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e, TSI FUNG A 7R (1 JEL R 5] N ISR 3 (1)
AR FEROGHI M G B ARG, 722 A0 R
5 22 U [ BA 22T J T8 A B 3 M )& Inconel
718, Ti-6Al-4V FEE &M FT, 51 N A IRSE K
TEAF TR ALK T o XIS A4 28 30 s o
H 5[ Ti-6Al-4V EKG S HRR N KRR, 1R
AT AN T 45 i PR [E VR R R R T S8 Sl B kL. NING
SEPOFR R T R RSN I M G Fe-Cr B G
&, WA AR RS ARSI N ARSI 7~11 pm T B
ZE5 NHEAERESEH 1.5~3 pm. TODARO ZP15 A
AP IR BN 5 4 1) Ti-6A1-4V &4 R 3k T ki K
/NEIH 100 pm (95 B b, ARG LRSI
FEIRBIRFEIE N 12%. 75 H I A i) 3 4 AR Ak,
ZHANG PR IR TAEF & Fil# 2 Al-Mg
HERILREE, Pk Ea rieTt. Xtk a4
AN AN OV (1 e BICHE oA 1) 3 3 R R BN P e e AR
B, WA E) TGNk SR S B RE Y AROE .
R, 76 F IS A i R R, 51N AR RS R4
AL 3T 2R B R AP PTAT
FHX TAE GG R ARG S T &4, Ry
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11X 5. DING 5P 4 () Cu-8Al-6Ni-4Fe-2.0Mn &
G SR X 3 R A T AR o AFRT B 1 B PG AR ZH 41
YR, AR B S e 58 B R I o) R R R IE A A 4
B A i & G BT R IC. SHEN 25P2E5% T
AR A HE S HN Cu-9A1-4.5Ni-3.5Fe-1.3Mn & 41
FE VR RER M, DU FAEE B B & I ek, K
S5 1) A v, T LT )RR SR R 2 A
AR S B LR S 15 H(900 °C, 2 h, WC)+(650 C, 6 h,
AC) FAbF J5 GE PR 4% 7 55 . DHARMENDRA 2517
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W E A E S B BT HIES, MR R
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Fig. 1

ultrasonic vibration assisted wire arc additive manufacturing

Schematic diagram of experimental apparatus of

WK EAN 1.0 mm FESEHIEL, B0
F1, NJERAE, KA Cu-8AI-2Ni-2Fe-2Mn £IR .
FBCRH 6 mm JEH) Q235 AN, s W& 1. Wik
AT FIATURRAT B8 (1 J7 ¥ 2 B AR R T AL, P FH P
BT A o S0 I A 5 P A AR i 2 R D B
PEHIFE 15 mm, B2MHKE 10 mm. £id T2RE
ARAL, B dn R ) R AL s T 258 ekl
¥ 4.0 m/min, JEE5EF 0.48 m/min, HJE 104V, H
M9TA, G/ 15 L/min, $27HEFE 1.8~2.2 mm.

F1 BRI

Table 1 Chemical compositions of experiment materials

Mass fraction/%

Element
Wire Base metal C95220
Al 8.0 - 10.5
Ni 2.0 - 2.5
Mn 2.0 0.30—0.65 2.0
Fe 2.0 Bal. 4.0
Cu Bal. - Bal.
C - 0.14—-0.22 -
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W 9E R FH R P R AR 28 438 R 20 kHz, HE A IREN D)
FIEH 2000 W HEA, R RKIRIEZIN 50 pm.

B E T A1 3% Cu-8AL-2Ni-2Fe-2Mn &4
W 2(a)fi7R. ARSCEFH HRIE 2 2 R AT T
WLV H AR BRI, 9 PR IEEURE I e B VA 2
Hrxd LE R HERA T, B R K FE RS RS R
120 mm, PO B RSEAMET 50 mm. 25 FE B BIE K
B DTRRRCR DL AR 5 A0 & S A AR, IR HRIES:
Wb, JEIRNRE 400 “CHUZ AR E 100 °C =P 2%
i, WHIE T ANIR]JZ TR BE N A TG S R B 2
frEgemsgm, BAAGRFEEE AT Wk 2, Hddw
5 C1 A UL SRR A &SRR 7 28, W 5E 1 J2 1) I6L
G A U2 A C2 AR Z AR 400 CHlAt:
U3 Ml C3 AR IZ AR E N 100 CikFf. H T8~
RSN FIA 5] J2 () S R X s vl () il R AT N B, AR
WERLAR AR R, AN [F) 26 T TR Z Hms A AN [

*2 WHRSNTZSH

Table 2 Sample number and process parameters

(& 2 FAEHTAFSHETIRLEE). N TRER
B Z R R, IR R A K B A S R L
TR R TR, EM AL EIE 77, BRIV
R ZEZ 1 mm)FFRELL AN (Smart Sensor
AS872, FTSEIN I B IR R I )R AR A SR
B R AS [R) 5 32 R SR R B 38k B ME L R S,
PR 2L G IS AR

1.2 DHFFIRAE

ffiH Zeiss Axio Scope Al Y& /i (Optical
Microscope, OM). Nova Nano SEM 450 F Hitachi SU
1510 4 H 1 A% (Scanning electron microscope,
SEM). Talos f200x %1% §f Hi ¥ % Sl 5% (Transmission
electron microscopy, TEM)W %% T B AZH 4. FT2H4
MELHIRFEYHCE TR0 B, W 2(0)F BEaEL
fime ZMALER V(HF): V(HCI): V(HNOs)=1:15:5

Sample No. Interpass ] Ultrasonic Deposited Height/ Effective
temperature/ C power/W layer number mm area rate/%
Cl 730-750 - 18 39.36 65.5
C2 400 - 23 53.74 70.0
C3 100 - 22 53.65 79.5
Ul 710735 2000 28 52.76 53.9
U2 400 2000 26 53.68 75.9
U3 100 2000 25 53.19 84.8

(b)

Build direciton

d e
(COR— .. N+11LB (O] E93] Upper region
2

upper -z ILBs

(m )
el <1 lower 11| Lower region
0 g L, FUUNIB I —

2 ALY R 3 ) Cu-8AI-2Ni-2Mn-2Fe & 4 524 B REURE bRt s 2
Fig. 2 Typical Cu-8AI-2Ni-2Mn-2Fe wall components produced by wire arc additive manufacturing and sample locations:
(a) Typical components; (b) Schematic configuration of sample preparation; (c) Dimensions of tensile specimens; (d) Schematic

diagram of microstructure observation position; () Schematic diagram of upper and low regions
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(T AT 8, S TR) 3 min A2 A5 SO 4L
f# Fi§ FeCls (5 g)+HCI (5 mL)+C,HgO (50 mL)FJ& 75
BEATALEE, ST ]2 12 s. TEM 3R FE S Tl JE 60
um ) d 3 mm #f, FAEHARELN V(CH;0H):
V(HNO;)=3:1 [ Hfi# I AE-20 ‘C N {E Struers TenuPol-5
FL AR LA 7 oo

WEFL T S SRR ) = IR AR RE, Bl R
VEUREAL B AN S Wi 2(b) AR, VI~V3 ARERRE T
FARFEAL B, TR B 7 M iR fE s HI~HS
RFACETT A MBI TR A7 B, AT IRK
S5 1) R R A RE R, BRI R
SN 2(c)Fin » LA SZEGAE Instron 8872 Y HL-F- /5 fE
FLARRIGAL FIEAT, FHEZE 0.5 mm/min, i ARGEE
WU AR 0.2% 8 /. {# ] Hitachi SU 1510
SRR RS 8 FH 22 7R 4 & #(Differential
scanning calorimetry, DSC) & T F 38 #4 1] & 1
Cu-8Ni-2A1-2Mn-2Fe £ G AH AR 1 A8 il B A AL LS
UbAh, R TSR SO BRI C95220 G TE
M4, XF LIBT3 145 T A B S O 4 2R
PEREMIZ S, C95220 & &AWk 1, Al
T 5 8 SRR — 2

2 ZER5TE

21 EWMFEE
3 IR NANEISECT BT A HE R Cu-8Al-

(b)

Build direction

2Ni-2Fe-2Mn & Z WS . HIE 3 TLLEH, ANFE
JZE R EE AN A 51 NGB A IR BT O B ) A 25 W 2H 21
HA BB ERGINEERN IR, %Lk
BAE C1RFE(LIE 3()MZ R E N 400 CHY C2
AECILE 3(b))H 7 M55 AT LA SR SRR AR
i B FE A DIRE, FAETEW I ZA 4t . 122 1R
FE 100 CIy C3 e, FIR & RSFN,  BRtbat
BEAR, 200 e ARAEZ i i (LI 3(c)). TETI N
FERENE, ELLA UL RFERK IH R DR %
MAR A, Era TR Z T 20m] WO 3(d)).
JZ IR N 400 C 1 U2 SR, I/ AR &
AR AE KT I AP IR L, 0 A LWL 31 2 5 4
FIOILE 3(e)). JZEEE N 100 CHY U3 3FE T, Sk
TRELFEARSIG AN, ZOUL T [FIREHE DAL 5 31 J2 2 2544 1)
FAE(ILIE 3(D). 2R HIR, 20 T HEARAE
EraER, 65 R RSB HAEE. X
FR[34—35]H iR 3G 14 Ik A2 Hp 52 0 0 FAG 2R AH AR ik
FER TP B ) 2 45, —Fh R TR R =
5 EHEE IR A S S, FAREZ 8] (Interlayer
bands, ILBs), 73 4h—Fif& 52 #mi i A A AR IS AR i T
BRI GEIR 2, AT B SRR #4
BINE . PR DI R SR T B DA R s e e
LSRR, WIS, TG A &R Cu-8AI-2Ni-
2Fe-2Mn A &2l i i HCE S L TRUZ B — ik, AL
e G — BV PO A B Z i 450 A RIS
TiJE— B E AT TE 2.5~2.8 mm, 17 AHAR

(d)

3 AFBHF Cu-8AI-2Ni-2Mn-2Fe 54 2 A LRI RTTAR I A 3
Fig. 3 Macro morphologies of Cu-8Al-2Ni-2Mn-2Fe alloy with different parameters and schematic diagram of effective area:

(a) C1; (b) C2; (c) C3; (d) UL; (e) U2; (H U3
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KR AR B 204 1.8~2.2 mm, X 5UTHE RS
TR IRTHI R AR, WO W IS 3 2 B ) T
FL A A 1o R 5 1) FL 0 X R S A 2 1 O
2, AN TR S R G m 2 .

BEAh,  AS[R] 2 TR A 75 5N S IR 35 IR
K3 ) Cu-8A1-2Ni-2Fe-2Mn & 4 LG B
K. R 2 WHH T & LESE T M IX A R
DURRATEHAR, FTLAE H, B 2RI BRI, A0
FUMARTER N, RABARE R, AR T3R0S
ISR B AR e I, AR UM 1 R AR e . 1R
SINMEFERSIESSER UL e, BT d sz
IR, AR IR R e A 2, IR
AR, A RTRRIEI AR  53.9%. FEETE U2 Al U3 iR
FERRAR 7 2 AN BE, P 4R W) st 1 i Il R AT
N, R T RAF IR R, 380 T A R R .

2.2 MBLRFFEAVLER

HL U I B RS EOR . MR R 2, 1%
5 HUICHS A 3 DTRR AR B R IR S R, 8RR i it
A RPN A SIS T N E 2. B4 BoR
TAEAR G N FE RSN AN [1] [ R B i DX 3w
AHAR 2 8] 2 18] PRI MO ZE 2R A8 A e (Y—Z AT, 22

\(al)

B4 REINEHEIRSD N AN 2 1] AR 02 18] 2 18] (o 42

MR B EWE 2(d)FTR). 7L, AN 12 AR
55K A R A o B0 TR SR IR it IR T 5 R IR 56
. FEEESEIMI C1 WAt ZMiRERE, JLT
B AL B AR 38 &8 B, o X g
BN R . TR AR EE A 400 CHY C2 1T,
FEJZ AT () B, AR A s, B A b,
B & it = BE R T, A2 (] N A B & TR R
B R E A ZIRE AR S . SRAR O 4 233
WA R 2 IR Z (R Y 100 CH C3 ke, &
I R L D> 7 HAR R, T TR M, —ik
5 i T B P S R B B A Pl o 7 H I A i
) AR A, A P IR FE BB FE (Temperature
gradient, G)FIZEK I % (Growth rate, R)&N Z|5h#&48
PRIAPOY, S & AE J2 A 22 TR AR T IR LA o A A
PRI 2

TESINE RSN G, HIIEH HliE K Cu-8A1-2Ni-
2Fe-2Mn & &M AH LUK B B E AR L. fEIESE M
1 UL RFE, o & 2 R R e A RE I E R R,
K AE B DO BRI IR SRR (L S(a) AT (ad)
B ITR), FEREL SRR 42 (B0 2 6] A 1 4T e
RIS S Ei A S AN T At/ € 5 3 T I
BH TR, AR INE A KA R .

(a3)

R (Y—Z BT

Fig. 4 Microstructures between two adjacent ILBs without ultrasonic vibration at different interpass temperatures (Y—Z plane): (al)

Cl1, bottom region of molten pool containing ILBs; (a2) C1, lower region of molten pool; (a3) C1, upper region of molten pool; (a4)

Cl1, top region of molten pool containing ILBs; (bl) C2, bottom region of molten pool containing ILBs; (b2) C2, lower region of

molten pool; (b3) C2, upper region of molten pool; (b4) C2, top region of molten pool containing ILBs; (c1) C3, bottom region of

molten pool containing ILBs; (c2) C3, lower region of molten pool; (c3) C3, upper region of molten pool; (c4) C3, top region of

molten pool containing ILBs
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Fig. 5 Microstructures between two adjacent ILBs assisted ultrasonic vibration at different interpass temperatures (Y—Z plane): (al)

Ul, bottom region of molten pool containing ILBs; (a2) U1, lower region of molten pool; (a3) Ul, upper region of molten pool; (a4)

Ul, top region of molten pool containing ILBs; (b1) U2, bottom region of molten pool containing ILBs; (b2) U2, lower region of

molten pool; (b3) U2, upper region of molten pool; (b4) U2, top region of molten pool containing ILBs; (c1) U3, bottom region of

molten pool containing ILBs; (c2) U3, lower region of molten pool; (c3) U3, upper region of molten pool; (c4) U3, top region of

molten pool containing ILBs

FEZ AR N 400 CHY U2 WlkErh, JRA<E MR A
J H04E A B AR R S, OB AR R AR R (L
5(b1)~(bd)). 7E)ZAIREE RN 100 CHY U3 WlFE, BAK
(10 22 170 L T AR BT o R ST R TR 35 5
T AN TR 3 A (R MR A, &8RS PR RS SR B a7
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SRy B Lt 5 RO 2E S AN [ AR e B )
MR, B 6 BnT 6 ASENERFETIMEER
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SORASE i v B0 TR 5 14 i 8 5 2 s (DL FS1 6(2) )37 AT P A,
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UORE d I HCRE, Y B8 38 DORR = B2 1R S T T 384 o (O &
6(b)F(b2)). 7E C3 kFEr, FAMIAAIBK T ik
BB, — R S IR EE AR A Frs /OB 6(c1) I
(c2)). BINEEFEIRINIE, SEM T fAgih 505 B 41y
AT UL R rPoAIR A dt B 4T T R IR R (LI 6(d 1) AN
(d2)). JZIAESE 400 CH U2 ik P ARIR B fitk— 2
PATWT AL 6(e1)F(e2)). 7E U3 ikFErp, fEk

FEIRAERT, BT MR, FHRLURE, R4
BELIT 1 HIREL A TR B B 6(F) (1)) BLAk, 7E
Cl. C2. Ul A1 U2 ikker, AP mEEAER—IK
e ) BE RS AEAE 22 50, B0 — Yk ot ) S B 0 A v
b, o w2 R S A R R E, R
IR TR EERE, 45— IREam ARSI T 5%k, 72 C3
A, SRR BE TR i T e T 3 K I 3519 3
T EZEME, U3 B SRR B AR i FE AR AL
SN o RHAREAS R B AT I AR ISME S,
3 Cl. C2. C3. Ul. U2 Fl U3 FfE— Uk el B
I ZN(36.5+5.6) (28.5£4.2) (21.623.1) (31.244.5).
(24.8+3.7)F1(18.6+2.6) pmo

N XY AT ) 2 23R DA FEU b U 45 38 b RS
X . MR X—Y IO K 7 s g
AL B AT AHARE ) 2 AN ) = B L, & 2(d)
gk iR), ATUE M, EMWHRZ RIMEAK
AAERE S AR T, CIULE 7(al)M(a2)) A1 UL
7(d1)F(d2)) iFE R I R I BDIR d T 3 . 7E C2.
C3 A1 U2 ke, SEiTZ R A B RO ZH 2N
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El6 #ZHNA RV G AL E RO (X2 #i)

Fig. 6 Microstructures of deposited height at different parameters (X—Z plane): (al) C1, lower region of sample; (a2) C1, upper
region of sample; (b1) C2, lower region of sample; (b2) C2, upper region of sample; (c1) C3, lower region of sample; (c2) C3, upper
region of sample; (d1) U1, lower region of sample; (d2) U1, upper region of sample; (el) U2, lower region of sample; (e2) U2, upper

region of sample; (f1) U3, lower region of sample; (f2) U3, upper region of sample

(® Build direction
(c1) '

|

Bl 7 &ZHCTAHAR)Z ) Z 10 A [ e B AL B R OO AL 23 (Y 48T )

Fig. 7 Microstructures of adjacent ILBs at different deposited heights parameters (X—Y plane): (al) C1, lower region of molten pool;
(a2) C1, upper region of molten pool; (b1) C2, lower region of molten pool; (b2) C2, upper region of molten pool; (c1) C3, lower
region of molten pool; (c2) C3, upper region of molten pool; (d1) U1, lower region of molten pool; (d2) U1, upper region of molten
pool; (el) U2, lower region of molten pool; (e2) U2, upper region of molten pool; (f1) U3, lower region of molten pool; (f2) U3,

upper region of molten pool
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TR, 2 E] 7 5 6 R R R BIR s BT T Ah e A K
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S AN BB/, X FE TR T HASX
TEASIERHS, ABORIA R, UL R
RGN o ANRIZHCT T A B 1O 23 5K 1)
X5, fERBINHEFERZT C1 e, THZREUEE
FJE B2 200~400 pm ¥4 ) B X3RO IE 8(g))s
T3 1) A5 it DX 330 A A2 HH R P S AR A B o 1 7B P iR 50
N EFRAER) U3 W, T2 ROAH R 2 AN
FR AR f (L 1 8(h))

F I Vb MRS S50 B T 3R R BE BB P G Bk /N, A
K E v BEEIN, G BIBUEIZETE/DN, [
(TS0 e AR AR A o 1) A5 e o RO A8, T 1 ] 8()
T 7 (% ) X 32 21 ﬁ9@¢i%7ﬁﬁﬁﬁ¢%
FUZFR & T o BOE R th 2k, iz 1 2

w0 e Rten B N

ILB'zone

Fig. 8 Microstructures of some characteristic regions (Y—Z plane): (a) Bottom region of C1 sample; (b) Bottom region of U3

sample; (c) Interlayer band region of C1 sample; (d) Enlarge view of interlayer band of C1 sample; (e) Interlayer band region of U3

sample; (f) Enlarge view of interlayer band of U3 sample; (g) Transition of microstructure from top of C1 sample; (h) Microstructure

from top of U3 sample
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Fig. 9 Thermal cycles of deposited layers(a) and DSC curve(b) of Cu-8Al-2Ni-2Fe-2Mn alloy produced by WAAM
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Table 3 Tensile properties of Cu-8Al-2Ni-2Fe-2Mn alloy
prepared by WAAM under different parameters

Sample No. UTS/MPa YS/MPa El/%
U2-v 390.3+3.8 190.7+1.0 48.9+1.8
U2-H 430.1+£6.9 191.340.8 43.1+0.8
C3-v 436.5+2.1 199.3+0.9 42.1+0.8
C3-H 454.9+3.1 202.0+1.3 40.5+0.7
U3-v 516.1£0.5 225.340.5 40.9+0.2
U3-H 517.5£0.8 226.8+0.9 41.2+0.4
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Fig. 12 Effect of deposited height on tensile properties of U2,
C3 and U3 samples prepared by WAAM
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Fig. 13 Typical fracture surfaces of tensile samples under different parameters: (al) U2-H2; (a2) U2-H3; (a3) U2-HS; (a4) U2-V2;
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Effect of ultrasonic vibration on microstructure and tensile
properties of aluminum bronze alloy produced by wire arc additive
manufacturing

CHEN Wei', CHEN Yu-hua', WEN Tao-tao', MIN Wen-feng', ZHANG Ti-ming', FENG Xiao-song®

(1. Jiangxi Key Laboratory of Forming and Joining Technology for Aerospace Components,
Nanchang Hangkong University, Nanchang 330063, China;
2. Shanghai Aerospace Equipments Manufacturer Co., Ltd., Shanghai 200245, China)

Abstract: The effects of ultrasonic vibration on the microstructure and tensile properties of Cu-8Al-2Ni-2Mn-2Fe alloy
produced by WAAM were studied under different interpass temperature. The results show that the control of different
interpass temperature during WAAM process cannot inhibit the formation of epitaxial columnar dendrites. After the
ultrasonic vibration is assisted, the cellular structure is obtained in the sample under an interpass temperature of 100 C.
The #y; (based on Fe;Al) and xyy; (based on NiAl) phases are precipitated in the interdendritic regions whereas xyy (based
on rich Fe) is uniformly nucleated in the a-Cu matrix. The tensile properties are anisotropic in the samples containing
columnar dendrites. In samples under condition of ultrasonic vibration+interpass temperature of 100 ‘C, the anisotropy is
eliminated and the best tensile properties are obtained. The results indicate that WAAM fabricated the nickel aluminum
bronze alloys can obtain high-performance assisted ultrasonic vibration under the right interpass temperature.

Key words: wire arc additive manufacturing; ultrasonic vibration; aluminum bronze alloy; interpass temperature;

microstructure; tensile properties
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