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Abstract

To address the problems of high cutting temperature, severe tool-chip interfacial adhesion, and com-
plex frictional conditions during the milling of TC4 titanium alloy, the friction characteristics of
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cryogenic milling were investigated. TC4 titanium alloy was used as the workpiece material, and mill-
ing experiments were conducted using a cemented carbide milling cutter under different cooling con-
ditions. The milling forces and cutting temperatures were measured, while the chip morphology,
tool wear morphology, and machined surface morphology were examined. The average friction co-
efficient at the tool-chip interface was calculated using a cutting-force decomposition method. The
results show that cryogenic cooling can significantly reduce the temperature in the cutting zone,
weaken adhesion and diffusion at the tool-chip interface, decrease adhered material on the rake face,
shorten the tool-chip contact length, and thereby reduce the friction coefficient. However, under low-
temperature conditions, the strength and hardness of the titanium alloy increase, leading to greater
resistance to shear deformation and a possible local increase in cutting forces. Therefore, the effect
of cryogenic cooling on frictional behavior in the cutting deformation zones results from the combined
effects of reduced interfacial adhesive friction and enhanced low-temperature hardening of the work-
piece material.

Keywords

Cryogenic Cooling, Cutting Deformation Zone, Friction Coefficient

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 3]

PREe ARG, MRS MAEREIE AR AE RGP SR, ERUSHIR ., REIRR
oy FEAREIE & AT SFYUSAR R I N . AR, BRE e S AMAREUR. FRTERCR AN fsim e, A2
eI e A R M A AR, B SR TR - VI AR X T R i it . R, BRA e il
R SRAT T 2 5 VRMBUR AR B AR RS, SEBUEI IR JT RS IR LRI AR T 5 R R,
J& T S AN AR

T8N Ti-6A1-4V G DIHIAT IR T drda i, MEARMSC R TIH - U)JE BEEERAD) N 24
W EAEWYIE . VIBHERE R VIE ST R . ¥ Mo S [21@ 57 134T ABAQUS [ =44l
eI RTCBR, MEEHIE AR VIR NJDs R EEAT T . EHEHE AR 3R TR
FUIHI BSOS TR SRR BEFL VT HI SR, B6AIE 1 BRI FEAR T VR DT EI A8 A R (4 TR E
Hong 25 [4]| RGN IT 1 Ti-6 Al-4V (RN T A #1974 277 205 DI B2 i AL, 48 LA IR T (4 e 5 o B KA
Xtz B D) I X B AeIRZS o ZEMRRAF[S TN 1 518 T - JE A BE BRI B e i) Ay e A, 4
e BRI TS AE R S IR A R — Bt . SKeRSE[6)EBLHI B b RN 258 1T ) 5 T A7) H
P XIS BE AR o SRARARSE (7108 L T - 8 Jo B BE 4 AL B M S BG4 T - 8 B X AN £
BN EBIRSAFAEESR, RS BRI R0 BN /A R RS (52 . MRS (81— 2D 5 18 1 4
TR PER T - T8 BEGE R B RS SR . 2RO TR A IROCTTIERE AL 1) - B X 45 X 512 X 1
IrAi, DL AN 3508 5 T BEBRRAS M5 m . £ RANSE 10 R 22 B BE v A ) O BE PR RE, Ui BT
FIFHVIAI 7> 7195 F R T - Ve S S8 OB R R AE (110 B & S BEH A vh 7] Bt ) i
BEASEAT TR BT, R T ) RBE RS SR . ER AR ) A ENE RS LA 0GR BREESE 12 R A
BRITIEN T T TCA A& & il UIHE AR A i ) BB, Dy it BC{E A 0L F00 7] JEL i p AT 4334T 9 4 £t
T 73R Hong S5[13]#E— A TR T Ti-6A1-4V WA B S5V /), RPRIRIAEE 2 [H
I AR RET SE M REAT T - 8 i BEBORAS , EEHR DA S DI 0 2 1) R R (] B 2 e XS R 2R e AR

][l

op

DOI: 10.12677/mo0s.2026.159133 53 e RSE TR


https://doi.org/10.12677/mos.2026.159133
http://creativecommons.org/licenses/by/4.0/

GEg

SE[ 14K B A FARLS & MW 7T 1 AR & IR DI HIR L, #o TRIR A A0 T B DB AT A FR
FEATRIREMR . LM 1S TEEAL R R AN« A S VB REARSS S a0 07 58, b 1 ARV
RN SHCT A ABCR . VI I RTHEREE, RIS FEM LRI % AN SR it 7 BRI -

DA W CAEMRIR A 20 DI s, AIRTC . J) - BB K ) B 40 55 7 S %
AR, EAFEAE LI AR — 2 BRI DI HI0E 7T ZORUE VI MR E . ) R S R T B, XA A
HERE T T - 8 SR U R B A AR FEAIR AN s AR G PR T AR 2R g B 458 DA st Dy ] 5 {E
ELUSR IR < N R EIZEOE FAE R B Se PR B iR A s = RARIEPA T B ) 5 B R 4T RE
BRI, Wi 18] AR T % 3 S B LA 75 8 1 ke 5 05 45 S Tkt — 2 b .. A
I, ARSCRL TCA BREE N TN G, DAAENRE . EHNEL MG A #o R R R, ok DU =K
A AT S, IR SR S IR BT PRIC O SO . JEREUR ) F, « YIE ) F, < S F,
PRI R ST HE R, RAWED T INEFN & TES BRI . IR E, S8 Ea e
B RIRSRIE. T - BEGE . JTHBHEMAHISEAER, MRS 1F T RS = SR E ) 1A
LR, WFFCES RN TCA P& G RIRBUHI BEB AR E . FIR T K38 B LN T T 2 e
ws%.

2. YIHIZERST] - BAEEZER
2.1. YIHIZERZALE

B 1 s Rt TAFBEAT AL SeBt AN T RE vh 2 — RV B sl L s id /e, W UG, YIS A s)
PUL KI5 3 MBI H—RRX DA T OA 45 OM L (8], JINVIANTLAG, JTIRHETITH
REZBRAG I, R R B VT MR R RS, I A R B IR . MR A SR A ) S 1L
fd b, BT RIZECE, HhEEIE OA LA ARTEREECR. 5 R X ADALT OM £ LA Y]
JE ST TR A X . 2255 AR X B DI S )8 i TR RT T m A B T Y ERR SR T2
()22 7 o v I 5 A B 7 B L AR, AESEIE OM 2k K IR B B AT 7K 32 AR HOVE [l 55 s AT 1)
FEG T AR IR SEEBIIE RS, VB REM B A IR BB, AT doRi gt — DA, IFiy
PIJB I Eh T 10 I HEARFIE . 58 =R DA TR 7) O miE e LaRmZ . T SLhrilH 7] A
A€M, O R AR EEBYDIERIME S 32 2] ) DL S 5 AL SR, ™
AR VIR TEAIBVEA T . MRBEIE VIEI 7] G, X5 1 AR T R AR R A, A O TR R Sk
i, JFRRMRAFRE I TR . MRS R T e, S2IERZE SR —ERFBEMERE,
£ O TR e HAL 2R R T AROR AR B 7T AR N 7T S

Tisk
Gt
il
T# TWMAS I A
A <
N ~
\ - N\
! o it
| I
=7

Figure 1. Three deformation zones in metal cutting
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Figure 2. Relationship between cutting forces and angles
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Figure 3. Three-dimensional finite element model of milling
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Table 1. Material parameters of TC4 titanium alloy
1. TCA REEMBSH

R PR R AREL IR bz
kg/m? MPa Wi(m:-C) Jl(kg:C)
4430 112,000 7.0 0.34 0.565¢-9
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Table 2. Tool material parameters

F2. TIEMRESH

I PR ERREL A bz

kg/m’ MPa Wi(m-'C) “ Ji(kg"C)

14,850 640,000 79.6 0.22 0.8¢-9
32. hERR

MR FBEE S50 TC4 BA 4] - J8 SR BEAT - YIEI e, KA L, (43) EAZIR
36 (2% )T RARIRBE MRS o IR BUA HIR B . 4k A G BE S B E N E BN R, 2 5e A A
Bl C, HANHRERE 4 NKF.

Table 3. L, (43 ) orthogonal simulation test scheme
3. L,(4) EXPERBRSE

KT A WHIREE T/(°C) B F 5l TE n/(r/min) C Wit 4h & £/(mm/z)
1 20 1500 0.01
2 -80 2000 0.02
3 -130 2500 0.03
4 -190 3000 0.04
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Figure 4. Experimental setup diagram
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Figure 5. Schematic diagram of the force signal acquisition system
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Table 4. Experimental and simulation results of milling forces of titanium alloy

Figure 6. Temperature measurement instruments
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4. RAESMEHHNRESHELER

e KA FuJ/N Fy/N F/N JEE IR0 1
1 A1B4C4 255/263 630/643 251/257 0.755/0.760
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2 A2B3C4 256/264 650/662 261/267 0.740/0.747
3 A3B2C4 254/262 650/664 266/273 0.736/0.741
4 A4B1C4 239/246 550/560 261/267 0.795/0.802
5 A1B3C3 229/236 550/562 214/219 0.770/0.775
6 A2BA4C3 254/261 690/702 274/281 0.706/0.711
7 A3B1C3 205/212 450/460 214/219 0.824/0.832
8 A4B2C3 250/258 710/724 289/296 0.685/0.690
9 A1B2C2 196/201 450/458 172/176 0.796/0.801
10 A2BIC2 167/172 350/357 167/171 0.854/0.861
11 A3B4C2 247/255 750/764 297/304 0.655/0.661
12 A4B3C2 245/254 770/787 307/315 0.641/0.647
13 A1BI1C1 125/128 250/255 120/123 0.887/0.890
14 A2B2C1 203/209 510/519 195/200 0.745/0.752
15 A3B3Cl1 228/236 670/684 260/267 0.669/0.675
16 A4B4C1 235/243 810/825 320/327 0.605/0.611
Table 5. Fy range analysis table
*® 5. R RESTER
TIHI 71N ki AVRHNRE T B Tl n C BiHtA & £
kl 201.31/207.00 184.04/189.50 197.77/204.05
k2 220.10/226.52 225.72/232.48 213.69/220.52
Fy k3 233.49/241.28 239.51/247.50 234.52/241.71
k4 242.27/250.23 247.76/255.53 251.03/258.73
R 41.00/43.25 63.75/66.00 53.25/54.75
Table 6. Fy range analysis table
6. HLIRESR
IHIJ1/N ki ABKIRE T B T n Wk & f
kl 470.02/479.50 400.00/408.00 560.02/570.73
k2 550.06/560.00 580.12/591.26 580.00/591.53
Fy k3 630.10/643.00 660.03/673.74 600.21/612.00
k4 710.12/724.10 720.10/733.54 620.42/632.25
R 3 5 9
Table 7. F: range analysis table
*® 1. - REDER
YIK AN i A B T B A n C R L £
k1 189.25/193.75 190.50/195.00 223.72/229.25
k2 224.25/229.78 230.48/236.25 235.78/241.54
F: k3 259.20/265.71 260.51/267.00 247.76/255.75
k4 294.23/301.24 285.46/292.25 259.80/266.00
R 105.00/107.50 95.00/97.25 36.00/36.75
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Figure 7. Variation trend chart of milling force with cooling temperature
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Figure 8. Variation trend chart of milling force with spindle speed
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Figure 9. Variation trend chart of milling force
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Figure 10. Variation trend chart of average friction coefficient
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