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Effect of Friction Stir Welding Process on the Microstructure and
Properties of the T-Joint of Titanium Alloy Thick Plate
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Abstract: This study conducted friction stir welding (FSW) process tests on 10-mm-thick TC4 titanium alloy T-joints.
A friction stir welding fixture for titanium alloy T-joints was designed, and the effects of the rib plate protrusion
height and the rotational speed of the stirring tool on weld formation were analyzed. The evolution of weld microstruc-
ture and the laws of mechanical properties were also investigated. The results indicate that the extrusion effect of the
stirring tool causes the rib plate of the T-joint to sink during the welding process, thereby making weld formation
challenging. When the rib plate protrusion height is 1 mm, the shoulder plunge depth is 0.2 mm, the rotational speed
is 150—250 r/min, and the welding speed is 50 mm/min, a defect-free 10-mm-thick titanium alloy T-joint is success-

fully fabricated. The cross-section of the titanium alloy T-joint weld exhibits a bowl-shaped structure comprising four
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distinct regions: the base metal(BM) , the heat affected zone (HAZ), the thermomechanically affected zone
(TMAZ), and the stir zone (SZ) . The base metal consists of an elongated a-phase and an island-like intergranular -
phase, with an average grain size of 4.65 um. In contrast to the base metal, the HAZ has a mixed structure of lamel-
lar o + B and equiaxed a-phase, with an average grain size of 5.17 um. The upper and middle parts of the stir zone,
and the TMAZ, form a lamellar a + B structure, whereas the lower part of the HAZ of the stir zone exhibits a mixed
structure of lamellar a +  and a small amount of equiaxed a-phase. In the TMAZ, the grain size is 3.18 pm. Because
of the differences in high-temperature residence time and cooling conditions in the upper, middle, and lower parts of
the stir zone, the grain sizes are 7.40 um, 8.83 pm, and 6.53 um, respectively, showing a distinct gradient varia-
tion. The microhardness distribution across the T-joint cross-section exhibits a W-shaped profile, and the tensile
strength decreases with the increase in the welding rotational speed. At a rotational speed of 150 r/min, the tensile
strength of the T-joint along the skin plate direction reaches 1 022 MPa, whereas that along the rib plate direction is
810 MPa. The fracture locations are all within HAZ, with the skin plate fracture showing ductile fracture characteris-
tics and the rib plate fracture exhibiting a mixed ductile-brittle fracture mode.

Keywords: TC4 titanium alloy; T-joint; friction stir welding (FSW) ; microstructural evolution; mechanical property
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Tab.1 Composition of TC4 titanium alloy %

Wal Wy Wre Wc WN WH Wo Wri
5.5 3.5 0.08 0.01 0.3 0.1 0.001 A

Fi i—l i P F F.
/

1 ] 1

(b) TAIERLI

BEf ' B

i

(d) TIREIRE

B 1 $ASREZETIRERN TRELTE

Fig.1 Schematic of titanium alloy friction stir welding fixture model and T-joint
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Tab.2 Welding process parameters
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Fig.2 Tensile test of titanium alloy T-joint

T i AR A
BEMR KT

) -

(a) JREERUAIHL B

. o . - 20 F :\-
2z B A A 111 B ~ A
= o
10F P

C

] T

0 5 10 15 20 25

t/s

(b) R AR A B
3 HRAEE THRELBHERRENEH RS ETL

Fig.3 Height variation of the rib plate in the titanium alloy T-joint before and after friction stir welding
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Fig.4 Influence of rib plate protrusion height on weld formation
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Fig.5 Surface morphology of titanium alloy T-joints with different welding parameters
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Fig.6 Weld cross-section of titanium alloy T-joints with different welding parameters
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Fig.7 Microstructure of different regions in titanium alloy T-joint
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Fig.8 Schematic of the microstructure evolution in the
different regions of titanium alloy T-joint
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Fig.9 EBSD results of different regions in titanium alloy T-joint
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Bl 15 2 10mm JEERE 4 T IBHERIHEESE
FERr Rk Z S, i 15 (@) Bios, SR
FELFRIEDEN L AREE M ; SR 300 mm 5, BiEbE Sk
JA Gl S BT R A Y MR, (RIS % e IR S 44
P E R S EURRAE . B P ET AAh E 2Rw A R A A
R, R BUTASTE W RS R TR 8 15 (b) F1
(o) FIt7n ARG A rp AR AR TR i k. A2 mT L)
A, ER A 3 B 5 1 BrBCHuE

Tt EIEHZ 140N - m, XX HEHSLEA TC4 64
SRR X — B B b Sk 5 R i 1
S, EE AR A R TR T AR AR M O S M
2, PP RS B KA, BE S o . 5 2 PR
AR ELEL) 90 ~ 100N » m, X — BBkt kL C 5840
WAk, BB B RAT, Pk B BT 55 3 B
B IGE TR, SRSk BT TR, SLR BB it
B



2026 45 J B BREREAR T IS B T2 HSWERE A M 5T - 461 -

SR T

(a) BEFEKIRHERT IR RIETESL

160
140 F —— 150 r/min-50 mm/min
120
E 100}
£
&
=
R ]
_20 . . L L L L L . L
0 20 40 60 80 100 120 140 160 180
1]/
(b)) 5 R X B 5 )
el
z
%
=

94 95 % 97 %8 9
I 7] /s
(c) Bl (b) RFRR
Bl 15 W-Re A& H#LBRBER UK IEET R HIER
A
Fig.15 Wear of W-Re alloy stirring head and effect of
welding process on torque

3 & it

() B TERKAGS T ki
T WA T BN TC4 k&4t Rk B g 5
k. BRE AR, SRR S S8 T IR
M 1M1 , KR4 BT DRI 5 SR A A, o 2B 1 X
RE A5 AT R R 2o o A7 A0 TV 67 T 5 850 ) R A 6 )
BURA . FEFAGN B 1.0 mm | JiERE 3R
150 ~ 250 t/min A4 50 mm/min 1 T2 3%
T, AR MBS 10 mm JE TC4 454 T
PPl EE ARk

(2) BG4 T TBHSL B 2 IR Y Btk 25
F, S FE XL I X B R 2R o+ B 4145 #1

N9 IO

p
SR X N 7 2 M S 2R R XS 2L A

BB, o m XU, db RSk 517 pm,
HLFE ] DXL & A Pl L AR RS SR 318 um.
i & IRl AN R S O R s L v N e 432 R A )
FEEEASAY,, 4351k 7.40 pm ., 8.83 pm F1 6.53 pum.

(3) ARJEkE#EE (150 r/min) 250 F, T TEH3LUS
REN 7 1] (P o BE iR 51 1022 MPa, 29 B4 1
96.7% , W AR 7 B hr R FEREAIR 2 810 MPa. $23k
SRR W OIBAE, Bib X ks B e B
A, FAHIL M) X G 2 e ey, RS ) DX I el e B A
I PiARWTZL T T HGE IR X, VP REAR T O 2
WAL, Y AR 11 S - TR A i

SE k-

(1] T, £ H, 2V SKEEmNEEiRE
(0. BALREE, 2013(8) : 17-21.

Wang Jiteng, Wang Juan, Li Yajiang. Research pro-
gress on titanium alloy welding[J]. Modern Welding,
2013(8) : 17-21(in Chinese) .

(2] XUMS €. BRI R G S AR RO R 1], &8
T BT, 2012(20) ¢ 11-13.

Liu Pengfei. Research progress on welding technology of
titanium and titanium alloy structures[J]. Metal Process-
ing: Hot Working, 2012(20) : 11-13 (in Chinese).

[3] MishraR S, Ma D Z. Friction stir welding and process-
ing[J]. Materials Science and Engineering, 2005,
50(1): 1-78.

[4] Fall A, Jahazi M, Khdabandeh A R, et al. Effect of
process parameters on microstructure and mechanical
properties of friction stir-welded Ti-6Al-4V joints[J].
The International Journal of Advanced Manufacturing
Technology, 2017, 91(29): 19-31.

[5] Edwards P D, Ramulu M. Material flow during friction
stir welding of Ti-6A1-4V [J]. Journal of Materials Proc-
essing Technology, 2015, 218: 7-15.

[6] SuY, Yang X W, Zhao W W, et al. Recrystallization
behavior and strengthening mechanism of friction stir
welded T-joint of Ti80 titanium alloy[J]. Materials Char-
acterization, 2024, 216: 114-115.

[7] Yoon S, Rintaro U, Fujii H, et al. Effect of rotation
rate on microstructure and texture evolution during fric-
tion stir welding of Ti-6Al-4V plates[J]. Materials Char-
acterization, 2015, 106: 352-358.

[8] Ambrosio D, Wagner V, Vivas J, et al. Advances in
friction stir welding of Ti6Al4V alloy complex geome-
tries: T-butt joint with complete penetration[J]. Ar-

chives of Civil and Mechanical Engineering, 2023,



- 462 - KA 2R (AR 5 TR H 594 55
23(3): 182. 4661.
[9] SuY, Li WY, Liu X C, et al. Evolution of micro- [17] Wu L H, Wang D, Xiao B L, et al. Tool wear and its

(10]

(11]

[12]

(13]

[14]

[15]

(16]

structure, texture and mechanical properties of special
friction stir welded T-joints for an o titanium alloy[J].
Materials Characterization, 2021, 177(11): 1152.
TSR TC4 BRG Gk FSW il R AT BROCHY
L RPED]. TERH . TEFATZS AR RS, 2016.

Wen Quan. Finite Element Simulation and Formability of
FSW Process of TC4 Titanium Alloy Lap Joint[D].
Shenyang: Shenyang Aerospace University, 2016 (in
Chinese) .

P SET BRI EORAY TC4 BRE Gt
WFE[D]. BIAt: MRS AR R, 2014,

Li Bo. Research on Surface Modification of TC4 Tita-
nium Alloy Based on Friction Stir Welding Technol-
ogy[D]. Nanjing: Nanjing University of Aeronautics
and Astronautics, 2014 (in Chinese).

Ghasemi A, Soltanipur A R, Farmanesh K, et al. Ef-
fects of tool wear on friction stir welded joints of Ti-6Al-
4V alloy[J]. Materials Science and Technology, 2017,
33(5): 583-591.

Pilchak A L, Williams J C. The effect of friction stir
processing on the mechanical properties of investment
cast and hot isostatically pressed Ti-6Al-4V[J]. Metal-
lurgical and Materials Transactions A, 2011, 42:
1630-1645.

LiuJZ, Zhan XH, GaoZ N, et al. Microstructure and
stress distribution of TC4 titanium alloy joint using laser-
multi-pass-narrow-gap welding[J]. International Journal
of Advanced Manufacturing Technology , 2020 ,
108 (11) : 3725-3735.

a6 . TC4 B S AR B AR K O A R
k& F7EEREID]. B A MBI K, 2021

Shao Shuai.
chanical Properties of Friction Stir Welded Joints of TC4

Microstructural Characteristics and Me-

Titanium Alloy Thin Plates[D]. Nanchang: Nanchang
Hangkong University, 2021 (in Chinese) .

Nguyen H D, Pramanik A, Basak A K, etal. A critical
review on additive manufacturing of Ti-6A1-4V alloy:
Microstructure and mechanical properties[J]. Journal of
Materials Research and Technology, 2022, 18: 4641-

(18]

[19]

[20]

[21]

[22]

[23]

[24]

effect on microstructure and properties of friction stir
processed Ti-6Al1-4V[J]. Materials Chemistry and Phys-
ics, 2014, 146(3): 512-522.

Ko Y J, Lee K J, Baik K H. Effect of tool rotational
speed on mechanical properties and microstructure of
friction stir welding joints within Ti-6Al-4V alloy
sheets [J].
2017, 9(8): 168

LT, BRA IR BT P S ek SRR
W (D). LB PEFH TR, 2023.

Fan Zhiyu. Study on Thermal-Flow Process and Joint

Advances in Mechanical Engineering ,

Microstructure Properties of Titanium Alloy Friction Stir
Welding[D]. Shenyang: Shenyang University of Tech-
nology, 2023 (in Chinese).
FIRZE. HEH TCA SR G HPEEEE IR L L 4 e
LI 2EVEREMTSE (D], MG /RTE - MR ol K2,
2023.
Yan Zhongxian. Study on Microstructure Evolution and
Mechanical Properties of Friction Stir Welded Joints of
Medium-Thick TC4 Titanium Alloy Plates[D]. Harbin:
Harbin Institute of Technology, 2023 (in Chinese).
Karna S, Cheepu M, Venkateswarulu D, et al. Recent
developments and research progress on friction stir weld-
ing of titanium alloys: An overview [J]. IOP Conference
Series : Materials Science and Engineering, 2018,
330(1) : 012068.
Zhang S J, Ma 'Y, Wang Q, et al. Mechanical proper-
ties and electrical conductivity of o+ f titanium alloy
sheet regulated by heat treatment[J]. Acta Metallurgica
Sinica, 2023, 60(12): 1622-1636.
SuY, LiWY, GaoFY, etal. Effect of FSW process
on anisotropic of titanium alloy T-joint[J]. Materials and
Manufacturing Processes, 2022, 37(1): 25-33.
Esmaily M, Mortazavi S N, Todehfalah P, et al. Mi-
crostructural characterization and formation of o’ marten-
site phase in Ti-6Al-4V alloy butt joints produced by fric-
tion stir and gas tungsten arc welding processes[J]. Ma-
terials & Design, 2013, 47: 143-150.

(TiEpm4E. W %)



