Vol.47 No.09
Sep. 2026

HERA

FOUNDRY TECHNOLOGY + 999 .

ing, RESSW) & —Flt it 8 s 0 Jy vk | 545 e R 452 5 7

DOI:10.16410/j.issn1000-8365.2026.5243

2B06/7B04 FFhs5E & RFSSW B Eif#{EE 1Y
K FL iR &R B 72 B AL ) B 31

T oF 2 iEEeE 2K K 2 RETTE LERE LB F 12
(1. BT KRF BEAHARALABAETLEZET, G B% 710072;2. B Tk KF BRIFEZ KR GEEEZEET,k
% %4 710072)

o OE DS &R A 4 2B06(1 mm)/7B04(1.5 mm) ] 35 5 43 41 8 4% 5 2 (refill friction stir spot welding, RFSSW)
FWFFEXT G, R ABAQUS A3 FRTA L, X 22 1<) 72 L B 37 0 Wk 7 44 B4 43 (Bulerian volume fraction, EVF)37 #1717 f
X, G5 FEH  RFSSW il B 37 02 ¢ T 0 S Pl 28 2 o X RR I BB . il XA F SZ A, %% 33 1 600 r/min B}, SZ
) DA {1 30 32 S b Ak [ R e T I e SR AR L) 23R 5B R AR T 3R el T IR R U B P 2 DA L AR
B 1o e AU R L R A R ) e B AR R (A R TG R L AR

K =R ARG 4 I I PE B 5 S TR 3 5 B R

HESES: TG453.9 XEkFRIRE A M EHRS :1000-8365(2026)09-0999-11

Study on the Refill Friction Stir Spot Welding Temperature Field Numerical
Model and Porosity Formation Mechanism of 2B06/7B04
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Abstract: The refill friction stir spot welding (RFSSW) process of aviation-grade high-strength aluminium alloys 2B06
(1 mm) and 7B04 (1.5 mm) was investigated using the ABAQUS finite element method to analyse the temperature field
and Eulerian volume fraction (EVF) field. The results indicate that the temperature distribution in the RFSSW is
axisymmetric and circular about the weld centerline. The stir zone (SZ) has the highest temperature, with the peak value
exceeding the solidus temperature of the material when the rotational speed surpasses 1 600 r/min. Moreover, the root void
fraction initially decreases but then increases with increasing rotational speed. This behavior is attributed to insufficient
material flow at low rotational speeds, which hinders complete root filling, and material adhesion to the tool at high
rotational speeds, leading to volume loss and incomplete root consolidation.
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Fig.7 Temperature distribution at =4.2 s: (a) cross-section; (b) top surface
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Fig.9 Curves of thermal cycles at different positions in the SZ: (a) horizontal direction; (b) vertical direction
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Fig.11 Welding thermal cycle curve, peak temperature and high-temperature residence time of each area of the weldedjoint at different
rotation speeds: (a, b) SZ; (¢, d) TMAZ; (e, f) HAZ

https://www.cnki.net



r [ %71

(ERIE R K )09/2026

E  #,%:2B06/7B04 RT4R 5 & RFSSW iR B 17 £ E 4% B T 7L IR &R BA 7 B AL 0 7 52

<1007+

1.6 mm 40)EVF #1708, T ESECh e N s
i 1.6 mm, MRS RIEER YA 60 mm/min,
B E 1000~2 200 r/min, FEA5 AL 45 SR a0
12 Jit 7, i AR R POAS B oTHb R 58 A JH 7 T 41
AR P BTN TE M R, e BLAL IR 5 18 38 2y
A7, FLAR = A A o B AR SR AL B
1 600 r/min B}, X LT €5 A% BT /0 AR ER A R
FEROR BT

FE S BVF 375 W& 550 R FLIR 19 20408 < A1 Ak i )

1% 23 8] 50% LA 1 A% B0 0 LR RRS B i i
GErt AR e T (7 ARG FL I R AR AR
FLI 5 Bl 2 o (19 28 AR LA, B AT 13 F /R (4 R R
WE 5 e A T, e R AL R A S B AR T v, AR A
2 WIR R el g, RFEE TS SZ ¥
B, IS B s P14 9 23 JEE N RHIAE s PRI
Gl LA SEC T 0 e AR 5 T o e T, AR
BN S PR 0, (E h T v i B A
FHGRAROR BT B AR A, IZER AR K i

P& 12 A [ e 3 T A R 3 AL TR B A5 4845 R . (a) 1 000 t/min; (b) 1 300 r/min; (¢) 1 600 r/min; (d) 1 900 r/min; (e) 2 200 r/min
Fig.12 Simulation results of voids at the bottom of the welding joint: (a) 1 000 r/min; (b) 1 300 r/min; (c) 1 600 r/min; (d) 1 900 r/min;
(e) 2 200 r/min

P& 13 A5 A AR T AL 3 2 sk A8 e 1 A
Fig.13 Variation invoids at the bottom of the welding joint
withrespect to rotation speed

BT AR TC 1 58 A LR R i T e, R A
S BR A A R N A B TR S L sl AL ) ok
B 72

https://www.cnki.net

4 @

(1)#k45 T RESSW 42 4% 5o 7 vh FE A [m] s 2 1) st
FESy o A B, AR e ) R o AR AR
A TEAS ) 1A DR BE 25 7 K, B AR B3Ry
TR 3 6 F AR A R 2 b0 X RR A A, SZ R E
EFHET TMAZ 5 HAZ, t TR R G R 5 B
R R B GERIAE Z S, S8 SZ W
JELBE 5 1) TS 9 3% R AR, A AR R T B
BB, TMAZ 5 HAZ #£/K -5 ) il BE 43 A A3
JELRE D ) R T —

Q) /R T 5% X RFSSW 5 3k £ 21 (1) 5% i k1L
H, YEEHGE T 1 600 r/min B, SZ WEE IR T T
S IGR B S — R R 2 200 r/minf i $
] 0.48 s HANZE 2.24 s, IZLEFFE I 54 w5 5 Al



r [ %71

<1008«

FOUNDRY TECHNOLOGY

Vol.47 No.09
Sep. 2026

WK%ﬁszmﬁAm SR,
w%%ﬁjﬁﬁ“%ﬁh%%iﬁﬁﬂﬁwmﬁ
B 9 T 20 250 W SBCHR AL 1 397  DP A i )
() B T 2B06-T42 Fl 7B04-T74 & 5 45 & 4
RFSSW #% i 5 RFSSW AR # £L A 2 Z [0l () ¢ &
EVF 37 (W B0 25 SR 32 0, 0 AR 1 L % B o
HR A3 I e BT TR 7 AR sk — AR Y JR TR AR
BT B TR AR AR S BOM RH sh
2 MR AR T UL S8 R LT T A A, s T
ORI AT B0 R B T AR R 1 b R} TG 7
LIS CIRTE S Y=

SE .

[11 YANG H G, YANG H J, HU X. Simulation on the plunge stage in
refill friction stir spot welding of aluminum alloys[A]. 2015 4th In-
ternational Conference on Mechatronics, Materials, Chemistry and
Computer Engineering[C]. Amsterdam: Atlantis Press, 2015: 521-
524.

[2] ZHAO Y Q,LIUH J, YANG T F, LIN Z, HU Y Y. Study of
temperature and material flow during friction spot welding of
7B04-T74 aluminum alloy [J]. The International Journal of Ad-
vanced Manufacturing Technology, 2016, 83(9): 1467-1475.

[3] KUBIT A, TRZEPIECINSKI T. A fully coupled thermo-mechani-
cal numerical modelling of the refill friction stir spot welding pro-
cess in Alclad 7075-T6 aluminium alloy sheets [J]. Archives of
Civil and Mechanical Engineering, 2020, 20(4): 117.

[4] XIONGIJ T, PENG X, SHIJ M, WANG Y, SUNJR,LIUX Z, LIJ
L. Numerical simulation of thermal cycle and void closing during
friction stir spot welding of AA-2524 at different rotational speeds
[J]. Materials Characterization, 2021, 174: 110984.

[5] JANGA V S R, AWANG M, PEDAPATI S R. A numerical study
on the effect of tool speeds on temperatures and material flow be-
haviour in refill friction stir spot welding of thin AA7075-T6
sheets[J]. Materials, 2023, 16(8): 3108.

REVLUG A1 2D, 5515, 2524-T3 8 45 4 Il 3 2

TR0 (A A PL[D]. R % MU TR 2019, 11(6):

[6] s'f/'ﬁ B4
JEE 455 1 k$
73-80.
PENG X, LIJ L, XIONG J T, SHI J M, CHAI P. Numerical simu-
lation of backfill friction stir spot welding process for 2524-T3
aluminum alloy [J]. Journal of Netshape Forming Engineering,
2019, 11(6): 73-80.

[77 SUNZL,LIYT,QIX,JISD,JIAZ LIF,ZHANG Y W. Materi-
al flow and mechanical properties of a non-keyhole friction stir
welded aluminum alloy with improved sleeve bottom geometry[J].
Metals, 2022, 12(9): 1415.

[8] JANGA V S R, AWANG M. Influence of plunge depth on tempera-
tures and material flow behavior in refill friction stir spot welding
of thin AA7075-T6 sheets: A numerical study [J]. Metals, 2022,
12(6): 927.

[9] M®izuk BT, X B EEM B m R G A
g Wl T SR e ?@5’ ORI 37 S Sk S UV RE R 4 [0]. AR 4

https://www.cnki.net

41,2022, 43(6): 50-55.

ZHAO Y Q, ZHAO Y J, LIU Z, LIN Z C, DONG C L, DENG 1J.
Variable speed backfill friction stir spot welding temperature field
and joint microstructure/properties-adjusting of high-strength alu-
minum alloy [J]. Transactions of The China Welding Institution,
2022, 43(6): 50-55.

[10] NOH W F. CEL: A time-dependent, two-space-dimensional, cou
pled Eulerian-Lagrange code[R]. Livermore: Lawrence Radiation
Lab., Univ. of California, 1963: 72.

[11] 30 HET CEL Bk M Bam IRaT s [J]. TR B4R, 2012,
20(3): 350-354.

XU W J. Research on landslide surge based on CEL algorithm[J].
Journal of Engineering Geology, 2012, 20(3): 350-354.

[12] BUFFA G, HUA J, SHIVPURI R, FRATINI L. A continuum based
fem model for friction stir welding-model development[J]. Materi-
als Science and Engineering: A, 2006, 419(1-2): 389-396.

[13] JOHNSON G R. A constitutive model and data for metals subject-
ed to large strains, high strain rates and high temperatures[C]. Pro-
ceedings of the 7th International Symposium on Ballistics, The
Hague, Netherlands, 1983. 1983.

[14] LARSEN A, STOLPE M, HATTEL J H. Estimating the work-
piece-backing plate heat transfer coefficient in friction stirwelding
[J]. Engineering Computations: International Journal for Comput-
er-Aided Engineering and Software, 2012, 29(1): 65-82.

[15] JASSIM AH,ABTANNS,MARMOOS M S. Study on the effects of
rotational and transverse speed on temperature distribution through
friction stir welding of AA2024-T3 aluminium alloy[J]. Journal of
Advanced Research in Fluid Mechanics and Thermal Sciences,
2019, 53(2): 234-248.

[16] ZOU Y F, LIW Y, YANG X W, PATELV, SHEN Z K, CHU Q,
WANG F F, TANG H W, CUI F, CHI M L. Characterizations of
dissimilar refill friction stir spot welding 2219 aluminum alloy
joints of unequal thickness[J]. Journal of Manufacturing Processes,
2022,79:91-101.

[17] GENEVOIS C, DESCHAMPS A, DENQUIN A, DOISNEAU-COT-
TIGNIES B. Quantitative investigation of precipitation and me-
chanical behaviour for AA2024 friction stir welds[J]. Acta Materi-
alia, 2005, 53(8): 2447-2458.

[18] MONDOLFO L F. Aluminum alloys: Structure and properties[M].
Edinburgh: Elsevier, 2013.

[19] DAVIS J R. Aluminum and aluminum alloys[M]. Materials Park,
OH: ASM International, 1993.

[20] iz 5. B s 0 AR G A AR X B ] L FSSW BB R Ak 5 4 3k 4
HUERE[D]. WA AR BE W AR B2 Tl k=, 2015,

ZHAO Y Q. Asymmetric backfill FSSW forming characteristics
and joint microstructure/properties of of ultra-high strength alu-
minum alloy[D]. Harbin: Harbin Institute of Technology, 2015.

[21] LIZ W, GAO S S,JI S D, YUE Y M, CHAI P. Effect of rotational
speed on microstructure and mechanical properties of refill friction
stir spot welded 2024 Al alloy[J]. Journal of Materials Engineering
and Performance, 2016, 25(4): 1673-1682.

[22] LIG H, ZHOU L, LUO L Y, WU X M, GUO N. Material flow be-
havior and microstructural evolution during refill friction stir spot

welding of alclad 2A12-T4 aluminum alloy [J]. International Jour-



(ERIE R K )09/2026

E  #,%:2B06/7B04 RT4R 5 & RFSSW iR B 17 £ E 4% B T 7L IR &R BA 7 B AL 0 7 52

+1009-

[23]

nal of Minerals, Metallurgy and Materials, 2021, 28(1): 131-141.
DE CASTRO C C, PLAINE A H, DE ALCANTARA N G, DOS
SANTOS J F. Taguchi approach for the optimization of refill fric-
tion stir spot welding parameters for AA2198-T8 aluminum alloy
[J]. The International Journal of Advanced Manufacturing Tech-
nology, 2018, 99(5): 1927-1936.

[24] STYLESM J, MARCEAU R K W, BASTOW T J, BRAND HE A,

GIBSON M A, HUTCHINSON C R. The competition between
metastable and equilibrium S (AI12CuMg) phase during the decom-
position of AICuMg alloys[J]. Acta Materialia, 2015, 98: 64-80.

[25] LI Z H, XIONG B Q, ZHANG Y A, ZHU B H, WANG F, LIU H

W. Effects of the two-step ageing treatment on the microstructure
and properties of 7B04 alloy pre-stretched thick plates[J]. Rare
Metals, 2007, 26(3): 193-199.

[26] WANG S C, STARINK M J. Two types of S phase precipitates in

Al-Cu-Mg alloys[J]. Acta Materialia, 2007, 55(3): 933-941.

[27] FULLER C B, MAHONEY M W, CALABRESE M, MICONA L.

r [ %71

Evolution of microstructure and mechanical properties in naturally
aged 7050 and 7075 Al friction stir welds[J]. Materials Science
and Engineering: A, 2010, 527(9): 2233-2240.

https://www.cnki.net

[28]

[29]

[30]

kA . 2B06 £ 4 XUZ 454 71 SPF/DB RJE T Z 8 5E[D].

IR I AR I ok K4 ,2019.

ZHANG J W. Research on SPF/DB forming technology of 2B06 a-
luminum alloy double-layer structural[D]. Harbin: Harbin Institute

of Technology, 2019.

KUBIT A, TRZEPIECINSKI T, FAES K, DRABCZYK M,
BOCHNOWSKI W, KORZENIOWSKI M. Analysis of the effect
of structural defects on the fatigue strength of RESSW joints using
C-scan scanning acoustic microscopy and SEM[J]. Fatigue & Frac-
ture of Engineering Materials & Structures, 2019, 42(6): 1308-1321.
SHEN Z K, YANG X Q, YANG S, ZHANG Z H, YIN Y H. Mi-
crostructure and mechanical properties of friction spot welded
6061-T4 aluminum alloy[J]. Materials & Design, 2014, 54: 766-
778.

[31] ZHOU L, LUOLY,ZHANG T P, HE W X, HUANG Y X, FENGJ

C. Effect of rotation speed on microstructure and mechanical prop-
erties of refill friction stir spot welded 6061-T6 aluminum alloy[J].
The International Journal of Advanced Manufacturing Technology,
2017, 92(9): 3425-3433.

(DAL - 2 )



