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FE o BA 1 1 e e KA B RE 77 1) 4 Ja 8 A 1) 3 45 4 2
gz, HATEAMET MELD #4620 U IRIE 1)
BAHARE R R EEA N 1 mm, H A E R T
6 mm, JUHJEHIE 2 2 1A I FE S AE IR 2 2R
REIE A 52 00 v A DL 2
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SECHEFE AR MELD T 2056 ok WA AT RIE . X B
AFFH) MELD JEEIRA TR LAE e “ BEEERIBE R
7& MELD L2 BOE I SCBARFE , (H H T~ 5 R OR )
AR WE) MELD & EAHRTE o PR IHG /E & A B v ol
T SERLE TSR B S PURR I [ A EE R M i A, I
K P BE 5 BF Ik B4 64 1) 3 (friction extrusion additive
manufacturing, FEAM)” £/ri% T2, 8 T 2R s
FEAM T &0 47, RNit4T FEAM 394t T2, M E
T AR 2R B A S I A Al
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SR FH 2 T AT ) (1 [ A B PR A 1A AT
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FEAM LZ WA 1 frx, HEuEREH &7
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Axial force L
Traverse direction
—

Feed bar =~
Rotating direction ¢_,_»

F 1 6061-T651 EAEMEENERS
Table 1 Chemical composition of 6061-T651 aluminum alloy
(/%)
Mg Fe Cu Mn Si Ti zn Cr Al
0.90 010 0.28 0.12 054 0.04 <0.01 0.18 Bal.

Axial force | l

Rotating direction

FRHE 5 HEACZ B IS RIBE QUM ZEERE) |, R &
e R VR AR T (I R 30y, X PR AE Sl P R T
BAE F R S 15 T R TR A 2 AR R T Y S M U AR
2, BE FIREMIE R Y R TE 2 S AR

RIS 43 e UG R RE | v FE AN FE T WA X
Y. Z A, W la fos. SRR AT R HE EAE N
32 mm, 7ERKESEM T 20 e A 7208
FHhEE Py 600 r/min, A FE S Y 300 mm/min, X
I Fe ML I 7] 77 10 kN (55 MELD L4521
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BEMKFEAN 320 mm, IRASRARIIE 1 E M IRRE R
B 4 mm. A 32 mm. Ak RH TOPRIE
TP9000 % F&H IC R U RS K BT FEAM
PPN, AR A I T R ] 5 E T S0 T (1 AR
Fet, EARMNRALE WA 1b iR . AR5 X i) 4% (1) BiE
12, 2 289 EilAEd T ot g,

RO R S VS T BT 5 b X 7 ) E ARk
Lo bR AR AN LRI 5 R Week’s 177 (100 mL
K 4 g EERRRER . 1 g S AL JEh 20's, FRA 25%
(RS BT Ve R TR th . RAJe 2= BAB: (OM, Axio
Vert. A1, Carl Zeiss) % H4HRE 22 W55 & A [F 7 B (1)
A RLCRFIEREAT IR, 3 P A 23R 0 AN [F) 7 B b R
T . RAE S B 258 (Tecnai G2 F30) X344
BRESE ARRR . RSE RO AT ERAE, i T
SN, ANPGRS IR [001] #1914

DNARVT AR 2L 25 S0 PR RE A 1) Sk, XoHiR
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Fig.1 Schematic diagram of FEAM process: (a) additive process of one-layer specimen, (b) additive process of two-layer specimen, and (c) side

view of additive process
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PEAN RO B AT A R . S 1 2. 2 29
JEREE Y T By BITERE B3 A 2 BRI 1 mm AbFd
Hh ) A7 B AT R FE I, Z 7 1m0 43 A B B R 2 mm
A A R AT A Ko A R AR 9 100 g, Bk i
4 15 s, AHARMA ARG 1 mm. FAFREE 2 AlH 1
JEREMARE X T 2 JZGAEAE XL YL Z 7R A 9 =
BMARE XS Yy Z 7R RaaE, R RSl 2
Fros, 4y kA B ¥ 75 g il 3 Al (CSS-44100) F
INSTRON2710-004 f#/IN 77228 2 G2 id: 47 Fr Ak Be:, Fr
i3 2 2 5024 1 A1 0.3 mm/min.

2 HR5S

2.1 FEAM B 4EMMSR
3 N FEAM HL1H 2 21 9 EIAHRFE K 22 T o
B 9 EHMIAFER I FEAM T2 e HE T,
il R ) B Bl B AE A R T EON Cadvancing side,
AS) BRI, TR e S B8 Bl R A R S IR
] Cretreating side, RS) #0844 2= AL BRI IR R . W]
DUE e Tl ST T 0 e i PE A TR E F A IR
“CHRTEEL” RFE, {H I iURE 2R T ARG TEAT o] T R

Kol o EHERHREE BRI BT T R RGN
I, BRI A RRE 2 i AR T AR /N B B AR T 45 AR 38 44 T
2, G Z RGN 1) 2 JZ A FE AR AR I 25 25 A
oo PAZBOREREZ) g 4 mm. BEH 55 4R 32 mm, K
TR AR, X R A S R SIB PR R A
Ml ) e 73 AN R RS AR R SR T RIS .

4 FEAM HJH 2 J2 1 9 284 RE a8 i 22 W 4
ZUES. VAW, BRIEMZERNE S XIREEARZ
Gb, SERE R RER 2 XIS TE BBUR G A, 1S TE I A
FERHAASEIL R G R &S S, MM ENHL g1/
B, RKIALIR . Je g SRAE G . X2 H FEAM T
S JTURFAE T ff R, [ A PEE AR I B AT LA R e J
JEIERE T2 b DR A REE [ BT P AR R R ARy LI A R
LU IO, T 13 5 S BUR IR IRRE . SR
FHEE 600 r/min. B ZNHEE 300 mm/min FIEH T
2, RIS R IEEAN 4 mm TEEGHHE 9 2
B, BEM S A 22 36 mm; 5 [E 4 MELD T
S B B A A TR
2.2 FEAM RRFEHHMLELR

Kl 50y FEAM Bl 1 230 AS [ A B om0

B2 RO e RE

Fig.2 Dimension of tensile specimens: (a) one-layer additive specimen, (b) two-layer additive specimen, and (c) nine-layer additive specimen

K3 SRR B R R TS

Fig.3 Macroscopic forming morphologies of additive specimens:

(a) two layer, (b) AS of nine layer, and (c) RS of nine layer

EAYSETY AN T = e e BELY 7 BN o aB R\ i RN |
T 52 B BEEEGE A T R AR D AS 46 A3 A R 2 B4
AN, P ERRLR S (d) N 5.63+1.66 pm, AR T
JRUE R KK i fkr (24.21£5.3 pum) , 3EHF
ERMALHEL T BEML. SETHEENES ST
PEEFT I AR IR S AN ], FEAM BT [ AR T 20,
e ZHRIEE SR M T IELZ SRS &, NS
BT N4k P Sl B b2 SR T R BT R K
T AR AR, AE IR I B RN E 5, KW
FIE 1R R AT A M . 6061 FRA GG A
JZ R RS S FSW A% R RS AR 2419, (B8 4 4 41
ANAFAEARGZI X RN 500 X S T BR A 1) X ek, 3%
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Second layer

First layer

Substrate

4 mm

b
Ninth layer ds

First layer

Substrate
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Fig.4 Macroscopic morphologies of additive specimen: (a) two layer

and (b) nine layer
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d =5.55:41 59 - -
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FiZH 2,

6 v FEAM i 1 JZIAHKFER TEM B . 7]
DLE H, 78RR BE RS 2 0 2 BOAS R R 55 00 5
Ao o AR BE AR <001> & 7] 43 A (I 20 /INE IR 56 — A B
NP, BATRGE S, AR E B R AR, TIE
FETERBE AR <001> it ] 43 A1 AP AR B8 —AH R A pAH ,
JUHROR, SRR SRAGAE UK. T BORRIERIREE —
MEESH Al Fe. Mn. Si % cx, WA 6a Hhrid 1
FiR, FIHE HOR E R A, B TR B A AR LT
TR AR Y, R & B i rp oy A — e RS
S A, EESA AL Mg. Siv Cu %X, Hif
A E R FAR<001> & AP AT, 38 F SR K o3 A REAE A
Wiy QA HBRALAE A BRI, T v & AR AR €
B AR AT TS 2R [001] 77 1) 43 A7 1 SR A AR o

SRR LEL, FEAM B 1 EIARRE S
TSR R A A KA B AR . i 6b B, K
o> EANERIR SR AR IS AR O K AR T AR O
b, T AHRAE iR R R AR I AL AN K, SR e a3
% . SGME PR R 2 R T B 7 A B 3 it
2, AILUEEIR RIS T A AR RIS AR . KRSE )
ShEARIETC I AR . [FB ARSI ) O R AR A
T EEG BT, AR AR TE e gi .

Kl 8 2y FEAM HLIE 2 JZA1 9 JZ A FEAN R AL B 1)
WO LR B SRR SE o3 A, LA SIRFAEAT S 00 HH 4 /N 55

d =6.0641.65 pm

50 pm

K5 FEAM Ml 1 RSB MASFEA [F) A B P oM 2 23 K ok RS0 A1

Fig.5 Microstructures and grain size distribution of FEAM one-layer additive specimen: (a) bar base metal, (b) top, (c) middle, and (d) bottom
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Al d
Al Element wl% at% Element l% at%
800} Mg K 107 121 goot f Mg K 436 485
Al AlK 92.41 94.36 AlK 92.81 92.83
SiK 2.37 2.33 SiK 2.08 2.00
a8 crK 0.77 0.40 600} CuK 0.72 0.30
§ Mn K 1.50 0.75
2 Fe K 1.86 0.91
2 400+
L
E Cu
200+
CrMn Si
omifee | . T .
5000 10000 15000 5000 10000 15000
Energy/keV Energy/keV

6 FEAM HI& 1 ZHAHARER) TEM B8 v J EDS 70 #4521
Fig.6 TEM images and EDS analysis of FEAM one-layer additive specimen: (a) bar base metal, (b) one layer; EDS analysis results of point 1 (c),

and point 2 (d) in Fig.6a

First thermal cycle

Second thermal cycle

Temperature/°C

O 1 1 1 1 1 1
0 100 200 300 400 500 600
Time, t/s

7 FEAM FLIE 2 JZRERTBURE ISR i 25
Fig.7 Thermal cycle curve of FEAM two-layer additive specimen

. HOE 2 EHIM RIS, R, R, HIE 9 2
BERARAETI . TPl RS AR L RS 0 sl i B ERL BEAE
ff] 23.6%. 21.2%. 26.0%. 34.7%. 31.7%. 36.5%. #
18 1 2R T3 SRR 44k %2 5.63£1.66 pm; J 41 &
BEFHAL SR AL B /)N, O 5.144+1.58 um. B BLE
H, 2 BRI 1 2SR KT 2 2, XRlT
J TSGR R T IE YA (0 S NS B R AT S SRR
KK, WE7FR, 52 ZEMEE LERED T]R
AR o T T ST )M T P B A TS S AR
FERRR, SRR R HECT 2 EHAHREE, 9 2

WMRFEES I 2 KR 2 J5, SRR B — 2 K
KIEPHIRAIES] 8.31+1.67 um, {H 5 5 HER LB
REMNI S AEIE) s TR AR MBS 5 1 R
FEFRAAR R R ) B 5 2 IR PTRR = AR R AR FAA O

K 9 7y FEAM HUl 2 RIMBUFEA AL E 1 TEM
BH. aTRLEH, 3 2 BME M mEHRE 1 24
L, BRI SR AL K FFIR AR A R VA R O
Al Gl Ob FTuR, TR R BT X IR 4 AR Ak, AR
FEMIVFARMER, A6 THE 1 ERES ]
&, G AWEAEIG T 464 CHBIL T AN ERE .
I 2 JEEAMAREEE 125 AR5 2 JZMEL A
HOEAG pr/>, BT S AT 3R 0 R A
i, Fls QMHE— DS 155 1 EHM UG RIR T
ERRBABTESS 2 E3GML AR p st — B IS RO, 1R B
ARRE— R, (E 4358 A SR P RS AT IR -

25 1, FEAM I F5 o B P % 1z T 1) Ue AP JEE e
w, T A QAHFBAH BVE R s PR B R R
TR, WEBLIR RIS, K7y B B 7 Q'R R ARV
filt PARRAE AL, 1027 T ARG AR FH (1 1 1 4
JE T AR AL AR AR A BT g o
2.3 FEAM RFEHEE 57
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K8 FEAM HiE 2 EA1 9 F M bRE O A SR Stk R~ 43 A7
Fig.8 Microstructures and grain size distribution of FEAM two-layer and nine-layer additive specimen: (a) top of two layer, (b) middle of two

layer, (c) bottom of two layer, (d) top of nine layer, (e) middle of nine layer, and (f) bottom of nine layer

Microhardness, HV/>9.8 MPa
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K9 FEAM HiE 2 EHAAREEA R E R TEM I
Fig.9 TEM images at different positions of FEAM two-layer additive specimen: (a) second layer, (b) interface, and (c) first layer
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Fig.10 Microhardness of FEAM one-layer additive specimen: (a) Y direction and (b) Z direction
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IR E 53 A BIFERI BRI 62.4%. 65.8%F1 66.2% (-
1121 64.7%) , MEE BT LI ETHES . AS. RS
S AL B - S B AR 73 )ik B RLREAL ) 63.6%
65.3%. 64.3%, FKEHBGM ZUT Y J7 A FE AT s &) .
EAR FEAM T 23548 T 44l 2, (H3F )2 A B B 5 1%
Ko X FXT A E R iR S ST S, Ve i 2
BERHREM FZ oA 7 3, BARERZ M RS (24 mm)
BEARGE [y A 5] () BE P 1% R AR TR I 2, ARG AL 25 oA R il P
I3 RARTE IR ZA A 22 e, PRV S AL AR e il 7K
AR ZIB DI AS AR, DR 0k B8 5 T BT [X 45 3 AF
BT AR R, AR AR I G ™ H ;T
5 FRTHT P R 0 AN TOUS X 35 B A G 43 W A, 1T A B
FAL, BACKREEA JRHS . BAARRE HIE 1 JZ Ak
SEIRERE HV 2154 705.6 MPa, B AR5 501k .

Kl 11 25 FEAM HL3HE 2 20 9 J2 30 1R i 2 i
FEAy A, HGHE RS TR 3. 2 ZRBREE. A
TR 22 JZRRE SRS r [R) R T0T 350 £ 1 X80 Al P A8 9 Sl a5

FIRERIBEM ) 61.5%. 56.9%. 68.0%. 51.5%. 49.3%
1 66.4%. M 11a. 11b WTLUEH, 2 ZHA R R
F 0 JBE 52 LT B 30 A S I A , S8 A R A A B A b9
ZmE EAES, TR s . &1 2 IRBIEIR )
51 JZUTIE AR — B PR AR, DR A /N T 56 2
JZ RN B IR A (R FE . T R 9 R IR R A T
Z R BAEIR S5, 7K1 J7 1) b A [ 0 RS S A 55 H B 1 B
Ak, FPIREFE AN REM 1) 50.6% ZAK T 2 Z AP
WIRENE . RAEEAE 11d S Z J7 R A A R LA B
I Tl 50 B R B AT R R K A, AR B A I A R A
IS, JFA 30 B8 A6 R B Tl 0 bk St A E 3 8 B 1K 1
#, RRMUEL T — € RBREIR 5, TR
SR S B FE AN PRS2 OB B A T2 (R 0, TUE TR AL R IR R
BB PG, WEEEORERAAE . B 11b. 11d S AR g
FEAIRTES, WA R, 5 ESCHZ S ST
AbEE A LT A S AR AR VT AT, Sy 38 A R o A v 55 1
Hh7.

&2 FEAM BB 1 REMIXERNER
Table 2 Microhardness of FEAM one-layer additive specimen (>9.8 MPa)

Y Z
Positi B | - -
osttion ase meta Bottom Middle Top AS Middle RS
Hardness, HV 111.3 69.5 73.2 73.7 70.8 71.6 72.7
Standard deviation 2.21 2.40 211 1.19 2.86 2.87 2.74
100 100
« a b
a
= 80 80l
@ 'lx.‘ . . :og'. n [ ]
2% %0 0 g 4,000, %pgelat .
g 60' * AA“A’AAAXAAAAA‘Al’ 60' e ° ¢ .
I
- As RS
02 401 401 First layer Interface  S€cond layer
"% e Bottom = AS
2 20 A Middle 20t o Middle
g Top RS
E fo . . . . . . . . . . .
-16 -12 -8 -4 0 4 8 12 16 0 0 1 2 3 4 5 6 7 8
o 100 c 100 d
3
o 80f 801 "
R .
; 60y :5::3:.::l::l:.-.n.'=:"::l.l';: 60y :::= R P LR YT !:'.'
a AS RS
2 401 40T First layer Ninjth layer|
g = Bottom
£ 2 o Middle 20t "|AS
3] Top o | Middle|
E 0 RS
-16 -12 -8 -4 0 4 8 12 16 0 4 8 12 16 20 24 28 32 36

Distance from the Center of Deposited Layer, d/mm Distance from the Bottom of Deposited Layer, d/mm

K11 FEAM HE 2 )25 9 JZ AR RE () B A4E 15
Fig.11 Microhardness of FEAM two-layer and nine-layer additive specimens: (a) Y direction of two layer, (b) Z direction of two layer, (c) Y

direction of nine layer, and (d) Z direction of nine layer
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Table 3 Microhardness at different positions of FEAM additive specimen in Y direction (>9.8 MPa)
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Fig.12 Tensile properties of FEAM additive specimens: (a) stress-strain curves, (b) stress-displacement curves, (c) two-layer additive specimen
in Z direction, (d) nine-layer additive specimen in X direction, (€) nine-layer additive specimen in Y direction, (f) nine-layer additive

specimen in Z direction
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KN 214.8 MPa, 153 X J71A1) 94%, FREHIGHITRZ
PRSI T RIFa &4 6. M9 2L 2 X
N ARBRIGAER T, SR ACF#E— D S, FAdih
3% N 151.0 MPa, kN 177 MPa (ZEff%A 10.4%) ,
H A T 50 2 E3GAARE - 2 IR AU R 2
PRI SERE FRAIG, TS A I 45 & B PRI . 4k, M
AS 2| RS, JRfE RIS R NS, P s
ORI FER AR, R B FRE, (HE A
FHXSRASE , ik — 5 R WG AL )2 o [R] 1) ) 2 e ARG L 57
BIRH T UTEAE A T BUSH R ERRC, HRIS
B BHREM LU A VB AR TE R 1) HI AT R E R BRA
18 9 JZHIMHARE Z J7 A 2R BAR AL, HR AR
RERE TR, B 1 EMAERE X J7 g R4
REERIREA ) 2 %, TR IE 2 2B A R B R R
1) 233%, X WAL I A A0 P 4 /N S5 2 o 2 200 B
FIBMEAR AT A E AR

R AT 6061 S A BAEAFIIM T2 F H 14 MR
b BRIE 1 ERFENT X J7 A PTR SR i R R A
15354 247.5 MPa. 142.35 MPa Al 28.76%, FiiH 2
JERFE PR SR E L) 2 BT 1 JZRAFE 91.5%. 5 H AT oL
AT b T 2 L%, FEAM BRHRBENS X
T RIR R A ZE AR, HHE MR R ERS, %G
FIEEREE AR . FTENZS CR#EH) FEAM HA1K
FEAE Z J7 1) b 55 7 P G A UL o s A
T 200 TS5 i e Ak B P 7 P B A ARV Z T ) (FE B
PEERGE S R BIPih sR LA R] FEAM /KPR, X
Y J5 FSREA PTG, KT FEAMPY, S 4+
MELD T2, FEAM H4AH0FE &N 5 ) (1) 528 FE #R AL T 5
EHAKERE, 2z TR, FEAM W] LLA3 B2 4 )1k BE
FEINA R AR R

Kl 13 HIE 2 EF0 9 EHMHRFENT Z 75 A i
R LT WA B . N mT DUE R R 2 2

=4 FEAM 5RHETZ 6061 iHEM M REXTEE

Table 4 Comparison of mechanical properties of FEAM and other process fabricated 6061

Material and process Orientation Yield strength/MPa Ultimate tensile strength/MPa Elongation/% Reference
Wrought 6061-T651 332.543.53 354.343.39 14.4140.48 This study
One-layer-FEAM X 142.3540.21 247.540.28 28.7640.74 This study
X 139.3140.27 226.540.05 33.52+.81 This study
Two-layer-FEAM Y 221.24.04
z 196.5419.3
X 112.547.43 194.25420.0 34.5744.82 This study
Nine-layer-FEAM Y 184.15420.4
Z 106.845.21 151.0%27.5 10.434.62
6061-MELD X 61.346.4 137.1414.8 [26]
z 63.912.7 129.9435
Al-Mg-Si-WAAM X 83.16 190.8 115 [23]
6061-LPBF X 75 141 15 [24]
X 217 225 11
6061-UAM Y 221 224 0.5 [25]
z 46
X 70 158 17.3
6061-UAM+HIP Y 78 159 17.0 [25]
z 80 151 7.9

K113 FEAM $EAFRE Z 77 b i 28U
Fig.13 Tensile fracture specimens of Z direction of additive specimens: (a) Z-1 of two layer, (b) Z-2 of nine layer, (c) Z-3 of nine layer,
and (d) Z-4 of two layer
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TR Sy Wl Sl by vl A PR DS T TR 1] S TN
13b fizw, 2 JZ20FE Z-1 F1 9 2kt Z-2 7E8 1 2 v Ja] e
2, BBk RA T R IEARTE, X 3R IR EE R
AL SEL TR BEIE 45 A, BT LRI )E P S R
CGEAURIE . T Z-3 R Z-4 B/E EEE S AL WY, W AR
XA, FLERIPIONAE FEAM H 52 BT XN Pe 2R
THEEARIENE, M09 JZRFEE B S R ARG A
FRIBORX — 8RB, e R IVE R AR A3 N B A
TEHNIKT L, X 150 ISR BEAR SRS 9 BT 9 J2 M i
§9IX4, IO TR LTI B & T ERA LA — P
JEE P S 2 5 M R

3 & 1

1) R B B v B 0 [ A BE HR BT 38 4 )i 1
%, fEFHEE A 600 r/min. #3hiE FZ4 300 mm/min
(1) T2 50T BT S 30 ] AH BE 48 5% TR 19 #4 il i 1 200
T, SRAFIG A JE AN T8 BE 43 9 2974 4 A1 32 mm ) 6061
BIE 12 2 29 EHAARE, B A e 4
B T AL e J S B . G PR S S R AP iR 4
.

2) [FAH R R A R B Al /NS 50 46 il 4H 21
FHIE. SERHEA T3S RS) 24.2145.3 um LU, R
T8 1 Z RT3 R RS 44k & 5.6341.66 um; 3444 BE 1
FHIHA SR R B AN, R 5.1441.58 um, BTTE A
TR EA INEAE R SR RSPAR Y 6.304.92 pm; L
18 9 JZ R IR 2 IRAVIEER iR BT R, SFIRSTIAH
8.31:.67 um.

3) [ AH BE4E BT I 8 A4 4 2N 5 R T oA AR 87T LT
A ER AR T AR AR AR B BRI R . HE 1 E Y
AR B AR B AR BERA 1K) 62.4% . $E44 51T T 58
T B7Fe B ILT- 4 0 v f L AR A L BE A (1)
56.9% . 9 =GR TR M THU S ) JECHE 52 I H S0/ e AN AR
(REFE 3 AT, “P350R3 BE A BEAF 1) 50.6%. I A1 IURE 2R 44
T P 43 A B B 138 211

4) [EIAHEE BT R G A LA R F 2P Re .
1 ZRFE X J7 ORI R o AR i 2 R0 7 J e 3R 4y
5 2475 MPa. 142.35 MPa 1 28.76%; ®iE 2 ZiRXFE
X J7 o FE L Al 1 2 91.5%, {EfK R 5
M EOE S 233%. HRIE 9 ZFE X J7 MY J5 s
5 JBE 3 AT R AIE 5 B B A A AH VTS, P 35 58 FE 4y Sl N
194.25 11 184.15 MPa. Z J7 [n] P hz s L s A B A%,
JERFEFME N 196.5 MPa, HLIE 9 JZFEN £ IR
Wik —P % 151.0 MPa.
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Microstructure Features and Mechanical Properties of Single-Pass Multilayer 6061
Aluminium Alloy Based on Friction Extrusion Additive Manufacturing

Tian Chaobo*?, Yang Xingi'?, Tang Wenshen?, Xu Yongsheng™?
(1. School of Materials Science and Engineering, Tianjin University, Tianjin 300354, China)
(2. Tianjin Key Laboratory of Advanced Joining Technology, Tianjin 300354, China)

Abstract: The friction extrusion additive manufacturing (FEAM) process of 6061 aluminium alloy was successfully performed. The
microstructure features, interface bonding mechanism and mechanical properties of single-pass one-layer, two-layer and nine-layer additive
specimens were discussed in detail. It is found that under the process conditions of a spindle speed of 600 r/min and a moving speed of
300 mm/min, completely dense and defect-free 6061 one-layer, two-layer and nine-layer additive specimens with layer thickness and width of
4 and 32 mm are obtained. The uniform microstructures of additive specimens are composed of fine equiaxed grains. The average grain size of
one-layer and nine-layer additive specimens are 5.63+1.66 um and 8.31+1.67 um, respectively, which are significantly refined compared with the
bar base metal (24.21+5.3 pum). In the microstructures of single-pass one-layer additive specimen, the main strengthening phase 3” is almost
completely dissolved and phase £’ is coarsed, so the average hardness is 64.7% of the bar base metal. The additive interface realizes metallurgical
bonding and has the most significant degree of grain refinement. The hardness of interface reduce to 56.9% of the bar base metal because the
strengthening phases S”and /' are almost completely dissolved. The average hardness of nine-layer specimen after multiple thermal cycles is
50.6% of the base metal. The nine-layer additive specimen exhibits excellent strength and toughness matching. The average tensile strength and
elongation along the length direction of the additive specimen are 194.25 MPa and 34.6%, respectively, and the average tensile strength and
elongation along the vertical direction of the additive specimen are 151.0 MPa and 10.4%, respectively.

Key words: solid-state additive manufacturing; 6061 aluminium alloy; microstructure; mechanical properties; precipitated phase
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