FA55 % 11
20244 11 A

A ok kX F F R (
Journal of Northeastern University ( Natural Science ) Nov.

B X H F k) Vol.45,No.11

2024

doi: 10. 12068/j. issn. 1005 — 3026. 2024. 11. 008

/.

FeCoNiCr 2 a & HH T ES LR

BER, Rk, AEER, FEME
CRAK: HUR TR A8 ¥be, 07 W 110819)

i BB E G A T S AR BRI R R SR 05 BT R T ORI T SO BRI 5 e
M. #1%F FeCoNiCrAl, |, FeCoNiCrAl, ;, FeCoNiCrMo, , = R4 25 i i 45 4x e 1E 28 5 00 I ALl 5256,
T R S T BRI g, B T ORI T = BRI S8 ) BRI [ T 2 A3 B e R 0 5
5 L % S I 2 SR R B I A 1 T P ST, S 0 R A 40 S /N, R R B 1) 5 ) T IS A I
TN TS HCT AR BRI 11 7 03 i 5740 51 LA BE 5 404. 30% FI1 761. 06%. AlJGE 7 ft fmi i B ki & 4 e )
IR HMX B2 J] B BEH 1/ T SGS W2 T H BRI 1 P-4 FEAIK 10. 6%. SEBGES S A i 4 0 A0 T
R THIES %

X 8 IR SHG 4 FeCoNiCr & BEHIIN T ;7 B B 1

RESZES: TH 161 XEKARERD: A XEHS: 1005-3026(2024)11-1579-08

Simulation and Experimental Study on Milling Force of
FeCoNiCr High Entropy Alloy

WEN Xue-long, ZHANG Wen-bo, GONG Ya-dong, LI Jun-peng

(School of Mechanical Engineering & Automation, Northeastern University, Shenyang 110819, China.
Corresponding author: WEN Xue-long, E-mail : wenxl@me.neu.edu.cn)

Abstract: The effect of different machining parameters on the milling force of high-entropy alloy
(HEA) was studied through the simulation analysis of 3D slot milling and side milling. The
orthogonal and single-factor milling experiments of FeCoNiCrAl,,, FeCoNiCrAl,s, and
FeCoNiCrMo, , as-cast HEAs were designed. By measuring the milling force in the experiments,
the effects of different machining methods, milling parameters, tools, and elements of HEAs on
the milling force were explored. The results showed that with the increase of milling speed and
the decrease of depth and feed speed, the milling force of slot milling and side milling decreases,
and the tangential force and normal force of slot milling are 404. 30% and 761. 06% higher than
that of side milling under the same machining parameters, respectively. High-entropy alloys with
high Al content have higher milling forces. The milling force of HMX tool is smaller than that of
SGS tool, with an average reduction of 10. 6% in the milling force. The experimental results
provide a theoretical reference for the efficient machining of HEAs.
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Fig. 1 Diagram of the milling process
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Fig.2 Instantaneous milling thickness model
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Fig. 3 Geometric model of milling simulation
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Table 1 Simulated single factor experiment

parameters

LK v/(mmemin™) v/(m-min™) a,/mm
BN 0.100.150.20
LA 100 75.4 0.250.300.35
X0 s 0.400.45 0. 50
s IBE 37.7 47.1 56.5

LA 100 66.0 75.4 84.8 0.3

EROH 0y 94.2 103.7 113.1
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Fig. 4 Change of the milling force with milling
parameters
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Table 2 Atomic mass ratio %

Jt#E  FeCoNiCrAl,, FeCoNiCrAl,, FeCoNiAlMo,

Fe 24.47 23.36 23.75
Co 25.85 24. 64 25.05
Ni 25.72 24.56 24.96
Cr 22.79 21.75 22.11
Al 1.18 5.65 —

Mo — — 4.08

Bk 11 51 56 2R FH R — 42 SVW80C-3D il T
UL EAT , R TTAE & N Kistler I 77435478t
HIl RS, S50 R G 1Y) 2 e T R RS B A A
5 R

(a) ﬁmﬁﬁ -

»

(b)
%)
<
:
S
{
o

waip
i>>le

E5 Wik&E
Fig. 5 Experimental equipment
(a)—LH ARG (b)—SVWS80C-3D fil T+l
(¢)—Kistler il J71% .

SEH 7] HL Ak FH HMX 0 J2 Fisii - 38 JH A TEA T
(Societe Generale de Surveillance S. A., SGS) JJ
B JTRZH0nN 3 3 s, BE 1 a0k 6 i .

K7 AR BEE D U S g -5 B2
WRYK R TAF AU TAE & . PRk H Dy 7 5
UCUTHICJE 4 mm.,

3.2 &It

S H HMX JJ H X FeCoNiCrAl,, #F47 # £k



% 11 # BE K% .FeCoNiCr 2 SR &2l My A5 1At

1583
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Table 3 Cutter parameters mm

= w2 JIKH IJ1#ED RKL
HMX T E P N 20 6 50
SGS  Ti-NAMITE-X 25 6 58

E6 SKWIIAE
Fig.6 Experimental tool
(a)—HMX 2T H; (b)—SGSIRIZITA .
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Fig. 7 Work platform
(a)—HEBESE -5 (o) —MBESL -5
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Table 4 Slot milling orthogonal parametes

ZH K
v/(m-min™) 37.7 56.5 75.4 94.2 113.1
v,/(mm-min™) 30 60 90 120 150

a,/mm 0.1 0.2 0.4 0.6 0.8

x5 MIKEXRSH
Table 5 Side milling orthogonal parameters
28 K
v/(m+min™) 37.7 56.5 75.4 94.2 113.1
v,/(mm-min™) 30 60 90 120 150
0.2 0.4 0.6 0.8

a,/mm 0.1

*6 MEEERZESEH(a,=3 mm)

Table 6 Side milling single factor parameters (a,=3 mm)

v/(m-min™) v,/(mm-min™") a,/mm
37.7 45.2 52.8
60.3 67.9 75.4
82.9 90.5 98.0 90 0.25
105. 6
30 45 60 75
67.9 90 105 120 0.25
135 150 165
0.05 0.1 0.150.2
67.9 90 0.25 0.3 0.350.4
0.45 0.5
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Fig. 8 Changing law of the milling force with different
machining methods
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Fig. 9 Law of the milling force with different milling parameters
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Fig. 10 Comparison of the milling forces of different coating tools
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Fig. 11 Milling forces under different elements
(a)—A[F]TCER T BEHIE X BEHI 1 8520 5 (b)— AR T FE45 H R X B 1 #5200 5
(c)—ARITEER T BEHI TR X BEH 1 #9520

B2 AR S i ALDGER R BERID At R A EERE O e T 32 By 55 R 7 28K B
ek, ALK & 20 MG &, Bl R HN WK,
IR, B ALTTER B BRI, Aok P

@ FeCoNi A ®) FeCoNiCrAl,F, L FeCoNiCrAl, F, (©)
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12F 20
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R 2 [ 15 . ,,f,f
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L e S 6 e . L 4 AT e 4_?4
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Fig. 12 Milling forces with different Al contents
(a)—ANIa] ALE it N BEHIEEE XSGR EI T B2 5 (b)— AN [R) ALE R JE45 R X BEH) 1 520 5
(o)A ALF o BRI EEXT BRI I 520
3.7 HEEBREXKRERILL FeCoNiCrAl,, Gt 77 8] 5 77 R AL £ X% Bt H 11

FIH HMX U 286 J1 8 FeCoNiCrAl, 15 %] [l 5 5 R R AT i MR B, B @=0.01, 15 311 2
(4 1F 38 25 LLRCHE A7 40 MR RGN FOi N (pon—p—1) =F,,,(3,21) =4.87,
B M Fy 0 7 AR AR G R B, T A R AFrangE T iR .

xR7 BEMKE
Table 7 Significance test

ZH B s b, b, b, b, R*/% F
INEY R A 25 8.6959 1.178 5 0.6168 -0.9852 98.92 641. 42
AR FALMS 22 7.8722 1.2285 0.697 6 -0.9259 99. 13 758. 09
INES R R 4] 25 7.2286 0.870 4 0.706 9 -0.9458 99.07 742. 11
ALR F s 23 7.3130 0. 868 2 0. 696 8 -0.9528 99.36 980. 36
MR T A4, B J7 AR AR B U5 OR B & 13 745 fE Rl — T 2224 T, 07 AU

b, mT AR 0000 = 0 e BE I ) THRIRZEAE S NI, MBS TR EE 3 NI .
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Fig. 13 Simulated and theoretical model verification

(a)—Y1a J7 k10 J1 BEBE R BE AL 5 (b)—V0 1w g 3k il JT BB HITR EAZ 1

4 4 ik

1) Fifi 5 Bt H) B2 38K, BRI 07 0/ 5 Bt
27 T VB T R B B K, BRI D 3 K e AR (R
TZHCE M T geE] ) #8 /N FREBE i T,
%) ) o RN ) 7 43 53] LA 4% 1= 404.30% Al
761.06%.

2) HMX )2 7] BBl ae I8 T SGS ik )2
JJE HMX IR 2 ] BBy 8EH] 1 b SGS IR )2 J1 B
SEIIREAK 10.6% , EE AN TS5 4

3) WIMALGE S S E G 282, BCC
AHEY A7 LR BB R VBEHI ) K . FeCoNiCrAl, /Y
B 91 1) F3 FN 1) F3 43 3l B FeCoNiCrMo,, 15
26.02% 1 12.01% ; FeCoNiCrAl, i BE 111 ) 15] J1 1
el S143 51 e FeCoNiCrAl, , & 67.99% F196.51%.

4) FeCoNiCrAl,, B9t |0 1m) 1 {75 EAH FTEE
WAHIR 2273 9 M 22.57% i1 15.88%, ik [7] 11 iR 2
4394 29.61% F1 6.08% , B Hll F1 5475 B AN ER 6 T
AR EAT — 5 R HER

SE WK

[1] SunJ, Zhao W X, Yan P, et al. High temperature tensile
properties of as-cast and forged CrMnFeCoNi high entropy

alloy [J ]. Materials Science and Engineering: A,2022,850:
143570.

Xiang T, Zhao M, Du P, et al. Heat treatment effects on
microstructure and mechanical properties of TiZrNbTa

[2]

high-entropy alloy [J]. Journal of Alloys and Compounds,
2023,930:167408.

Kaushik L, Kim M S, Singh J, et al. Deformation
mechanisms and texture evolution in high entropy alloy

[3]

during cold rolling [ J]. International Journal of Plasticity,
2021,141:102989.

Lee C F, Shun T T. Age heat treatment of Al CoCrFe, ;NiTi
high-entropy alloy[ J |.Metals,2021,11(1) :1416-1427.

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Malatji N, Lengopeng T, Pityana S, et al. Effect of heat
treatment on the microstructure, microhardness, and wear
characteristics of AICrFeCuNi high-entropy alloy [J]. The
International ~ Journal — of  Advanced  Manufacturing
Technology,2020,111(7):2021-2029.

Gokhan S, Motorcu A R, Nohutcu S. Single and
multi-objective optimization for cutting force and surface
roughness in peripheral milling of Ti Al,V using fixed and
variable helix angle tools [J]. Journal of Manufacturing
Processes ,2022,80:529-545.

Gaikhe V, Sahu J, Pawade R. Optimization of cutting
parameters for cutting force minimization in helical ball end
milling of inconel 718 by using genetic algorithm [J].
Procedia CIRP,2018,77:477-480.

EART, skoRE, TR . BAE B A BE s T T 1 5
PEAR AR [T ] ARAE IO i (A SRR ) L 2022,43(7)
988-995.

(Wang Zhen-yu, Zhang Rong-chuang, Yu Tian-biao.
Interference-free tool path generation for milling of spur
gears [J]. Journal of Northeastern University (Natural
Science) ,2022,43(7):988-995.)

TR, 2], SR, 45 BRG] e A2 5 |
Hl P RE S 2R RO ST [, ML T AR 2441, 2022, 58(5)
198-211.

(Jia Dong-zhou, Li Chang-he, Zhang Yan-bin, et al.
Grinding performance and surface morphology evaluation
of titanium alloy using electric traction bio micro
lubricant [ J].Journal of Mechanical Engineering, 2022,
58(5):198-211.)

VFSCSE, AT, SR M , 55 T v 55 AL Bt T 3 0T 5T a0 e
S L] AU TR, 2023,59(7) : 110-138.

(Xu Wen-hao, Li Chang-he, Zhang Yan-bin, et al. Research
progress and application of electrostatic atomization
minimum quantity lubrication [J]. Journal of Mechanical
Engineering,2023,59(7):110-138.)

Zhou R H. Analytical model of milling forces prediction in
five-axis milling process [J]. The International Journal of
Advanced Manufacturing Technology, 2020, 111(9) : 3045—
3054.

Az LRk, RN, % 6061-T651 411 & 4 sh & 121k
AE M J-C AR BB A 18 T [0 ] HLAR T 7 2 41, 2020,
56(20):74-81.

(Deng Yun-fei, Zhang Yong, Wu Hua-peng, et al. Dynamic
mechanical properties and modification of J-C constitutive
model of 6061-T651 aluminum alloy [J]. Journal of
Mechanical Engineering,2020,56(20) :74-81.)



