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Abstract: Diamond tools are extensively used in ultra-precision machining due to their exceptional
performance. However, when machining challenging materials like Ti6Al4V, diamond tools expe-
rience significant wear due to poor machining properties and catalytic effects. Tool wear not only
impacts machining quality but also escalates machining costs and energy consumption. Cutting
fluids are commonly employed to mitigate interfacial reactions and suppress tool wear. However,
traditional cutting fluids are difficult to penetrate the cutting area and have limited lubrication
and cooling capabilities. Therefore, in this paper, a technique combining graphene nanofluid and
minimum-quantity lubrication (MQL) is used to suppress diamond tool wear. Firstly, micro-milling
experiments for Ti6Al4V alloy are conducted using diamond tools in the graphene nanofluid MQL
and under a dry environment. The experimental results show that tool wear is effectively suppressed
by graphene nanofluids. Subsequently, the cutting process in both environments (graphene nanofluid
MQL, dry) is simulated. The suppression mechanism of graphene nanofluid MQL for diamond
tool wear is evaluated from phase transition, atomic transfer process, and amorphous behavior of
diamond structure. The simulation results show that the contact characteristics, cutting force, and
cutting temperature are improved by graphene nanofluids. Tool wear is effectively reduced. In
addition, the removal efficiency of workpiece materials has also been improved. This work provides
a technical basis for exploring the application of graphene nanofluids in diamond tool damage
suppression and micro-milling.

Keywords: diamond tool; graphene nanofluid; minimum-quantity lubrication; wear mechanism

1. Introduction

Ti6Al4V alloys, with exceptional specific strength, superior corrosion resistance, and
high-temperature strength, have been extensively utilized in diverse industries, including
aerospace and biomedical engineering [1,2]. As technological advancements persist, there
is a growing need for titanium alloys that exhibit increased resistance to high tempera-
tures and enhanced strength. Alloying elements are added to the substrate to enhance
its mechanical properties. According to the difference in microstructure, titanium alloy
can be divided into α titanium alloy, β titanium alloy, and α + β titanium alloy [3–6].
Ti6Al4V (TC4) is one of the most widely used α + β titanium alloys with excellent overall
performance. With the rapid development in aerospace, defense technology, and micro-
electronics, Ti6Al4V alloy microparts with high precision and complex shapes are urgently
needed. For example, engine blades [7], metal hydrogen storage materials [8], boosters, and
compressors [9]. However, with the traditional machining technology and equipment, it is
difficult to achieve high precision, even with the high-efficiency processing of micro and
small parts. The development of micro-cutting technology has become an inevitable choice.

Micro-milling has become one of the most widely used processes for micro-scale
manufacturing due to its ability to machine workpieces with high precision and complex
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surfaces [10]. However, the traditional underlying theories and methods no longer ap-
ply to micro-milling. Especially when machining difficult-to-machine materials such as
Ti6AI4V by micro-milling, the rapid tool wear makes the production cost higher and the
machining surface quality poorer [5,11,12]. The diamond tool is preferred as the material
of choice for micro-milling tools due to its excellent physical properties. It can achieve high
precision and mirror surface machining of parts [13,14]. However, diamond tools are also
subject to wear and tear, affecting machining accuracy and quality and increasing energy
consumption [15–17]. More importantly, the tool wear is also accelerated by the catalytic
behavior of the transition elements on the diamond [18–20]. Therefore, it is crucial to
reveal the failure mechanism of diamond tools and propose suppression measures. Zhang
et al. [21] performed ultrasonic vibration cutting experiments on titanium alloys. The effect
of cutting parameters on tool wear was explored. The results show that the amplitude
and frequency of tool vibration are the most important factors affecting tool wear, the
feed is a secondary factor on tool wear, and the depth of cut has the least effect on the
amount of wear. Zareena et al. [22] investigated the mechanisms of tool wear involved in
the ultra-precision machining of titanium. Graphitization from the characteristics of the
tool, chip, and workpiece was found to be the mechanism that triggers tool wear. Park
et al. [23] explored the wear mechanism of diamond drilling carbon fiber-reinforced plastics
stacked on titanium. The diamond tools showed less titanium adhesion but a significant
amount of cutting-edge chipping. Abrasion of carbon fibers and hard inclusions in Ti and
adhesion of titanium was found to be the main tool wear mechanisms.

In order to improve tool life, scholars have proposed several auxiliary machining
methods to suppress tool wear. Combining MQL with other techniques is considered one
of the most effective methods. Gonzalez et al. [24] proposed a new lubrication technique
for CO2 + minimum-quantity lubrication. They found that cryogenic technology makes
the use of PCD tools feasible, avoiding problems derived from the reactivity of Ti6Al4V
alloy with this type of cutting tool. In addition, the machining process of carbon steel [25],
Inconel 718 [26], Haynes 263, and Inconel 718 superalloys [27] has also shown that this new
technology has excellent results in reducing tool wear and is more environmentally friendly.
As another type of lubrication, the combination technology of nanofluid + MQL is also
widely used. Nanofluid applications are widely used to improve the wear resistance and
machining performance of tools [28,29]. It includes mainly base fluid and nanoparticles. The
nanoparticles are mainly multi-walled carbon nanotubes [30], molybdenum disulfide [31],
and graphene nanoparticles [32]. Among them, graphene nanoparticles are considered
the first choice of additives for nanofluids due to their excellent thermal conductivity,
lubricating properties, and chemical inertness [33,34]. Rakesh et al. [35] investigated the
machining performance of nickel-based high-temperature alloys under graphene nanofluid.
The results showed that tool wear was effectively suppressed by graphene nanofluid. The
machining performance was best at 0.5 wt% graphene nanofluid with minimum tool wear.
Anandan et al. [36] performed turning experiments on M42 steel in a graphene nanofluid
environment. Graphene nanofluid significantly reduced surface roughness by 91%, tool
wear by 95%, and cutting temperature by 82%. Recent advances in nanofluids in milling,
turning, and grinding processes are summarized by Kursus et al. [37]. The results show
that nanofluids are superior to other cooling and lubrication techniques. It improves the
surface finish and reduces the cutting temperature, cutting force, and tool wear during
machining. However, more research is still needed to determine their applicability in real
industry, especially for using nanofluids in milling processes.

However, graphene nanofluid has been shown to possess excellent lubrication and
machining properties in the machining of various materials. Additionally, less research
has been conducted on applying the micro-milling of Ti6Al4V alloy with diamond tools.
Therefore, this study researched the micro-milling of Ti6Al4V alloy with diamond tools
under graphene nanofluid lubrication. First, graphene nanofluid milling experiments were
performed. The tool wear state was characterized by scanning electron microscopy. The in-
hibitory performance of the nanofluid on tool wear was clarified. Next, cutting simulations
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under a nanofluid environment were constructed based on the working conditions. The
lubrication mechanism and the suppression mechanism of the catalytic effect of graphene
on the diamond were revealed from the atomic perspective.

2. Experimental and Simulation Methods
2.1. The Micro-Milling Process

Ti6Al4V micro-milling experiments were performed three times on a 5-axis KERN-
EVO machining center, as shown in Figure 1. The processing environment was configured
for MQL of graphene nanofluid at room temperature. In order to verify the suppression
performance of graphene nanofluids on tool wear, dry micro-milling was also performed
under the same working conditions. Although only dry and graphene nanofluid conditions
were tested in the micro-milling experiments and not pure base fluid (deionized water),
related studies have confirmed that the lubrication and cooling performance of pure base
fluid is inferior to that of graphene nanofluid [38]. This is mainly because the graphene
nanoparticles, added as modifiers in the nanofluid, play a dominant role in determining the
properties of the nanofluid [39]. Therefore, pure base fluid experiments were not conducted.
More importantly, the regulation mechanism between the tool–workpiece interface was
aimed to be revealed by this study rather than to compare the performance between
water and graphene nanofluid. Consequently, the suppression mechanism of graphene
nanofluid on tool wear and interface regulation mechanism was concentrated on in this
study. The machine tool exhibits linear travel distances of 300 mm, 280 mm, and 250 mm
along the X, Y, and Z axes, respectively, with a resolution of 0.1 µm. The annealed Ti6Al4V
workpiece is divided into square-shaped pieces measuring 50 mm × 60 mm to facilitate the
clamping of the workpiece. The vertical single-edged tool made of artificial monocrystalline
diamond is employed for machining. This is mainly due to the higher hardness and lower
friction coefficient of diamonds compared to conventional tools such as carbide tools. More
importantly, diamond tools can be sharpened to nano-level precision to achieve extreme-
parts manufacturing. It can meet the need for higher productivity [24]. The tool has a
diameter of 1 mm and a cutting-edge length of 3 mm. The whole experiment involves two
main parts. Firstly, the preparation of stable graphene nanofluid and the construction of
the supply system. The cutting fluid in this study is a water-based graphene nanofluid
with a mass fraction of 0.2% prepared by a two-step method, and the full dispersion of
graphene nanoparticles in ion-free water is achieved by mechanical stirring and ultrasonic
vibration, as shown in Figure 1c. In order to reduce the potential health hazards of graphene
nanoparticles during the preparation and use of nanofluids, personal protective measures
such as respiratory protective devices, protective clothing, and gloves should be promptly
taken. In addition, when disposing of used graphene nanofluid waste, laboratory safety
regulations should be strictly followed for disposal and recycling.

The MQL device injected the prepared graphene nanofluid into the cutting area, as
shown in Figure 1d. To ensure the stability of the graphene nanofluid, it is used immediately
after preparation. The MQL system operates with an air pressure of 0.5 MPa and a nozzle
injection rate of 2.5 mL/min. Double nozzles are used in this study. Finally, the diamond
micro-milling process of Ti6Al4V was carried out under the environment of MQL of
graphene nanofluid. The spindle speed and feed rate were 94.2 m/min and 0.025 m/min,
respectively. The milling path was cyclic end milling with a 100 mm cycle. The milling
depth was 50 µm. During machining, the worker should wear protective clothes according
to the requirements. Moreover, to solve worker health, always ensure that the hatch of the
machine tool is closed to avoid the splashing of liquid from the MQL equipment. After
processing, the machine tool should be cleaned under good safety protection measures,
and the waste liquid should be disposed of according to the relevant requirements. The
sealed waste liquid should be handled centrally and professionally.
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Figure 1. Experimental and simulation setup. (a) KERN-EVO machining center; (b) Machining
platforms; (c) Graphene nanofluid; (d) MQL system; (e) Cutting simulation in a dry environment;
(f) Cutting simulation in the graphene nanofluid.

2.2. MD Simulation Model

An atomic-scale analysis based on molecular dynamics was performed to investigate
the suppression mechanism of graphene nanofluid on diamond tool wear. The molecular
dynamics (MD) simulations are executed using the large-scale atomic parallel simulator
(LAMMPS) [40]. Figure 1e shows the cutting model without graphene nanofluid, mainly
consisting of a Ti6Al4V workpiece and diamond tool, i.e., dry cutting. The workpiece
comprises 112,073 atoms with dimensions of 200 Å, 100 Å, and 100 Å along the X, Y, and Z
directions, respectively. In order to keep the structure stable and prevent the workpiece
from moving during the cutting process, the bottom and the left two atomic layers of the
workpiece are set as boundary atoms. The two atomic layers near the boundary layer
are thermostatic layers for the thermal equilibrium regulation of the system, and the
model system is set to a Nose–Hoover. The remaining atoms obey the Newtonian layer of
Newton’s second law, which is used to respond to the mechanical properties of the material,
i.e., the simulated system synthesis is an NVE ensemble [41–43].

The tool geometry is considered in the experiments when creating the tool model.
The tool edge in the experiment is sharp rather than rounded. Therefore, the tool model
is created for the simulation with a rake and rear angles of 0◦ and 9◦, respectively. The
tool is a diamond structure containing 9700 atoms and a lattice constant of 3.57. Consistent
with the division of the atomic layers of the workpiece, it is also divided into the boundary,
thermostatic, and Newtonian layers, respectively. The boundary layer is maintained to
ensure structural stability and subjected to a velocity in the negative x direction to achieve
the cutting process [44]. The actual machining situation was considered when creating the
graphene nanofluid model. Part of the graphene particles are free at the tool edge during
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machining, and the other part acts directly on the cutting edge. Among them, the graphene
acting on the cutting edge is an important factor in suppressing tool wear. Therefore, the
model is simplified to a graphene nanofluid cutting model acting directly on the cutting
edge, as shown in Figure 1f. In contrast to dry cutting, the simulated environment is a
nanofluidic environment composed of water molecules and graphene nanosheets, and
the nanofluid filling is achieved by deposition. The detailed parameters of the model are
shown in Table 1. The Nose–Hoover controlled the temperatures of water and graphene
to simulate the heat exchange effect of the cutting fluid. For the reliability of the analysis,
other settings are the same as for dry cutting. The simulations are first performed using
the conjugate gradient method for energy minimization to optimize the model structure.
Next, a relaxation process is performed under the NVT ensemble to ensure the model
reaches equilibrium. Finally, the tool boundary layer atoms are given a constant speed
of 20 mm/s along the negative x-axis direction to achieve the cutting process. The time
step is 0.001 ps. In order to eliminate the effect of size on the simulation results, the x
and y directions are set to periodic boundary conditions, and the z direction is set to fixed
boundary conditions [45]. The open-source software Ovito does all visualization operations
after the cutting simulation [46].

Table 1. System parameters of the cutting simulation.

Parameters Value

Tool lattice structure Diamond (single crystal diamond)
Workpiece lattice structure HCP and BCC (Ti6Al4V alloy)

Total number of atoms in the workpiece 112,073
Total number of atoms in the tool 9700

Nanofluid type Water-based graphene nanofluid
Cutting depth 15 Å
Cutting speed 2 Å/ps
Cutting length 200 Å

Equilibration temperature 300 K
Time step 0.001

Selecting an appropriate potential function to depict the atomic interactions in molec-
ular dynamics simulations accurately is significant. Many researchers have done consider-
able research in the simulation of titanium alloys and diamond structures. The descriptions
for titanium alloys are mainly the embedded-atom method potential (EAM) [47]. The
structure of diamond and graphene is mainly described by LCBOP, Tersoff, and AIREBO
potentials [48–50]. In this paper, the Ti, Al, and V interatomic interactions are depicted by
the EAM potential [51]. The interactions between the C atoms of diamond and the C atoms
of graphene and between diamond and graphene are described by the LCBOP potential.
In addition, the Ti–C interactions are described by the comb3 potential function, and the
morse potential characterizes Al-C and V-C. Van der Waals forces describe the potential of
the remaining atoms and water molecules.

3. Results and Discussion
3.1. Suppression Performance of Graphene on Tool Wear

There are significant differences in structural form and dimensions between the single-
edged micro-milling and traditional multi-edged tools. Criteria for evaluating the wear
of micro-milling tools cannot be generalized. In this study, the contact area between
the bottom face of the tool and the workpiece is the largest, and the most severe wear
behavior is observed on the bottom surface. Therefore, the wear on the bottom face is
only observed in subsequent analyses to determine the wear state of the tool. Figure 2
shows the wear morphology of the tool after machining 2000 mm under dry and graphene
nanofluid conditions. The machining parameters are kept constant for both environments
(spindle speed: 30,000 rpm, feed rate: 25 mm/min, depth: 50 µm). Although diamond
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tools are extremely hard and wear-resistant, wear behavior is discovered when machining
difficult materials such as Ti6Al4V, as shown in Figure 2b. In order to observe the tool wear
morphology more clearly, the wear area is enlarged, as shown in Figure 2d,e. The wear
morphology under the dry conditions shows that the workpiece material adheres to the
bottom surface of the cutter tool, i.e., adhesive wear. It is mainly due to the adsorption
of workpiece atoms by the tool atoms under the coupling effect of high shear stress and
mechanical heat [52]. During the micro-milling process, the tool face undergoes friction and
compression from the chips and workpiece, resulting in tool scratching. More importantly,
the depth of scratches on the tool is exacerbated by the hard points of the workpiece, which
ultimately leads to abrasive wear of the tool. In addition to the adhesive and abrasive wear,
micro-chipping is observed in the cutting area. The observed phenomenon deviates from
the progressive wear pattern typically observed in traditional tools. Instead, it exhibits a
distinct cliff-like formation of cracks and chips. This distinctive behavior can be attributed
to the inherent characteristics of diamond tools, which are characterized by their hardness,
brittleness, and low coefficient of thermal expansion.
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The tool wear morphology under graphene nanofluid MQL is shown in Figure 2c,e.
Compared to the dry state, there is an improvement in the size of the tool wear area and
the form of wear. When graphene nanofluid is introduced during the machining process,
the wear area on the bottom tool face is significantly reduced. Furthermore, the adhesive
layer is found only at the tip. The results suggest that graphene nanofluid suppresses tool
wear and improves the frictional characteristics of the tool–workpiece contact interface.

3.2. Dynamic Evolution of Tool Wear during Cutting Simulation

In order to examine the dynamic evolution process of tool wear suppression facilitated
by graphene nanofluid, an analysis of the atomic-scale dynamic evolution process of
tool wear was conducted using molecular dynamics, as shown in Figure 3. First, cutting
simulation conditions were performed under graphene nanofluid. Next, cutting simulations
were conducted under dry conditions to investigate the wear suppression effect of graphene
nanofluid. The workpiece atoms and water molecules were removed to facilitate the
observation of the tool atom wear process. The atomic structure of diamond tools is
analyzed using the diamond structure identification method. The blue atoms represent the
diamond structure, the purple atoms represent the graphene structure, and the gray atoms
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represent the amorphous C atoms. Figure 3(b1–b5) represents the morphology of tool
wear under dry cutting at different cutting distances. The results show that although the
hardness of the diamond is much higher than that of Ti6Al4V, the diamond still undergoes
structural transformation behavior, i.e., tool wear. Similar results have been found in cutting
other materials [53,54]. As the machining distance increases, the tendency of diamond
structure atoms to transform into amorphous carbon is intensified. It indicates that the
service life of diamond tools is also limited. The diamond C-C bond is broken under impact
loading and mechanical-thermo-chemical reactions.

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW  7  of  13 
 

 

tool wear under dry cutting at different cutting distances. The results show that although 

the hardness of the diamond is much higher than that of Ti6Al4V, the diamond still un-

dergoes  structural  transformation  behavior,  i.e.,  tool wear.  Similar  results  have  been 

found in cutting other materials [53,54]. As the machining distance increases, the tendency 

of diamond structure atoms to transform into amorphous carbon is intensified. It indicates 

that the service  life of diamond tools  is also  limited. The diamond C-C bond  is broken 

under impact loading and mechanical-thermo-chemical reactions. 

The tool wear is accelerated, especially by the mechanical-thermo-chemical reaction, 

mainly attributed to the catalytic effect of Ti6Al4V alloy on the diamond. The transition 

elements can catalyze the phase change of the diamond structure. Moreover, the amor-

phous C atoms diffuse into the workpiece layer, i.e., diffusion wear. In order to suppress 

the damaging behavior of the workpiece on the tool, a graphene nanofluid is introduced 

during the machining process. Figure 3(a1–a5) represent the tool wear process under gra-

phene nanofluid. The tendency of tool wear area reduction is observed. When the model 

nanofluid is present, the cutting tool changes to a combination of graphene and diamond. 

The graphene structure is more stable and has high thermal conductivity, thus protecting 

the diamond tool. The nanofluid impedes the impact and catalytic effect of the Ti6Al4V 

alloy workpiece on the tool. As a result, the number of amorphous C atoms is reduced by 

the action of graphene nanofluid, and tool wear is suppressed. 

 

Figure 3. Dynamic evolution of tool wear. (a1) Initial state of the nanofluid model. (a2) Cutting dis-

tance of 44 Å. (a3) Cutting distance of 88 Å. (a4) Cutting distance of 132 Å. (a5) Cutting distance of 

176 Å. (b1) Initial state of the dry model. (b2) Cutting distance of 44 Å. (b3) Cutting distance of 88 

Å. (b4) Cutting distance of 132 Å. (b5) Cutting distance of 176 Å. 

3.3. Thermal Fluctuations during Cutting Simulation 

In machining, the contact interface between the tool and the workpiece experiences 

shear and plastic deformation due to friction,  leading to heat generation. Although the 

chips carry away part of the cutting heat, most are still stored in the workpiece. Especially 

when machining Ti6Al4V alloy with low thermal conductivity, it is difficult to diffuse the 

chip heat in time, so the temperature in the cutting area gradually accumulates. Increased 

temperature will increase tool wear, surface roughness, and changes in workpiece prop-

erties. During  the utilization of diamond  tools, controlling  the cutting  temperature  is a 

crucial factor in ensuring the service life of the tool. The structure of the diamond is easily 

disrupted at high temperatures. It causes the way the carbon atoms are bonded to be al-

tered so that the otherwise very hard diamond material becomes relatively soft. The orig-

inal hardness and wear resistance are reduced. To  investigate the suppression effect of 

Figure 3. Dynamic evolution of tool wear. (a1) Initial state of the nanofluid model. (a2) Cutting
distance of 44 Å. (a3) Cutting distance of 88 Å. (a4) Cutting distance of 132 Å. (a5) Cutting distance of
176 Å. (b1) Initial state of the dry model. (b2) Cutting distance of 44 Å. (b3) Cutting distance of 88 Å.
(b4) Cutting distance of 132 Å. (b5) Cutting distance of 176 Å.

The tool wear is accelerated, especially by the mechanical-thermo-chemical reaction,
mainly attributed to the catalytic effect of Ti6Al4V alloy on the diamond. The transition
elements can catalyze the phase change of the diamond structure. Moreover, the amorphous
C atoms diffuse into the workpiece layer, i.e., diffusion wear. In order to suppress the
damaging behavior of the workpiece on the tool, a graphene nanofluid is introduced
during the machining process. Figure 3(a1–a5) represent the tool wear process under
graphene nanofluid. The tendency of tool wear area reduction is observed. When the
model nanofluid is present, the cutting tool changes to a combination of graphene and
diamond. The graphene structure is more stable and has high thermal conductivity, thus
protecting the diamond tool. The nanofluid impedes the impact and catalytic effect of the
Ti6Al4V alloy workpiece on the tool. As a result, the number of amorphous C atoms is
reduced by the action of graphene nanofluid, and tool wear is suppressed.

3.3. Thermal Fluctuations during Cutting Simulation

In machining, the contact interface between the tool and the workpiece experiences
shear and plastic deformation due to friction, leading to heat generation. Although the
chips carry away part of the cutting heat, most are still stored in the workpiece. Especially
when machining Ti6Al4V alloy with low thermal conductivity, it is difficult to diffuse the
chip heat in time, so the temperature in the cutting area gradually accumulates. Increased
temperature will increase tool wear, surface roughness, and changes in workpiece prop-
erties. During the utilization of diamond tools, controlling the cutting temperature is a
crucial factor in ensuring the service life of the tool. The structure of the diamond is easily
disrupted at high temperatures. It causes the way the carbon atoms are bonded to be altered
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so that the otherwise very hard diamond material becomes relatively soft. The original
hardness and wear resistance are reduced. To investigate the suppression effect of graphene
nanofluid on temperature, the thermal effect was analyzed during the molecular dynamics
cutting simulation. Figure 4 shows the variation process of cutting temperature of the
tool and workpiece with machining distance. The cutting temperature variation processes
under dry and graphene nanofluid are represented by red and black curves, respectively.
Under dry conditions, the cutting heat of the tool undergoes significant fluctuations. The
cutting temperature shows a trend of increasing at the beginning and then decreasing with
the increase in cutting distance and a more stable trend at the end. The tool is forced into
full contact with the workpiece as the cutting distance increases. The cutting motion of
the tool becomes stable. The average cutting temperature at this time is about 600 K. The
cutting temperature in the graphene nanofluid environment is smoother relative to the
dry cutting. The average cutting temperature gradually rises to equilibrium as the cutting
distance increases. At this point, the maximum cutting temperature is 466 K. Both the
peak and fluctuation are mitigated compared to dry cutting. Simulation results show that
graphene nanofluid effectively suppresses the process of high-temperature transfer from
the contact area to the tool. The stability of the diamond structure was ensured. Thus,
the graphene nanofluid improved the thermal vibration state of atoms in the diamond
structure and suppressed the distortion and breakage of C-C bonds.
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In addition, the average cutting temperature of the workpiece was also analyzed,
as shown in Figure 4b. The cutting temperature in both working conditions showed an
increasing trend with the increase in cutting distance. However, the cutting temperature un-
der graphene nanofluid lubrication and cooling is much lower. This is mainly because the
friction coefficient at the workpiece–tool interface is larger than the workpiece–graphene–
tool friction coefficient, and the larger the friction coefficient, the more heat is generated.
Excessive heat not only aggravates tool wear but also affects the steady state of the work-
piece structure and the quality of the machined surface. Therefore, graphene nanofluid can
effectively suppress tool wear and improve machining performance.

3.4. Cutting Force and Cutting Efficiency during Cutting Simulation

The magnitude of cutting force in machining has a great impact on machining accuracy,
surface quality, and machining efficiency. The cutting force is influenced by several factors,
such as cutting speed, feed, depth of cut, and material hardness. Generally speaking,
the relationship between cutting force and speed is relatively complex [10]. In this study,
cutting force variations during the cutting simulation were analyzed to investigate the effect
of graphene nanofluid on cutting performance. Figure 5 shows the cutting force variation
during the cutting simulation under two working conditions, where red represents the dry
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cutting simulation, and black represents the graphene nanofluid environment simulation.
The cutting force shows an increasing trend with the increased machining distance in the
dry condition. It indicates that the reaction force that hinders the tool motion gradually
increases. Therefore, the increase in reaction force will further increase the pulling force
of the workpiece atoms on the tool atoms, eventually leading to the breakage of the C-C
bond. When the C-C bond of the diamond structure is broken, the hardness and wear
resistance of the diamond decreases. Tool wear is more likely to occur as the wear increases.
Therefore, diamond tool wear exhibits a non-linear increase with increasing machining
distance during dry cutting. The cutting force at the same working condition decreases
under the effect of graphene nanofluid. The cutting force was reduced from 160 nN
to 102 nN. It indicates that graphene changed the contact properties between the tool–
workpiece interface. The nanofluid acted as a lubricant between the friction interfaces. It is
mainly because the interaction force of the Ti6Al4V workpiece atoms on the C atoms of the
graphene structure is lower than that on the C atoms of the diamond structure. Therefore
the pulling force of the workpiece on the tool is reduced. The graphene nanofluid relieves
the C-C bond breakage of the diamond structure. In addition, the graphene structure is
more chemically inert, and it is difficult for Ti6Al4V alloy workpieces to form a catalytic
effect on it. Graphene inhibits the diffusion wear of diamond tools. Therefore, the cutting
force is lower, and tool wear is suppressed under the graphene nanofluid.
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During the cutting process, shear and pressure are generated in the contact area
between the tool and the workpiece, resulting in the removal of atoms from the surface
of the workpiece. It can be seen from Figure 6a,b that the width of the cut groove under
dry cutting conditions is approximately 28 Å. As the cutting distance increases, chips are
accumulated on the front face. However, the cutting contour is not the same as the tool
profile but has an irregular elliptical shape, as shown in Figure 6c. It is mainly because the
chemical bonds between the workpiece atoms are not completely broken during cutting.
Elastic recovery occurs after the tool has passed through. When graphene nanofluid
was introduced, the cutting width increased to 36 Å. At the same time, we found that
the cutting profile became more regular, as shown in Figure 6f. Therefore, the graphene
nanofluid improves the material removal efficiency. Although the cutting efficiency per



J. Manuf. Mater. Process. 2023, 7, 131 10 of 13

unit of time increases, the cutting force for the same working condition is less, as shown
in Figure 5. The tool wear is lower, as shown in Figure 2. The results show that the
graphene nanofluid improves the tool–workpiece contact characteristics, and the tool wear
is effectively suppressed.
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4. Conclusions

In summary, MD simulation and the micro-milling experiences are carried out to
explore the suppression mechanism of graphene nanofluid for tool wear. Firstly, the profile
of tool wear under dry and nanofluid environments is observed by SEM. Next, through
molecular dynamics simulation, the suppression mechanism of graphene nanofluid is
revealed from the perspective of atomic morphology, cutting temperature, cutting force,
and cutting profile. The conclusions can be summarized as follows:

• Although the diamond has a very high hardness, noticeable wear behavior is observed
during the micro-milling experiment of the Ti6Al4V alloy. Diamond tools primarily
experience adhesive wear and abrasive wear in dry environments. However, tool
wear is effectively suppressed under the graphene nanofluid MQL;

• The amorphization behavior of diamond tools is observed during the simulation of cut-
ting titanium alloy. The C-C bonds in diamonds are broken under extreme loads and
catalytic effects of the workpiece elements, which is the main cause of tool wear. How-
ever, it is observed that the number of amorphous atoms in the graphene nanofluid
environment is significantly lower compared to the dry environment. Therefore, the
graphene nanofluid suppressed the wear of diamond tools caused by amorphization;

• The tool–workpiece interface properties are modified by graphene nanofluid during
micro-milling. The graphene prevents the direct impact of the workpiece on the tool.
The adsorption capacity of workpiece atoms to diamond C atoms is reduced. The
molecular dynamics simulation results showed that the cutting forces and cutting
temperatures are reduced by graphene nanofluid. As a result, the stability of the tool
lattice structure is improved;

• Not only is tool wear effectively suppressed by the graphene nanofluid, but the
contact area between the tool and the workpiece material is also increased, improving
processing efficiency. Moreover, the surface profile of the workpiece was more regular
under the graphene nanofluid.
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