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Fig.1 Schematic diagram of micro arc plasma additive

manufacturing system

F 1 Inconel 625 & HBEMERE I ZEH
Tablel Forming process parameters of Inconel 625 alloy thin

wall components

Main parameter Value
PMPAM current/A 085280275

—70

Base current/A 45

Rise time of pulse arc current/s 0.1
Pulse arc interval time/ms 50.0

Gas protection delaying time/s 6.0
Substrate material Steel

Substrate size/mm 180 x 120 x10

Ton gas flow rate (Ar)/L-min™ 1.7
Protective gas flow (Ar)/L-min™ 12
Powder feed flow rate/L-min™* 5.5
Pulse arc time/ms 90.0
Duty cycle/% 60

Scanning speed/mm-min’* 260

PG AL BT, R A IER a2 " A1
OTF-1200X & 20h, 4 ik S o 55 55 1 384 4 1) a2t 1)
Inconel 625 W EEIXAE 7 A 7E 950, 1050 1150, 1250 C
T BE R AT B AL EE, DR3P SR MRS, P THR
A 20 C/min, F7A 248 € R E G BN, RIE
90 min 5 FEA A AR EIR .

SKHI 240#. 3004, 600#. 1000#7K b 4% £E ML B
WAL ERFEATITEE , I & NA PG . R
AT 5 X5 BT S AN S R AR T3 DX 3k s ] 5 67
FRHE X 3k 47 XRD MR e K% 3 kW; §E4F:
Co #; & EHMZECN 2°/min.

AR Sk I S B T B A4 & Inconel 625 &
S 2H 233 AR R A R ] Ak 36T 2H RS R AR,
10%CrO; FE AR 65 1t 77 06 e AT J55 e, 3 b B 1) Sy
20 s. K Hitachi S-3400N AL 494 o 7 B i3ss, AR
3¢ EBSD J2 EDS #8k, RAEAF X o, Mk
HIZARE AR RST o ARSI Al I 22 64T 407
WESHCON: MEHEE 03~30kV; KEZEE 6~
270 Pa.

3 VB A I A - S A o R R
B TR A E A B X 3, K Buehler 4= H 34k X
S AOREE 6 A [ X 3 R A [R] #4 Ak BECRR S R AT
WA, INEL 500 g #efmr, ANEE A 10 s,

5 GB/T 228A224, {#i H INSTRON 5982B18430
AR JHUREAT AR e, W B BRI & 1 r
#H 4 mm, 3 H#EZF 0.075 mm/min(JE AAT); 2 mm/min(jE
M5, ARG R FH AR AR S| Aot o Ao R AT
S T 0 RN B D 5

2 #ERE5

2.1 BOMGINE S F G I I S B A A

Bl 2 NRHE R 1 45 I M HiliE T2 S8R 1
Inconel 625 & & Wi BER 4, b &5 5 T A 4 8
WE N 260 mm/min, 5 ¢ R Y 1 8 BE R 4 5 R 428 1)
76(3.5£0.2) mm, W 2a fiac. ATLLER], MEE
WL, VORI EEE S, JURERE AR H I
JZ T A RN TF 2L 515 5 o T 2b Db A B S 1) 9 R
WRAEH, WREJE B N(240.2) mm, 454 — Sk {R 5
L5g /8

Kl 3a~3c /& HRE IR FE A [ A7 B ¥ SEM ZH2H. m LA
B, BRI RNEE RS T3 M HiliE Inconel 625 HEEEF(1Y
JEE 3B E TR 20 43 BN E A KA o DU 2 T 38 X 45 E
JRUHR i R /N I AEAR A 2, DL — B d o 3, IR
AN B s R XA P R T AR B R, Ak T
Ks FE TS DX — A AR B 7 B, R b T 6
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3d Al 3e 4 T Bk HONAE B 13 A4 11 Inconel 625
THRE A rh BT B RN T A7 B ) S A LR, v] DU I AE
B AN T 9’ Laves A M.C #HRAH. Xk,

3IPANEALE R XRD B4 Tukst. 2 #r&H XRD
B A LT (200) A E . S50 TP RIA £ B E
Y(NisND)(FCC) « 7"(NiNb)(DO») « d(NisNb)(DO,) «
MC((Mo, Nb)C)+ MC((Mo, Nb)C)+ M C((Mo,Cr)»C)
PL X Laves(Ni, Fe, Cr) 2 (Nb, Ti, Mo)%
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Fig.2 Inconel 625 thin-walled components fabricated by pulsed micro arc plasma additive manufacturing (a) and after reducing material

handling (b)
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Fig.3 SEM microstructures (a~e) and XRD patterns (f) of Inconel 625 thin-walled parts manufactured by pulsed micro arc plasma

additive: (a) bottom, (b, d) middle, and (c, e) top
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BN 2 K ETHFEE A1 Nb, Mo S5k 1k T
#F, [ERERERA, E 2 s AR I ) R
2.2 ERAEEEMHIE Incond 625 A &R NFERE

VY B HEBE S5 G E Laves AH X 45 ¥ M BE 10 52
M, 56 Fok b I 46 5 - 384 44 i) i Inconel 625 i BE R 1
ATV B . Horb, BUEBER AR RHCPAT TR M
(v 75 [ADREE > JIAE 950, 1050, 1150 F1 1250 C 4 4
AN PRV T 2 R 34T 90 min [E VA AL FR, I E 47 Hr f
R 5 3000 3 D S e AR,

Bl 4 A [R) IR T Ak B 5 1) 0 2 e R &5
B Ho, Bl 4a R RS R (FEAHE: B
From g UTS. JERGEE YS LA IER 6). v LA H,
P o 5 i ]V Ui B2 1R T v A BT S (20 MPa), T i
Jike 5 55 ol ] 9 ik P2 1 1 32 7 B I (£30° MPa), 1150
F1 1250 “C B b 22 J5 4 A S8 {22 5 3 39 0 (16 %) o
Ab /A [ 5 P ] Kb i S AR R AR A S, SR A
JE HVos B [F 5 b 305 B 1)t = & 8 S, A
2394.1 MPa [% % 2116.8 MPa. LA W, BH# B AR
FESR R, Bk oSS 551 19 44 i13& Inconel 625 & 4 ¥
B AL P 0 5 P R e A o B2 DR R AR N A R e, &l
] Y5 Ak 3 5 B R PR S A R I A . ZRERE
7E 1150 C VAL IR ) Inconel 625 & 4 i BEFY 14 17
PERE AR A -

2.3 ELRSIEXTEHE]E Inconel 625 & SRR %K

A

K 5 NI A KA FENRFE (950, 1050, 1150 Al
1250 °C) [ v 434 J5 it EBSD 1% . Hdh & 5a F11& 5b
YA TH 45 R T EBSD Bg . EARRRE TR, W]
CABH St 38 43 20 2 o A R B ) R A 5 A SR
EH HC 1) — B0 R AR & 3 A8 D BRI AN — R 4l /N, 3
LA B T A IR,

N HE— B FEAS R R A SRR A B, 6K
PRI ) SR RLRFAE EAT 7 208, W Sc~5e. ATLUE
H BR8]V Ak 3 5 H 2UR AR ARk . (R T
DB R0 S W A A R, HOAS R FE (950 1050 A
1150 °C)4b 2 J5 1) 3% A 7K P 8k i 47 W %%, a0
Sb~Se. Xtit, iEH EDAX #A4M& fki R ~FanE sf
Jias, Hrb 9500 1050 Al 1150 CEEAFJ, &k T
BIE AR5y 8 422.533, 517.524 Al 724.416 pm. Bl
[ 5 O P 3G o, R R ST B 2 3K
2.4 [EALIRRE X4 H)IE Inconel 625 & & EUE A

vaKil:obAl

HIF 52 3 7 22 230 ] i Ak TR v R 08 0 45
fi, A1 3% Inconel 625 £ 4 45 F4 76 [ 145 b P L £

PHPRT<REIR - 55 A A A AR 2 ] A B AR TR
P 2 1 AR A I () P25 A OC . 3X AT DL G T 5 A B X
i I A A 3R AT S8 T 43 B 2k 1T S bl 2 2R P 45 A R
Rk, B o6 gh T ki N SE B 3G A & Inconel
625 THEEMFAN A AL FUIRZS TR R I B A M 40 A . T B
EE, VIR NG5 (low angle grain
boundary, LAGB) &t KAy 0.88, i bl & [& 1% i &
Fhrs RE RN A BE A T (<5°) 5 BRIk N, 1250 °C
] 5 b 3 PR R R A R S o B 0.5 X6 TR
1 & 5L (>15°)(high angle grain boundary, HAGB)
EIZER g N, H AU T RIA L 0.1 HE % 0.48,
XTI &, X T 5°~15°2 8] {4 B [ /1 (middle angle
grain boundary, MAGB), ¥ 7 BAKKIZKF, (HELEL
RIAE 1150 °CHf B A 7K PR FRE S 27 3 MR
KPR B A AT, AT LA B A [ A B R
Thi, doRL ) FE&S F R AN TS K, AE 1250 C I Ik F)
R, WECHBIKEE, SR Y 1150 CHA]
DASRAS B0 (14 B Iv) £ 53 AT

2.5 [ERAIEITEAHIE Inconel 625 & & H IR

AR 8] 25 A 2 M)

S ) g A T S R AR Ak B R 0% ST — S Y 9
AR RS 20, A AL EE = B4 Laves AH B B4R 25 72
A g, 3R T 5 e K A RS B - S A4 i iE Inconel
625 ALK IMERE . B 7 NUTELRES . 950, 1150 C
5L T [ 5 5 5 A6 1) R A 2H S 3 DA R AS [ iR [ 9
AR PR — R S TR B . SRR, R ALERA A
SR R AR IR, B [ A XSO T . X
EL 950, 1150 “Cifih & T 0 [ 75 Ak B GOU 4 23 46 44 ] LA
K 7E 950 CHFE T4 id 90 min [FVEALFL 5, #rih
VIR ERA N Z, TTHAERNTESHEEIR, FRER
RBVRECA AR s 76 1150 CHE, A P80k A AR
BN, BED SR AR ET S, R
MG EEEERER, —IRBSEEE R 8.1696 pum 1
KE|14.6115 wm, H 5 [F 7 4 B B 2 IEAE G

KA EDS [ F200 AN 7] [ 5 Ak 22 FE N 7 4 2 24
5 Laves #7040 s FEAH G Nb o & 0 A i ol 47
KAE, KHE&EITTER T Y BRI 5 Hodk 47 R &1
S, WKl 8 frn. B VAR TG, A A El
WEBEIE K B, HT EDS K& &
Jii%, WUNb TR M AT RAN & &, H EDS ik
BIS) W ElA TR SRR . HIE 8d WTLLE B, M & &
I 3% 70 A FEARBIA 2 1%, 15 B [l o R kAT
BN

[F B, 3R 2 25 ik i &5 5 5 29 44 11 3 Inconel
625 G M S TR S E EDS R R4l
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Fig.4 Mechanical properties of Inconel 625 thin-walled parts manufactured by pulsed micro arc plasma additive after solution treatment

at different temperatures: (a) tensile properties and (b) micro-hardness
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Fig.5 Effect of solution treatment temperature on grain size of Inconel 625 alloy manufactured by additive: (a) deposition, (b) 950 C,

(¢) 1050 °C, (d) 1150 C, and (e) 1250 °C; (f) grain size distribution
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© 4302 -

G E A R

513

XX
XXX

KRR RRX,
XX
o
%!
"0'0'1
23

1.0
l:| Deposition
S
e olisoC
8 0.6 é e [ Jnsoc
S04} . Bl
=
/
%
|
%

22222

e
N\
58
- Y
N\
55

Misorientation/(°)

K6 [ AR X ko SRS B T3 A ]IS Inconel 625 54
L1 £ 52

Fig.6 Effect of solution treatment temperature on orientation
angle of Inconel 625 alloy manufactured by pulsed micro

arc plasma additive
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A A FH B AR S I T S, TR 0k 2 ol A AL s S0 i ARG 5
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A S BRAEG , 7 485 v A 114 BELAS ' FH 930/ (38 R 1 9 P45
Bl E. 22 EATR, 1150 CONRLINSE B T 14 i i
Inconel 625 £ 4 HERE R4 1 (14 B A 1] V5 Acb B 3 % o
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Fig.7

(d) average primary dendrite spacing

Effect of solution treatment temperature on primary dendrite spacing of thin-walled parts: (a) deposition, (b) 950 ‘C and (c¢) 1150 C;
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Fig.8 Effect of solution treatment temperature on the degree of Nb element resolution of thin-walled parts by EDS mappings:

(a) deposition, (b) 950 ‘C, and (¢) 1150 C; (d) volume fraction of precipitated phase

£2 BKAEBTHEMEIE Incond 625 A &L MTH EDS ENMETREE
Table2 Contentsof element analyzed by EDSin Inconel 625 alloy structure manufactured by pulsed plasma additive (w/%)

Heat treatment Ni Cr Nb Mo Fe Si
Depositing 65.8 22.6 1.9 8.6 0.7 0.3
Solution at 950 ‘C 64.3 22.5 2.8 9.1 0.9 0.4
Solution at 1050 C 63.0 22.6 3.1 9.8 1.0 0.5
Solution at 1150 C 64.3 22.1 3.2 9.2 0.8 0.4
Solution at 1250 C 63.2 22.5 3.5 9.4 0.9 0.5

Deposition
—o— 950 C
—4—1050C
—+—1150C
—*— 1250 C

S s s == S

0 10 20 30 40 50 60
Misorientation/(°)

9 fINEEE FIH i Inconel 625 &4 KAM
Fig.9 KAM diagram of Inconel 625 alloy produced by micro arc plasma additive: (a) deposition, (b) 950 ‘C and (c) 1150 C solution

treatment; (d) orientation angle distribution
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Effect of Solution Treatment on M echanical Properties of Inconel 625 Fabricated by
Pulsed Micro-arc Plasma Additive Manufacturing

Yuan Xiaojing', Qiu Hefang', Zeng Fangi', Luo Weipeng ', Wang Xuping', Yang Junhua®
(1. Combat Support College of Rocket Army Engineering University, Xi’an 710025, China)
(2. Military Representative Office of Rocket Army in Xiaogan, Xiaogan 432000, China)

Abstract: In order to improve the mechanical properties of Inconel 625 alloy thin-walled members fabricated by pulsed micro-arc plasma
additive manufacturing, the members were solution treated at 950, 1050, 1150 and 1250°C. The results show that with the increase of
solution temperature, the degree of grain recrystallization increases and the growth orientation becomes disordered. The dislocation density
decreases gradually and the distribution position is concentrated in the grain boundary region. The precipitates decrease gradually, showing
a re-dissolution phenomenon. With the increase of temperature, the solution strengthening inside the structure improves the tensile strength,
but the weakening of strain strengthening leads to the decrease of yield strength. At the same time, the blocking effect of Laves relative
dislocation slip is weakened, and the elongation of thin-walled members is improved. The yield strength, tensile strength and elongation
reach the comprehensively optimum after solution treatment at 1150 °C. This provides technical support for the performance optimization
of Inconel 625 thin-walled components manufactured by micro-arc plasma additive manufacturing.

Key words: micro-plasma additive manufacturing; solution treatment; Inconel 625 alloy; microstructure evolution; mechanical properties
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