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Abstract: Additive friction stir deposition (AFSD) is a technology with several advantages for aerospace
manufacturing. It is particularly valuable because it can deposit materials at low temperatures while
retaining high quality and efficiency. This article introduces the operations of AFSD in detail and
investigates its effect on three types of precipitation-reinforced aluminum alloys. Key challenges hindering
the production of high-strength aluminum alloy components through AFSD are highlighted. AFSD utilizes
solid-phase deposition to avoid problems like porosity and thermal cracking that can occur with other types
of deposition, such as laser and arc depositions. However, the slow cooling of the deposited metal and the
long residence time in the sensitive temperature range can cause issues. Subsequent layers exert a thermal
effect on the previous layers during the AFSD process. This can lead to coarsening of the precipitates in the
middle and lower regions, resulting in decreased strength in these areas. The top layer remains unaffected,
but has poorer mechanical properties compared to the base material. To improve performance, aging
treatment can be used to cause reprecipitation of some elements dissolved during AFSD, but it does not
reach the values achieved by solid solution and aging ('T6) treatment. T6 treatment after AFSD can renew
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uniformly distributed fine-strengthening precipitates, but it triggers abnormal grain growth (AGG) in the

deposited material. Therefore, it is generally not recommended to subject solution treatment to metals

deposited with AFSD. Further research should focus on alloy design, composite reinforcement and

innovative techniques, which are essential to obtain high-strength precipitation-reinforced aluminum alloy

components through AFSD.
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Fig.1 Applications of AFSD technology and parts manufactured using it"
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(a)rod-type AFSD technology ; (b)bulge of tool shoulder; (¢)aluminum alloy deposition layer;

(d)titanium alloy deposition layer; (e)aluminum alloy deposition table; (f)aluminum connecting rings;

(g)deposition of sheet stiffeners; (h)stiffeners after machined ; (i)2-series raw material EBSD;

(j)2-series EBSD morphology after AFSD; (k) wrought of raw materials ; (1) AFSD cross-sectional morphology
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(d)top layer after T5 treatment of AFSD-TEM; (e )strength map of deposited layer after AFSD ; (f)bottom layer after T4 treatment
of AFSD-TEM; (g)bottom layer after T5 treatment of AFSD-TEM; (h)hardness map of the deposited layer after AFSD
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Fig.3 Evolution of precipitate phases in Al-Cu alloys

(a)-(¢) TEM images of 2024 aluminum alloy ; (d)-({) TEM images of 2219 aluminum alloy ; (g)distribution of additive performance in

2-series aluminum alloys ; (h) TEM images of base metal; (i) TEM images of bottom after AFSD; (j) TEM images of middle after AFSD;
(k) TEM images of top after AFSD; (1) TEM images of weld nugget area after FSW

3.3 ASFDHE A} Al-Cu B & & MRER L IHLIE

AFSD il & Al-Cu R & 4 B, Hob B = 2R EE 40
/N SR VS AH T AH TR 0/ FH 5 S A A HE AT SR AR
XS AL A Z IR G IR S 3 . TR RS, B
I 205 R R 8 S A, B 5 A A 76 B 25 R B R S A T
Fetkrb AR BT R T AR T A T R R I AR SR
S, X BB 25 5 I JE LA /N AT R R AR R AT
FH, DATITRRARR T M4 R} 5 3 Rt

SR T8 — i RGeS B, AFSD eSS A it # b, B
DURRZE 232 BB R 2 /™ B IGZ e, AFSD & #2151
1§ I Z 54, Bl Je SR DR i B B3 0, TRl — )2 %
1) 1) PR PR 0 U B S R AR . R T AR Y SR LA
2 i BE ) 52 ), {H 5 OH: (R A R 2 e Ak AR R R 4/ T
A CSAH DA K 0 R A, 2 i I R AR D B T ) B K i
A5k TR S AR 0 FH 55 19 K JOHLAL , S BT RLUZE 19
G s I 2 S = TR ) I
2%, AFSD UL 25 91 B (300 MPa) #B i fik T+ #4

(400 MPa) , i B F [ — - &£ 4 (7T0HV) . KL, 5T
AFSD it B X} Al-Cu R 408 & 4 4 SURI M BE 1Y 5% e 2L
A T SR IR KA L AR 1 A
N o

4 AFSD # R Xt Al-Zn-Mg-Cu 2 & £ 1T
A HI

4.1 Al-Zn-Mg-Cu Z &5 £ RIELHIE

Li &%} Al-Zn-Mg-Cu &8 & & M b5l A
TR A A AH I DL AT H A B IR BE S an &l 4 (a)
FIE7R , NIR SRR Al-Zn-Mg-Cu 2t Tk ¥E . TR =
SN Al-Zn-Mg-Cu 2584 aom A i AR 55 2 1
TE T REA 4T GP I IX F ' A8 T 5w A, BT
AR : « (AD—>GP X =0 #—>n 4 (MgZn,) , i &
I 2 HSF [E) P9 B, 200K G S A AR 5 A S s AR S R 4K
ZE 0 AH IR B T R B AL, 2P



¥ 5345 12

AFSD i 15 4 s AL A 5 BIAR K2 2 g i 4 115

FEARAR A A MERE , I B 4(b)~(g) Btz , 7 #5510t
7 Z YN RCAAE B, 100 °C T Bl B 20 I 1] f) 2B K, 20
ANFRT HR AR AN BT 2, W B R T . SR, E 120 °C
2360 hJ i B R IR B I ROIRAS . KB AT
FAE 340 °C W R0 2 il T SL A R IS [
J& (470°C) ABASBEAE T 2 78409 B, 76 )5 AHEHE P
G E R F RS EX . 75100 C =R RuL
340 “C R £ () | TR IS T 420 °C 9k FRAY AL, 75
B — 2 I (R HEA T 40 1 VR 8 3% I T A K R
PR T UG S (4 A, 420 °C 3T 7 7 VL8 TP 2k 45 ] T
FLR TR 254 LG Ao g I 4 (h) L 45
TR N UOVEAH I AEAE SO BRI

A 5% K422 ARG i DX (94 00 3 AL AR A7 Skt mT oA B
fift 7 R A AR SRAHLER B R o La SRR T
7055 $R A A WS BUE TIG ARIGE IR X, $UALEZ i) X

Temperature/C
w B (¢}
o o o
o o o

N
o
o

0 3 4
Mass fraction of Mg element/%

FEAE 350~536 °C, % EE T I BLA U 24P B B4 18195
WGP T X, UTS ik 570 MPa, i i g5 5] 18OHV ., #4
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K4 Al-Zn-Mg-Cu R84 41207
() HIE AR EE; () ~(g) AT AL BRI A R (110) B #9 TEM K HRTEM EH(B-G) 5 (h) AR [RIBFRCIREE S 0 AHRAELE B P RE 5
()7 R4 &b TEM 15 () 4 450 ‘CHUB LS TEM [£1; (K)28 450 °C-+ 150 ‘CHUM B TEM [£1; (1)% 450 *C-+250 ‘CHALER TEMA;
()8 450 ‘C-+450 ‘CHANHLE TEM
Fig.4 Al-Zn-Mg-Cu alloys!?#47]
(a)schematic of phase diagram; (h)-(g) TEM images and HRTEM images(B-G) of (110) orientation at different heat treatment times ;

(h)existence and performance of  phase at different aging temperature ; (1) TEM images of 7 series alloy base metal; (j) TEM images after
heat treatment at 450 °C; (k) TEM images after heat treatment at 450 ‘C+150 “C; (1) TEM images after heat treatment at 450 ‘C+250 °C;
(m)TEM images after heat treatment at 450 ‘C+450 °C

4.2 ASFDH AN Al-Zn-Mg-Cu & & HERERISINE

Mason &% AFSD il # ) 7050 48 A 4 #E47 0F
9%, G5 R UURR 4w 0 B B 2 v 1S 0 T B4
(55~115HV) , 5 BE 22 Ak an 18 5(a) frs o IRJZ T Y
T H (Al (Mg, Zn) ) Al S A7 A K, R L0 Fly'
AH, AT L i) J2 R0 2 0 Ak A A A B R AR G 4 ik

() SR Aok ph AR AR S SRR, an sl 5(g) ~ (1),
AFSD J& &fokL i IR 2 2 02 B W8/ o o TR 2 31 i
AFSD 7050 83 & & 15 AL WL A Sl — 5 A T4
1t PR A AR LAY FSW AL ESP 7050 434 4 B BF 5% , Tian
LEIORIFGE AN [R5 1 LA K N TIP3 FSP 7050 (5200
A7 R [ o 2 B KRR R UTS Ry, L
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BN TS W BRI T 2 [F]— /K F3k 143HV, {H [ % Ak
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800
(a) 'l 7No1 BM |
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7050 BM 1 I 7NOT FSAM AM AC NA 80 days !
7050 AFSD top region | /1 O 7NO1 FSAM AM WC |
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600 | ECHES RS

500 [

400 |

Ultimate tensile strength/MPa

300 f ©

200 0 5 10 15 20 25 30 35

Elongation/%

3 T YRR 1 1 Sk HAT B 1) 7 2 R g, UTS 3K 520
MPa, i i ik 156HV ZE 47 . R 1M1 Xiong S5 [ WF 58 %
1 7050 87 & 41 UTS 13k 583 MPa, i 2 15.9%
A W, AFSD \FSW . FSP $ A il #5 19 7050 58 4 43 1) 5%
FE AR T+ iR, s R, AFSD  FSW
FSP il £ /9 7050 546 4 Hh 09 T AH S AHFN 0 AH i 24
K, REEFEICRRAZ W0 T e RG24 i) GP
X o AR G, BRI AL SR

5 Al-Zn-Mg-Cu R4 S H0RERIE ) EBSD /45
(a)7 RS FNEAT T HTHIREE 4340 ] (b)~(e) Z5 W FIK YR 2508 T (36 A TIUZ IR ; (D 7050 BAR BEME 5
(g) AFSD JGJIE#; (h) AFSD J& Hh3#6 ; (1) AFSD J T
Fig.5 Tensile strength and EBSD diagram of Al-Zn-Mg-Cu alloys'*)

(a)tensile strength distribution diagram of 7 series under various conditions; (b)-(e)additive top and bottom layers under air-cooling and

water-cooling conditions; () 7050 bar base metal; (g)bottom after AFSD; (h)middle after AFSD; (i)top after AFSD

H BT AFSD Al-Zn-Mg-Cu 4 4 B BIF 55 36 L #5 R
B, N T 2S8R AFSD Al-Zn-Mg-Cu &4 AL bl
B AR SO — A 5] A AR JFE AR L FSAM FI FSP
Ko ZRIL K2 He %5 % L FSAM 7NO1 574 42 A9 fif
JEE BE TR i TR B (EAS R B K
P TR 4 i s b LR DURUA B 40 /N 1 R A
T TR AR RE SR 4R 5(b)~(e) IR , (H I KT
b4 (392 MPa, 112HV) . 38 iz $ A A 0] 42 30 B A7 38
MR, SR RTZ S22 STEM X} E, il DL & BT
JEAE 420~480 “C'F Mg . Zn JC X [ T 3K, B BRIk
1) GP Xy FE 250 AH , IR Z7E 200~300 “CHE 3 T IE

B AR AR AH A0 T AR RS B T HRTEM
WL AREF R 90 K5 BIVTRR & I8, 78 25 8 T0UZ K%
() T0L 2 RIS 2 A A 5 B AR 1 GP- T X, 258 1Y
JEE 2 ] BATIR B GP-T1 X, & B G (3 Ak A, G
5(a) s, IS J2 7K ¥ B 3805 PR RE 29 24 (399 MPa,
105HV) W& 3 B b, 117 25 ¥ B 280 H 25 (366 MPa,
95HV) , ¥ T B ¥ + B0 B4 . SR 45 R 7E
FSW A i 18, 7K 25 V8 01T B AR % 1 A P10
B 7 S R A AR B R o

Li 25K T FSAM 7075 4 S AR T 6 7 %
)2 A5, & A Sk TR 22 fih ) 5 43k RRAIR T
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Fig.6  Evolution of precipitated phases during material deposition under thermal processing conditions

(a)solution-+aging state; (b)middle and bottom parts after AFSD; (¢)top part after AFSD;
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