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FEE . SR IO SO T %o A v A0 P IS A ) 1 T2 (UHFP-GTAW) 4T T 004k, 85 H vy pRO6 R3] T B4 N~
T AR LT | 6 220 8 KK T 1) 22 00 R RIS, iz 7 28 0 Bk 1 IR RO T bk, e Ak 2%
PEREUT MR B ESEL, IR RS RST A TN 25 SR S0 25 S AT T X Lb. £ SRR 1, AR T R~ 5 5 ik a6
AR IELE R ST IR 2253 A RAE TE T 5. 4% A2 6. 6%. XTUIRBURIE M) GHA169 Eii A 4 WiREF 443 Bk T
T K5 el RN B 1) A RLA D 2 e R, AR AR R4 SR E 1 130.93 FlT 1 126. 04 MPa, Wi (R 53514

18.1% Hl1 16. 56%, WiTHIS4E R /51152 20. 6% Fl 20. 2%.
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FESES: TG 455 XHERERIRAD: A

0 7%

A B4 i) i 4% R (wire and arc additive manu—
facturing, WAAM) 1E & — B {E & A Il 5% 1) 3% 44 il
T, BE AL S ETR AR A | = R S5 1
SIS G, [R5 MIG JAREE, DL TIG 7B
RGP FL BTG A 1) 1 T.22 (gas tungsten arc welding,
GTAW) i B hnfe e, H A A B, A F)T
53 RIE B B L 2 R ),

WAAM T. 2 e —Fh 272 i HA G PEBsR A T
St R, MR (v). IR 22 (vg). FLIIE K
AN () HUIRITK R () S5 22 R 3R T LIS e 3 AR
5 (TR SR ~T T 28 B SR 1 4 B O i
I, XFUURGE R R T A B0 DA SR S B
b S 52 e 3 B S i R R i e A R
Ding %5 A" S AR ARE S04, X WAAM
T AHATEEARFA, R iz FH e 1o T T — 53
SRR ARDE TAE, R4 R 5 1, WAAM
T EAEAEXS OB BE A BER LU &, XA R ]
AR AR B UTRCR, TRl 2 5 ma i A 25
PERERIN. B TI0IL S AR AR BT A, LR X
TZIEEER M AR, SARLRIRLE O AR B 2y
RIREE TEREY 73. 8% B, DIR FEEAR A, UBAF
B, IEES A M AR A AR S

Wi BEA: 2019 — 08 — 07

DURBOE T AR AR, BABRMSE M A.
Fu 22 AN Sg F i iy i s (response surface method,
RSM) X HLIIE# T 2317 T S8, DR
PR BT R 22 R T | IR s ) RIS L K FL
Y& Mk N8 i, iz F Box-Behnken 7: 45 2] fL [ £ =
AERR g T, HEE 1R, IR S i 4
SRR A AT R A 22 1 T 6, JR4%
RATHEB/IN, MORLA 238 5) H B A Bhy 1) 77 4%
RE. Geng 25 N 32 JH w17 TR0 v S AR HE S B 5
4 RSF 22 [B) T A A, o0 iy e o B RN AR A
JFE A BB R /N5 3 00 75 7 52 o AR A 0 i 5 2 0
T 4. 5% F1 7. 1%, IENHZO AR TR AT A%

368 Aok e 7 T 355 o A v A FL ST A i s T 2
1T TS84, X TR B S B8 s
B R FR4E R SN RO R 22, JT DA TR AR
A3 GH4169 il & e WRER 7, 7EEAT Kb 2]
ZJa R TRk T 2R, BREMRMSECT
FIE AR 1, 725 M BR e, Ay J 252 v A0 L S
b T2 e SRS K .
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e B 7E O AL BB i X 6 7 2, itz
H Design-Expert FX{F, SO A2 TE S 50 oA i
FH 3N HER— SR () B (vg) K
SRR L (vy), BN AL &, IREEVE R (D) BdR)=
= (H AE R g A T LA, AR5 LRSS 4
SZHUTNIY GH4169 =i & 4 14 I g it R
Bl SHRAX A S EC L.

23 B A, g R O B Ak
11 (CCD) XM S B T 1, 4bF CCD %= [H]
TRl A5 AD 19 5 T AL S B B, 8 T e e
SEMATE RS 2, RS EU AR IE L T B8ORS K
TE J5i e - AN BB B LT AR A 119 TR a AR X LA A
SR, WU TR FH RS (1 24500 il 5 38 HL AR Ty
[ Box-Bekhen(BBD) 7, & it T = [H % . —/KF-H
TR A, Tk (R S RO B B an g 1 BT
7. A ST I, FLRLATRTE 0 ~ 80 kHz i Bl
AR, &8 IE TR AN SE/E 60 kHz B ik 3 fe K
(81, SSCREA TR A5 40 T i 28 T B 2 2 s 1 T
ZIER, HERT RS BIIRZNIGE. &
PR AL IR A R, TS B 1) R T e 2 3
RGN 5 A3 3k /N DU T i 2 5 M) 1 00 P X
T SRR AR, SR BEERUDK w3 (1)
“} 60 kHz.

®1 BEESYRALER

Table 1 Weld parameters and their limits
Pk
SRS
-1 0 1
HAHHTL/A 160 200 240
22 H v /(cm min ) 200 300 400
H 2 BE v/ (cm min ) 25 35 45

31 PR SR S R A B % 22 R A
KR, R LU A OE R, ARG 2800, B
1 22 W FE Bz /N A 200 em/min. 3R % BT H 19 HPVP
600A 755 e 1 Jik w42 v TR A RO FRLIAE R 300 A,
DRI 24 Bk AR R 60 A B, S RSB I 240 A.

EH AT T 2500 A B Be, 0046 [ B IS
WZJ5, J 1 OB AREE A 58 | R S UE AR
AR FE R A AT 5 mm(ARAE AR AR Hir
AU T SR VR0 e/ NS R R BB, AR F I T 5 3 i
A, KRR L 30 cm/min, 3% 223 A 200 cm/min,
FPRSEE A E S, B R/ N TR 160 A LARE
B A, ELARE U B IR A4 22 RE 7, 38 22 3 8
% = B 400 eo/min, FFIRTEE B DU BL. ik 22
W, M AR 25 ~ 45 em/mindE I N B, &
22 RSB AR XS AE . ik 22 B AR e B it
RELHL L/, W25 00 22 R S I 8 i S U
BRI AALTE , S0 U Bt R BE 1 1 A RSB
R /N R, W 2 RS IR GE Y
A, B IR PR B AR g, T AR 22 3 L
BRI B NITEDL T, 25 3 T2z g 3
R, MR 22 AR IEIE L, TR ik 22 W B RAE
OO B AL, TTSZ R OIIC (— e, Bt i i k4%
TR, B 2 AR FER T T 5 mm
HITE L, 8 )8 R B U i RS E). IR 22
RE 1458 ik 22 R /N, A 0T DL RO AR
3mm Ay, AT ES R Z SRR HE. FrLL:
HUEFIE, HE TE 1 L.
1.2 KIgERR

I HESHBCE L 2 Fios. Bt E il
ISR 3 s . %k | UHFP-GTAW
1.7 (ultra-high frequency pulsed gas tungsten arc
welding, UHFP-GTAW), #2415 HPVP600A %5
TR AT D o L U, KRR S O OTC /Bl sl
PALEEN, 1R 22K 41.2 mm f) GH4169 EiR &4
J& 22, JIRACAH R SF 300 mm x 300 mm x 15 mm A1
T MR, (RSB 99.99% MR SAE IR <. ik
6 AT JE AR 0 3R 3 2270 200 °C DI T 7 21T
TR R GE IR 25 . I AR e K R e —
910 em, H AR 3 om BL— S0 G AR 4% 50 B AR
R, W3 A RO R, 17 R4 -1
FROHEARANER 3 i KRS v B JOHR 2 = BE TR

*2 RESHIEE
Table 2 Parameters of power supply used in the experiments

FkopIEEL/A 525 H6(%)  IK/mm  BHERFVA  EIREE /s

WAL HESMELs  APSREQ/(L-min )

60 50 5.0 20

1.6~2.0

2.0 6.0 15
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Table 3 Experimental design matrix and the measured data
A & M) )37 2 (mm)
Fr T P
A FEAHRRL/A B: 23 v /(cm'min ) C: BUEHEEF(emmin ) JREESERED  HEESEH

1 0.000 0.000 0.000 200 300 35 6.12 2.34
2 —1.000 0.000 1.000 160 300 45 5.91 2.57
3 0.000 0.000 0.000 200 300 35 6.08 2.46
4 1.000 0.000 1.000 240 300 45 6.36 2.53
5 -1.000 1.000 0.000 160 400 35 6.18 2.84
6 0.000 0.000 0.000 200 300 35 6.23 2.44
7 0.000 0.000 0.000 200 300 35 6.2 2.48
8 1.000 1.000 0.000 240 400 35 6.33 2.6
9 0.000 1.000 —1.000 200 400 25 6.21 2.65
10 0.000 1.000 1.000 200 400 45 5.97 2.76
11 1.000 —1.000 0.000 240 200 35 6.13 2.34
12 —1.000 —1.000 0.000 160 200 35 5.86 2.36
13 0.000 0.000 0.000 200 300 35 6.15 2.52
14 1.000 0.000 —1.000 240 300 25 6.82 2.56
15 0.000 —1.000 1.000 200 200 45 5.94 2.23
16 —1.000 0.000 —1.000 160 300 25 6.4 2.53
17 0.000 —1.000 —1.000 200 200 25 6.01 2.12

2 #REH#®

21 HFEBEITSNESHERSW

77 2243 M7 (analysis of variance, ANOVA) %
o 6 A5E 7R R JFL 2 400 %) B 2 1 (significant or not
significant), #2#ii Adeq. Precision {H %) /N F] W7 A5
YA AT, TR () T BRI 35 3

AR g 5 o (A RO, HERRBIOC R T LG — 3R
Ry =1y, v, v), RNy 37 B 25
A REIE S, WA=t () B, B

y=b0+2bix;+2b,-;xi +Zbijx;xj (1)

TEH AR RS IR 5, A5 R 2 &

5 3 A4 A 6 R) Y R EOC R A an =L ().
K 3) Fizw, b R A IR B B BRI

D = +8.57=0.041, +0.01v5 = 0.06v +9.66 x 1072 — 1.86 x 107 v* + 6.20 x 20~*? ()
H=+218-6.13x107 Iy +4.79x 103 v, — 1.05x 103y +4.38 x 10 v+
1.86x 107912 =528 x 107002 +9.75x 107v? (3)

M 4RI LU, IR A T R FE N
10. 74, HEZR P> F {9{E 4 0.000 7T 0. 05), B
B, HA G255 S, HAUEA RIE R R o
SEZECRH K 0.865 7(> 0.80), AR T 1, A
X R U B g 4G O B AT LAEAZ . R
J& (lack of fit) {H }y 4.5, Z5 RN W3, ULWIRALA]
e LA, LA RS 45 SR A vT DL A He e R
R’(pred R-squared) I iE & 2 %X R'(adj R- squa—
red) 22 [F] F) 42 T T BE SR . A IE B E R RS2

FUBR T 13 7 2 v BT A2 30 A0 A0 55 T R84 5 T R AR
S K, PRI T AR R A 4 S I R Rt —
HHHZEH )N, LB T HE. 3% 3 111 Pred R-Sq-
uared il Adj R-Squared {535/ 0.704 8 Fi10. 7850,
BUE FL BB, X — 5B UG 7 R R R T L3
3. TEMRSE TSRk, 4,8, C, 4, B, C R
Wi 7 (1) 5 Rl 2, AB, AC, BC 4 PAE 43 % H
0.63.0.91 1 0.50, A dE i 2 K &, B 7E model
TEIGIS FfoRe LI 2, AR ORASRURG B . AR (19 {7 gk
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k. (signal to noise ratio)Adeq Precision {EL Y K/NT 7R, A2 SRR FAE N 15.28, #5% P> F {E
KT 4 ez, 3K 4 AT, SREESERER BS54 0.000 2¢/NT 0.05), FEAL N 1 25, 045 [l 5 5 7
TSR LR 13,365, BOZA R nT LU F B0, [WI# A99sE R0 R R 0.922 4(> 0.80), LT 1, i3t
AT LA A A2 v B ) IR ARy 22 45 5L, anak S r BB 4D B WT LA AZ . R HLBE(EA 0. 86, 4

x4 BEFEHOEFEBFTESTER
Table 4 Resulting ANOVA table for regression model of bead width D

K S5 A B HiEE ¥or F 5 VR KT P> F
7 Model 0.73 6 0.12 10.74 0.000 7 (it %)
A6 0.21 1 0.21 18.47 0.001 6
B-v, 0.07 1 0.07 6.24 0.0315
C-v 0.20 1 0.20 17.63 0.001 8
A 0.10 1 0.10 8.93 0.013 6
B 0.14 1 0.14 12.87 0.005 0

0.016 1 0.016 1.44 0.058 2
B 2% 0.11 10 0.011
RAEE 0.098 6 0.016 4.50 0.083 5 (K 3)
Y xR 0.015 4 3.63%10°
PENp 0. 84 16
P24 0.11 T REL 0.8657
¥fH 6.17 RIEHE R AL 0.7850
A i 1.72 Tt e AL 0.704 8
A 0.41 30 13.365

*5 BREBENEFERFESTER
Table 5 Resulting ANOVA table for regression model of bead height H

P Rl H ¥ R F KPP >F
R 0.23 7 0.033 15.28 0.000 2 (\B3#)
AL, 6.125x 10" 1 6.125x 10" 0.29 0.005 6
B-v, 0.21 1 0.21 98.74 <0.000 1
Cov 6.125x 10" 1 6.125x 10" 0.29 0.0056
AC 1.225% 107 1 1.225x 107 0.57 0.03 4
A 3.727%10° 1 3.727x10° 1.74 0.0195
B 0.012 1 0.012 5.48 0.0440
4.003 %10 1 4.003x 10" 0.19 0.0755
i 0.019 9 2.139x10°
S 9.975x 10" 5 1.995 x 10~ 0.86 0.574 1 (R %)
Ha Xt s 9.280 % 10" 4 2.320x 10"
Frifli2s 0.046 TE 2 EL 0.9224
¥iH 2.50 T sE 224K 0.8620
A i R 1.85 T e 224K 0.748 6

& 0.062 L4 11.424
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R AR, VLB AT 5E . WA P R ECRAS I
T E B 0.748 6 Fil 0.862 0, B L i
T, WX — B A R R T L2 7R 2
fE ik, 4, B, C, AC, A, B*, C* R i H 114
BB &, ABT A BCYI ) PAE 43 % M 0.84
F10.49, AR EH R, HIKTE model HEI-R Hkf
HOH 25, ISR CRBEADRS L. 452 i B 1Y) Tm] S A AR £
W LRy 11,424, [RIAERT T 7.

B 1 R A4 v B 5 )2 R AR A Bk 25 IE AR
WA A, T AT LR Y, A A R ) 3% 95 4%
A B3 IV 5 — A5 LR, U [l I B AR 400 A 15 4%
U, IR 22 A 5T, A R 225K 3 57 0, 1
TR DL 2558 o 0l TR0 o 7 (. S TR A% ME
b T A 4 R ST Bl AR 4 S BB A R I T 2
T A AR T S AZ B (4 AB, AC, BC 5F)
X M) 17 ek A JOT P 5 0], — 7 THTSX R A B AR AR
AT _E AR s S BT T X, S — O T 2
w1 AR LA RS D 3 190 RS I, 745 8 19 43
A LUA RSB0 oA SR A Be 48 . A&l 2 i
N, Bl 2a, 2b 23 B4 H 0 R A e R RN 2

99 |
. a
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%-I .
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-
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(b) H FEAIER 22 9 1 SR A

B 1 RERENESHESS
Fig. 1
(a) weld width; (b) welding layer height

Normal probability plot of residuals for the model.
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A: ;=200 A
6.6 L B: v¢=300 cm/min
» C: v=35 cm/min A
E£64 e //
Q . >3
62| T~ —
E}Ef AWB
3&\’ 60} e
= B/
5.8+¢
56 1 1 1 1 1
-1.0 -0.5 0 0.5 1.0
(a) JREETE IR BNIE
27 A 7=3200A
B: v¢=300 cm/min B
; 2.6 -(/3\: v=35 cm/min /f"’f
T 25F
N /
Ry
2ar e
23} B~
2.2 1 1 1 1 1
-1.0 -0.5 0 0.5 1.0
(b) BE = S
B2 BREZENMEERSESANEATLSRAEEEN
B O

Fig.2 Plot of width and height perturbation as a
function of deviation from reference point res-
pectively. (a) weld width; (b) weld layer height

FEAS i A B 3 PG U, HO R AR b s 34
& 2a H, LR HL T L (A) IR 322 3 3 v(C) X 45 4%
Vi T 52 e S AH R R, Y A (E R ES 0 S R
SIS, Bt RRL IR A3 R, A T R R TR K, T Y
O B T v R, ARRAE R R RN ) 2 B U )
B, 1 22 B X AR AR U B 1 ) S AR 2%, B
kL2 R RGN, KRS TE R I 2 RS RS D
NI, RV EL, M 2b HRRT DL Y, H R
22 0 B 1) R/ IN T AR 2 8 BE B S e T 22, HAEL Y
W B B TR E T % 22 B AR AL, 22k 22 U
B A5 B R B K, BE R, DR
MR, 2, ).
22 BESHNEMRER

FEST TR UE B () AT S 2 J5, XRS5
PEATOEAE. Rk R TURUSE i A2 rp A SR A
Xof FEL I P T 2R R )N, CFE © Criteria” $E 350
+ Hr iR FEE HL R L, 4 minimize; DA 32 5 DT ER AL
3 24 BN maximize; K R LE DL AL 3 R
BEICED o] SRUE TR R B R #E AT, 18K “in ran—
ge”. AR T I R AT AR B A i 3 T,
P B R A2 XA AR e S5k, T T 1y
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PEEY 1. DL AR A0 5 15 2 i 45 5 L 1 H o
4 180.00 A, 3% 223 & >4 400. 00 cm/min, K542
4 33.10 cm/min, T A9 K8 4% 58 B A 6,054 mm,
T2 N 2,628 mm. LXK IIE, %S EC R U
I RIS R SHUNE] 4 s, AR 4% v B
Y2 E N 6,381 Fi1 2.454 mm, 51t kAR AL
T B R ST 22453 3R 5. 4% FT1 6. 6%, 1R2E K/
ALz, UEH AR A2 SR ] 5.

——
=1

O
ot

' 180
= 195
EIIN

@, L 0s W
'%3 200500

() Tr R AT PR R BRI A = e

400

&
g
£
3
< 300
o
g
N

180 195 210 225 240
FEE A /A
(b) FZE AT LR A0 S5 e 2

B3 LiEEEE v=33.10 cm/min B, X4£FEEMEE

R 7 R AT R
Fig. 3 Effect of base current and wire feed speed on
desirability while v = 33.10 cm/min. (a) three-
dimensional pattern of desire probability; (b) con-

tour map of desire probability

2.3 R R RE K
DA AL J5 B A5 8 280 1, = 180.00 A, v, =
400.00 cm/min, v = 33.10 c/min, BB S8 3 2
W, UURAIE R SF 2 100 mm x 100 mm x 6 mm
() BEAL 4, GNP Sa TR . SO A 52 B J5E B g K
T 6 mm, ZEOUALTE FE P,V RE A 00 T R R AR
U, A H TR A B AR Ty, I EE 2 )2

4 [,=180.00 A, vs=400.00 cm/min, v =33.10 cm/
min ST, BREBERTHAERR
Fig. 4 Cross-section OM image of single-layer figuration
while the optimized parameters are used: [, =
180.00 A, vs = 400.00 cm/min, v = 33.10 cm/min

BB 5 P A o A I AL R G RE R R AT T
GH4169 =i & 4 W bR B A B S b B 2 I, 38
M=t me A T 1 I, IR anEl Sb k.
TSI A A R 2 e RE A R an 3k 6.

(a) BOBEAHIES

R | L

(b) BAARALARIHAE (88 mm x 22

B 5 XAMRUSHMFAN GH4169 SiRE & HEEMFL
A FilHE

Fig. 5 Thin-wall part of GH4169 superalloy with the
optimized parameters and the tensile test
specimens. (a) morphology of forming part;
(b) tensile test specimens

P AR 43 1) A s ) R 1, B ok T 1)
M G IR . 3% 6 /] LAE 2, MIUETEKE 7
] (H) FIE B 5 ) (Z) 5 A BR ) S-S5 (B 43 )5k
F 7 1130.93 Fl 1 126.04 MPa, & T % 1F 11 6E,
B SHRAEVERERI 2529 300 MPa 547 /K-, Bt fs i
N W T A 7 20% Ao, SIPE R . %
OB 25 S A 45 SR 0 T4, A AR 4

mm X 2 mm)
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Table 6 Results of tensile test of GH4169 thin-wall part
deposited with optimized parameters

. JEARGREE  SREERBR WIS Wil R
sy R, »/MPa R,/MPa A(%) Z(%)
1 [ (H) 902.57 1130.93 18.1 20.6
() 890. 87 1126.04 16.56 20.2

ST EEE, IR 43 0T P AL IR 1 e A5
558 S5 AR B BT ek S5 R T T M R I b o T 22,
oA 1 22 45 AR IR Ry - B 1) 1.73/3.92/1.98/0. 49;
2\ 1] 0.06/0.49/1. 16/0. 07, BUHE I 2 ¥ 7E Al #3210
FBI PN, TIER 45 SR ] 4.

3 &

(1) SCHEEST T SRS JREE R Z ] i ]
AASE AR, 158 T A5 A A A X ) 1 S R A A 1R
JEaE IS 2 EE T AR R A R S AR
PeAb )5 RSB FAE W T, = 180. 00A, 1522
HEFE v =400. 00 cm/min, FH4EHE v=233. 10 cm/min,
FEHEAT TIRIRI0E. B0TE 4% 52 B, A0 T30 ) A
B T B VK2 v S N A ) R R B R 25
WIH 5.4% F 6. 6%.

Q) BB EIE T GHA169 A 4 e
PR, IR T Hpr A S gE . M AR K T )
55 3R T ) 5 A PR Y S 38 K S 4 ik B T
1 130.93 FI 1 126.04 MPa, & T84 A PERE H A0
IR KT, S PEAEAT.

S 0k
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technology, not only the rare earth inclusions with beneficial
morphology, size and distribution can be formed in the steel,
but also the growth of original austenite grain can be restrained
during the welding process. It is actually for these reasons that
the welding performance of the steel are boosted. In this study,
a kind of 0.18% C high-strength steel with rare earth is
produced. The thermal cycling processes under 4 kinds of heat
input are simulated by the Gleeble-3500 thermal simulator.
The microstructure transformation of HAZ is observed by the
optical microscope. The impact absorption energy of HAZ is
measured by the testing machine. The changes of original
austenite grain size under different cooling rates are measured.
The results show that when the welding heat input is 25 kJ/cm,
the HAZ microstructure is mainly martensite with fine grain
size, and then the impact toughness and hardness are the
highest level. When the heat input is higher than 50 kJ/cm, the
upper bainite and granular bainite are formed, and the grains
grow up gradually, resulting in the decrease of both toughness
and hardness. The C content of the test steel is 0. 18%. During
the thermal cycle the coarse martensite structure appears,
forming the harden structure without the acicular ferrite

structure.
Key words: high strength steel; rare earth; welding

heat affected zone; microstructure; properties

Optimization of UHFP-GTAW process based on response
surface method  JIA Zhihong', WAN Xiaohui', GUO
Delun' (Aeronautical Key Laboratory for Welding and Joining
Technologies, AVIC Manufacturing Technology Institute,
Beijing, 100024, China). pp 90-96

Abstract: The ultra-high frequency pulsed gas
tungsten arc welding process was optimized by response
surface method(RSM). By establishing the functional relation,
the regression model of weld bead size on welding current(ly),
wire feed speed(WFS) and travel speed(TS) is obtained, and
the reliability of the regression model is verified by variance
analysis. The corresponding welding parameters are selected
by setting the optimization conditions and the size of weld bead
is predicted. The error between the predicted size from the
model and the actual size is 5.4% of bead width and 6. 6% of
bead height, respectively. After the deposition of thin-wall
GH4169 superalloy part, the mechanical properties are tested,
including the horizontal and vertical tensile properties, the
ultimate strength are 1 130.93 MPa and 1 126.04 MPa, respe-
ctively, the elongation rate are 18.1% and 16.56%, respec-
tively, the reduction of area are 20.6% and 20.2%, respec-
tively.

Key words: additive manufacturing; ultra-high fre-

quency; response surface method; process optimization; mech-

anical properties



