ERTE I S wasRMNEIE Vol.54, No.11
2025 4 114 RARE METAL MATERIALS AND ENGINEERING Nov. 2025

https://doi.org/10.12442/j.issn.1002-185X.20240461

SR € BIEFE BRI

A HIIE R R ST R

jl] gl;_‘lo ?'J‘é‘%l) 7‘!&[5%2)/%17 %i%#ﬁlla %éj—}wza %/ﬁ/filo X 5“1
Q. BT HRRS, 65T 100191
(2. MM IR KT, ILH FE 210016)

OB NS T2, B R ECE BO R ORI A A AR A BRI, T AR S R BB R EE AR OB 1 A
i& (additive friction stir deposition, AFSD) FEfr T IXFhakie, FF HAFRINH, FIM A A BHSALEERE , Bt
PR RIECE A, SR, BRI, A RS, FIvERr, HULBRTERE A BRSO RECEX e S
EEe . WEEEMEHYAFSD A i, HUL T2 FIHF B, I AR SO AFSD T 2050 20 4 1B 78 45 B H e T
grk. WEH., #e. T2, thRe. NH . REBHEITHHATER, A AFSD MRS %,

SEURIA: [EAHREAL, BEREHE . POUEEAR, VERESCHE, TRERMH
TEHS: 1002-185X(2025)11-2964-21

FEEEDHES: TG457.14 CEAARIRAS: A

1 31 &

TRRH S A AR o [B i F rh 8 5  AE SAL AR
SUHAA GG, SHiEE HAE T RN SR LE
—FE LR TR IR B SE M E R, FLBR R AR R A A
AR IS T N AMER XX 8 ] NI T v R T
/N BB FE R, DA By 203k B AR PR 5k i, I 52 00 184 6 o
AT BEAh, S A 75 ZIHFETE 2 AR R, HF K
B2 A, WA ER I A R X e 7 2 AN A
B, 9 AN SRR R T A BR o et e
BRUTA 3 B (additive friction stir deposition, AFSD) 2& T
50 R R S P, R A A B AR I R Sk S5 A R
[ JBE A5 7 A, ARk i ) B P I s 2 33 T S 0 HE A R
T T — Tl e By ] A B A4 BOR 3 4 SR AE [ Ah I
K.

e JEE 2 S 2 20 HH 20 90 A A HH 9 [ R 22 7 P 4
R D7 2, 7EBEER A |, Carcia® 7 2000 4F 42 H T LA
B SR B 22y HE L A R, S RE A P PO e ) A 3
I B3 & R, 2001 4 5% [ 6 7 50 BE 3 MK [ Rajiv
Mishra ZU45% 52 th DARROA R ) BE 152 38 A i i, I B
JBE ¥ 43¢ $F Ak BE (friction stir processing, FSP) 7E i F 42 &
G TP R AT R I8 M O 45 A4 1R AT R A4 5 2006 4, R R AT
TEE L G DA R B 5 1) 7 TSGR A T
J& T NATTDR SR BE R DT T2 B 9T . 2012 SR A
A% AFSD 5 AR R ITHIE 58, IR F L BOR il 1 bl
o 45 M. 2016 4F , Humphreys 55 A7 B 3R T

Iis HER: 2024-11-27
HEEWHE : [HR A RF=I3E4:(51775023)

AFSD ], 12 AR K BE 32 b BRI 28, 385 I3 4 1
I B g, i kA B BE E R HE . 2018 4R 3 [
MELD 7 &) i D4 i AFSD 5 AL 15 45, HE B 45 1k JBE 8
JRI M B E NS =B B AT P9 AFSD AR
kb TP B B

VT JUAF, AFSD 52 21 1 [ 4 2235 1) 5 , RidER %
37 U6 B0 IR A AE [ 58 AR T H B Bl R, 6
P B R B 12 0T & 0 PR 00 B R R VAR S 14 1] i (AFSD) L
A BB A G ) S ) SRR REAT TIRA &
Guigt e, JUHAE 207 TSRS R M3k g, 2020 4 1% 4]
A TE [ Py ik 57352 T B A [ A R % I 38 A ) i
(AFSD) % 45 , AT DL SEHLIE 78 #0RH 32 30 & 3 B
FIY , SE M DTRR SR s H Re BUE T LR TS B R R AR & 4
R DR N Ji ] AH R #5255 s 38 A7 1) i& (AFSD) 56
TR T I Tl A 2% 25 P2 it 25 B AL Al . 2023 4F, it
RIFEEEE RHD AR A AR T NS — G
F o SEBL T XHIREE AR, R IR Z S HORN L TR K
J& T o A A i R AL B A A Tz e %, AT T A
TN 2 T R A R 2 [ 25 G A AAG061 1) ) 21
RETIITY, 2y AFSD & Re b ahi £ . b 3 2 iR K%
22 /INSRFLFN M SO B R B AT T Ky AR e R
DU S 9T, )R AFSD 7 [ P K JE 1+ 43 13k, (R B
W HAR G &S EANMG IR K ZEE . AT AFSD
)R 5] H AFSD %64, 311 18 3R X AFSD B A1 T2
T, B s T B AR IR R THE ML &6 AFSD

TEETEN X 2%, 5B, 1998 4R 4, FiA-A:, ALt AT s ik K%, db st 100191, E-mail: luxin@buaa.edu.cn



11

X RS VRS E B EE R IS ORI T

* 2965

R I » 5 iR AFSD $A 78 BILAE A A Sk 1)
775
2 IREEEIFRIEM RIE R

PP R IURASE M e — PR E B b R P I Bl bk
T R BT [ ARG AE T2, BE S B Sk I e A% B Jok R/
A S5 JEA R [R5 B, T8I B4R A i 5 5 R A A4
BERAERIBIEARTE 1B 2R T A

AFSD W 4 — MR B B 3k, o & Jm oK sz
MHIE N e 2 ) s B b Sk, 72 B RHE T A0 B Sk 1R 90 4
PEBEILEAVER T, AE A R A A I 1) R IE RS DT
B, BB DR Sk U TE SO R B T T A1 2, 58 il fm
PHESk R IFREAT R — 2, Witk R 2 A O
T MR o 5 4 BE 3 A 1] i (friction stir additive
manufacturing, FSAM) #H Lt , AFSD B A5 14 44 250 & L g
FEAR PR RO A B AT S5

AFSD T2 8450 9 3 AN B, 23 il o LA e 2% By
B WP DU BORAS B TR B, a1 1 BTz o FE VTR
T2 B B, 0 B S T A, LR T o™ b 5 6 R 4 fl B 6, R
MWERE FTF AR 1) NS s TEVB DR B B, FEM B2 fill AR
FJFBERE , MR R AE RIS TE , I sl 7e i Sk iR
5 FEAR ) TR B s A UURR B BT, 90 P S 4% TR % 2 %
1 T TR ENIE

[ I B4R EPR S A R AL, W 2 s, 28 1T FY
B FEM ARSI RE Sk P 3BT, 53 Sk O30 R BE 48 7 A R A i
T I R T A% B AR A5 R B v s AR AR 2 B
B UURARERE (AR, 76 iR TR 52 31 R 45 A0 85 D)1
R, 70 f U A1 T FEE S 0.5~0.9 % A RRL s A i B 1510131
1o AR LA 5~105 7R 26 3 B B, BARE Bl R4 6748

Deposition preparation stage

Top view %
Y
Y

Bulge

Z
Front view X |

Isometric view

Z

Initial deposition stage

L -
(o 50

I, DR D e S AR LA 20, B AR A i A B ah 25 [ R B
Z RIS S 3N BUR MR T AR R OIAR
DR L RE % ST R R S OB SR 13 RO AL 75 EE BE S K
WX T 2S5,

PEPE EEGRDUAR TR B B R AR AR 48,
XL HTTAR B 26 A1 T 22 5 o By ACIR AR s 07 XA
JLLAERy A I IS IR AN B IE A O 1k 5
3TN JAGIER R EIEE S| SR B RG] =
PSR T 150 (R S » £ R R SRR R IR, AR AR
TOUTAR o XA bF S5 K S5 Dy ] B, (H2 Je 24 il b AR
B LA BPIRES 0 AR BB 5 SR A BIORILE , F2
R AR 5 WO IR Sk R B2 <UL, S EURPRL
HES2 G EZNE At PER S Lsb b E AN bey v Al E R WA 2l iy
RFEEPEL RSB AH R TSRS T3, A G ], Rk
B HE ORALE , T 07 P A Il A AR i R R 5
AN AR ZE e R ) A R R ke e ) R e i 5
TAFHEAT BEEE DR IR 7 AROTAR B0 B v, 3R i i
of AR T SBOR AR R AR, 5 B
JEATIE].

i S BE R DUAR A R TURR A B 136 AR T AR
PR AT IE N DO X35, 8 3 o™ AT 188 50,
A HE X AFSD /2 R b4 15 JE A B 4 BE 4 7 A BE R A [
FERIBVEAR T AT T IR T, (AP M I AL i 0 5
B Tl 1) Rl i R SRV R S VIR AR R
JRAFES AR, PO T ey, iR A PR EE R UTAR I )
PRAYEAE TIIRRICIRIE S AT , h THEM AR B A IR,
Jit AT 1 36 3 2 o 75 EEHORE, T ARPRRE 2 8] fR AN e S 7T
RE-FBOIURR Y (A 7 0 2 X A7 A 2 e L 3 A J
R o

Stable deposition stage

$__U
® |

R ‘ A

K1 AFSD L 2d 12
Fig.1 Processes of AFSD'%



* 2966 * W] B RS TR %54 %
Mixing head S Side of mixing head
Preheat
Deformation
Cool down Bottom of mixing head
—— Consumables area
—— Affected area of mixing head protrusion
K2 AFSDd R RRES 224
Fig.2 Changes in material state during AFSD process®™*™"*!
. iti i AM flat noodl
Compressor inlet 2 Additive marﬁgﬁz}zturmg (AM) " ingrec?e r?t(s)o es c
o o e e owder container
Deposit - Duct outlet fraction additive
\ AESE 20l acturing (AFAM)
8 \ AFAM tool i
Powder Channel rocation direction
Substrate
- ) b AFAM Forward edge
Deposition material additive area . AFAM tool head
supply syeterm
(powder feeder) - Lateral pressure
~ Stationary part of
Rotating part of rotary union

rotary union ~Rotary union

Passage for deposition —— Tool mounting systern

material supply ~Spindle

Collet (tool holder)

Load sensor

Worktable

Rotating edge

e L. S
AM
continuous

zone depth Dynamic recrystallization zone

' Recrystallzation
continuous zone

3 3R TT U R BRI
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Table 1 AFSD experimental parameters conducted by multiple teams
Material Travel sI.)eeld/ Rotatior? spl)eed/ Material feed speed/Axial Grain sizefum Ref
mm-min r-min pressure
ABNT 1070 510-1020 3500 1.03-1.38 MPa 20 [14]
Mild steel 240 350-2400 10 kN 50 [15]
Carbon steel sheet 252-348 1000-3000 0.5-6 kN None [16]
Mild steel sheet-AISI H13 steel rod 240 800 10 kN 50 [15]
5052 P-H34 sheet-5052 BDS-F rod 300-660 1002-3000 20-40 MPa None [17]
6061-T6 300-6000 100-2000 0.083-1.666 mm/s None [18]
AZ31B 252-348 400 2.1-3.2 mm/s 27-31 [19]
7NO1 aluminium alloy sheet 80 1200 1.666 mm/s 2.84.2 [20]
AA6061-T651 127-299 300-420 66—122 mm/s 15+4 [21]
AA7075-T6 76.2 250 27 mm/s 3.5¢1 [22]
WE43-T5 127 450 2.117 mm/s 2-4 [23]
AISI 304 - 800 9.8 kN 20 [24]
AAS5083-H111-2014 60 800 25 MPa 3 [25]
Al-Zn-Mg-Cu 160 700 2.667 mm/s 1.07 [26]
AA6061-T6-AA6061-T651 127 300 2.117 mm/s 0.5 [27]
AA2024 152.4 300 50.8 mm/s 1-2 [28]
Ti-6AL-4V 79-127 325-350 40.4-44.7 mm/s 26-64 [29]
AA2024 120 300 51 mm/s 4.9 [30]
6061 60/180 200/600 20/60 mm/s 10-16 [31]
Cu 60-180 300/600 20/60 mm/s 10-27 [31]
6061 127 300 69.9 mm/s 9.1-5.8 [32]
7075 50.8-177.8 220-360 50.8-94 mm/s None [33]
2219 101.6 200 88.9 mm/s 8.3 [34]
7075 50.8 225 50.8 mm/s 4.33 [35]
6061 78 325 126-204 mm/s 5-25 [36]
SS304 360 1000 45 mm/s 3.64.2 [37]
Aermet 100 38.1-121.92 375-600 17.78-109.73 mm/s None [38]
316L 2.5 440 25 mm/s 32+0.9 [39]
WE43 101.6-152.4 325-350 50.8-63.5 mm/s 2742 [40]
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Table 2 Experimental conditions and results of Hartley team
Condition Tool Rotation rate/r-min ' Cladding thickness/mm Surface quality
1 Flat 300 0.9 Light roughness
2 Flat 600 0.9 Excellent, onion skin features
3 Flat 900 0.9 Minor surface defects
4 Protruding 300 2.1 Very rough, poor and inconsistent bonding
5 Protruding 600 2.1 Large surface defects
6 Protruding 900 2.1 Rough with excess flash
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Fig.4 Mixing heads with flat tool and protruding tool
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Table 3 Experimental process parameters and results of Joshi team'”

Total energy input/ Average surface Total deposition

Total strain rate,

Zinna-Holomons Grain size of

& /s

J-mm™ temperature/°C time/s otal parameter, Z/x10" 5! recrystallization/pum
82 390.7 130 512.16 2.1 2.0
98 388.9 155 512.13 2.3 1.9
116 370.5 185 512.11 4.6 1.6
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Fig.10 IPF diagrams of grain changes of AA2024 alloy before (a) and after (b) friction stir deposition"
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Fig.11 IPF diagrams of grain changes of AA6061 alloy before (a) and after (b) friction stir deposition
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Fig.13 EDS maps and IPFs of four areas of mixed deposition of AA2024 and AA6061 alloys marked in Fig.12!*: (a—b) Area 1, (c—d) Area 2,

(e—f) Area 3, and (g—h) Area 4
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Fig.16 Reverse pole figure (a—d) and boundary offset diagrams (e—h) of Cu after AFSD": (a, e) Cu-base; (b, f) Cu-low; (c, g) Cu-mixed;
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Research Progress on Additive Friction Stir Deposition Technology
of High-Performance Metal

Liu Xin', Li Xiaoqiang', Hao Jiakang', Wu Yutong', Dong Hongrui’, Su Jinjia', Wang Le'
(1. Beihang University, Beijing 100191, China)
(2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: In the additive manufacturing process, there are melt-solidification defects in the processed components using electron beam or laser
powder melting technology. The additive friction stir deposition (AFSD) based on solid-phase additive technology overcomes such defects and has
been applied. During the additive process of AFSD, material melting and solidification are not involved. The deposited components with high
material density and small grains have a uniform, equiaxed, and fine microstructures. Consequently, they possess good toughness and mechanical
properties that can reach the forging level. Although there have been some studies on AFSD for materials such as aluminum alloy, magnesium
alloy, and titanium alloy, this process is still in the early stage. Therefore, the research and application of AFSD in the recent 20 years were
reviewed, which was elaborated from aspects such as principles, equipment, processes, properties, applications, and development trends,
providing a reference for the research of AFSD.
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