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Formation of Self-lubricating Layer on Workpiece Surface Ground by
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Abstract: Among the many machining methods available, grinding is one of the most important and is primarily used for the final
processing of different machine parts. The grinding wheel rotates at a high speed, which creates an airflow barrier around the grinding
area, preventing the grinding fluid from effectively cooling and lubricating the area during grinding. This leads to grinding burns and
other surface quality problems of the workpiece and affects machining efficiency. To address this problem, this study proposes filling
the cavity of carbon nanotubes (CNTs) with an oleic acid (OA) lubricant, which is used as a filler in resin-bonded grinding wheels.
Using this nano-capsule as a filler could help improve the strength of the grinding wheel owing to the high strength and thermal
stability of the CNTs. The most important benefit of this method is the release of oleic acid into the grinding area when the
nano-capsules rupture, and the self-lubricating layer formed can directly lubricate the grinding area, thereby improving the
performance of the grinding wheel. First, nano-capsules are prepared by widely used wet chemical methods and then characterized by

Thermogravimetric Analysis (TG), Fourier Transform Infrared Spectroscopy (FTIR), and Transmission Electron Microscopy (TEM)
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to evaluate the material stability, surface functional groups, and morphology. In addition, we evaluate the presence of nano-capsules in
the grinding wheel and the effect of the nano-capsule filling on the tensile strength and hardness of the grinding wheel. Finally, the
effects of the nano-capsule content and grinding speed on the grinding force, grinding temperature, grinding ratio, and workpiece
surface roughness during the grinding of GCr15 steel are studied. The release of OA in the grinding wheel during the grinding process
is studied using X-ray photoelectron spectroscopy and scanning electron microscopy (SEM) analysis of the workpiece surface, based
on which the formation mechanism of the self-lubricating film is further clarified. A mechanism for the lubrication effect of the
self-lubricating film is also proposed. The nano-capsules were successfully prepared by wet chemical methods; they were found to
have a filling rate of approximately 20% and were thermally stable. During the curing process, the nano-capsules could resist the
curing temperature of the resin and effectively protect the oleic acid. According to the tensile test, the nano-capsules increased the
strength of the grinding wheel by approximately 25% when the filling amount was approximately 8%. Further filling of the
nano-capsules reduced the tensile strength of the grinding wheel, and the hardness of the grinding wheel continued to decrease with an
increase in the nano-capsule content. Moreover, the mechanical properties of the grinding wheel satisfied the requirements of its
intended use when the nano-capsule filling content was less than 16%. Compared with ordinary resin grinding wheels, the grinding
force of the nano-capsule filled grinding wheels can be reduced by 40%, the grinding temperature can be reduced by 45%, the surface
roughness value can be reduced by 15%, and the grinding ratio can be increased by 30%. The nano-capsules embedded in the grinding
wheel continuously released OA within its cavity onto the grinding interface during the surface grinding process, forming a composite
self-lubricating layer. Because of this lubricating layer, the grinding wheel achieved better lubrication performance, which in turn improves
the grinding performance of the wheel. The research presented in this paper provides a viable technical solution for grinding lubrication
problems, which is beneficial for improving the grinding efficiency and surface quality of workpieces. The grinding wheel developed in this
study has significant potential for application in green machining conditions where a large amount of grinding fluid is not allowed.
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Table 1 Formula of self-lubricating wheels (wt.%)

No. Resin Abrasives Ordinary CNTs CNTs@OA nano-capsules
A0 15 85 - -
B2, B4, B6, ..., B16, B18, B20 15 83,81, 79, ...,69, 67,65 2,4,6,...,16, 18,20 -
C2,C4,Co, ..., Cl6,C18, C20 15 83,81, 79, ..., 69, 67,65 - 2,4,6, ..., 16, 18,20

(a) Grinding wheel

(b) Tensile strength test

(c) Hardness performance test

B2 Pl b e K vk REN

Fig.2 Prepared grinding wheel and performance test
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Table 2 Conditions of each grinding test

Machine tool Workpicce Cooling conditions Wheel rotation speed Workpiece speed Wheel feed  Grinding depth
n/ (r/ min) v/(m/s) a,/ pm a/pum
M7140 grinder with parallel ~ GCrl5 steel (HRC60-62), ~ Water with a flow rate 500, 1 000, 1 500, 02 10 300

accuracy of 0.005 /500 mm 100 mmX 50 mm X 50 mm

of 2.5 L/ min

2000, 2 500, 3 000

FEHIERE T, SR Kistler 9129A 3 4 i
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PIY S PP 455, W 3a. BRI R bR S
A WU R R, R b A K 2R e A 3 B

(a) Grinding equipment
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(b) Grinding area
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(c) Wear measurement of grinding wheel
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Fig. 3 Grinding process of nano-capsule grinding wheel
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Fig.4 TEM images of CNTs and nano-capsules
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Fig. 5 TG and DSC curves of acid-treated CNTs, oleic acid and nano-capsules.
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(b) Change of hardness with filling content
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Fig. 6 Effect of mass fraction of CNTs and nano-capsules on tensile strength and hardness of grinding wheels
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(b) SEM of wheel organization
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Fig. 7 FTIR and SEM analysis of the wheel organization
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Fig. 8 Influence of filler content and grinding speed on grinding force
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Fig. 9 Influence of filler content and grinding speed on grinding temperature



511

RARARL, A5 GORTREIERDRE BRI TAF3R 0 BT 2 1B K 261

Pl Ob Ay b A e TR X S )t 52 (14 5 0, T AL s 1)
L B4y W S PP s i A — o T, X T
386 003 B8R BN T) Py EAT B VR T 0 B s i,
BT BB T AR DI S R, S L
Tht™ EHEFE R, CNTs R I B
F il P LU R R DS D, T AN KA R B 11
FE Rt/ 3R AR SR D 4 AR AT B2 VL P R
W . S, 9w EERRE LN
110 °C, TR (1 /3 AL 2 200 °C, BRI fE A
SCHRRIG ST SRR ER BT B 1 B T 2 B A
T RAEVER o
2.5 EFEFAEH)RE T E RS0

R 1 U g —— 2 B 1) R v o S ok 4 i 5 D e
PARALL, GCrl15 WL &y,  HA R4S G IR B b
PR ERPER2E,  DRIHARER s KSR A0 1 B 11 L
BN, (HBEIERTEE . K 10a kS B2k
Xof B I LE s e ], T DR R 1 T

1.2
V) CNTs wheel
1ok % R Nano-capsule wheel
=t —
g o8 iiiiiifi
on
;g 046—_1_ i } i Y N
5 i N W
S N A
N N
0.4 ?E és
NN
NN
0.2F ’\ N
N N
N A
oL AN

o

0 2 4 6 8 10 12 14 16 1 20
Content / %

(a) Effect of content on grinding ratio

CNTs b5 R KL FERD 5 1) 55 1) L 35 RIS K
JE kN R, BRI B g L 2 20 R 10%A
12%. XSl THEARER B, GOk 1) A
GRS A TR ELP S VA S i s d i N
WHAS IR L A, PS4l SUB AR 19 R B, S 8B HI
PR . 7EAH R RS 2 AT T, AR TS5 1) I
HIl Eb Bl D 56 7 35% 2840, L CNTs 1048 i 25%.
Bl 10b SRRSOt BE I LL s, nT LAEAN [ 4
BN, ORI I B HI Lot o fe sy o B I 2
o, GORTREERD S R R T BRI B B X
LA BB — T A 10 B) T2 FS2 PR 0 IS v 389
YER . [AIE, BERIIS CNTs [RANSEm o i, Homsk
FEYAB R BNEN AR, XD T R — T
PETAIR R, 32 T QKT R I S W L . 5351,
YRR ARE D BB ) B 10 T ) A et ik s T b %
KRS, IEERDE B, IXAAFRDES b )
FLREMG AORFEBURIMDIMIVERT, g s 7L L .

1.2

11k [ ] Ordinary wheel
| ZZ CNTs wheel
1.0 R Nano-capsule wheel

77

Grinding ratio

AR

77

wn
(=3

1 0

(=3
S

0 1
Rotation speed / (r - min~!)

(b) Effect of rotation speed on grinding ratio

10 JFE 5 e TIPS X ) L PR 5%

Fig. 10 Influence of filler content and grinding speed on grinding ratio
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Fig. 11 Influence of filler content and grinding speed on surface roughness of workpiece
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Fig. 12 SEM morphology of workpiece surface grinded by ordinary wheel, CNTs wheel and nano-capsule wheel
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C (6] Fe N
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Workpieces ground by 39.47 4087 173 236
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Workpieces ground by CNTs

wheel 3529

38.22 2436 213

Workpieces ground by

nano-capsule wheel 3776

42.81 17.45 1.98
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