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Formability = Analysis of  Steel-
Aluminum Alloy Thin-Walled Tubes
inPlastic Compression Joining
Processes
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Abstract: TakingSt16 and 6061 aluminum alloy tubes as
objects, the feasibility of using a novel plastic joining
method to connect these two thin-walltubes was
investigated. A finite element model was built using the
Abaqus software, and a special moldfor plastic joining of
thin-walled tubes was presented. Experiments of tubes
plastic joining were performed to verify the precision of
the finite element model. The influence of the relative free
length of the tube endgap between the die and the tube,
and the gap between the mandrel and the tube on the
formability of the adopted in the

joint plastic
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compressionjoiningprocess was emphasized. The results
demonstrated that the method of plastic joining by
compression was a suitable approach for thin-walled
tubesof dissimilar materials. The key technology was that
the free length of the tubes and the gap between molds
and tubes should be correctly designed. The plastic
deformation of the two tubes in the compression
instability was compatible. Theamountof deformation and
the directionof the movement of the wrinkles should be
compatible so that the two wrinkles could contact tightly.
For the St16/AA6061 tubesinvestigated, the prerequisite
condition for a success joining was that the relative free
length should located between 1.250 and 1.625. The gap
between the tube and the dieshould be between 0.07 and
0.20 times of the thickness of the tube while that between
the tube and the mandrel should be between 0.07 and 0.27

times of the thickness of the tube.

Key words: thin-walled tubes; plastic joining;

compression instability; dissimilar metals; formability
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Fig. 1 Principle of plastic joining of tube ends
based on compression instability
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Fig. 2 Dimensions of arc specimen adopted in uni-

axial tension and its clampers
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Tab.1 Mechanical properties of St16/AA6061 thin-

walled tubes

Bl SRR/ PERD JEIRSR AR KAEM
! n r
mm  i/GPa J&/MPa /%
Stl6 1.5 210 320 33 0.22 1.80
6061 1.0 69 124 25 0.20 0.74
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Fig. 3 True stress-strain curves of St16 steel an-

dAA6061 aluminum alloy
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Fig. 5 Finite element model of compression plastic

joining forthin-walled tubes
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Tab.2 Measured and simulated geometry dimen-

sions of joints

5oL D;/mm D,/mm H/mm
SEYGE 43.6 39.3 107. 1
1 Bl 43.1 39.1 108.3

P2 1.15% 0.51% 1.12%

a SEEHCk b HITFHIHEL ¢ PiEKIHSLEE R
El6 St16/AA6061 & [E 4528 M &L RiEL R~ (1=

20mm, /,=16mm)

Fig. 6 Formed St16/AA6061 tube jointsmanufac-
tured by compression plastic joining and il-
lustration of main dimensions (/,=20mm and
1,=16mm)
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.7 / MPa .77 / MPa N3 / MPa
6.097 x 102 5.212x 102 5.985x 102
5.617x 102 4.799 x 10? 5.496 x 102
5.136 % 102 4.385 % 10° 5.008 X 102
4.655% 10? 3.972x 102 4.520% 10?
4.174 x 10? 3.558 x 102 4.032%10?
3.693 x 102 3.145x 102 3.544 x 102
3.212x 102 2.731x 102 3.056 % 102
2.732% 102 2318 % 102 2.568 x 102
2.251 % 102 1.904 x 10? 2.080 x 10?
1.770 x 10? 1.490 x 10? 1.592 x 10?
1.289 x 10? 1.077 x 102 1.104 x 10?
8.082 x 10! 6.633 x 10! 6.158 x 10"
3.274% 10! 2.498 x 10! 1.278 x 10"

a lo=ll=1 0, lg/}"():l 250

N1/ MPa N1/ MPa

5.788 x 107 6.045 x 10>
5.332 % 10? 5.553 x 102
pyiiders il
5 X X
3.964 x 102 4.079 x 102
3.508 x 102 3.588 x 102
Lt gl
& X S X I
2.140 x 102 2.114 x 107
1.684 x 102 1.622 x 102
1.228 x 10° 1.131 x 107
7.721 x 10" 6.394 x 10"
3.161 x 10" 1.480 x 10!

d lo=ll=14, lg/}’()=1.750

E7 1.5mm $NF0 1mm 55

b l()=11=12, lg/}"o—l .500

g

e I5=16, 1,=14, I/r=1.875
EEARR LN TEFEEEZHEEX

c =14, ,=12, [,/ry=1.625

. A1/ MPa

5.732 x 10>
5.254 x 10>
4.776 x 102
4.299 x 10°
3.821 x 102
3.343 x 102

2.866 x 10°
2.388 x 102
1.911x10?

1.433 x 10
9.553x 10!
4.776 x 10!
1.469 x 107!

f 1=20, [,=16, l,/r¢=2.250

Fig. 7 Simulated joints of 1.5mm-St16/ 1Imm-AA6061 tubesat different free lengths
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Fig. 8 Simulated compression process of two groups of tubes at different free lengthsin compression
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Fig. 9 Force-displacementcurves of St16/St16 and
St16/AA6061 thin-walled tubes in plastic

joining (I, =20 mm and [, =18 mm)
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Fig. 10 Simulated jointsat a die/tube clearance of-
within 0.1 to0.7mm
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RESTE AN ARk . T LAEHE 5 48 P 2 1 (Y TR
O R G SR R R L A, AT

] B 4k 0. 1~0. 6mm [ 50 A8 3223k 58 8 05 11, 5
FLFASREL A E An E 11 frR o 8 11a~11e Fros$%

N3 / MPa N7 / MPa 1/ MPa
4479 % 10 5.792 x 10? 7.427 x 10>
4.114x10? 5319 x 10? 6.808 x 102
3.749 x 102 4.846 x 10? 6.189 x 102
3.384 x 102 4373 %102 5.570 x 10>
3.019 x 10? 3.901 x 10? 4951 x 10?
2.654 x 10* 3.428 x 102 4332x10?
2.265 % 102 2.955 % 10? 3.713 x 102
1.923 x 10? 2.482 x 107 3.095 x 10?
1.558 x 10° 2.009 x 10? 2.476 x 102
1.193 x 10? 1.536 x 10? 1.857 x 10?
6.201 x 10" 1.064 x 10> 1.238 x 102
4.630% 10! 5.907 x 10! 6.189 x 10!
9.793 x 10° 1.179 x 104 0 :

a 0.1 mm b 0.2 mm ¢ 0.3 mm

A1/ MPa A1/ MPa N3/ MPa
5.285 x 10> 5.037 x 102 5.700 x 10?
4.847x 10° 4.617x 10? 5.225 x 10*
4.409 x 10? 4.198 x 10? 4750 x 10?
3.971 x 102 3.778 x 102 4275%x10?
3.533x 102 3.358 x 102 3.800 x 102
3.095 x 102 2.938 % 102 3.325% 102
2.657 x 102 2.519% 102 2.850 x 102
2.219x 102 2.099 x 102 2.375 % 102 <
1.781 x 10° 1.679 x 10° 1.900 x 10?
1.343 x 10? 1.259 x 10? 1.425 x 10
9.053 x 10! 8.395 x 10" 9.501 x 10"
4.673 x 10! 4.198 x 10" 4.750% 10" °
2.925x 10° 1.467x 10 1.462 x 1077

d 0.4 mm e 0.5mm f 0.6 mm
B 11 &EEERH 0.1~0.6mm FIFEREL

Fig. 11 Simulated joints at acore/tube clearance of
0.1 to 0.6mm

SKEC IR HEAAH ] , N MBI, N RE B TR Ak
23 R L3 T 42 M B8, 8 AT Ak Bl ) o v 2
B, AR R AT S A e —E I I 1 11 PR
PR NAEARIL S, SN S5 E Al 1) A T A i
NEMELEE 2, S 2R A AR R HERL, Wi
IR FEARICZ AL HERLBR ] 1 AR X IR 5l

SE N R A AN PRk K, B T R R L
FEAE . DRI, RIS A B N T Y T BE A B (A
B A 0. 1~0. 4mm, HWak & 0. 07~0. 27 5 A BEJEL

4 Zig

L St16 941 6061 41515 4 i BE A R X 42, Xb—Fh
BT VRS O S B VR T A T AT T
FRIGAETE , X R4 Y v H e A R A RS
R A L[] BROGT BTE  1 s i LA % 28 g -7 % il 2 2
T he. IRanF F 2L

(1) HeT RAIE 8 Ay S E i 8 5 T T
St16/AA6061 FHERERE 1) 14 12

(2) XFHFZE ) St16/AA6061 HEEE TN 5, 45 I
A H KR 1. 250<<0,/r=<_1. 625 5 H. 5 4%
PRANE T AT B K 0. 07~0. 20 f5 iy B JE ik 545 41
[ B R 0. 07~0. 27 15 (1) BE JEL 2 Fe 4 SR MR i D (1)
[GE7S- 4

(3) FE45 Y8 M R TE LA A5G H2 i R
ETEHRIHES A KR RS0 S5
BB AL, (9 % 2 0 A T IR 40 R A 2 5 AR T B
A, AL FE AR TE s () DT FC AR TR J7 ) (4 BIRA , e Y
HINRE A I T 5 B0 B M B A E— i o

SE
(1] W RE- 5B AR IR A H A B 2k s 1 i 2 Bt 2, i [ IR4E T
s, RS H R EOR B I [M . JL AT AL Tl

B RLAL, 2016.

Strategic Advisory Committee of Energy Saving and New

Energy Vehicle Technology Roadmap, China Society of
Automotive Engineering. Technology roadmap for energy
saving and new energy vehicles [M]. Beijing: Machine Press,
2016.

(2] mzEl, Mo, RifEHe, A5 B A TR R e BT P Y

BEALT] SR 24 (B SRR , 2009, 37(7) 1 938.
GAO Yunkai, LIN Dian, YU Haiyan, et al. Application of
magnesium alloy in lightweight design of seat frame [J].
Journal of Tongji University (Natural Science) , 2009, 37
(7): 938.

[3] KEN-ICHIRO Mori , NIELS Bay, LIVAN Fratini, et al.
Joining by plastic deformation[J]. CIRP annals - manufacturing
technology, 2013, 62: 673.

[4] PETER Groche, SIMON Wohletz, MATTHIAS Brenneis,
et al. Joining by forming—A review on joint mechanisms,
applications and future trends [J]. Journal of Materials
Processing Technology, 2014, 214:1972.

[5] YU Haiyan, LI Jiaxu, HE Zezhen. Formability assessment of



5 8 1

ARG, A5 - B/ BR S R A TR AR BB

1223

(8]

[9]

[10]

plastic joining by compression instability for thin-walled tubes
[J]. International Journal of Advanced Manufacturing
Technology, 2018, 97: 3423.

SONSTABO J K, MORIN D, LANGSETH M, Testing
and modeling of flow-drill screw connections under quasi-static
loadings [J]. Journal of Materials Processing Technology,
2018, 255: 724.

MA Yunwu, LI Yongbing, ZHONG Qin. Friction self-
piercing riveting (F-SPR) of dissimilar materials [J]. Procedia
Engineering, 2017, 207: 950.

BH RGBS ORE RN A SRR GRT]
HAETZM,2018,11 :55.

LI Yong, SONG Junyi, CHENG Defu, et al. Overview of
aluminum alloy connection technology for automobile body [J ].
Automotive Technologist, 2018,11:55

YAN Yinfei, SHEN Yifu, LIU Wenming, et al. Friction plug
welding of glass fiber reinforced PAG sheets using a newly
designed tool [J]. Journal of Manufacturing Processes, 2019,
45: 614.

CHANG Dongxu, WANG Ping, ZHAO Yingying. Effects of
asymmetry and annealing on interfacial microstructure and
mechanical properties of Cu/Al laminated composite fabricated
by asymmetrical roll bonding [J]. Journal of Alloys and
Compounds, 2020, 815. DOI: 10.1016/j.jallcom.2019.152453

[11]

[12]

[13]

[14]

[15]

[16]

[17]

SAJU TINU P, GANESH NARAYANAN R. Dieless friction
stir extrusion joining of aluminum alloy sheets with a pinless stir
tool by controlling tool plunge depth [J]. Journal of Materials
Processing Technology, 2020, 276.

EZZINE M C, MADANIK Tarfaoui M, et al. Comparative
study of the resistance of bonded, riveted and hybrid
assemblies : Experimental and numerical analyses[J]. Structural
Engineering and Mechanics, 2019, 70(4) : 467.

ALVES L. M, SILVA C M A, MARTINS P A F. End-to-
end joining of tubes by plastic instability [J]. Journal of
Materials Processing Technology, 2014, 214: 1954.

ALVES L M, NIELSENC V, SILVA C M A, er al. Joining
end-to-end tubing of dissimilar materials by forming [J].
International Journal of Pressure Vessels and Piping, 2017,
149: 24.

ALVES L M, MARTINS P A F. Tube branching by
asymmetric compression beading [J]. Journal of Materials
Process Technology, 2012, 212: 1200.

ALVES L M, SILVA C M A, MARTINS P A F. Joining of
tubes by internal mechanical locking [J]. Journal of Materials
Process Technology, 2017, 242 196.

AFONSO R M, ALVES L M, MARTINS P A F. Joining by
boss forming of rods and tubes to sheets [J/OL]. https://doi.
org/10.1016/j.jajp.2019.100001.



