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Abstract: Grinding fluid often struggles to enter the grinding area and overcoming this challenge has
been a major focus of research in recent years. Therefore, CNTs@T304 nano-capsules are prepared
by filling the cavities of CNTs with a lubricant of T304. CNTs@T304 nano-capsules were used as
an additive in this paper to prepare resin grinding wheels and nanofluids, respectively. The resin
wheels filled with nano-capsules were used for grinding under the lubrication of nanofluids, and
T304 could then be released to the grinding area to play a self-lubricating role during grinding. First,
CNTs@T304 nano-capsules were characterized, and the properties of the prepared grinding wheels
and nanofluids were tested. Second, the effects of the filling of nano-capsules and grinding speed
on the grinding force, grinding temperature, surface roughness, and grinding ratio were studied.
Finally, the lubrication mechanism of the nano-capsules was revealed through surface analysis of the
workpiece. The results suggested that nano-capsules had good thermal stability and the nanofluid
prepared from them exhibited good dispersion stability and thermal conductivity. The grinding wheel
was found to satisfy the service conditions when the filling content was less than 15%. Compared
with a common wheel, the grinding force and grinding temperature were reduced by 24% and 28%,
respectively, and the surface roughness of the workpiece and the grinding ratio were increased by
18% and by 21%, respectively, when grinding GCr15 steel with the nano-capsule wheel. Lubrication
with nanofluids could further reduce the grinding force, grinding temperature, and surface roughness
values. During grinding, the self-lubrication film formed by the T304 released from the nano-capsules
in the wheel served first and foremost as a lubricant. The intervention of the nanofluid enhanced the
heat-exchange effect and lubrication efficiency in the grinding zone.

Keywords: CNTs; nano-capsules; nanofluids; grinding wheel; grinding; lubrication mechanism

1. Introduction

Grinding is characterized by a high precision and good surface quality and is the
final process of general precision machining. The processing of brittle and hard materials
is also mostly achieved through grinding. During grinding, the airflow formed by the
high-speed rotation of the grinding wheel hinders the effective infiltration of the grinding
fluid, preventing sufficient cooling and lubrication of the grinding zone and leading to
various surface-quality problems [1–3]. At present, high-pressure injection and air baffle
cut-off airflow methods are often used to enhance the cooling and lubrication efficiency
of the grinding area [4,5], and other enhanced liquid-supply methods, such as minimum
quantity lubrication (MQL) with nanofluids and direct lubrication of a self-lubricating
grinding wheel, have also been studied [6,7]. Nanofluids are suspensions of nanoparticles,
and nanoparticles can improve the heat-transfer performance and lubrication performance
of the base fluid when used for MQL cutting/grinding. Shen et al. studied the performance
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MoS2 nanofluid when grinding cast iron under MQL conditions. When compared to the
base oil, the experimental results showed that mustard oil, paraffin oil and soybean oil
nanofluid with added MoS2 nano-particles could reduce the grinding force by 27%, 21%,
and 9%, respectively, and increased the service life of the grinding wheel by 46%, 35%,
and 15% [8]. Li et al. prepared carbon nanotubes (CNTs)/MoS2 mixed nanofluids and
conducted experiments on grinding nickel alloys under MQL conditions, which revealed
that the mixed nanofluids could produce a “physical synergistic effect”, resulting in lower
grinding forces and a better workpiece quality [9–11]. However, plain nanoparticles suffer
from problems such as poor stability and easy sedimentation in nanofluids [12,13].

Scholars have developed self-lubrication grinding wheels that autonomously release
lubricant during grinding, which can achieve enhanced lubrication. Shaji et al. prepared
a resin grinding wheel using graphite as a filler, and the graphite was released into the
grinding area to provide a good lubrication effect during the grinding process [14]. Ya-
maguchi et al. added microcapsules (5–20 µm) containing lubricants into the grinding
wheel, and the lubricant could directly enter into the grinding area for lubrication during
grinding with the damage of the microcapsules [15]. However, the relatively large size
of the microcapsules at the micron level caused the lubricant inside the microcapsules to
be thrown out when the grinding wheel rotated at high speed, resulting in insufficient
lubrication during subsequent grinding. Xu et al. prepared self-lubricating resin grinding
wheels using microcapsules of β-cyclodextrin/liquid lubricant as fillers, and the release of
lubricant could act as a lubricant as the microcapsules broke during grinding [16]. However,
the capsule filling has a great impact on the strength of the grinding wheel, and there is a
risk of breakage when the grinding wheel rotates at high speed.

CNTs are nanotubes formed by curling flake graphite and have excellent thermal
conductivity, mechanical properties, and lubrication properties [17,18]. The hollow struc-
ture allows guest molecules to enter their molecules to form nano-capsules, improving
the performance of CNTs themselves [19,20]. To better lubricate the grinding area, our
research group proposed to fill lubricant dibutyl phosphite (T304) into CNTs to prepare
CNTs@T304 nano-capsules. Grinding wheels with self-lubricating properties were devel-
oped using nano-capsule as fillers, and the nano-capsule grinding wheels were applied
to grinding under the lubrication of nanofluids prepared from nano-capsules. On the one
hand, the nanofluid prepared by nano-capsules has better dispersion stability and lubri-
cation properties compared with that prepared by commercially available CNTs without
treatment, which can better enhance the cooling and lubrication performance. On the other
hand, filling of CNTs@T304 nano-capsules can enhance the strength of the grinding wheel,
achieving higher grinding speeds, and the nano-capsules can also evenly release T304 for
lubrication during the grinding process. The goal of this research is to develop a practical
nano-capsule grinding wheel and nanofluid and to study their synergistic self-lubricating
mechanism during grinding. This research lays a theoretical foundation for the application
of new nano-capsule grinding wheels and nanofluids in MQL.

2. Materials and Methods
2.1. Preparation and Characterization of CNTs@T304 Nano-Capsules

Commercial CNTs were sourced from Shanghai Aladdin Company, with a purity
of ≥95.5% and an inner cavity diameter of about 15 nm. T304 was provided by Jinzhou
Kangtai Chemical Company. The purchased CNTs had a relatively large length and
diameter, making them less conducive to filling. Therefore, it was necessary to first shorten
and pre-treat the CNTs [21]. During the treatment, 50 g of CNTs were added to 1500 mL of
40% concentrated nitric acid, and the mixture was loaded into a three-necked flask. After
heating and refluxing at 80 ◦C for 8 h, magnetic stirring was applied at a rotation speed
of 500 r/min. Finally, the mixture was subjected to vacuum filtration, and the resulting
filter cake was dried at 85 ◦C and ball milled for 10 h to obtain acidified CNTs. In the
preparation of CNTs@T304 nano-capsules, 20 g of T304 was first dissolved into 1000 mL of
acetone, and 40 g of acidified CNTs was added. The two were mixed thoroughly, placed in
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a spherical flask, and evacuated to −0.2 MPa. The mixture was shaken with ultrasound at
70 ◦C for 5 h. After ultrasound, the mixture was filtered again. During filtration, the filter
cake was washed with acetone to clean any T304 molecules that had not yet been filled.
Finally, the filter cake was placed in an oven and dried at 80 ◦C for 8 h, followed by ultrafine
particle grinding to obtain nano-capsules. The sample structure was observed using an
FEI TECNAI G20 transmission electron microscope (TEM) with an accelerated voltage
of 200 KV during observation. Thermogravimetric analysis was performed on a STA449
thermal analyzer with a temperature rise range of 20–800 ◦C and a rate of 20 ◦C/min.

2.2. Preparation of Nanofluids and Nano-Capsule Grinding Wheels

A surfactant can significantly reduce the surface tension of the base solution, which
should be added into the water solvent to improve the dispersion and concentration of
nano-capsules in the nanofluid [22], although it may have a certain corrosive effect on the
surface of the workpiece. Through preliminary experiments, a mixture of the nonionic
surfactant Tween-80 (TW-80) and the anionic surfactant sodium dodecyl benzene sulfonate
(SDBS) (mass ratio 7:3) was selected as a composite surface dispersant. The formula of the
water-based nanofluid samples can be seen in Table 1. After the mixing of the components
was completed, the mixture was mechanically stirred at 50 ◦C for 30 min and subjected
to 1 h of ultrasonic dispersion to prepare a grinding nanofluid, as shown in Figure 1a.
After the preparation was completed, the dispersion stability, heat-transfer performance,
and wetting performance of the nanofluid were tested: (1) To test the dispersion stability,
the nanofluids containing 0.1–1.2 wt.% nanoparticles were left for 30 days, and 1 mL of
the upper liquid was taken daily and diluted twice before being placed in a colorimetric
dish. The absorbance of the nanofluid at a wavelength of 500 nm was measured using
a 752N ultraviolet visible spectrophotometer at a temperature of 20 ◦C, and the stable
absorbance value was used as the basis for determining the dispersion stability of the
nanofluid [23]. (2) For the heat-transfer performance test, the thermal conductivity of
each group of samples was measured using a TC3010L thermal-conductivity meter, with
each injection of about 30 mL. After the injection was completed, the thermal conductivity
was automatically measured by the instrument. (3) The wettability of the nanofluid was
evaluated based on its contact angle on the surface of 45# steel. The contact angle was
measured using the Kruss DSA25 contact-angle-measuring instrument, with a sample
injection rate of 2 µL drops per test. After approximately 15 s of steady contact with the 45#
steel surface [24], the sample stage was moved to keep the droplets in optimum display
and readings were taken.

When preparing nanoparticle-filled grinding wheels, 15% phenolic resin powder,
0–20% commercial CNTs or nano-capsules, and 85–55% 220# white alumina were mechani-
cally stirred evenly in proportion (CNTs or nano-capsules were set with a mass fraction
increasing by 2%), and then placed in a ball mill for 6 h. During stirring, an appropriate
amount of furfuryl alcohol was added as a wetting agent (with the formula given in Table 2).
The raw materials were then placed into a splayed cavity mold and an annular mold, re-
spectively. The mixture was then pressed at 60 MPa for 10 min, and the samples were
removed and placed in an oven to cure for 12 h at a curing temperature of 160 ◦C and a rise
rate of 10 ◦C/h [25]. Finally, a circular wheel specimen of D175 mm × d80 mm × H27 mm
was made after free cooling for grinding performance testing, as shown in Figure 1b. A
D80 mm × h20 mm “8-shaped” block specimen was used for mechanical performance
testing, as shown in Figure 1c. During strength testing, tensile strength testing was carried
out on the RG 4100 universal material-testing machine with a tensile rate of 0.5 mm/min.
The testing machine automatically loaded the tensile force and recorded the tensile strength.
During hardness testing, the hardness of the abrasive was measured using an HR-150A
Rockwell hardness tester with a hardness tester indenter of 3.175 mm diameter, a preload
force of 98 N, and a main load of 588 N [26]. The measurements were taken at 4 points
from the center of the circle on both sides to 1/2 of the outer circle and the average of each
measurement was taken.
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Table 1. Sample formula of grinding nanofluid.

Composition Content Function

Deionized water 97.3–98.4 wt.% Base fluid
CNTs or nano-capsules 0.1–1.2 wt.% Lubricating additive

TW-80/SDBS 0.5 wt.% Active agent
Triethanolamine 0.5 wt.% Rust inhibitor
Sodium benzoate 0.5 wt.% Antiseptic
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Table 2. Formula of self-lubricating grinding wheels.

No. Resin Abrasive CNTs CNTs@T304 Nano-Capsules

A0 (Common Wheel) 15 wt.% 85 wt.% — —
B2-B20 (CNT Wheel) 15 wt.% 83–65 wt.% 2–20 wt.% —
C2-C20 (NC Wheel) 15 wt.% 83–65 wt.% — 2–20 wt.%

2.3. Grinding Test Scheme

The grinding experiment was conducted on the M7140 precision surface grinding
machine with variable frequency and speed regulation. Before the grinding experiment,
the grinding wheel needed to be accurately dynamically balanced. Five more adjustments
with a diamond pen were also required, with a grinding speed of 17.8 m/s and a single-
pass adjustment of 0.2 mm. The experimental conditions are shown in Table 3, and the
GCr15 steel (C: 0.95–1.05, Cr: 1.40–1.65 Mn: 0.25–0.45, Si: 0.15–0.35, Mo: ≤0.10, Ni: ≤0.30,
S: ≤0.025, P: ≤0.025) was supplied by Longteng Special Steel Co., Ltd. The experimental
plan was as follows. First, the grinding speed was fixed at a grinding speed of 17.8 m/s,
and a grinding wheel with CNTs or nano-capsule mass fractions of 2–20% was applied to
grind under MQL conditions of commercially available emulsions, CNT nanofluids, and
nano-capsule nanofluids. Compared with common wheels without fillers, the influence of
changes in the nano-capsule content on the grinding force, grinding temperature, surface
quality, and grinding ratio was studied. Second, wheels with a mass fraction of CNTs or
nano-capsules of 14 wt.% were selected to grind at a grinding speed of 17.8 m/s, and MQL
grinding was conducted using nanofluids with a concentration of 0.1–1.2 wt.%. Finally, the
effect of the grinding speed on the grinding performance was tested using grinding wheels
with CNTs or nano-capsules with a mass fraction of 14 wt.%, with the grinding speed
varying between 4.45 and 26.7 m/s, compared to common grinding wheels; three parallel
experiments were conducted for each group of experiments.
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Table 3. Experimental conditions for grinding test.

Machine Tool Grinding
Wheel Workpiece Cooling

Conditions
Grinding

Speed (m/s)
Feed Speed

(m/s)
Grinding

Depth (µm)
Total Grinding

Depth (µm)

M7140 2–20 wt.%
wheel

GCr15 steel
(HRC60-62),

100 × 50 × 50 mm

Nanofluid
under MQL,
50 mL/min

4.45, 8.9, 13.35,
17.8, 22.25, 26.7 0.2 10 300

During grinding, the normal grinding force (Fn) and tangential force (Ft) were mea-
sured using a Kistler 9129A dynamometer and the combined force of the two cutting
forces was used as the cutting force evaluation standard [27,28], as shown in Figure 2a.
During the grinding process, thermocouples were adopted to measure the grinding tem-
perature. K-type thermocouples were buried in a pre-machined temperature-measurement
hole, which was approximately 1.5 mm away from the upper surface [29,30], as shown in
Figure 2b. A dial indicator was applied to measure the wear of the wheel, and the TR-200
surface roughness meter was used to test the surface roughness of the workpiece.
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To study the lubrication mechanism of the nano-capsule grinding wheel and nanoflu-
ids, a 100 mm × 45 mm × 0.8 mm GCr15 steel plate was fixed on a steel piece for grinding.
The steel sheet was then taken down and ultrasonically cleaned in acetone for 20 min, and
an AXISUltra DLD X-ray photoelectron spectrometer (XPS) was used to detect the binding
energy of the elements on the surface. During the test, the electronic energy was 80 eV and
the binding energy of the carbon C1s was 284.8 eV as the internal standard [31].

3. Experimental Results
3.1. Characterization of Nano-Capsules

Figure 3 presents TEM images of the nano-capsules. It can be seen that several
segments of the cavity of CNTs are filled with other substances, which should be T304,
indicating that T304 is filled into the CNTs and forms nano-capsules. Capillary action
is the main driving force for other liquid substances to be filled into the cavity of CNTs,
but it is premised on sufficient force between the filled substance and the pipe wall to
induce wetting at the interface [32]. Moreover, the contact angle θ of the liquid determines
whether CNTs can be wetted by liquid and undergo capillary action. When θ > 90◦, the
pressure difference ∆P at the gas–liquid interface is negative and infiltration cannot occur.
When θ < 90◦, the infiltration phenomenon occurs and the filling effect can only proceed.
Therefore, only substances with small contact angles and surface tension below 200 mN/m,
such as ethanol, acids, etc., can be filled into CNTs under specific conditions. In the
present study, the surface tension of T304 was about 40 mN/m, and after it was dissolved
in acetone, the surface tension was further reduced, making it easier to enter the CNTs
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through capillary action. Subsequent drying caused the acetone to evaporate, while the
T304 was retained in the tubes.
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Figure 3. TEM image of CNTs@T304 nano-capsules.

Figure 4a,b show the thermogravimetric (TG) analysis and differential thermal analysis
(DSC) results, respectively, of acidified CNTs, T304, and CNTs@T304 nano-capsules. In
Figure 4a, the nano-capsules underwent a weight-loss process at around 200 ◦C, while
acid-treated CNTs did not exhibit a similar process, indicating the escape of T304 from the
nano-capsules after heating. The filling rate of T304 in nano-capsules (η) can be calculated
based on the latent heat of phase change Formula (1) [33]:

η = H f /Hp × 100% (1)

where Hf is the phase-change latent heat of T304 in the nano-capsules and Hp refers to
the phase-change latent heat of T304 of the same mass, in J/g. In Figure 4b, both T304
and nano-capsules had a low-temperature phase-change endothermic process, and the
phase-change latent heat value in this process could be calculated from the peak area
enclosed by the DSC curve and baseline. By plotting and calculating, it could be obtained
that the phase-transition latent heat of T304 in the nano-capsules was about 35.2 J/g and
the phase-transition latent heat of the same mass of T304 was about 178.4 J/g. The filling
rate of T304 was calculated to be about 20%.
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Figure 4. TG (a) and DSC (b) curves of CNTs, T304, and nano-capsules.

3.2. Performance Testing of Nanofluid and Nano-Capsule Grinding Wheels

Figure 5 shows how well the concentration of acidified CNTs or nano-capsules affects
the absorbance of nanofluid, and the error bar in Figure 5 is used to represent the error range
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of a group of experiments. The following are all the same meanings. It can be seen that
when the concentration was low, the absorbance would gradually increase with the increase
in concentration, and there was a certain linear relationship. When the concentration of
nanoparticles reached a “saturation” concentration (about 0.5%), the increase in absorbance
was not significant, which was due to the sedimentation of some nanoparticles that had
not been effectively dispersed. The superior dispersion stability of the nano-capsules over
the acidified CNTs at the same concentrations could be attributed to the partially exposed
oleic acid molecular groups outside the CNTs, which can combine with surfactants and
further enhance the dispersion effect.
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Figure 5. Influence of nanoparticle concentration on the absorbance of nanofluid (* p ≤ 0.05).

CNTs are good heat conductors and can significantly improve the heat-transfer perfor-
mance of liquids. The application of CNTs to enhance the heat transfer in grinding fluids is
of good value [34,35]. Figure 6a shows the influence of the concentration of nanoparticles
on the thermal conductivity. It can be observed from the results that when the content
was low, the thermal conductivity would increase with an increase in the concentration.
The nano-capsules could increase the thermal conductivity of the base liquid by up to
110%. When the concentration continued to increase, the increasing trend of the thermal
conductivity would slow down, which was due to the agglomeration and sedimentation of
excess nanoparticles, resulting in a reduction in the heat-transfer effect [36,37].
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Figure 6. Influence of nanoparticle concentration on thermal conductivity (a) and contact angle of
nanofluid (b) (* p ≤ 0.05).

Figure 6b presents the influence of the content change of nanoparticles on the wettabil-
ity of nanofluids when the surfactant concentration was 0.5%. It can be observed that when
the concentration of nanoparticles increased, the contact angle of the nanofluid decreased
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first and then increased. The analysis indicates that CNTs may have certain surface activity
after acid treatment. After complete dispersion in the base liquid, the repulsion between
nanoparticles and the base fluid molecules increased the molecular spacing on the free
surface and acted to reduce the surface tension [38,39]. If the concentration of nanoparticles
was too high, the dispersion stability of the nanofluid was poor, which led to an increase
in the intermolecular force and viscosity, resulting in an increase in the contact angle. In
addition, the thermal conductivity and wetting performance of the nano-capsule nanofluid
were superior to those achieved with commercial CNTs at various concentrations. This was
because the nano-capsules had a stronger surface activity, more uniform dispersion, and
better stability in the base liquid [40,41]. Nanofluids with better thermal conductivity and
wetting properties can perform better heat transfer and permeation in the grinding area.

Figure 7 presents the effect of different contents of CNTs or nano-capsules on the
tensile strength and hardness. In Figure 7a, it can be seen that as the content increased, the
tensile strength exhibited a trend of first increasing and then decreasing. This is because the
surface activity of CNT particles is high and a large number of unsaturated residual bonds
and active groups on their surface cause them to undergo physical or chemical crosslinking
with resin, enhancing the bonding force at the material interface. Continuous addition of
CNTs may lead to problems with their aggregation, which reduces the cross-linking effect
and the binding strength. The optimal content of nanoparticles was about 5%, and when the
filling content was about 10%, the strength of the nano-capsule wheel was comparable to
that of a common wheel. The filling of nano-capsules had a more significant enhancement
effect on the strength and hardness due to the smaller aspect ratios of the nano-capsules
and the closer binding effect with the resin. As shown in Figure 7b, the hardness of the
wheel decreased with the increase in the content of the filler. When the content of the
nano-capsules was 16%, their tensile strength was about 8.2 MPa and their hardness was
52 HRE. Therefore, when the content was less than 16%, the conditions for applications
could still be met [42].
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Figure 7. Effect of content of CNTs and nano-capsules on tensile strength (a) and hardness (b) of
grinding wheels (* p ≤ 0.05).

CNTs@T304 nano-capsules may be damaged during the curing process. Therefore, it
is necessary for the nano-capsules to have certain stability and compatibility with the resin
during curing. From the thermal weight-loss curve of the nano-capsules in Figure 4a, it can
be observed that significant weight loss occurred only at temperatures above 200 ◦C, which
is sufficient to resist the curing temperature (160 ◦C). Figure 8a shows the infrared spectra
of the solidified tissues of the wheel. The peaks of 1628 cm−1, 2583 cm−1, 2924 cm−1,
and 3424 cm−1 in the nano-capsule spectra represented the absorption peaks of skeleton
vibration, C-H stretching vibration, C-H deformation vibration, and O-H bond stretching
vibration, respectively [43]. The first three peaks were present in the spectrum of the wheel,
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indicating that the skeleton structure of CNTs was not destroyed during the curing process,
which provided sufficient protection for the internal T304. Figure 8b shows an SEM image
of tissues of the wheel, which indicated that nano-capsules were distributed in the form of
clustered particles, with each particle acting as an oily capsule.
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Figure 8. FTIR (a) and SEM (b) analysis of wheel structure.

3.3. Grinding Force and Grinding Temperature

Figure 9a,b show the changes in grinding force and temperature, respectively, of a
wheel filled with CNTs or nano-capsules under MQL conditions of commercially available
emulsions, 0.5 wt.% CNT nanofluid, or nano-capsule nanofluid, respectively. It can be seen
that as the content of CNTs increased, the grinding force and grinding temperature during
the processing of CNT wheels first decreased and then slowed down. This is because the
structure of the CNTs was destroyed as the wheel wore during grinding, and the carbon
deposition film formed could play a certain role in reducing friction. However, the release
of excessive CNTs may hinder friction, resulting in little change in the grinding force and
temperature. The grinding force and temperature also decreased with the increase in the
content of the nano-capsules. When the nano-capsule content exceeded 12%, the change in
the grinding force and temperature was not significant. In addition, the grinding forces
or temperatures of the nano-capsule wheels were lower than those of CNT wheels under
different content. This was because the nano-capsules in wheels were damaged during
the grinding process and released T304, which forms a lubricating film in the grinding
area together with the friction products of CNTs, further reducing the grinding force
and temperature. The optimal content of nano-capsules in grinding wheels was about
12%, which could reduce the grinding force by an average of about 45% and the grinding
temperature by about 35% compared to common wheels. In Figure 9, when the same type
of grinding wheel was lubricated with different grinding fluids, nano-capsule nanofluids
presented the best effect on reducing the grinding force or temperature, followed by CNT
nanofluids, and commercially available emulsions had the worst effect.

Figure 10 shows the influence of the nanoparticle concentration of nanofluids on the
grinding force and temperature when grinding with CNT or nano-capsule wheels with a
filler content of 10 wt.%. It can be observed that, with the increase in concentration, the
grinding force or grinding temperature showed a trend of first decreasing and then slowly
increasing. When the concentration of CNTs was about 0.6 wt.%, the minimum grinding
force and grinding temperature could be obtained. When the concentration of nanoparticles
was low, fewer nanoparticles acted on the grinding zone and the grinding fluid failed to
exert lubrication and heat-exchange effects better, so the anti-friction and cooling effect
on the grinding zone was limited. When the concentration of nanoparticles was high, the
dispersion of nanoparticles in the base fluid was unstable and the nanoparticles would
appear to exhibit agglomeration, leading to a reduction in the nanoparticles actually
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entering the grinding area, leading to increased friction. Under different concentrations, the
nanofluids prepared with nano-capsules exhibited better lubrication effects. This is because
nano-capsules have better dispersion stability in the base fluid and the prepared nanofluids
are more uniform and consistent, making it easier to penetrate into the grinding area.
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Figure 9. Influence of filler content of wheels on grinding force (a) and grinding temperature
(b) (* p ≤ 0.05).
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Figure 10. Influence of concentration of nanoparticles in nanofluid on grinding force (a) and grinding
temperature (b) (* p ≤ 0.05).

3.4. Grinding Ratio and Workpiece Surface Roughness

The grinding ratio is the volume ratio of the removed metal to the wear of the grinding
wheel [44]. Figure 11a reveals the relationship between the grinding ratio and the change
in filler content. Due to the high hardness of GCr15 steel and the poor retention of resin
binder on abrasive particles, the grinding ratio of the wheel in this experiment was small
but within the normal range. As indicated in Figure 11a, the grinding ratios of CNT wheels
and nano-capsule wheels appeared to increase and then decrease as the filler content
increased. The highest values of the grinding ratio were 10% and 12%, respectively. When
less filler was added, due to the self-lubricating effect of the filler, the grinding ratio could be
improved. When the filler content was high, the hardness of the grinding wheel decreased
and the microstructure of the wheel became soft, resulting in a decrease in the grinding
ratio. Under the same experimental conditions, the grinding performance of nano-capsule
grinding wheels was about 35% higher than that of common grinding wheels on average,
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and 25% higher than that of CNT wheels. When the same type of grinding wheel was
lubricated with different nanofluids, nano-capsule nanofluids exhibited the best effect on
improving the grinding ratio, followed by CNT nanofluids, and commercially available
emulsions had the worst effect.
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Figure 11. Influence of filler content of wheels on grinding ratio (a) and surface roughness
(b) (* p ≤ 0.05).

Figure 11b shows the variation in the surface roughness of the workpiece after grinding
with different grinding wheels. The surface roughness values of workpieces ground with
CNT wheels or nano-capsule wheels decreased by approximately 10% and 15%, respectively,
compared to those ground with common wheels. For nano-capsule wheels, the surface
roughness of the workpiece tended to decrease with the increase in filling content. The
surface roughness of the workpiece is not only determined by the precision of the machine
tool and grinding wheel, but also influenced by the detachment of abrasive particles. When
grinding with common wheels, high grinding temperatures, high grinding forces, and
strong abrasive wear effect led to poor surface roughness of the workpiece. Grinding
wheels filled with nano-capsules could directly and effectively provide lubrication during
grinding, reducing abrasive wear, thereby reducing the grinding force and temperature
and improving the surface quality of the workpiece. In addition, due to the large pores
of the grinding wheels, grinding debris fills the pores and can cause further scratches
on the workpiece during the grinding process. However, for nano-capsule wheels, the
self-lubrication film formed can prevent the grinding debris from entering and causing
scratches on the workpiece, thereby improving the surface quality of the workpiece.

Figure 12 shows the effect of the content of CNTs or nano-capsules on the grinding ra-
tio and workpiece surface roughness. It can be seen that with an increase in the nanoparticle
content, the grinding ratio exhibited a certain trend of first increasing and then decreasing,
while the workpiece surface roughness showed a trend of first decreasing and then increas-
ing. When the content of additives was about 0.6%, the effect of the nanofluid on improving
the grinding ratio and reducing the workpiece surface roughness was more obvious. This
is because when the content of nanoparticles is low, there are fewer nanoparticles entering
the grinding area, which has a limited lubrication and polishing effect. When the content
is excessively high, it will lead to the agglomeration and precipitation of nanoparticles,
which will result in fewer nanoparticles entering the grinding area, causing insufficient
lubrication in the grinding area, the deterioration of the workpiece surface quality, and
the intensification of grinding-wheel wear. Nanofluids prepared from nano-capsules were
more effective in reducing the surface roughness than nanofluids prepared from acidified
CNTs. First, nano-capsules nanofluids more easily penetrate into the grinding area, and
more nanoparticles play an effective role. In addition, the molecular structure of nano-
capsules is destroyed during grinding, and T304 is released in the grinding area, forming
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a more sufficient and complex lubrication film, which gives the nanofluids prepared by
nano-capsules a better lubrication effect [45].
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Figure 12. Influence of concentration of nanoparticles in nanofluid on grinding ratio (a) and surface
roughness (b) (* p ≤0.05).

3.5. Effect of Grinding Speed on Grinding Performance

The influence of the change in grinding speed on the grinding force is shown in
Figure 13a. As can be seen, when other conditions remained unchanged, the grinding force
of different wheels decreased with the increase in speed. Under the same mass fraction, the
grinding force of CNT wheels was smaller than that of common wheels, while the grinding
force of nano-capsule wheels was the smallest. The impact of changes in the grinding
speed on the grinding temperature is shown in Figure 13b. It can be seen that under the
condition that other processing parameters remained unchanged, the grinding temperature
increased with the increase in the grinding speed. This is because as the speed increases, the
number of abrasive particles involved in grinding per unit time increases, which intensifies
the friction between the workpiece and the abrasive particles and results in an increase
in the grinding temperature. Under the same content, the grinding temperature of CNT
wheels was lower than that of common wheels, and the grinding temperature of nano-
capsule wheels is also the smallest, indicating that nano-capsule wheels are more effective
in reducing the temperature.
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Figure 13. Influence of grinding speed of wheels on grinding force (a) and grinding temperature
(b) (* p ≤ 0.05).
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In Figure 14a, the grinding ratio of the nano-capsule wheel was also the highest at
different grinding speeds. This is caused by the fact that during grinding, T304 is released
into the grinding area, forming a lubricating film between the abrasive particles and the
surface of the workpiece, which exerts a certain amount of lubrication. In addition, the
frictional state between the abrasive particles and the workpiece was improved due to
the CNT friction products, leading to a reduction in the grinding force and temperature,
resulting in lighter wear of the nano-capsule wheels. Moreover, due to the presence of
a self-lubrication film, it was not easy to cause chips sticking to the surface of the wheel,
as well as the resulting passivation of the wheel. The formation of a self-lubrication film
avoids the adhesion between abrasive particles and chips, reduces the adhesion, blockage,
and wear of the grinding wheel, and thus maintains the sharp cutting effect of the grinding
wheel. From Figure 14b, it can be observed that the surface roughness of the workpiece
decreased with the increase of the grinding speed. This is because the wheel is a multi-blade
tool, and the faster the speed, the more surface blades participate in cutting per unit time,
and the lower the thickness of each blade, resulting in a smaller surface roughness.
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Figure 14. Influence of grinding speed of wheels on grinding ratio (a) and surface roughness
(b) (* p ≤ 0.05).

4. Discussion of Lubrication Mechanism

Figure 15 shows SEM images of the workpiece after grinding with different grinding
wheels. It can be seen that the surface ground with common wheels was relatively rough,
and there were many deposits on it, which might be a transfer film formed by phenolic
resin [46]. The workpiece ground with CNT wheels was relatively smooth with less
sediment on it, while the surface was the smoothest when ground with nano-capsule wheels.
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To demonstrate the release process of T304 and the formation of a self-lubricating
layer on the surface of the workpiece during grinding, XPS energy spectrum analysis was
conducted on the main elements on the surface of the workpiece ground with different
wheels under MQL conditions of nanofluids. Figure 16 shows the XPS spectra of C, O,
and P elements on surfaces ground with different grinding wheels. The XPSPEAK 41
software was adopted to divide the peaks of the elements, and the fitted peaks and possible
corresponding groups were labeled in the graph. The relative atomic concentrations of the
elements are listed in Table 4. It can be seen that the peak shapes of the C1s and O1s energy
spectra on the surface of common wheels had a relatively homogeneous peak shape and
mainly belonged to the resin fragments adsorbed on the metal surface and the types of
elements in the iron oxide. This is because during the grinding process, the phenolic resin
fractures and falls off, and some of the fragments formed are carbonized and deposited on
the surface of the workpiece through adhesion.
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Figure 16. XPS energy spectra of C (a1–a4), O (b1–b4), and P (c1–c4) on the workpiece ground by
common wheel, wheel filled with CNTs, and wheel filled with nano-capsules under the lubrication of
CNT nanofluid and nano-capsule nanofluid.

Table 4. Relative atomic concentrations of the main elements on the workpiece surface ground with
different wheels.

Type of Steel Surface
Relative Content/%

C O Fe P

Common Wheel + CNT Fluid 20.31 35.13 44.56 —
CNT Wheel + CNT Fluid 30.17 29.76 40.07 —
NC Wheel + CNT Fluid 25.18 28.33 44.51 1.95
NC wheel + NC Fluid 27.86 32.71 37.05 2.38

In Figure 16(a2), compared to the surface of the workpiece ground with common
wheels, the proportion of fitting peaks representing C-N groups in the C1s spectrum on
the workpiece surface ground with CNT wheels decreased, while the proportion of fitting
peaks representing C/C-C groups increased. In Figure 16(b2), the proportion of fitting
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peaks representing C-O groups also decreased, indicating that the involvement of CNTs
in grinding led to a reduction in the adhesion of the resin on the surface [47]. In Table 4,
the relative atomic concentration of C1s on the workpiece surface ground with a CNT
grinding wheel was 16% higher than that of common wheel. This is because CNTs in
the grinding-wheel structure participate in the grinding process, reducing the adhesion
of resin fragments. CNTs themselves may also adsorb to the surface of the workpiece,
forming different lubrication layers. The molecular structure of CNTs was destroyed during
grinding, and the formed fragments could be deposited or adsorbed on the workpiece
surface, exerting an anti-friction effect. However, the polarity of hydroxyl groups in the
CNT molecules was weak and they could not be effectively and firmly adsorbed on the
surface of the workpiece, so the self-lubricating effect of CNT grinding wheels was not
significant [48].

In Figure 16(a3,b3), there are new peaks in the spectra of C1s and O1s on the surface of
the workpiece ground with the nano-capsule wheels. Among them, the binding energy
of about 288.8 eV and 533.8 eV should be attributed to the carbon and oxygen types in
C=O, respectively [49,50], and the presence of carboxyl groups in the molecular structure
of T304 proved that T304 was released and adsorbed to the workpiece surface. After
T304 was adsorbed on the surface of the workpiece, it was prone to frictional chemical
adsorption on the metal surface, thereby increasing the relative atomic concentration of
C and O elements, while the relative concentration of Fe decreased, as shown in Table 4.
In addition, there was a clear peak of P on the grinding surface of nano-capsule wheels,
while other grinding wheels did not appear, which fully proved the release of T304 during
the grinding process [51,52]. P was much higher in MQL grinding with the nano-capsule
nanofluid, indicating that the nanofluid effectively penetrated the grinding area and acted
as a lubricant.

Figure 17 shows the model of the contact area of the nano-capsule wheel during
grinding. The nano-capsules in the grinding wheel released T304 during grinding, which
acted together with CNT fragments on the surface of the workpiece to form a more sufficient
self-lubricating layer. It has three functions. The first is reducing friction, which provides
lubrication between the abrasive particles and the workpiece and reduces the friction
coefficient of the resin grinding tool. The second is anti-wear, reducing the adhesion
between abrasive particles and chips, reducing the adhesion, blockage, and wear of the
grinding tool, maintaining a sharp cutting effect, and improving the grinding ratio. The
third is a polishing effect, that is, preventing the grinding debris from entering and causing
scratches on the workpiece and improving the surface quality of the workpiece.
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Compared with current grinding wheels directly filled with solid lubricants, such as
the self-lubricating grinding wheel developed by Shaji et al. [14], the biggest advantage of
the grinding wheel prepared in this paper is that it can significantly improve the mechanical
strength of the grinding wheel, thereby increasing the grinding speed. This is because
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filling with solid lubrication can reduce the bonding strength of the bond, while the
CNTs@T304 nano-capsules developed in this article can increase the strength of the bond.
Compared with the capsule grinding wheels currently developed by Yamaguchi et al. [15],
the advantage of the grinding wheel prepared in this article is that it can achieve a uniform
release of lubricant, avoid the loss of liquid lubricant caused by the wheel rotation, and
thus achieve better cooling and lubrication. Compared with the newly developed grinding
wheel filled with cyclodextrin composites of Xu et al. [16], the nano-capsule grinding wheel
developed in this research can increase the strength of the wheel by 40%. The grinding force
and grinding temperature were reduced by 25% and 32%, respectively, and the grinding
ratio of the grinding wheel was increased by 26%.

Compared with the nanofluids prepared by other scholars using common nanoparti-
cles [6–11], the nano-capsules prepared in this paper are characterized by self-lubrication
and can significantly improve the dispersion stability, thermal conductivity, and tribological
properties of nanofluids. The nano-capsule nanofluid developed in this paper can improve
the thermal conductivity by 22% and tribological performance by 15% compared with
common nanofluids. The price of the CNT nano-capsules developed in this paper is about
800$/500 g, which may be much more expensive than ordinary graphite or MoS2 nanopar-
ticles. Therefore, cost is the main factor limiting the application of nano-capsules. In
addition, the current filling rate of nano-capsules is small, which limits the self-lubricating
performance of grinding wheels and nanofluids. Therefore, subsequent research needs to
continuously improve the filling rate, so that a better grinding performance of grinding
wheels and nanofluids will be achieved.

5. Conclusions

(1) CNTs@T304 nano-capsules are successfully prepared with a filling rate of about
25% and demonstrated to be thermally stable with TG and DSC analysis. Nanofluids
prepared with nano-capsules exhibit better thermal conductivity, dispersion stability, and
wetting properties.

(2) CNTs@T304 nano-capsules can adequately resist the curing temperature of the
wheel, and their structure is not damaged during the curing process. The mechanical
properties can meet the actual conditions when the filling amount is within a certain range.

(3) Compared with a common wheel, the grinding force and grinding temperature
were reduced by 24% and 28%, respectively, and the surface roughness of the workpiece
and the grinding ratio were increased by 18% and by 21%, respectively, when grinding
GCr15 steel with the nano-capsule wheel.

(4) As the grinding speed increases, the grinding force and temperature of nano-
capsule grinding wheels also tend to decrease, but the grinding ratio does not change much.
Lubrication with nanofluids could further reduce the grinding force, grinding temperature,
and surface roughness values.

(5) During the grinding process, T304 is released from the wheel filled with nano-
capsules, which adsorbs onto the surface of the workpiece and works together with CNTs to
form a lubricating layer. The surface layer in the contact area formed under the synergistic
effect acts to reduce friction, resist wear, and improve the surface quality.
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