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Abstract

GH4169 alloy is a nickel-based high-temperature alloy with high yield strength and tensile strength
that can work for a long time at high temperature. In the present work, we first examined the
theory of the GH4169 alloy milling process, and then we performed milling finite element analysis
by using AdvantEdge software for an equivalent two-dimensional cutting model and actual mea-
surement, set various machining parameters and paid attention to the trend of milling force and
temperature during the milling process. Next, finite element analysis and actual milling process
measurements at various tool wear levels were performed to investigate the effect of tool wear on
milling force and temperature. It was found that the cutting force increased and then decreased
during the milling process, and the higher the intensity of the milling process, the higher the over-
all temperature of the specimen tends to stabilize; as tool wear increased, the actual thickness of
the milling cutter decreased, resulting in a decrease in milling force and heat production during
the milling process, and the depth of the thermally affected layer became shallow. The conclu-
sions reached in this paper will be useful in the future machining and process optimization of
GH4169 alloy and other high temperature alloys.
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GH4169 &4 & — MR EIR A4, WS N Inconel718 &4, EA RIFHINUMIERE, BEWREAMTE S
BT TAE. b E AR, GHA169 &4 VZ M T R i R8s, B4 Rir it
PE[1].

BE&E VI EIIN TR T RIR N, 0 T BEEI 13 AR A T, A& G ifilae 5 A & 1 07 2 aURE RS
K, SRHEA RO BT A IRANX — A2, B0 B MAE R, Re68 B B H X S sfe LU & 5
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2. GH4169 &€ %HIBR T EIER
2.1. GH4169 R A HiEH

T UIE TGRS RN, ARRERE i R RR . T B UTHIR RN AR
L rim iR, HATH) 12 R /2 Johnson-Cook A5 FE(FIFR JC AHMEAY) [7].JC H A0 55 BEAL AN »
AL LUK AR SR A RN = AN R ER I HBE R S5 TS 0, MBS 808D o JC AR R385 (2-1)

iz
n g T_Z'oum "’
o=(A+Bs )(Hcm[gn(l_(—%,—Tmm] ] (2-1)

X o NMEHGRBIN 11, 4 AR E IR E (MPa), B NIE(LIE(MPa), n AR, ¢ NS
FIVERAREE, o NIBVERIAR, C NSRRI R T LTAMENREE, T, AP EIRAGIE R, &
&4 GH4169 5 1300°C, T, fa=l, —MA25C, m NI REL.

V2 AB X Q- DT S P 5E35, Ozel T 5587748 (£ BRIV AL LI W AR R () 5 A6 5 D) IS R (KR AL
RS FII, - SIN TR EER A AL BRI, @SR 2 (2-2) s IR R 3[8]:

o= (A+Bg")(1+C1n(§n(l—(%}mJ{DHI—D){[m[f[ (g+ls)" ]H (2-2)

AP RT =82 WSS XQ- DA EAE . HIUIHES NI D,S,&,s NEREMEEET NS
GH4169 &4 IC AP SHA 1. HAPRH /1A ERES SO 2, Hrh s ihfia £, BRIk R4S
P C S HBEH I LI AZ 1L [9].

Table 1. GH4169 Johnson-Cook intrinsic structure parameters
= 1. GH4169 Johnson-Cook AN #5 %

A B C n m £ HAh S %
1241 622 0.0134 0.6522 1.3 1 D=06,S=0,5s=5,r=1.0

Table 2. GH4169 material physical parameters
= 2. GH4169 MRMHIES K

HEp

(kg * ) STERE £ (Gpa)  THARLE 4 AR R H(*107°) ELAA CU/kg )
50 220(201C)205 (200C) 03 14.8 (20°C) 15.4 (200°C) 425 (20°C) 489 (200°C) 505 (400°C)
190 (400°C) 168 (600°C) ' 16.6 (400°C)18.2 (600°C) 546 (600°C) 618 (800°C) 712 (900°C)

2.2. FEfhEEERAEAY

ERAVIHIKL R T 22 )R M EEN & AT SR IR, R R Pt n]
R UIHIE R R BB AR TR 2 = A X8 W 1 R, 55— 2R DR VIHIE R ) £ 2 XK, OA Z2iiih
B, OM ZLRZ TR, UL SR UINIE AR A S, E B AV 1 Bl D) R 72
PREAH RRX . 5B ATIHE SR 00 3 2RI BT V) I VAT . MR 5 — AR T7
DXHPEVEA T o, WG AT )i Ak sk 1) s, ESEU TR AT T X IR R 15 — A TRIX . fE5 AT
XP, JIEATIER UIEI R i At — P BB S ESE N, DIEIZE &8 AR — B . D115
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AT XN R TR JE T DG OO0 TR T 5 RS R AR, SN TR A2 B 5 AR A2
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Figure 1. Cutting metal slip flow line and deformation area

E 1. IR ERBEBRESERXE

2.3. BEUEN

XtF Johnson-Cook AMY G FE, — MR R 4058 REE M 3 AR v I SRAB R Jg Wi Ot F2 . am R =0(2-3)
s, A 22 ARRER RN ISR IE RIS, d,,d,,dy,d,,d; AFEPRZ R, GHA169 fIMEHEMZ
BWA 3. p RARIENTT, g N Miss N1, plg FonEENHIWN AT . b T A BRE, R kE

WHIILE S E[10].
E;l: {d, +d, exp(a’3 gﬂ {1+a’4 ln(i—pﬂ [1 +d57:J (2-3)

0

PR T W BRI R

0,T<T,
T=\(r-T)/(T,~T,).T, <T<T, (2-4)
LT>T,
Table 3. GH4169 material failure parameters
# 3. GH4169 #MRIR S K
dl dz d3 d4 dS
0.239 0.456 -0.3 0.07 25

1F W 2 hr S8 o 15 NI Johnson-Cook AT IWT L2644, @ FIFE AN A (Q2-5) . Hp
A" NGB A0 RO YE N AR 38 A, YR A N SR AS 0 > 1, BIR MR LW 5.

o~ Z[A"’wlj (-5)

&r
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2.4. YIHIFRBI=E

ST R A4 0 35 1 FE PR I AR T 44 DA, 7 EL BT B 7 ST R 40 [11]. Fha 9B
BT R TR Q6% . SE i, TR BT, p AR, £ R 9
PRSI T B
g= (2-6)
P
REBEP A AR R QT4 b F, VRS TAHMBARSE S, v, T 70 ELR R T 3
PR R A B 70 B T X d (4895 0 40 5 0 FR R ) ek P A 52 T4
A 5% 7T B L

Q=F,v, 2-7)
3. GH4169 $iHlidiE
3.1, T HERREST

AdvantEdge 72 —FK B R DIHIAT R T /04 AR, nTRUR OTHIE RE R O VI 77 B R )
JETE R D) Wi S BN ) S R R AT AR . R T v, 4R IS OD IR, el Bk B T £ R It
TR VIATA DI RO, MU0 T DIEI AR, B, VTR A SIS, KPR SERR Y]
BRIVARSE RGN = AT VIB AR Wl 2 Fros, BETIEAE08 RR=4)BEHIREEN d, BEHIEE N v,
BN R L, VISR RIRTA p,  MRISFRBNE, EHEBIIEE R, BHIRE d, NS R L5525
T LR BRI SEPR R AR VI B AR IO 0, bR &) 2 gt ) s ) B T XS 9IG 7 R R 8 23
AT . 5 B RS 6 BRI RE P ERE V) H M 0 W AR AT HERI B RS . 223 T SRAT VT HI B 238 0 1h
LS, SERDNE R h LR EERD)E KB 1 Ros i h

Figure 2. Diagram of milling equivalent cutting layer

B 2. StHFYIRIEREE

a f.0
S=-r= 3-1
9% (3-1)
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pe el (32)
T
T
I'=—2~6 3-3
45 (3-3)

BAEVIHRAAE R, TN TR EF T2 VB R SRR 5RE=IE . PSR M
B, BEARE RS M, JERDAR AR RDEROY — N BREET N TR ) DX RN, A
MRS, WERER T MEZEHAR, WIE 3, PR N 0.005 mm, HARSN 0.01 mm.

Figure 3. Finite element meshing

B 3. BRTMERS

N VIS AR S HOEAT R E, BORPIRRE o, N 1613 MPa, JERIREE o, 4 1103 MPa, H:f4k
WERE R E N 454 HV . BRI G4 T B, MEHESEA Carbide-General, IR BN 4 1, VIHLE R+
W) BB AR E, TAAT I RMOKE3) . ik 4 s, sf 1R ENS% A, S8R EEN
Bl 746 14 (Mechanical Boundary Condition) ) 1 & A% £ P B [l 2 XY A1 . 1% 8 JJH BH1% 8 mm,
W = AN KV BT B2 A R 3 Rl el . FESERBR R ORI, BT )RR B, = 607, SRS 5 THI
M TIEARIHAR AFREAR 8 mm. A 1 IRIEA BR7C 07 FOSE 2 R wE P, R R I A B2 R ) Bsifa g, 18
A= A B AT DR ASS2BRBE AR ' =3.45 mm , SRS B = AN /KT U 03 FE Al st I Fr) = el A 5k

3.2. GEHIDHE R ST

BEEI A A B 5, 8T RS TSS9 0.0025 s, YIHI A BT KAE, BEEYIEE AR
BEAT, VIR 3EE N, X WAFE IS AR V) g 2 ok S s 2. @il )5 A FE AT Tecplot360 #kHUER:
SEVIHIBL, W HARH A BT I SR BE SR A P M, acRSRA. BRI 0 B S5 R 5 iR
DR E St b L35 4.

F 4 W EEE R 50 BEE A R 2 KB AIE 10%~20%2 8], I KiRZE AN 25.37%, REEEIES
P a5 RA AT R o RHRZE FSRIEEAT 2 br: —J7 T, 300 77 3088 DO D) A R ¥+ E
WAER, HUECNIIEN . AT, WA RN R AL B B R E S, (ARSI A%+, H
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THREAT R AN AR, R R A T I e A o Blinss 14 41, ksl R e
HERKTIRZ, PR RBA ] REHUZ MRS 5 2 BIWUR LA B g BRI T, SR LR
REEHIE S K. K 6 Oy Z IEAE I IE RE 32 FLer TR IR K — Ut 3B SRR DL M 24
b, HE S RESIATHOLRIE, KB & ERsE R Sl .

—~
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Figure 4. Tool boundary condition setting
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Figure 5. Finite element simulation of milling force extraction
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Table 4. Finite element simulation and actual milling force test results

= 4. ARTAHEFEFRGEH AN ER

o) ] ﬁﬂﬁ{i v HEE S, YIHIREE a, WA PiES e
m/min mm/z mm N N

1 20 0.02 0.1 42.65 37.78 —11.41%
2 60 0.02 0.1 63.18 58.68 —7.13%
3 20 0.08 0.1 66.53 73.28 10.15%
4 60 0.08 0.1 60.64 62.45 2.99%
5 20 0.02 0.3 78.67 71.53 —9.07%
6 60 0.02 0.3 92.80 104.73 12.86%
7 20 0.08 0.3 96.59 87.57 —9.33%
8 60 0.08 0.3 97.02 108.20 11.53%
9 20 0.05 0.2 45.54 49.16 7.94%
10 60 0.05 0.2 71.80 65.93 —8.18%
11 40 0.02 0.2 35.85 41.13 14.75%
12 40 0.08 0.2 61.35 66.31 8.07%
13 40 0.05 0.1 52.45 59.40 13.25%
14 40 0.05 0.3 74.83 55.84 —25.37%
15 40 0.05 0.2 49.05 51.87 5.75%
16 40 0.05 0.2 45.27 51.87 14.59%
17 40 0.05 0.2 54.86 51.87 —5.45%
18 40 0.05 0.2 47.10 51.87 10.13%
19 40 0.05 0.2 43.86 51.87 18.26%
20 40 0.05 0.2 53.16 51.87 —2.42%

[l A R o B R h AT RESI N IRZE, HSEIIBE AR RE A2 r TIH R4 R JRUE 5E
gity, FEENFEAIEREE, O B TR e A M T 2N, X R R R B AR
R BRI, AT R ITUIHI07 B0 45 R S 8] S REBAR AR H AR, REH AT
W, TiEERAA € HERE

3.3. GiHIREMAR S

7 ONBEHIE RRIR S A AT, AT UUVE HAE S B VI HIE R, AR XA IR e, EERY)
MBI G A, VIS 2 2RI HT AR M aTr S dh, &oMaEmm eI =, JIRALE KT )R E
B o OB IR S B B AT AR, 07 FLBE MR S e W B 2 B —E 22, WAR 5, &
RAE 5%~20% 18], 7 25 R 5 M 45 R A EAAHE], 6T B8 IR 1 07 B HAT — & HERR I

EIVEEHIEE . A . BEHIEE 2 58 20 m/min, 0.02 mm/z, 0.1 mm; 40 m/min, 0.05 mm/z, 0.2
mm; 60 m/min, 0.08 mm/z, 0.3 mm =/ L ZREKY, $FERCEE )G JITH LR TIX R, 22
ANFE T2 N EHNR g A B, i 8 Fvnkidg T 2SR &, V)M X B DL R )Z iR
FEAA BRIt 7o B = 2% T 2R BE IR FE AR Ak o] LAAS Y, 30 3822 (iR BE 37 52 BRIl T 208 B2 B RE e 50K,
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HAR T2 2255 R S T, W HE TR B AR e . B2 R m
NBEHIEE 60 m/min, #EZA5HE 0.08 mm, ZEHIAE 0.3 mm (5 T 280K, ESETEET 40 um JEH
P R BEIR IR FE DT A R BRI R K. BARTE R LR KF R, BEHIAR LR, BEE 1 K el R R e
&, BT T EGEHE s, RS EEOR, BALN R A TRV R 2, B B A R AT A Y)
BRI g E T KREMAE. REEER LEMEKTET, FRKEREWTIEWE, MEHERER
FET B, AR E A KR R

o

t=47.0000: AI 3=-2.14N Re:
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Figure 6. Effect of charge accumulation on test signals

6. TR ESHIF M

4. TEITIERERZEER GH4169 EHl

RIS VB AEA 100 um. 200 um- 300 um (K] 7] H 5 JITH BEFASE AL . J) 55 T AF b fh X 3 B 30 1) R
K RSFEE N 0.01 mm, PHEBOEA RS KNS 0.05 mm, WIE 9. K5 ESURAE K T2 3H5.
WEHHIEEE 60 m/min, HEZAE 0.08 mm/z, BEHIARE 0.3 mm. T/ 5 7] BRI S B 55l
BRI B R E A .
4.1. JJEBEHTHeHI RS

X TR BEAR R BB A REAT IR, IR SE R WK 6. HEESIE VB O 0 I, Bl 70 5 0 A R AR
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Project Name:14

2.25

2.2 -

Figure 7. Finite element simulation of milling temperature

E 7. StHIREARTMHE

Table 5. Finite element simulation and actual milling temperature test results

F 5. ARTMEFMEFRGEHIREMIRXER

Temperature (°C)

483.178
454.225
425.272
396.319
367. 366
338.413
309. 46

280. 507
193. 648
106. 789

E 251.554
= 164. 695
I 48. 8833

222. 601
135. 742
77. 8363

HEE S,

e CIHBEBE. IHRE e, gimpc  pEEgC wE
m/min mm/z mm
1 20 0.02 0.1 175.688 199.69 13.66%
2 60 0.02 0.1 349.84 369.01 5.48%
3 20 0.08 0.1 256.12 281.48 9.90%
4 60 0.08 0.1 423.00 454.26 7.39%
5 20 0.02 0.3 260.02 210.42 -19.08%
6 60 0.02 0.3 401.11 428.38 6.80%
7 20 0.08 0.3 270.06 289.49 7.19%
8 60 0.08 0.3 465.31 483.18 5.99%
9 20 0.05 0.2 275.08 309.49 12.51%
10 60 0.05 0.2 427.88 478.10 11.74%
11 40 0.02 0.2 318.58 276.26 -13.28%
12 40 0.08 0.2 337.54 385.13 14.10%
13 40 0.05 0.1 296.27 329.43 11.19%
14 40 0.05 0.3 346.46 388.36 12.09%
15 40 0.05 0.2 325.83 346.79 6.44%
16 40 0.05 0.2 320.25 346.79 8.29%
17 40 0.05 0.2 328.62 346.79 5.53%
18 40 0.05 0.2 318.58 346.79 8.86%
19 40 0.05 0.2 311.96 346.79 11.17%
20 40 0.05 0.2 325.05 346.79 6.69%
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Figure 8. Distribution of milling temperature fields under three process intensities
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Figure 9. Rear tool face wear modeling

B 9. RTJHERREAEIL

Table 6. Tool wear on milling force testing and simulation

6. JJRBmMEH DMK S5HE

R
2
W
i
]
<]

80 100

[ ~A

- 0 o A

o B S I-I-I.—z.':_:"i“
- I - I

120

ERE WAy UEW] wE
0 97.02 114.98 18.52%
100 144.96 162.33 11.98%
200 176.81 189.96 7.44%
300 197.06 220.34 11.82%
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Bolve B ESREARR, WIS M RN, HE I E VB K E 300 um I, HEHI 7 LF2 413
AR A % o JF BLAE 07 B AR vh B8 I SO g /N T A 2R . X vl g th Tk gl R UTHIR 7%
HETE AP iR a R S uIe st RARZELE 7%~19%W, TREREA —EMnEE.

4.2. JIR BB #ERIRE AR

X DU FRAS [ A2 BE B A & T VIS AR R BE AT 3L, (5 BUAE SR LI 100 45 T i = VB 5 0 um
I, BEHITEE Y 483°C . 4B VB B K E 100 um, SEHITEER KR 534°C, J7H BRI 8 AO0 2E )
EREMR . SRR VB DS 200 um, BEHIEE ETFE 559°C, VB EHAF] 300 um B,
HiLIL P s A BRIy 496°C o 7 L5 AT LU I BE 41 5 B0 T LB R 3 X0/, 1% B TRl o B 4
VB {38 K, #EJ1)5 JTHEEH T, SehrBE MR O &N T3 B HIR R, R thblok ik,
e, WIER M, VB =300 um I #U)E1EEE BT R

Wave Temperature (°C) Temperature (°C)
Project Name:14 - ’ 534. 056

e e 501.927
Project Name:muosun100 469.799
437.67
405. 541
373.413

2.25

2.35F

2.2 341.284

309. 156
277.027
244,898
212.77

180. 641
148.413

2.3F

(b) VB = 100

Temperature (°C)

Temperature (°C) 496.479

Project Name:muosun200

predava 466,699
I~ 509,198 Project Name:muosun300 436.918
4 s ' 407.138
a0 186 377.357
49.%8 zar 347.577
424.373 317.797
390. 667 288, 455
356. 961 258,236
323,255 228, 455
289. 549 198. 675
255,843 168.894
= 222.137 2.2 139. 114
E s 188. 431 T 109.334
g2 [ ¥ £ 79.5531
g v S Y AVAY iy :g? ng £ 49,7727

> SRRSO 87,3121 >

53.06
2
14
1.2 4 %
mm,
X (mm) (mm)
(c) VB =200 (d) VB=100

Figure 10. Simulation of milling temperature under fourwear conditions

10. PUFESRZS THSEIEENE

X PURPAS ] ) B B 8 R M BEHE 7 3 T3 B 11, M) EBEHE VB=0um i, fERZLLT
50 um PP HI AT SE MmN B2 BB S T E SRR IR ZE VB = 100 um, G2 JZE KRB K ZE 65 ums.
2 VB =200 um, HEZIZEIREZ)N 80 um. SR 24 VB =300 um I, ZEEI=HAANTED, $amZiRL)
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Figure 11. Temperature field distribution under four types of wear
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