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Table 1 TC21 titanium alloy chemical composition
(Unit: wt%)
R Al Zr Sn Mo | Nb Cr Si Ti
TC21 | 647 | 228 | 218 | 323 | 211 | 151 | o011 | HsAx
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Fig.1 TC21 titanium alloy linear friction welding joint
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Fig.2 Schematic diagram of EPT experiment
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Table 2 Electricpulse treatment parameters

T4 et ”’3’ ' ki ils | (A | eI
HLE/V % /Hz ¢ g/ °C
1# 50 250 40 7.41x10° 667
24 50 250 50 7.36x10° 726
34 50 250 60 7.36x10° 744
4# 50 250 70 7.28x10° 748
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Fig.3 Macroscopic morphology and microstructure of TC21
LFW joint
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Fig.4 Microstructure of joint weld zone
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Fig.5 Microstructure of joint base material zone
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Fig.6 Microstructure of joint thermal impact zone
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Fig.7 Impact toughness and fracture morphology of the EPT—joints
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Fig.8 Tensile strength and elongation rate of the EPT joints
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3 &g

WRLAFFE, PTG 1 DR 4598
(1) BB Bk st (] S0, 132 Sk A4 X A AR R e A A



RAMSHE 25 : Uk P15 TC21 8K Ay SR Vk e B 3 st VL DLER W 5L 79

FEFE T, AU AR AR BN S B | R T RO A A
W W25 5 Sk T S ) DX R Rtk 2 21 2 2B B 5 Ak T
M LUK KA B EAE.

(2) B 25 HRL i o Ak BB (i) (30 38 00, 422 Sk oo 490 1k DA
16.73/cm® 42 5 3 55.37/cm?, 35 FIEE A I PEAE (61.11/cm?) Y
90.5% , PLATIARE F T 24 0 5 42 Sk i B IXC, W43 B
A1 R AR

(3) Bt FEL ok nfr Ak RS i) ) B, 27 S A %8 X ol i 5
iAo 24 F ok b Ak B[] g 708 B, 4223k i AR i
T LR T I, B 76 400HVE10HV 53 Bl 7Y, 55544 2 4
[TER (RS

SENE

(1] i, W 1R, sRAL L, 45 . JRAL BN TC4-DT/TC21 Bk 42k
PEEEEIR S AH VR RE Y 2R [T]. A R4, 2021, 32
(9): 50-56.
Gao Pan, Zeng Weidong, Zhang Chuanchen, et al. Effect of
heat treatment on microstructure and properties of TC4-DT/
TC21 titanium alloys linear friction welded joints[J]. Aeronau-
tical Science & Technology, 2021, 32(9): 50-56.(in Chinese)

(2] XUbef, 400 . B TROGE XA Y sk & Al ).
A BERR, 2022, 33(9): 84-93.
Liu Yinghang, Wang Legeng. Design ductile titanium alloys
for selective laser melting[J]. Aecronautical Science &
Technology, 2022, 33(9): 84-93.(in Chinese)

(3] fls, £, FHEE, 5 UCHEX RS TC21 Bk & G 12 Rtk
RERISEZI)]. 48 AL HE, 2024, 49(4): 201-208.
He Rui, Wang Jie, Yin Hui, et al. Effect of heat treatment on
microstructure and properties of as-forged TC21 titanium alloy
[J]. Heat Treatment of Metals, 2024, 49(4): 201-208.(in Chinese)

[4] Wen Guangdong, Ma Tiejun, Li Wenya, et al. Strain-controlled
fatigue properties of linear friction welded dissimilar joints
between Ti-6A1-4V and Ti-6.5A1-3.5Mo-1.5Zr-0.3Si alloys[J].
Materials Science and Engineering: A, 2014, 612: 80-88.

[5] Li W, Vairis A, Preuss M, et al. Linear and rotary friction
welding review[J]. International Materials Reviews, 2016, 61
(2): 71-100.

[6] Guo Yina, Jung T, Chiu Yulung, et al. Microstructure and

microhardness of Ti-6246 linear friction weld[J]. Materials

Science & Engineering: A, 2013, 562: 17-24.

[8]

[10]

[11]

[12]

[13]

[14]

[15]

WAEE, IRFL, TR, A R b ik T 2R A ek
AT 5T 12t % B 401 i 52 a0 9 0], 2 B AR R, 2023, 34
(12): 43-58

Dong Baokun, Zhang Yuhang, Xing Denghai, et al. Research
on the effect of ultrasonic impact strengthening on the surface
property and wear properties of titanium alloy[J]. Aeronautical
Science & Technology, 2023, 34(12): 43-58.(in Chinese)

Zhao Pengkang, Wei Chen, Li Yan, et al. Effect of heat
treatment on the microstructure, microhardness and impact
toughness of TC11 and TC17 linear friction welded joint[J].
Materials Science and Engineering: A, 2021, 803: 140496.

Shi Xiaohui, Zeng Weidong, Shi Chunling, et al. The fracture
toughness and its prediction model for Ti-5Al-5Mo-5V-
1Crl1Fe titanium alloy with basket-weave microstructure[J].
Journal of Alloys and Compounds, 2015, 632: 748-755.

JEl e, RGBT, SFBL, 45 ERCK T Bk G 42 TCA R M
HLREREARET]. ALz RAEOR, 2024, 35(8): 79-84.

Zhou Jinhua, Zhao Chaoqun, Qi Qi, et al. Modeling the surface
roughness for machining titanium alloy TC4 with taper ball-
end cutter[J]. Aeronautical Science & Technology, 2024, 35(8):
79-84.(in Chinese)

Zhao Pengkang, Tao Yifan, Chen Haiyan, et al. Texture
characteristics and fracture mechanism of linear friction
welded joints of dissimilar titanium alloys after annealing[J].
Materials Science and Engineering: A, 2023, 866: 144709.

Shi Lin, Zou Juntao, Sun Lixing, et al. Effect of electropulsing
treatment on microstructure and mechanical properties of Cu-
20Ni-20Mn alloy[J]. Materials Science and Engineering: A,
2022, 855: 143847.

Ruszkiewicz B J, Grimm T, Ragai I, et al. A review of electri-
cally-assisted manufacturing with emphasis on modeling and
understanding of the electroplastic effect[J]. Manufacturing
Science and Engineering, 2017, 139: 1087-1357.

Conrad H, Guo Z, Sprecher A F. Effects of electropulse
duration and frequency on grain growth in Cu[J]. Scripta
Metallurgica et Materialia, 1990, 24(2): 359-362.

Huo Dongmei, Li Shukui, Fan Qunbo, et al. Effects of electric
pulse heat treatment on microstructures and dynamic

deformation behaviors of Ti6441 alloys[J]. Materials Science

and Engineering: A, 2011, 530: 161-167.



80

i 2t BEE B

May 25 2025 Vol. 36 No.5

[16]

[17]

FHk, XIG, #0iz, 5F . AL IR TC11 & 4414 WM RR R0
[7]. A 64 @24 4], 2018, 28(5): 931-937.

Wang Lin, Liu Jian, Yang Yi, et al. Effects of electromagnetic
treatment on microstructures and properties of TC11 titanium
alloy[J]. The Chinese Journal of Nonferrous Metals, 2018, 28
(5): 931-937.(in Chinese)

Ao Dongwei, Chu Xingrong, Yang Yang, et al. Effect of
electropulsing treatment on microstructure and mechanical

behavior of Ti-6Al-4V alloy sheet under argon gas protection

[J]. Vacuum, 2018, 148: 230-238.

Zhang Xin, Zhang Junjie, Yao Yunkui, et al. Anomalous
enhancing effects of electric pulse treatment on strength and
ductility of TC17 linear friction welding joints[J]. Journal of
Materials Science & Technology, 2023, 203: 155-166.

Zhao Pengkang, Hu Yingxin, Geng Peihao, et al. Effective
toughening of dissimilar Ti alloy friction welded joint by
combining electropulsing thermal and athermal effects[J].

Materials Science and Engineering: A, 2024, 909: 146864.

Investigation on the Mechanism of Strength and Toughness of Linear Friction
Welded Joints of TC21 Titanium Alloy Regulated by Electrical Pulse Treatment

Zhao Pengkang', Hong Zhenyu', Yuan Qilong’, Li Ju?, Zhang Chuanchen®
1. Xi’ an University of Technology, Xi’an 710048, China

2. Aviation Technology Key Laboratory of Aviation Welding and Joining Technology, AVIC Manufacturing Technology
Institute , Beijing 100024, China

Abstract: The demanding service environment of aerospace structural components poses extremely high
requirements for high-quality material joining. Linear friction welding of high-strength and high-toughness TC21
titanium alloy can produce joints with excellent strength and plasticity. However, the equiaxed grains and intragranular
spherical dispersed particles in the weld zone of the joint can easily lead to reduced toughness. In this paper, an
electrical pulse treatment(EPT) method was employed to synergistically regulate the equiaxed grains in the weld zone
of the joint into a dual-configuration interlaced basketweave structure, utilizing both the Joule heating effect and the
non-thermal electron wind force effect of electrical pulse. This approach weakened the flow-line microstructure
characteristics in the heat-affected zone. As a result, the impact toughness of the joint after electrical pulse treatment
increased from 16.7J/cm2 to 55.3J/cm2, reaching 90.5% of the base metal's toughness value (61.1J/cm?). Additionally,
all tensile specimens fractured in the base metal region, indicating that the joint achieved excellent strength and
toughness after electrical pulsing treatment. This research provides theoretical foundations and technical support for
the high-quality fabrication of integral titanium alloy structural components.

Key Words: linear friction welding; TC21 titanium alloy; EPT; thermal/athermal effects; mechanism of strength and
toughness
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