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Abstract: The influence of damping and friction performance of grinding wheels on precision grinding
was explored for the first time. GO hybrid PU-modified PF copolymers were prepared by in situ
synthesis and adopted as a matrix for fabricating grinding wheels. FT-IR, DSC, TG, and mechanical
property tests showed the optimal modification when PU content was 10 wt% and GO addition
was 0.1 wt%. Damping properties were investigated by DMA, and tribological characteristics were
measured by sliding friction and wear experiments. The worn surfaces and fracture morphologies
of GO hybrid PU–PF copolymers were observed by SEM. Distribution of components on the worn
surfaces was explored by Raman mapping and EDS. The research results revealed that the PU
component tended to be dispersed around the edges of corundum abrasives acting as a buffer layer
of abrasive particles, which could provide micro-damping characteristics for abrasives, making the
grinding force more stable during precision machining and facilitating a smoother surface quality of
the workpiece.

Keywords: damping; tribological characteristics; graphene oxide; precision machining

1. Introduction

Precision machining is an important link in the development of contemporary sci-
ence [1] that plays a crucial role in contemporary high-tech fields and military and civilian
industries, especially in the field of electrical automation, such as ultra-large-scale inte-
grated circuits, high-precision disks, precision radars, missile fire control systems, precision
instruments, optical lens, copier drums, etc. [2–7]. Its development trend has been from
micrometer and submicron scales towards nanoscale processing technology [8–10]. In order
to achieve satisfactory machining accuracy, machine tools, especially grinding wheels, need
to have excellent dynamic performance and chatter avoided as much as possible [11,12].
Chatter in machining processes is strongly dependent on the dynamic compliance behavior
of the machine tool and workpiece. The critical cutting depth where chatter occurs is in
inverse proportion to the absolute value of the negative real part of the complex dynamic
compliance response function of the machine tool. Therefore, while designing a machine
tool, active damping systems should be designed to help avoid chatter of the machine
tool [13]. Numerical structural models were established to analyze the contribution of
vibration damping to machine tools [14]. Some scholars increased damping property by
mounting the abrasive rim of the wheel via a flexible coupling or by modifying the flexibil-
ity of the grinding wheel shaft device [15–17]. These attempts have been successful, and the
grinding accuracy and surface quality of the workpiece have been further improved. Since
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good damping characteristics have been proven to be beneficial for improving machining
results [18–23], in theory, improving the damping performance of the grinding wheel itself
could further improve the precision machining effect.

With excellent damping property, polyurethane (PU) has attracted much interest from
researchers for use in damping and vibration isolation [24–28]. It was widely explored
as a modifier to improve the damping performance of other polymer materials, such as
epoxy [29–34], polystyrene [35], poly(tetramethylene glycol) [36], vinyl ester resin/ethyl
acrylate [37], poly(vinylidene fluoride) [38], and so on. These studies achieved satisfactory
results, but there have been few reports on enhancing damping properties of phenol
formaldehyde resin (PF) by PU modification. As is well known, due to its excellent strength,
rigidity, heat resistance, wear resistance, and low cost, PF is widely used as a matrix material
for grinding tools. The drawback of PF grinding tools is the lack of damping, which is
not conducive to obtaining fine surface quality of a workpiece in precision grinding. We
attempted to improve the machining effect of the grinding wheel by increasing the damping
property of PF through PU modification.

On the other hand, the formation of a self-lubricating layer by adding lubricants can
reduce friction between the grinding wheel and workpiece, improving the surface quality
of a workpiece [39]. As far as lubricants are concerned, graphene oxide (GO) cannot be
ignored. The superior mechanical properties and high thermal conductivity of GO led to its
excellent tribology applications in polymer nanocomposites [40,41]. The atomically smooth
surface and weak van der Waals force between the GO layers eased interlayer sliding and
contributed to its self-lubrication characteristics [42,43]. Furthermore, our previous work
displayed that a 2D structure of GO with high specific surface area was also good for load
transferring [44,45].

In this paper, in order to enhance damping and vibration properties, PU-modified PF
copolymers were synthesized as the matrix of grinding wheels. GO was also introduced
into the system to improve the tribology and grinding performance of materials. We con-
ducted comprehensive characterization and tests of the GO hybrid PU–PF copolymers and
conducted precision grinding experiments, which showed excellent machining results. This
paper focuses on exploring the copolymers’ damping characteristics, friction performance,
and their impact mechanism on precision machining.

2. Experimental
2.1. Materials

Pre-polyurethane (PPU) with NCO content of 4% was supplied by Henan Institute
of Chemistry. Phenol was obtained from Chengdu Kelong Chemical Co., Ltd. (Chengdu,
China), formaldehyde (37%) and polyformaldehyde were supplied by Xilong Science Co.,
Ltd. (Chengdu, China), and hydrochloric acid (HCl) was purchased from Henan X.Z.C
Reagent Ltd. (Zhengzhou, China). Dibutyltin dilaurate was produced by Ningxia Lingshi
New Material Technology Co., Ltd. (Ningxia, China). All the materials were of analytical
purity and used without purification.

2.2. In Situ Synthesis of GO Hybrid PU–PF Copolymers

PU–PF copolymer was firstly synthesized as shown in Figure 1A. PPU, phenol, and
dibutyltin dilaurate catalysts were added to a flask and heated to 76 ◦C for 2 h. Then, the
temperature was reduced to 60 ◦C, formaldehyde was added to the flask (the mole ratio of
phenol to formaldehyde was 7:6), and a 25% HCl aqueous solution was added to the mixed
solution four times. The interval each addition was 1 h, and the reaction temperatures were
75 ◦C, 80–85 ◦C and 95 ◦C, each temperature lasting for 2 h. After the reaction reached the
end point, the product was put into a vacuum-drying oven and dried at 120 ◦C for 2 h. After
cooling, a light-yellow translucent solid was obtained. This procedure has been proved to
be effective in our previous research [46]. In that paper, a series of PU–PF copolymers with
PU content of 0 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt% were synthesized. Among them,
10 wt% content displayed the optimal mechanical properties, such as hardness, bending
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strength, and impact strength. As such, in this study, we selected 10 wt% PU content in the
PU–PF copolymer as the matrix of GO-hybridized copolymer.
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Figure 1. Scheme of synthesis of GO hybrid PU–PF copolymer (A) and fabrication of grinding
wheels (B).

As for the preparation of GO hybrid PU–PF copolymers, GO was synthesized from
graphite through a modified Hummers method according to our previous procedure [44,45]
and kept in deionized water as a suspension form. The GO suspension was directly mixed
with formaldehyde, and the other experimental procedures were the same as described
above. A series of GO hybrid PU–PF copolymers with different GO content of 0.05 wt%,
0.1 wt%, 0.15 wt%, and 0.2 wt% were synthesized. The resultant GO hybrid PU–PF
copolymer was black powder. Polyformaldehyde was added to the resultant powder as
curing agent.

Grinding wheels, as well as samples for mechanical and DMA testing, were fabricated
as shown in Figure 1B. GO hybrid PU–PF copolymers, corundum abrasive, and hollow ball
filler were mixed into the mold at a volume ratio of 4:5:1, heated to 110 ◦C in flat vulcanizer,
flattened and kept at 180 ◦C for 30 min, then demolded after natural cooling. Then, the
samples were secondary cured at 120 ◦C, 140 ◦C, 160 ◦C and 180 ◦C for 2 h.

2.3. Testing Methods

FT-IR (Shimadzu, IR Prestige-21, Kyoto, Japan) was employed to study the chemical
structure of GO hybrid PU–PF copolymer at a resolution of 0.5 cm−1. TG (Peking Optical In-
strument Factory, WCT-2, Beijing, China) and DSC (NETZSCH, 200F3, Selb, Germany) were
tested with a heating rate of 10 ◦C/min in air. Dynamic thermomechanical analysis (DMA,
NETZSCH, DMA242C, Selb, Germany) was used to investigate the dynamic mechanical
properties using the compassing mode at a frequency of 45 Hz and at a heating rate of
3 ◦C/min. Tensile strength and elongation were tested by a tensile instrument (Jinan Faen
Instrument Factory, WDW-S, Ji’nan, China) according to GB/T 528-1998 [47]. The bending
strength was tested by 3-point support mode. Tribology characteristics was studied by a
pin-on-disk friction wear testing machine (Lanzhou Zhongke Co., Ltd., Lanzhou, China,
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QG-700) at room temperature in dry conditions. The counterpart pin is fabricated by steel
with a diameter of 5 mm. The normal load and sliding speed were 0.4 MPa and 0.5 m/s,
respectively. Experimental data were collected during 60 min of wearing for disk-like sam-
ples with a diameter of 60 mm and a thickness of 5 mm. Precision machining experiments
were carried out using a CNC cylindrical grinder (MK1320C-500, Wuxi Yulin Machine Tool
Co., Ltd., Wuxi, China). The worn surfaces and fracture morphologies of GO hybrid PU–PF
copolymers were observed by SEM (Inspect F50, Thermo Fisher Scientific, Waltham, MA,
USA). Distribution of components in grinding wheels was revealed by energy-dispersive
spectroscopy (EDS). Chemical changes on the worn and unworn surfaces were explored via
Raman mapping (Thermo Fisher Scientific DXRxi Raman imaging spectrometer) at a laser
wavelength of 633 nm with laser energy of 4.3 MW. The wave-number range of Raman
spectra was 0–3000 cm−1 with a spectral resolution of 1 cm−1.

3. Results and Discussion
3.1. Fabrication of GO Hybrid PU–PF Copolymers

GO was synthesized by the same method as our previous research, and its charac-
terization results are given in papers published by our research group [44,45]. The GO
hybrid PU–PF copolymers prepared in this study were characterized by FI-IR, TG, and
DSC. Mechanical properties were also tested. The results are shown in Figure 2.

The FT-IR spectra of pure PF, PPU, GO, and GO hybrid PU–PF copolymer are shown
in Figure 2A. In the GO hybrid PU–PF copolymer spectra, strong C-H and -C=O stretching
vibration peaks in PU chains appeared at 2943 cm−1, 2860 cm−1 and 1708 cm−1, respectively,
but the stretching band of the isocyanate group (NCO) at 2274 cm−1 disappeared on the
spectra of GO hybrid PU–PF copolymer, implying the -NCO groups in PU completely
reacted with -OH groups in phenol.

The thermal stability of resulting nanocomposites was investigated by TG. The TG
curves of PU–PF (a), GO hybrid PU–PF copolymers with different GO weight content
0.05 wt% (b), 0.1 wt% (c), 0.15 wt% (d), 0.2 wt% (e), and GO (f) are shown in Figure 2B. Data
on characteristics are summarized in Table 1. It is obviously in Figure 2B that the curves
moved to the right with the increase in GO content, which meant an increase in thermal
stability. Both 20% and 50% weight-loss temperature were significantly increased with the
increase GO content. The semi-disassembly temperatures of GO hybrid PU–PF copolymers
with GO content of 0 wt%, 0.05 wt%, 0.1 wt%, 0.15 wt%, and 0.2 wt% were 528 ◦C,
543 ◦C, 565 ◦C, 580 ◦C, and 595 ◦C, respectively. This was attributed to strong intermolecular
interactions, such as hydrogen bonds or van der Waals forces, between PF, PU, and GO,
also acting as cross-linking points that could limit the movement of chain segments and
consequently enhance the thermal stability.

Table 1. Temperatures of 20% and 50% weight loss in PU–PF (GO 0 wt%) and GO hybrid PU–PF
copolymers with different GO content.

Weight-Loss Rate
GO wt%

0 0.05 0.1 0.15 0.2

20% 405 428 424 486 482
50% 528 543 565 580 595

The DSC curves of GO hybrid PU–PF copolymers with different GO content are shown
in Figure 2C. Melting peaks can be seen below 100 ◦C. The peaks that appear between
140 ◦C and 170 ◦C were considered to be curing reaction peaks. Table 2 shows the tem-
perature corresponding to the lowest point of the peak in Figure 2C, that is, the curing
temperature. As can be seen from Figure 2C and Table 2, when GO content was below
0.1 wt%, the curing temperature increased with the increase in GO content, but they tended
in the opposite direction when GO content were more than 0.1 wt%. The curing tempera-
ture reached the highest value of 159 ◦C when the GO content was 0.1 wt%. The reason



Coatings 2024, 14, 632 5 of 20

was conjectured as following: when GO content were below than 0.1 wt%, GO pieces
could be evenly intercalated between the PF and PU molecular chains, which resulted
in the enlargement of the space between PF and PU molecular chains, and the distance
between the reaction groups became further apart. What’s more, the GO intercalation
could also inhibit the movement of polymer molecular chains, so that the cross-linking
reactions were more difficult to generate, resulting in the increment of curing temperature.
When the GO content continued to increase, GO concentration became too high, resulting
in agglomeration and accumulation, so that it could not be evenly intercalated between the
polymer chains and begin to produce phase separation with the polymers, so the influence
on the distance between the reaction groups and the hindrance of the molecular chains was
weakened, and the cross-linking reaction was easier to occur, so the curing temperature
began to decrease with further increase in GO content.

Table 2. Curing temperatures of PU–PF (GO 0 wt%) and GO hybrid PU–PF copolymers with different
GO content.

GO Content 0 wt% 0.05 wt% 0.1 wt% 0.15 wt% 0.2 wt%

Curing
temperatures 148 ◦C 150 ◦C 159 ◦C 155 ◦C 154 ◦C

Mechanical properties test also displayed the same tendency. Figure 2D showed
bending strength and impact strength of GO hybrid PU–PF copolymers with different
GO content. Both bending strength and impact strength reached the maximum when the
GO content was 0.1 wt%. Compared to the PU–PF copolymer without the GO hybrid,
bending strength was enhanced by 14.8% and impact strength was enhanced by 18.8%.
This phenomenon confirms our previous suspicions. We believe that 0.1 wt% GO content
was optimal for the even intercalation of GO pieces in the PU–PF copolymer chains. The
unique layer structure of GO and the molecular interaction between GO and copolymer
chains effectively transferred the stress, reduced distortion and fracture, and thus improved
the mechanical properties, but too much GO hybrid caused agglomeration, resulting in
stress concentration, which led to the reduction in mechanical properties.
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Figure 2. FT–IR spectra (A) of pure PF (a), PPU (b), GO (c) and GO hybrid PU–PF copolymer (d), TG
(B), DSC (C) and bending/impact strength (D) of resultant materials.

3.2. Damping Property

DMA was detected at a frequency of 45 Hz, which corresponded to 35 m/s rotational
speed of the grinding wheel during precision machining. As shown in Figure 3A, the
rectangular shaded area lay in the range of the precision machining temperature. It can
be seen in this area that there is a huge peak on the curve of PU (a), which is completely
nonexistent on the curve of PF (c). But on the curve of PU–PF copolymer (b) that contained
10 wt% PU, a small peak appears. This peak resulted from the glass transition of PU, which
meant some segments on PU were able to move gradually. This result indicates that the PU
ingredients endowed the PU–PF copolymer with micro damping properties.
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Figure 3. Tan δ (A), energy storage modulus (B), and loss modulus (C)—temperature curves of PU,
PF, and PU–PF copolymer.

Figures 3B and 3C respectively, display the energy storage and loss modulus–
temperature curves of PU, PF, and PU–PF copolymer. The two graphs show the same
phenomenon in that both storage modulus and loss modulus of the copolymer were greater
than that of each homopolymer at room temperature. This meant that both elasticity and
viscosity of the copolymer had been significantly improved.

For different GO-content samples of GO hybrid PU–PF copolymers, it can be seen
in Figure 4A that glass transition peaks almost appear at room temperature, but no glass
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transition peak appeared on the curve of 0.2 wt% GO-content PU–PF copolymer. To
explore the reason, we checked their energy storage and loss modulus–temperature curves
(Figure 4B,C). It was found that an energy storage modulus of the 0.2 wt% GO-content
sample was the maximum in all the GO content samples tested, but its loss moduli were
lower than that of 0.1 wt% and 0.15 wt% GO-content samples. Since Tanδ is a quotient of
loss modulus and storage modulus, the Tanδ of 0.2 wt% GO content sample was reduced.
It was presumed that a large number of GO pieces intercalated in the copolymer chains
were able to transfer and store energy well, but GO sheets that were too rigid stacked the
links of the polymer and hindered the movement of the segments.
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Figure 4. Tan δ (A), storage modulus (B), and loss modulus (C)—temperature curves of GO hybrid
PU–PF copolymers with different GO content.

In Figure 4A, the difference in Tanδ is very small at room temperature, but was
significantly enlarged in the 100–150 ◦C zone. The maximum belonged to the sample of
0.1 wt% GO content, and the Tanδ values of samples of 0.15 wt%, 0.05 wt%, 0 wt%, and
0.2 wt% decreased sequentially. In fact, at this temperature range, the copolymers began
to soften and partial areas to melt, so some segments and molecules obtained enough
energy to move. Figure 4C indicates that the loss modulus of the 0.1 wt% GO-content
sample increased more significantly than other samples in 100–150 ◦C range, due to the
homogeneous dispersion of the GO pieces between the molecular chains creating a strong
intermolecular force that hindered the thermal movement of the molecular chains. By
comparison, we found the change trend in Tanδ of different GO content in the range of
100–150 ◦C was similar to that of DSC and mechanical properties. The experimental results
were mutually confirmed.

3.3. Tribological Character

Dry sliding behavior of PU, PF, and PU–PF with 10 wt% PU content and the GO
(0.1 wt%) hybrid PU (10 wt%)–PF copolymer during friction are displayed in Figure 5. It
can be seen that the PU curve exhibits great noise, The curve of the PU–PF copolymer is
very smooth, and the curves of PF and GO hybrid PU–PF copolymers are a little rough.
Average friction coefficients (COFs) were calculated and are listed in Table 3. The COF of
the PU–PF copolymer was 0.58, which lay in an intermediate position between pure PF
(0.3) and PU (1.03). With the aim of understanding the tribology mechanism, the worn
surfaces of sliding friction samples of PU, PF, PU–PF, and GO hybrid PU–PF copolymers
were detected by SEM, as shown in Figure 6. Figure 6a shows the morphology of the worn
surface of pure PU. It can be seen that the PU surface was damaged homogeneously. Only
some slim ridges were left when the counterpart was moved away. Signs of melting can be
seen on the edges of ridges. Evidently, the most of material on the surface has been worn
off and melt under frictional heat. The friction mechanism of PU was classified as adhesion
wear, since the surface was mainly damaged by viscous tearing. The friction force was
very unstable during the friction process, which could explain the great noise in the PU
sliding curve, while there were lots of fish scale-like protrusions on the worn surface of
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pure PF in Figure 6b, with slight peeling of the epidermis. Owing to outstanding thermal
stability, stiffness, and mechanical strength, the surface of PF resin was not easily destroyed.
Only on some microscopic protrusions was frictional resistance increased, leading to some
surface layers being scraped off. The fluctuation in frictional resistance was deemed to
be the reason that the sliding curve of PF in Figure 5 was relatively rough. Above all,
the friction mechanism of PU belongs to abrasive and fatigue wear mechanisms. On the
worn surface of the PU–PF copolymer in Figure 6c, more severe surface detachment has
occurred, and some relatively deep furrow traces appear in the detachment area. This
phenomenon was caused by the soft–hard phase-combination structure of PU–PF on the
surface, where the PF phase formed the hard region and the PU phase formed the soft
region. When the surface was exposed to the counterpart pressure, the PU soft region was
depressed via elastic deformation, while the PF hard region could not deform, so the hard
region was ploughed into the soft region by the counterpart pin. The situation was changed
by the addition of GO. As displayed in Figure 6d, the worn surface of the GO hybrid
PU–PF copolymer appeared relatively intact, with only some shallow scratches appearing.
Upon investigation, we believed that since the hybrid of GO enhanced the hardness and
strength of the whole PU–PF copolymer, the PU soft region was also reinforced, so its
surface resistance to friction damage was stronger. There were also lots of fish scale-like
protrusions on it, which induced uneven frictional resistance resulting in a relatively rough
sliding curve of the GO hybrid PU–PF copolymer in Figure 5.
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Figure 5. Sliding behavior curves of PU, PF, and PU–PF copolymers during wearing process.

Table 3. COFs of PU, PF, and PU–PF and GO hybrid PU–PF copolymers.

Resin Type PU PF 10%PU–PF 0.05%GO +
10%PU–PF

0.1%GO +
10%PU–PF

0.15%GO +
10%PU–PF

0.2%GO +
10%PU–PF

COFs 1.03 0.3 0.58 0.42 0.37 0.4 0.39

The dry sliding behavior of GO hybrid PU–PF copolymers with different GO content
is illustrated in Figure 7, with the COF curve in the inset. This indicates that COFs of the
copolymers were reduced by GO hybridization. When GO addition was 0.1 wt%, the COF
was at its minimum of 0.37. The specific wear rate (listed in Table 4) revealed the same
tendency with COFs. Likewise, the 0.1 wt% GO-content sample showed the lowest value
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(1.16 × 10−4 mm3/Nm), which was reduced by 73.5% compared with that of the PU–PF
copolymer without GO hybrid (4.38 × 10−4 mm3/Nm).

Table 4. Specific wear rate of PU, PF, and PU–PF and GO hybrid PU–PF copolymers.

Resin Type PU PF 10%PU–PF 0.05%GO +
10%PU–PF

0.1%GO +
10%PU–PF

0.15%GO +
10%PU–PF

0.2%GO +
10%PU–PF

Specific wear rate
(10−4 mm3/Nm) 53.44 3.13 4.38 2.77 1.16 1.7 1.89

An interesting phenomenon can be observed in Figure 7 where all the sliding curves of
GO hybrid PU–PF copolymers converge together independently of GO content, indicating
almost the same COF. This result was consistent with our previous research, and the
reasons for this are analyzed in detail in our previous published papers [44,45]. The most
important observation was that the identical steady friction coefficients of GO hybrid
PU–PF copolymers with different GO contents were derived from the same friction bodies
in the three-body friction model, which were composed of the GO-strengthened PU–PF
copolymer surface, the metallic counterpart, and the GO-wrapping polymer particles as
the wear debris in the transfer film.
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Figure 6. SEM pictures of worn surfaces of PU (a), PF (b), and PU–PF (c) and GO hybrid PU–PF
copolymers (d). (yellow arrows for ridges, white arrows for scales, red arrows for furrows).

To verify the observations above, the substance distribution on the worn surface of the
PU–PF copolymers with and without GO hybrid samples was tested by Raman mapping,
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as shown in Figure 8. Both tests were focused on the interface between friction and non-
friction areas. The two images present two completely different phenomena. There is a
uniform picture on the surface of PU–PF copolymers without GO hybrid in Figure 8A, with
no difference between the friction surface and non-friction surface. A small number of PU
components (blue dots) are evenly distributed in the PF matrix (red area). However, it is
completely different on the surface of PU–PF copolymers with GO hybrid in Figure 8B:
the components on the friction and non-friction surfaces are clearly different. The friction
area shows a large amount of GO component coverage. This result was consistent with
our previous research findings on GO hybrid PU–EP IPNs [44]. In the GO hybrid complex,
the GO components gathered on the friction surface to form a GO transfer film after a
period of friction, which meant the friction behavior changed from dry friction to boundary
friction. That could be another explanation for why the COFs of composites with different
GO content were very close.

By comparing the frictional performance of the GO hybrid PU–PF materials with those
of materials (GO hybrid PU–EP) in the literature [44,45], similar results were obtained,
which has beneficial theoretical value for the promotion and application of GO hybrid
composite materials in the field of friction and wear. Due to its superior strength and
heat resistance, the GO hybrid PU–PF material was more suitable for precision grinding
of difficult-to-machine metal materials such as bearing steel than the GO hybrid PU–EP
materials, so in this study, we explored the precision machining property of GO hybrid
PU–PF materials.
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Figure 7. Sliding behavior curves (inset: COFs) of GO hybrid PU–PF copolymers with different GO
content during wearing process.
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3.4. Precision Machining

Three types of grinding wheels were manufactured using pure PU, PU–PF, and GO
hybrid PU–PF as matrix material. Corundum was applied as abrasive, and for each matrix
type, three corundum particle sizes of w14, w10, and w5 were selected to manufacture
grinding wheels, respectively. Therefore, a total of nine grinding wheel samples were pre-
pared and machining tests were conducted on high-carbon chromium bearing steel GCr15
workpieces. The surface roughness (Ra) of the workpieces before and after machining was
measured using white-light interferometry, as shown in Figure 9. The resultant values
of surface roughness (Ra) are shown in Figure 10A. It was found that no matter which
particle-size grinding wheel was used for machining, the Ra of the workpiece was signif-
icantly reduced. The finer the particle size of corundum abrasive, the lower the surface
roughness of the workpiece. For grinding wheels of the same particle size, GO hybrid
PU–PF grinding wheels had the lowest Ra, followed by PU-modified PF. This was consis-
tent with our prediction. PU modification improved the damping and vibration reduction
performance of the grinding wheel matrix material PF. During the machining process, the
friction force between the grinding wheel and the workpiece was more uniform and stable,
resulting in uniform removal of micro-roughness on the workpiece surface, resulting in
lower surface roughness of the workpiece. The hybridization of GO further improved the
damping characteristics of the grinding wheel substrate material, and formed a transfer
film between the tool and the workpiece during the machining process, which further
reduced the grinding force and was more conducive to obtaining high-quality surfaces.
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After grinding with the GO hybrid PU–PF grinding wheel with a corundum particle size of
w5, the Ra value of the high-carbon chromium bearing steel GCr15 workpiece was reduced
to 29 nm, which was 35% lower than that of pure PF grinding wheels.
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Figure 9. White-light interference pattern on the surface of workpieces before (A) and after machining
by grinding wheels made of pure PF (a), PU–PF (b), and GO hybrid PU–PF (c) with corundum
particle sizes of w14 (B), w10 (C), and w5 (D).

In Figure 10B, the grinding sharpness of grinding wheels made of pure PF, PU–PF
and GO hybrid PU–PF copolymers with different corundum particle sizes (w14, w10, and
w5) are also evaluated. During the machining process, the reduction in diameter of axial
workpieces per unit time was used to measure the sharpness of the grinding wheel. The
results showed that the sharpness of both grinding wheels made of PU–PF and GO hybrid
PU–PF were much higher than that of pure PF, and the sharpness of the grinding wheel
made of PU–PF was the maximum.
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Figure 10. Surface roughness (Ra) of workpieces (A) and grinding sharpness (B) machined by
grinding wheels made of pure PF, PU–PF, and GO hybrid PU–PF copolymers with different corundum
particle sizes (w14, w10, and w5).

In order to explore the mechanism for improving the machining effect, SEM and EDS
mapping was conducted on the grinding surface of the grinding wheel with corundum
particle sizes of w14, as shown in Figure 11. By comparing with the images on the left, it can
be observed that there are significant differences in the grinding surfaces of the three types
of grinding wheels. For the grinding wheel made of pure PF, the grinding surfaces look
relatively flat and smooth. The grinding wheel of PU–PF appears somewhat uneven, with
many protrusions of corundum particles on the surface looking like mountain ridges. For
that of GO hybrid PU–PF, it became rougher with many micro-gaps, and the EDS mapping
graph (Figure 11(Cb)) shows that the corundum abrasive was more evenly wrapped by
the resin. The formation cause could be very complex. It may be related to the viscosity
and interactions between components. We will carry out further research specifically on
this issue. However, the morphology described above could well explain the difference
in sharpness of the grinding wheels. The mountain ridges formed by corundum particle
edges just like blades cut the workpiece sharply, allowing the substance on the surface of
the workpiece to be quickly ground off. As for the slightly lower sharpness of GO hybrid
PU–PF grinding wheels compared to that of PU–PF, the reason was speculated to be that
the lubricating effect of GO reduced the grinding force to a certain extent, which resulted
in the reduction in sharpness.
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Figure 12 displays Al and N element distribution maps of grinding wheels made
of PU–PF and GO hybrid PU–PF. The N element came from -NCO groups in PU chains,
and Al from the corundum abrasive (Al2O3). For the N element distribution maps in
Figure 12(Ab,Bb), one can see upon careful observation that both images show that the N
atoms are not uniformly dispersed outside the corundum region, but arranged in a linear
pattern. Also, the contour profile matches the edge position of the corundum abrasive to a
large extent. After analysis, we speculated that this was caused by the strong intermolecular
forces generated from carbonyl and amino groups in the PU molecular chain and the Al-O
bond on the surface of the corundum abrasive, since all of them possess strong polarity.
As such, the PU component tended to be dispersed around the edges of the corundum
abrasive, acting as a buffer layer of abrasive particles, as depicted in Figure 13. This
distribution provided micro damping characteristics for the abrasive, which could play
a role in buffering the grinding force on the abrasive, making the grinding force on the
workpiece more stable during precision machining and thus achieving smoother surface
quality of the workpiece. This discovery has great significance and provides a scientific
basis for the design and fabrication of precision machining tools.
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4. Conclusions

To understand the influence of damping and friction performance of grinding wheels
on precision grinding, GO hybrid PU-modified PF copolymers were prepared by in situ
synthesis. The optimal performance of the copolymer was achieved when the PU addition
was 10 wt% and the GO addition was 0.1 wt%. With this ratio, the bending strength of 0.1%
GO hybrid PU–PF was increased by 14.8% and the impact strength was increased by 18.8%
compared to the PU–PF copolymer without GO hybrid. DMA results displayed small glass
transition peaks on the curve of PU–PF and GO hybrid PU–PF copolymers, which meant
the PU ingredients endowed the modified PF micro damping properties.

The sliding behavior of the GO hybrid PU–PF copolymers was displayed when GO
addition was 0.1 wt% and the COF was at its minimum of 0.37. COFs of the copolymers
with different GO content were very similar. Likewise, the 0.1 wt% GO-content sample
obtained the lowest value, 1.16 × 10−4 mm3/Nm, which was 73.5% less than that of the
PU–PF copolymer without GO hybrid (4.38 × 10−4 mm3/Nm).

Grinding wheels were manufactured using pure PU, PU–PF, and GO hybrid PU–PF
as matrix material. Machining tests were conducted on high-carbon chromium bearing
steel GCr15 workpieces. GO hybrid PU–PF grinding wheels significantly reduced the
surface roughness of the workpiece. The sharpness of both grinding wheels made of PU–PF
and GO hybrid PU–PF was much higher than that of pure PF. Raman mapping images
provided favorable evidence for the formation of GO transfer film during the friction
process. EDS mapping revealed the PU component tended to be dispersed around the
edges of the corundum abrasive, acting as a buffer layer of abrasive particles. It was
supposed to provide micro damping characteristics for abrasives, making the grinding
force more stable during precision machining and facilitating smoother surface quality of
the workpiece. This discovery provides a scientific basis for the design and preparation of
precision grinding tools.
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