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Abstract: Nano-carbon balls cutting fluid was applied to the cutting processes of difficult-to-ma-
chine aerospace gear steels(15Cr14Col12Mo5Ni2W), and the lubrication enhancement effects of nano-
carbon particles on the cutting fluid were investigated. Firstly, a cutting force model for metal cutting
was established to analyze the relationship between cutting lubrication and cutting forces. Further-
more, through combined friction-wear tests and milling experiments, the lubrication performance of
nano-carbon balls cutting fluid was evaluated in terms of friction coefficient, wear volume, friction
surface quality, and cutting forces. Compared with the base cutting fluid, when the mass fraction of
nano-carbon is reached 0.02% , the milling forces for the gear steels are decreased by over 10%, and
surface roughness is reduced by more than 15%. Experimental observations reveal that nano-carbon
particles on the friction contact surfaces preferentially are adsorbed onto micro-peak regions with high-
er surface free energy, forming a nano-carbon adsorption film. Lubrication mechanism analysis indi-
cates that this adsorption film may exert a friction-reducing “micro-bearing” effects.

Key words: nano-carbon ball; cutting fluid; lubrication mechanism; milling; difficult-to-cut gear
steel
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Fig.1 Parallel-plane shear model""
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Tab.1 The particle size distribution of nano-carbon

balls cutting fluid %
" FLAETE ] d /nm
Hm KA/ d -
0~0.90 0~1.02 0~1.15
1 24.26 77.19 100.00
10 15.46 63.19 100.00

2.2 BEXT KIS

P T L 0 {67 P 4 26 R 48 ) R 9 40 K i 3K
YTV A AN [i) JEE 48 6 T ) R 452 R 3k B B B T
ROPERER I . b, 100 B ki A e R A A O
W AE N 35HRC~38HRC, #Y B 424 4 mm.,
TEERE R N AR TS A MRS . YGE)
B 3 P 4 DR B0 50 1 U89 R 5 o 80 N R -
JEE J5¢ DRI 303K 6 17 JBE 4 1) 9 30 N 502 mm /s
2.3 Eimxbbide

JE A 6) B I 56 5 P R 28 B 42 R T 5% 4 K e K
IVH R 0 e 5 vk R . G e JBE 4 3K Ry il R B b R
B BHES . GCr15) i B2y 56 HRC, SRk A2
6.35 mm; FEEIEE NI RS &M R YG6, iR
5 v B 4 s 4 3K 9 ML A JEE 8 B R 502 mm/s
(ERIFE B . 400 r/min) iK% K 71K 80 N, il &
B4 30 min, &> 44 K filk Bk 5 i 73 S0 E &2 3
WL b R B X . I e R R U VL
VPG RG V5 VT R EE 2 3R L SR U 76O 2% WA T
TENBRE BE R/
2.4 EREBEIREREX LXK

JEE 48 2% THT JOT 5 X L 6 194 JEE 48 ) Ay B A EE 4
Il kL5 U8 X bR A R, X8R R T o 80
N, EEHHE hy 502 mm /s, B 4L A X561 (8] 2 15
min, JRIG . I AR DU Gt O W 1O W 5% R
PR B0 J5 %) B EE AR R T, T A R 4 R T A

B,
3 M IERNEHRLEE

BEHAER - 5 Ak 2 B il s i T
DI 70 R 40 VIt 25 & g 00 BB R
ERGA., 60 5L BBEH (55 R EFUIH]
JIEATHI TR A R A o 8 A 45t 114 77 =X

o 717 -



R EALAE TR 45 36 & 45 4 ) 2025 4FE 4 A

T J2= 1 S BRI WA e B0 0 L AR BOBE W O A R A D)

Hll 7 B L U 2% T S RH A0 ) L A R

W ) B B AR L B )L 1RO 4

e 8.0 mm ., LRI TR S Al 34 5 L =S 145 5

BLRRPERES BNk 2 o, WU T A

Z RO DY W) 94 K B Bk o B 2 BN 5% 3 s
TR DIEIES sk

. v
T A4 M Bk 5%E
() BEHI I T 5 (WO TR EBRERS

B2 #HRAKETES
Fig.2 Milling test platform

% 2 15Cr14Col2MoSNi2W ¥ 45 5M 1t 86 5 81

Tab.2 The performance parameters of

15Cr14Col2Mo5Ni2W
PERES B HfH
A/ (J kg oKD 452
MEHR/(Wem™! « K™D 15
LKA/ (pm « mm~! « KT1) 6.08X 1073
BLHIsE B/ MPa 1200
i 35HRC~38HRC

£33 HHRENIZSH

Tab.3 The process parameters of the milling test

2 HfH
FhhFE#E 0/ (r e min~ 1) 1000
WP £/ (mm « min~ 1) 150
B YIE a./mm 0.2,0.5,0.8
A YIE @,/ mm 5.0
YK B R T 3 535w/ W6 0,0.02
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Tab.4 The wear scar radius under different mass

fractions of nano-carbon balls
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Tab.5 The frictional surface roughness in the surface

quality comparison test

YR R T A Sa/pm Se/pm Sa {E*Eftw:O fty
S w/ % W ¢/ %
0 0.1110 0.9092 0
0.005 0.0757 0.8115 31.8
0.010 0.0670 0.8640 39.6
0.020 0.0653 0.7620 41.1
0.030 0.0654 0.7490 41.1
0.040 0.0646 0.7427 41.8
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Tab.6 Milling surface roughness under different radial

cutting depth pm
; B YK a./mm
AR B BR 5 bk 5 B w0/ 6
0.2 0.5 0.8
0 0.935 1.059 1.128
0.02 0.730 0.861 0.935

#—EYH T.2Z% (n, =1500 r/min,
fw=250 mm/min,a.=0.8 mm,a,=5.0 mm)
T VRS R LOWBE Y J7 X2 2 B 5 E T
P CT AR/ 150 mm X 150 mm) » PRl 6 4350
(w=0,w=0.02%) VI E W& AE R T /9 71 B0 71 J5
JIEANE 9 Fros, Ho, B, 48 J5 U1 1E - ¥ B i
. IR S5 R TR FEAR R VT HI K BT A0 oK ik
BRUTHI (w0 =0.02 7)) YEHI R J1 71 1 iy 3/ 93 71
B TII] AR P, SRR U)W AE T T
7] E WU 708 22 OF Bl G U Y 3 AT A ) Bk
PR I8 A R T 18 0, B 4L |
BB UV B985, PR DT EIRE R S
T A A 22 ORI, M RBRUIHIKE [,
=45 m I, AH BE T Bl U . 94 0K B K DD
YERIF B9 B, 60/ T 16.6% ;24 £, =250 m B},
B, [EWE/NT A 17.9% . 156 25 5 1L B 94 K ik

500 pem

500 pm 500 pm

B.=24 pm B..=80 pm Bm:]lZ‘um

(a)w=0
500 pm

500 pm 500 pm

Bn=20 pm

B,=68 pm
(Dw=0.02%
9 BEHIXIE S TR T EE K
Fig.9 Images of the flank face in the milling test

Bn=92 pm



20 K R B L) 0 R ) 9 BE S AL BT 5

oW ERE Bk ot %

ERUIHI A B T 0k N0 7 08l JT HL I A L HE S
TV R F7 4

BRI BRI 7 RLRE JEE el /N 0 7 B R 4 0 /D 15t
WY 498 2K Btk 2R U1 1 9 RE 88 16 S 6 0 B T e 4%
{81 08/ 0 — T8 0 0 - T fa DX BE 45
0 Co) AT, BE A B s/ BT VT A o,
KRGS T ZCUT I 700 o 3 e 158 B 4
Ktk BRORL T FT LA S 3o W B 98 i 2 7 sk A B )
42 ol X 2 ) B A5 U 8 0 T 2 R B B B
BLANUTEI A e AR 2 Aok 1L ) 8
4.3 HRERIKTIER A E B SR

JEE 45 PR A0 1 06 A1 D7) ) 16 3R T 4 K ik Bk D)
P9 L U0 ) 9 L AT B R T T i L
A A K B O 1 7 B 458 DR AR T 9 5 90 0 AR
T UTHI P B 2 AR BRORE 1 BE D) R — i 2
B B A DX IR 20 SRRl BRORE i 1 T A — 2
A T £ R B DD I R 0 ROk T 2 A
B 45 3R T T RO Il — J2 A 99 7 5 10 9 JE
A7 Bl T/ EE f5E I 22 18] (Y EE 4

DN i TR RO 2 ik ) 7y BE R, JBE 8 fih TRT )
POV T 34 52 ) O U MR A5 4 12 52 BE 45/
Jay #8 X34 6 R AR PR O 2 3% B i A1 A B L 40 2R
([ Daaga SEL 15281 e | PR U TR 20 NP i 1 DR - GRS
(I R RE P AL T Sk AE L 3R K ) TR RUE
EORNRAE TR F O AE . X T EE A M
ANV Z 1T Y HAE 23 Bl AN [R] DX 38R B 2 T g
AR R 2 A TE BEEAE S5 I L T R
RIS NN LN NI 714 LR S YA
1T HE R AS DX ) 1 52 B J58 AR 1] A 249 R
KA/, FTm A REE /. R, Qi X
R T Wl — V2 9 K W R 5 TG P 2 DX R
A% BEF AT 14 A K R A T 2 ek DT R T

TE 5 R AR o Bl i, R Sk R 1 2 8] &
AR L TR R A T L AR AR AR AN A R 4 i
TEVVHI 5 1 B i DX R AR 2 BT HI e se . [N
1 AT L B 20 K e BRORE - 3 A 7 A A L4 ik
P8 A U DX Il A 4 < ol il R R DB BE AR T A R 41 9
FL S OB L5 A R B BR DT B A /T 19 7T )
)42 S T fR UL TR 0 00 2 T AN [] AR X ) A
3 3 L ) B SROULIES A5 A0 0 AT AN 18T 10 B
I o HeH T3 HE DX s S 1Y) O 0 AR [ AE
DX R AR A BT 3 A

IR0 5 MMIRAS 1RGP BT R S AR 7
71 o DOULIN &5 5 FT AN O 2R U b Y s T R T
TR AR A P H AT R B 23,4106 LBk
JA T RO T o B L IR AS R 3 R 21,4200

()WL X 45k 4
O & /~Fi
B 10 JTNEEZEEME EOBUEIR

Fig.10 The microscopic morphology on the frictional

(o) WL X 35K 3
O ZRide

contact surface of the cutting tool

x7 EEEMEAMANS LHNBRITESE

Tab.6 The carbon element content of observation

points on the frictional contact surface %
WL 5 2 B mOT R R | BRIE T B A E
NS 39.69 83.93
fies /3 16.28 62.51

X U P g AR 0 52 A JBE 542l L 1 2 06 R
JE T R IY T — T2 ELAT DR A A I

5 %k

A g v o &S U 5 A (15Cr14Col2-
Mo5Ni2 W) i B2 45 5 5 12 90 R0 D) L 30 R 58 T 48
DK BRIV T T R R L A BT T AN K e BB
FEBE PR b il A/ I PLEE . DRSRAS i T .

1) Y1 HIB 20 oK B BROBE 7 A7 76 30 T By
A ) L ol o ™ R 22 D 1 B D0 R A
YEFI UK 55 . AH b 1 3% ath b0 50, BT & o B0l
0.02 Y6 iy 49 K B 3K U0 B T 17 B2 452 D) 8503k /)
MR BE KT 2000, FE 4 R B & 0/ iR KT
10% . 538 A& B, 40 K B B BT & 3 0 15 K 2%
I VAR B e 5 R i RO N 1]
U/ PR B R AR R I RE L M BT R A Ok
0.03 %6 Y 44 2K e 35k U111 & » 0. 04 Y0 14 491 K Btk 3R V1)
I R 48 DR BT S A8/ T 2.9 %6

2) M Fb T B U0 L T A R 0.02 %6 1)
YR KB BRI H0 R FH S 1% v o B A 40 4K B 1) 0
AINT 10% LA b, FRTERLRE BE N T 15 %6 L B, B
13K 50 3 ¢ B, 498 oK Rl R 010 1) 9 A B T U R )
FLEEAT, 1 T 5 48 7

3) 4 KBk BB T 0] A B YT Y — A 95 35 3 EE
B b, BSR4 5 W B AE R 16 E R AR R Y Bl
U X I, BURRIE B — 2 MK BY D) 3 32 A A . 3

- 721 -



R EALAE TR 45 36 & 45 4 ) 2025 4FE 4 A

B 45 R AT L o A e AL 1Y 4 K Bk BROBE 1 5 L
A A3 X s 20 %6 DA b, BEHERD S S, 4R
e X 358 ) 499 K ik BRORE 5 R LLGE BB Rl R Y
fEH .

e

[1]

(2]

(3]

[4]

(5]

L6]

[7]

[8]

CETIN M H, KESEN A, KORKMAZ S, et al.
Performance Evaluation of the Nano-silver Added
Vegetable-oil-based Cutting Fluid in Drilling Process
[J]. Surface Topography-Metrology and Properties,
2020, 8(2):025029.

SHARMA A K, TIWARI A K, DIXIT A R, et al.
Novel Uses of Alumina/Graphene Hybrid Nanopar-
ticle Additives for Improved Tribological Properties
of Lubricant in Turning Operation[ J]. Tribology In-
ternational, 2018, 119:99-111.

HEGAB H, UMER U, SOLIMAN M, et al
Effects of Nano-cutting Fluids on Tool Performance
and Chip Morphology during Machining Inconel 718
[J]. International Journal of Advanced Manufactur-
ing Technology. 2018, 96(9/12) :3449-3458.
KM, mll, WIEW, 55 ZBERRUOKRE /IR E
EYHK TR ZEN GCrls W PERERF T[],
HLB TR, 2022, 33(18):2205-2214.

GUAN Jijus GAO Chao. XU Zhengya, et al. Study
on Turning Performance of GCrl5 Steels with
Nanofluids Prepared by Composites of MWCNTs
and Oleic Acid[J]. China Mechanical Engineering,
2022, 33(18):2205-2214.

Wt , far B, INEETT A A SRR AR K SRR AR
YV EI RS Jn 30 114 888 5 G -9 B R R 5 2 o 1 43 A
(V). E BB 2 4], 2018, 40(4) :142-150.
YAO Bin, HE Yuchao, SUN Weifang, et al. Gra-
phene as Beneficial Additive to Water Based Semi-
synthetic Cutting Fluid for Improving Friction Con-
dition between Materials of Carbide and Steel[]].
Journal of National University of Defense Technolo-
gy, 2018, 40(4) :142-150.

LIXW, XU X W, ZHOU Y, et al. Insights into
Friction Dependence of Carbon Nanoparticles as Oil-
Based Lubricant Additive at Amorphous Carbon In-
terface[ J]. Carbon, 2019, 150:465-474.

YAO Y L, WANG X M, GUO JJ, et al. Tribologi-
cal Property of Onion-like Fullerenes as Lubricant
Additive[ ] ]. Materials Letters, 2008, 62 (15):
2524-25217.

PAN Z R, YAO B, CHEN B Q. et al. Cutting
Force Model of Milling Titanium Alloy with C60
Nanofluid Minimum Quantity Lubrication[ ]J]. Jour-

nal of Manufacturing Processes, 2023, 105: 295-
722

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

306.

HEGAB H, UMER U, ESAWI A, et al. Tribologi-
cal Mechanisms of Nano-cutting Fluid Minimum
Quantity Lubrication: a Comparative Performance
Analysis Model [J]. International Journal of Ad-
vanced Manufacturing Technology, 2020, 108 (9/
10):3133-3139.

TS K A 2B 07 VI O I Y IS R JEE g 2
REMF T [ DLW R I8« WG JR I Tl K%, 2020.

WU Lupeng. Research on Rheological and Tribo-
logical Performance of Graphene-based Lubricants
[D]. Harbin: Harbin Institute of Technology,
2020,

GAJRANI KK, SUVIN P S, KAILAS S V, et al.
Machining of Hard Materials Using Textured Tool
with Minimum Quantity Nano-green Cutting Fluid
[J]. CIRP Journal of Manufacturing Science and
Technology, 2021, 35:410-421.

EWEN J P, GATTINONI C, THAKKAR F M,
et al. Nonequilibrium Molecular Dynamics Investi-
gation of the Reduction in Friction and Wear by
Carbon Nanoparticles between Iron Surfaces[]].
Tribology Letters, 2016, 63(3):38.

RARAR, XA, E5, % MWCNTs &899
DK IAC A I R A 2 MR BB L) ). R A AR AR, 2020, 40
(3):289-298.

GUAN Jiju, LIU Deli, WANG Yong, et al. Tri-
bological Properties of Nanofluid Prepared by
Composite of Multi-walled Carbon Nanotube and
Oleic Acid[J]. Tribology, 2020, 40(3) :289-298.
EERE, BT, TLATSE, SF. BT VR R R R i
YA K A A T B A i TR i TR VT T ) A T 0 JEE
FErE ML ELT ). HLAR TR 244, 2023, 60(19) .
159-171.

WANG Dexiang, ZHANG Yu, JIANG Jingliang,
et al. Tribological Mechanism on The Grinding In-
terface of Nickel-base Superalloy under Minimum
Quantity Lubrication with Ionic Liquid and Palm
Oil Based Nanofluids [ ] ]. Journal of Mechanical
Engineering, 2023, 60(19):159-171.

TR, AR, SR, S BRI 9K WORLTE AR 25
A YA A UL Bl Y T ) A T BE 2 ML I S
W) ] I EAUMC TR . 2024, 35(3):445-
456.

ZHANG Yu, WANG Dexiang, GUO Feng, et al.
Molecular Dynamics Study on Tribological Mecha-
nism of Spherical Nanoparticles on Nickel-based
Alloy Grinding Interfaces under Namofluid MQL
[J]. Journal of Mechanical Engineering, 2024, 35
(3):445-456.

YU F, CHEN X P, XU HF, et al. Current Status



0 K Bl IR VD 0 A I PR RE ML A — 9D W R A

e Wk %

[17]

(18]

[19]

[20]

[21]

[22]

(23]

of Metallurgical Quality and Fatigue Performance
of Rolling Bearing Steel and Development Direction
of High-end Bearing Steel[ J]. Acta Metallurgica
Sinica, 2020, 56(4):513-522.

YU X F, SHEN X Y, WANG SS, et al. Effect of
Quenching and Tempering Treatment on Micro-
structure and Mechanical Properties of CSS-42L
Bearing Steel[ J]. Journal of Materials Engineering
and Performance, 2022, 31(7) :5458-5466.

MR, I, ERE, S NN NI
CN201910937909.2[ P]. 2020-09-29.

YE Jun, SUNHao, WANG Chunlei, et al. Cold
Working Method of Bevel Gear: CN201910937909.
2[P]. 2020-09-29.

AL, XIE S, MG, 5. C60 4Kk 7 U0 I
X 15Cr14Col2Mo5NiZWA 48 5 U1 Bl 45 1k 11 3%
AR FE L], HUBK T AR % 42, 2023, 59(23): 358~
371.

HUANG Jingshan, LIU Guoliang, SUN Hao, et
al. Effect of C60 Nanoparticle Cutting Fluid on
Cutting Characteristics of 15Cr14Col2Mo5Ni2WA
Gear Steel[]J]. Journal of Mechanical Engineering,
2023, 59(23):358-371.

Wil CSS-42L & & 4 9 1 Tt 5 [D]. w
5 m A LR KA, 2013.

CHEN Kai. Grindability of CSS-42L Alloy [ D].
Nanjing: Nanjing University of Aeronautics and
Astronautics, 2013.

YING S S, FUC T, ZHANG S Q, et al. Numeri-
cal and Experimental Investigations on Cutting
Force of Broaching Internal Spline Holes[ J]. Inter-
national Journal of Advanced Manufacturing Tech-
nology, 2022, 120(3/4):2803-2814.

ZRIF M ASEE S b U g 43 A B0 AR 5¢ (D
B AR R, 2012,

LI Binglin. Research on Analytical Prediction of
Cutting Forces in Stainless Steel Machining [D].
Wuhan: Huazhong University of Science & Technol-
ogy. 2012.

FET. TCA k& & T BLHl @ om T 1. &
WD LB . ARJE K2, 2019.

KANG Ning. Research on Milling Force Modeling
and Manufacturing Process of TC4 Titanium Alloy

[D]. Shenyang: Northeastern University, 2019.
[24] ZHANG H, ZENG H H., YAN R, et al. Analyti-
cal Modeling of Cutting Forces Considering Mate-
rial Softening Effect in Laser-assisted Milling of
AerMet100 Steel[ ] ]. International Journal of Ad-
vanced Manufacturing Technology. 2021, 113(1/
2) :247-260.
[25] NIJINJ R, JAGADESH T. Numerical Simulation
of the Influence of Tool Geometry on Energy Con-
sumption during Micro Turning of Titanium Alloy
[J]. Proceedings of the Institution of Mechanical
Engineers Part E—Journal of Process Mechanical
Engineering, 2022, 236(4):1411-1420.
WOYDT M., WASCHE R. The History of the
Stribeck Curve and Ball Bearing Steels: the Role of
Adolf Martens [J]. Wear, 2010, 268 (11/12):
1542-1546.
ZHANG H D, YOSHIMI T, FUKUZAWA K, et

al. Is the Trend of Stribeck Curves Followed by

[26]

[27]

Nano-lubrication with Molecularly Thin Liquid Lu-

bricant Films? [ J ]. Tribology International,
2018, 119:82-87.

KONG L H, SUN J L, BAO YY. Preparation,
Characterization and Tribological Mechanism of
Nanofluids[ J J. RSC Advances, 2017, 7 (21):
12599-12609.

KHANDEKAR S, SANKAR M R, AGNIHOTRI

[28]

[29]

V. et al. Nano-cutting Fluid for Enhancement of

Metal Cutting Performance [ J]. Materials and
Manufacturing Processes, 2012, 27(9):963-967.

(g E3m)

EER A 2b o 59,1985 SRR R A A R L RIN, BT
MO SR R . s A GEEEHR) ., 1963
R4 B R AE SO, BT 0T 1 Sy 42 R VD BIL B K S
TR SEE i T A B R A H AR HUR- T HAE
FHAHLE ., E-mail: yaobin@xmu.edu.cn,

ASCEDIHRE X

IV A 2 oW, A5 0 K Bk 3K U0 I TR I T v e PSR Y
[J]. s EPLA TR ,2025,36(4) . 715-723.

SUN Hao, LAN Qixin, YAQO Bin, et al. Study on Lubricating
Performances and Mechanism of Nano-carbon Balls Cutting Flu-

ids[J]. China Mechanical Engineering, 2025, 36(4):715-723.

. 723





