG $%3k 9 1) 2%
PERE, HE UMY T4k A XY Fe-Ti FLIHIRRIE,
B TE BRI G AR D0 B AR 2 S BB AR 5 H R
S

1 SEsebRS Ik

1.1 s

S AR R R AE + FL I BRI S G, TA2 HUE
1 mm, Q235B fIMUE 3 mm, FRHIE A A 4
S AEE T LR 1

F1 TA2 7 Q235B HILEM S (%, REHH)
Tab.1 Chemical composition of TA2 and Q235B ( %, mass fraction)

Materials Ti Fe H C 0 S P Si Mn
TA2 Balance — 0. 002 0. 009 0. 060 — — — —
Q235B — Balance — 0. 160 — 0.010 0.011 0. 150 0. 500

1.2 BEFE

I35 % FH B FSW K FSW + MAG Xf R <f 24
50 mmx90 mmx4 mm FJERENE G TRHEAR L5
Y4 N FSW-LM-BM16-2D J¢: [ 203 BE 48 45 4L
J IRC5 Single ABB 4241, Hrh MAG R DHQ50-6
BRIz, S B R A AT IR AR
BeH, WAk R TR, Bk Ak, &
FHEHEHE L S0 ER 2 s

PATH FSW T 2R DU _E8E T A 0Bk AN
A MHEAT FSW (BEFE HEE 550 v+ min™', KE4EH
B 100 mm - min~', JEF J7 2.9 kN, i+ 3k 15 /A
2.5°, R FH0.1 mm), 4% Fe-Ti #im, i 1 i
o Hi, AS A ETHEM, RS SAJFIEM, WD kAR
71, TD MEE, ND mikm, FSW+MAG XUk

K2 BHLSH

Tab.2 Parameters of stirring tool

Parameters FSW
W-Re alloy

FSW+MAG (TA2 side)
W-Re alloy

Material

Type of shoulder Concave type Concave type

Shoulder diameter/mm D15 D12
Type of stirring pin

Frustum type Frustum type

Stirring pin length/mm 3.9 0.8
Root diameter of pin/mm D6 D4
End diameter of pin/mm D4 D2

T AT BEYER FSW RF TA2 M BEf 184 (e
F 100 1+ min™! , YR 80 mm + min™! s =T H
12.5 kN, fiHtkmifm 2.5°, JEF# 0.1 mm), JEHE
PSS, TR, X Q235B T MAG A5 4%
(HLE220 A, 33V, FR3EE3E 100 mm « min™',



174 PAYE T REA 4R

32 %

) Rotation direction
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. Stirring tool === l
Welding direction ,

. Welding zone

| ND Stirring pin
| (L‘TD
‘WD

r'Plunge depth
of 0.1 mm

1 BRI FSW T 2m R
Fig. 1 Schematic diagram of single-side FSW process
KHEFE 4. 4m - min), FHHIESE Fe-Ti Fif, W
UHHEAAAE G, s 2 PR,

Rotation direction TA2
_am Rotation dir — ﬁ

Overturn

Plunge depth|
of 0.1 mm

3mm 1 mm

TD,
—4 Q235B
Nozzle :’\ <ide
'Welding direction Welding wire

Weldin zone

—

B2 FSW+MAG T2/ %A
Fig. 2 Schematic diagram of FSW+MAG process

1.3 RIEFHE

TRIEEE AT, K AE R D) B 4 T AR s
O, T E TR TR B S 0MBE (Scan-
ning Electron Microscope, SEM) MEIRFE, WAL
VRIS RS AR, X SEM 3 REREAT T B il b B
Ja, @A 2 mL HMO, fil 1 mL HF FJ7R-& BRVE S
13 s, WHUTH TATST (Electron Back Scatter Dif-
fraction, EBSD) RAFE7E 50%4RIE FHR3NMOE 6 h 5
Hilf5 . RAH A C-Nano % EBSD #£3k Y Gemini SEM
300 %Y SEM XFIRAFESEAT IO A S RAE I AR
IR GB/T 4340. 1—2024" i 478l %, R
401 MVD 7 15 fchf i ASGHE AT S A mt 3 ik, 30l 3k ol

[BIFF A 0.5 mm, JN#ZfrR 1.98 N, & EH R A
15 s, Pt GB/T 16957—20121 7 #47

il g, Hekod e T AT, RO & b R
NEENAE 3 iR, KA Instron8801 B 56 WL 3k 4T
P, PSR 1.32 mm -+ min™', AR
TD-3D-H3800 7 i i b S a4l By, 3 i K07 PRI 15 o6
H AR (Digital Image Correlation, DIC) 431k Af
TERLAE R P g R AZ S A1

(IR = 9 2 VAT, I 2 =N
Fig. 3 Schematic diagram of sampling location and dimensions for

specimens

2 HiR51he

2.1 EMEMERUALR

4 S} B FSW 423k 5 FSW+MAG $23k (192 W
TS, AU 2] B 6k, HICE g
UEPABE G R | IR | R R TS HUL R
G, R T B R A1k

K4 Jagskin

(a) B FSW (Q235B i) (b) FSW+MAG (TA2 filf)
(¢) FSW+MAG (Q235B fi])
Fig. 4 Welded surfaces
(a) Single-side FSW (Q235B side) (b) FSW+MAG (TA2 side)
(c) FSW+MAG (Q235B side)

El 5a Ry HTHE FSW 32k B 1) SEM ], Hidp
)2 A TA2, T2 N Q235B, FSW it , H T
e B, SZ MM RLZ B TR ZN A E O T,
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PRl SZ L R BIATIER, SMEEEE SEENRE, B S Fe-Ti B my, H TR
SZ 5 HAZ ZEBHAbEE, 2% SZ 5 HAZ IRERLER  MEWYEERAEREES, SEMENRIIA
A, SR REZ X EE, HE Sh~ 0, XMATRRSE, [ Fe-Ti A i A K
K 5d Wiggs), Sz (K sah s Xi) , SZ (K 5a i Ti. Fe MBI 0 A0, T2 T Ti. Fe #4
cIXBY) 5 HAZ (K 5a % d XiR) s25Ab K HAZ RIS )2450, XA 2450 F 5045 T Fe-Ti
() Fe-Ti FEIE R T AP BZ (BI5Sh~ESd), H  FMY SZ 5 HAZ 574k (Fl Se) .,

Junction of SZ and HAZ

Diffusion layer
Mutilayer structure

Diffusion layer

@

Bl's ST FSW Hek i SEM [El1R
(a) EWZER (b)) SZ (c¢) SZ 5 HAZ %¢54b  (d) HAZ
Fig. 5 SEM images of single-side FSW joint
(a) Macrostructure  (b) SZ  (c¢) Junction between SZ and HAZ  (d) HAZ

& 6a A FSW+MAG 23k #m (%) SEM &, H b EE A TA2, FJ2M Q235B, M T FSW 223k,



176 PAYE T REA 4R

32 %

FSW+MAG #3k 1) Fe-Ti FLimn 5 oA P8, XA F T4
PR R0 Fe-Ti B, ff Fe, Ti PIFhAENE A
RAERSG . HATEEME, FaEh.OA BN Fe-Ti
FER T 2RGEH (F 6b, E 6a b b X)), X
FEIEH T FSW Ti il fErf, Fe-Ti A1 kb A7 7F 3¢
KGR )RS YIN J7, A3 4 Ti M4 kA R IE
A5, Bl 6c i WZ Fe-Ti SR SEM K, %07 EBALZ
F| MAG T FEH I A RZ M (B 6a e KI)
LR FSW 23k MBI A, FSW+MAG #2311 Fe-
Ti FHWIE R 7K HUZ

Diffusion layer

Hook-shaped
structure

Diffusion layer

©
El 6 FSW+MAG $3k 1 SEM &
(a) MR (b) BEEHL (¢) WZ
Fig. 6 SEM images of FSW+MAG joint
(b) Weld center  (c¢) WZ

(a) Macrostructure

& 7 Jy B FSW 4%k Fe-Ti 5ifi 4t i EBSD
1%, HoE 7a, K 7d F1E 7g 50 5% 0 T K 5b, K

Sc FE 5d, 7 Fe-Ti FHmiAbELS] T AR EE P H
2, Hi Sz SZ 5 HAZ s FAb K HAZ 9 82 &
SR 1.3~3.5 pm, 0.3~7.5 pm M 1.7~2.7 um,
HAAEENE, AT SZ 5 HAZ SR A 24,
1, FIZMEIER T 229 802, ok, 7€ Fe il
I B AR LS B R R R X (] 7a I 7g), X
FEEHTHMMENSRRBAERKER
(TA2 BRI ), Ti M 1] Fe MIfL3E, S5 Fe
WA Ak o SE SRR R, R Th, B Te
FIAEL Th WLEE R IR, AT Fe M, Ti 598240
Y JRy &R~ £ B ) 2% ( Kernel Average Misorientation,
KAM) B, R Ti 59 8UZ 40K BT 0055 HE
I, 255K 7o, B 76 RE 71 B9 FRSE S IE e HT,
T FSW 5| A T RIZUSHAR I, Fe kAT sh&H
ghih, DIEETE A, S R T R AR N . TH AR
G, FE Fe MEAARN OIS B REIL, BIRTi
Wt 28 07 T R ZLEAYEARIE | {5l T 50 Pl 0 1 R
JERAK, WA RS TA2 P45 IR, oIk el A
IR FHE AL e A%, BRI Ti &b T 3h 2 10l &2 By
B, N BIMATER R Z R0, VU2 E R
21 IMCs, IMCs BT 808 5 1R SRR Re it s,
PSR 5 Z B B RE R H 22 20, 1) IMCs £7
FERI T )iz s AR YT U2 Ab T B A S HE R
PO AT ARSI RS, 2555 NI Fe-Ti S 11 (1)
NI, BRI FSW 423k (0 J124 ke

K 8 & FSW+MAG #:3k Fe-Ti FL 14k EBSD K]
&, Hr& 8a Al 8d 43 HIX 1 F &l 6b FlE 6¢., 7E
Fe-Ti FHifiab WA 5] T AR E B P 80Uz, Hrh sz
K WZ 0P 82435 0.6 ~4.0 pm & 0.6 ~
2.2 pm, EHARFEMNE, BIR MAG M AR S,
i FHAR R M, BRI, F3 Fe-Ti
R EAR SRR, R$l T Fe fl Ti TR
WA, A, BT FSW+MAG #2:3k KB K
BIRGH, M EY Bz R T AR, Fi
5 FSW 53k A 1, FSW+MAG #::3k rh i B2 R %
HU RN, 5 FSW L ALY, 7E FSW +
MAG 3k H 11 Fe Ml Fmal, HWER T HT S
PR B2 Y B AR R X, [l 8b FTE 8e
S0k SZ K WZ 1 KAM &, W< E M, 5Ham
FSW 4L A, FSW+MAG 423k Fe-Ti 7 i &b i 7
BTN AT, 454 8c FNIE] 8F B FE4E & & 43
Br, HSR MAG 2o 8 v i) T B2 6 3 5 78 H i R AR b
23 B B S 1Y) Fe MY ES 7 AN 7, [HIX AR
VAR D R AT R o VA SO (i PR S s A |
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&7 BN FSW 5k Fe-Ti FLifi il 4
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Fig. 7 Microstructures of Fe-Ti interface of single-side FSW joint

(a) SZ, IPF  (b) SZ, KAM
(e) Junction between SZ and HAZ, KAM
(g) HAZ, IPF  (h) HAZ, KAM

fiff MAG RO B T8 3] Q2358 MY &5 MR, 1%
PrEWEA KA, MAG 51 AWM &R m T
Fe MM 455 8, (B FRA R Rk, 5
WA LRI LA g T R R A A
£, A EHE AL IR AR i, X RN S AT
Y5109 FSWH+MAG 323k 0T LAE S J1 76 FH R A 20
VRN 7, SR R ) AR, AT 4R TE FSW +
MAG #23k () Jy 2 PERe . HAS I W2, SZ Am

(¢) SZ, recrystallized grain morphology

(d) Junction between SZ and HAZ, IPF

(f) Junction between SZ and HAZ, recrystallized grain morphology
(i) HAZ, recrystallized grain morphology

i Fe AT H45 M (K 8c), X FEIEFE N FSW
IF, Fe-Ti A AT Fe M523 1 il 28 1L AR P 1 52
Wal, EL3ZCAL B Y I B T R GA B A5 R B, B
Fe-Ti FHfI AL Fe MBI T R0 IEMEfERE, 1M
MAG ) R K R T X LU e R A5 LARE AL, X PR 3
FHRAE Fe-Ti B BT Fe M) %A T B S FEE M,
2.2 S1EElkee

9a MK 9b 435 R T FSW #2k 5 FSW +
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Fig. 8 Microstructures of Fe-Ti interface of FSW+MAG joint

(a) SZ, IPF  (b) SZ, KAM

(¢) SZ, recrystallized grain morphology

(d) WZ, IPF  (e) WZ, KAM

(f) WZ, recrystallized grain morphology

Microhardness/HV
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interface/mm

-10-8-6-4-2 0 2 4 6 8 10
Distance from center of weld seam/mm

@

fo Microhardness/HV
iy g 291.5
‘S8 247.6
3?3 203.8
8 ‘E 159.9
g% - 116.0
- -10 -8 6 -4 2 0 2 4 6 8

A Distance from center of weld seam/mm

®

&9 bR B 43T &
(a) BATH FSW 43 (b) FSW+MAG 33k
Fig. 9  Microhardness distribution map
(a) Single-side FSW joint ~ (b) FSW+MAG joint

MAG 423k 1% 5 SR J32 43 A J&1, Bl i 14 IMCs 7 4223k
HR A AT L EDURE R, BRTE FSW 4223k v 1 g Al
FE IR E B0 A T Fe-Ti BT Y SZ 5 HAZ &2 FL4tb,
T IMCs FEILAL B4R, X FER B PR ENE

JEEEMPAEAE L )ZE Fe-Ti F1, N IMCs WJE RG24t
THEZRN X B, 1 FSW+MAG 5 3k i B ifg 1
IMCs BEAW ] 44 7 £ AR B AR A P ik B
RIS, MET M FSW 3k, FSW+MAG 4
3k Fe-Ti LA A9 w0 B8 3 X0 (4060 X)) B/,
T FSWH+MAG # L BA /DR IMCs, XA 81T
REAR Sk X3k g

&l 10a 500 FSW 235 5 FSW+MAG £k 19 T
TR S - TR AR Lk . BM A B BR BT 5 B K 7 I
KR35 497 MPa Fl 17% ; BATH FSW 5k MR
PR B S W 5 4 3 53 51 ol 416 MPa Fl 12%,
A3k E] BM 1 84% M 7T1% ; FSW+MAG 423k 19 #%
FRC 7 5 i K B J A 4 22 43 031 R 470 MPa Fil 7%,
A E] BM B 95% K 41% ., [ 10b FIEl 10c 535
jv%ﬁ FSW 422K (1 DIC 1372 5341 &1 B Wi 84 2 W 3

o WEE R IR LUTE Fe-Ti E%Wwai JFE & Sz

‘ﬁ HAZ 25 Ab[H) Fe F1Ti PHMINY RS, 2 S 808m
FSW 423k Wi, (EA 3 =02, ”&wiﬁﬁ%@

9a HEYE IMCs /AR I B —E, KB IMCs WIFETE
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— BM
100 — FSW
50 — FSW-MAG

0 2 4 6 8 10 11 14 16 18 20
Engineering strain/%
(@

E 10 TR S - TR AR ik Mgk I35

(a) TARER-TAMAMEZ:  (b) M FSW 3k, WA
(c) B FSW 3k, WighBas  (d) FSW+MAG 3k, RIZEAM
(e) FSW+MAG 3k, WiaEAs
Fig. 10  Engineering stress-strain curve and joint morphology
(a) Engineering stress-engineering strain curves
(b) Single-side FSW joint, strain distribution
(c¢) Single-side FSW joint, fracture morphology
(d) FSW+MAG joint, strain distribution
(e) FSW+MAG joint, fracture morphology

JE P ECRIE FSW RSk W EEFEN 5 HLE FSW
PRI, FSW+MAG #23k iR SILTE Fe-Ti FLAb
i, I IMCs fETERTIRZE 0] Fe A Ti PN
P (B 10d FE 10e) . 456G TR - T8 N AR
Mo, FSW+MAG 423k iy PR Ui o BE 238 T
BM fYJRE A, FSW+MAG 5 T Fe-Ti 51 AY-F 3%
fE, kR T ERSMNAATE, XA T IMCs
L

B 11a A 11b AR FSW #£3k WD W 1

P, AR R L 2R AR, R ND W)
Fe F1 Ti IUH &, X 5E 10b FIE 10 H XL 5] 24
SUE Se BUAE Fe-Ti FLHIIFIR SZ 5 HAZ s A aby g
IS —%, XFEEZRN, ZEREWTHE)z
Fe-Ti B 45 T T S 80H L2 1 AL 7 8, X2 P
FSW 223k Jy 2= M pe BN A) E 2, 78 FSW+MAG
ek, MTAERSWNAETE, RO JE T
BIZY Fe JZZ M7, I Fe F1Ti W04 &
(K 11c #1E 11d)

B 12 7R T HOE FSW 423k TD YW B SRA,
sl 12a W 2SR, Ti OUIT 1 pR 40 240 1
o) B A B, W AR B MG R A W R (K
12b) . K 12¢ J4%E3k 10 Fe-Ti FL i, WEE] T HI &
Ja Pk W BRI . Fe M504 6 KA/ MBS, 3R
Z I W R A IR R (18] 12d)

K13 W78 T FSW+MAG #:3k TD A9 HE 57
B, HoRE 13a MW 22 IS, B 24X 5 B
FSW 4% 3k — 8, 45411 XM, Fe-Ti Fi M T
IMCs [OAFTE, FEOZX IR S mss &g AL, I
SIET N S, k2 R R R T Sk 1 SRR B
AEJD, A2 DX Il ) W AT A A0 g v DB 2, S 4
SNIMIES ciiz TEIN

(1) PAT FSW 423 UTS B W J A K 45 5]
416 MPa Fl 12%, 43 li5 %] BM 1Y 84% K& 71%,
Wi SZ 5 HAZ 38 A 4b; FSW+MAG #3k 19 UTS
Ko 5 KR 0 518 470 MPa Fl17% , 43 513k 5] BM
1 95% M 41% , Wit TIREEH L

(2) PRI FSW T2, SZ 5 HAZ 58 Sthb 5 5
MABHARTE s, iz X BE R T 22450, %
SHPAEEINZ 2 Fe-Ti B, A IMCs I 2 14t
THELZRN X, FSW+MAG T2 Kk 5 2 451
FITERL, ARCmEl T MErE IMCs FITE AL,

(3) PRI FSW 423k H, Fe-Ti A1 Ab {7 55 19 A
BIo) oA, el 7 R FSW+MAG 4% 3k v fir
OS], AR ECT N Ty, AR T T HE Sk
)12 E e

(4) FSW+MAG T2, Fe-Ti Fifiir Fe M7
F| FSW I ZUSBYEASTE (52, (H I3k 2] Q2358
PP 25 S, SRR T KR AR AR
MAG (1) e MR B (i Se g f 45 DURS L, i
BRA T RS
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Multilayer structures

(© (d)
B 11 WD I A
(a) FAUTFSW Hek  (b) B 1la b KIITRIA () FSWHMAG 3k (d) Bl 11e H1 d KIBHICR M
Fig. 11 Fracture morphologies in WD
(a) Single-side FSW joint ~ (b) Elemental distributions of area b in Fig. 1la  (c¢) FSW+MAG joint  (d) Elemental distributions of area d in Fig. 11c

bt Tearing ridge
ANk
\ v e 3

Cleavage step

© @
& 12 PRI FSW 33k TD i FIE SR
(a) ZWEHL (b)) Tifll () Fe-Ti M (d) Fefll
Fig. 12 Fracture morphologies in TD of single-side FSW joint
(a) Macromorphology ~ (b) Tiside (c) Fe-Ti interface  (d) Fe side
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Fig. 13 Fracture morphologies in TD of FSW+MAG joint
(a) Macromorphology ~ (b) Tiside (c) Fe-Ti interface  (d) Fe side
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