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Abstract: y-TiAl alloys feature superior high-temperature performance and low-density properties. However, the inherent brittleness
of y-TiAl alloys poses significant challenges to precision machining. As a highly promising machining approach, water lubrication
enables temperature reduction and mitigates frictional heat accumulation, tool wear, and crack-associated defects. This work
investigated the effects of nano-scratching speed on scratching force, temperature evolution, plastic deformation, and surface quality
of single-crystal y-TiAl alloy under water lubrication. The results show that the coupling effect between scratching speed and water
lubrication governs the machinability and surface quality of single-crystal y-TiAl alloys. An increase in scratching speed substantially
elevates scratching force and frictional heat, which further induces local temperature rise and stress concentration. In comparison, a
1-nm-thick water lubrication layer yields minor temperature fluctuation of the substrate and delivers favorable cooling capacity. At a
scratching speed of 400 m/s, water lubrication alleviates surface plastic deformation and damage, promotes chip accumulation, and
reduces surface roughness. Experimental observations further confirm that scratching speed exerts a pronounced effect on surface

quality.
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1 Introduction

In recent years, with the increasing demand for high-
performance materials in the aerospace industry, the research
and development of high-temperature structural materials has
become a key direction in material science!’. However, their
complex processing characteristics have posed significant
challenges to practical application. The high strength of y-TiAl
alloy requires greater force during processing. However, due
to its low thermal conductivity, heat cannot be dissipated
effectively, resulting in a rapid temperature rise in the
processing area. In addition, the strong interaction between
the y-TiAl alloy and the tool, combined with the high work
hardening rate, produces significant local deformation heat,
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which further increases the processing difficulty™. The
combined effect of these factors not only leads to the
temperature rise during machining, but also induces
significant thermal effects on the machined surface. This
results in surface or subsurface micro-damage and even crack
formation™, which restricts the wide application of y -TiAl
alloy in high-performance structural components. As a
common lubrication method, water lubrication can effectively
reduce friction and wear, thereby improving the processing
quality™®. In the context of green and sustainable
manufacturing, the appropriate selection and use of lubricants
can effectively reduce energy consumption, improve product
quality, be beneficial to health and safety environment, and

optimize the overall performance of mechanical systems™.
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Water is the most common lubricant in mechanical grinding
and chemical mechanical polishing"”. The addition of liquid
can block the direct contact between the tool and the substrate,
reduce the friction coefficient, and improve the surface quality
after processing®. The resulting wet environment further
optimizes the processing effect and reduces surface damage
by changing the surface removal mechanism and lowering
friction during nano-scratching. Shi et al”” studied the surface
removal process of copper film in an ultra-thin water
environment by molecular dynamics (MD) simulation, and
found that the interaction between water molecules and copper
surface can significantly change the surface removal mechanism,
reduce friction and thermal effects, and improve the surface
removal efficiency and surface quality. Sharma et al!"”
investigated the material removal and wear behavior of copper
film in air and a wet environment using nanoindentation. They
found that both the wear rate and material removal rate of
copper film in wet environment were significantly lower than
those in air, which was attributed to the reduction of friction
and surface damage by water lubrication. Tian et al"™” studied
the sliding friction behavior of water film on a copper/silver
double-layer film at nanometer scale, and found that water
film played a lubricating role between the copper/silver
double-layer surfaces, which significantly reduced the friction
force and improved the friction performance.

Zhou et al'* " studied the effects of water film and scratch
load on tribological properties by MD simulation. They found
that water film can reduce the friction coefficient and enhance
heat dissipation during scratching. Wang et al™ performed
MD simulation to reveal the chemical mechanical polishing
mechanism of Invar alloy under water lubrication condition.
Their results show that appropriate water layer thickness and
polishing speed can significantly reduce surface roughness
and subsurface defects of the workpiece. Water lubrication
significantly lowers the friction coefficient and improves the
surface quality by blocking direct contact between the tool and
the substrate during nano-scratching. The ultra-thin water layer
and wet environment further optimize the processing effect and
reduce surface damage by changing the surface removal
mechanism and reducing the friction force. These studies
demonstrate that thin water layer lubrication has important
application value in nano-machining, which can effectively
improve the machining performance and reduce tool wear.

During nano-scratching, the scratching speed significantly
affects the material removal mechanism, surface quality and
depth. Higher speed

processing efficiency but also increases surface damage and
[15

deformation-layer improves the

subsurface defects. Shikimaka et al™ discussed the effects of
scratching speed, load, and indenter direction on the
deformation mechanism of silicon materials. They found that
higher load and lower scratching speed led to more severe
plastic deformation and surface damage. Zhu et al'®
investigated the effects of scratching direction and speed on
friction and surface deformation during nano-scratching of
single-crystal copper, and concluded that appropriate
scratching direction and speed can optimize processing

quality. Li et al'"” examined the plastic deformation

mechanism of nano-copper at different scratching rates, and
found that the dislocation motion was more complex at higher
scratching rates, resulting in higher friction and material
removal rate. Zhang et al'¥ studied the effect of scratching
speed on material removal rate and shear force via MD
simulation, and found that increasing scratching speed
reduced the material removal rate while elevating the local
temperature. With the deepening of the research, the MD
simulation of nano-machining process is gradually extended
to the influence factors of surface quality and subsurface
damage. Wang et al"” established a prediction model for the
critical cutting speed of ultra-high speed cutting based on the
theory of stress wave propagation. They verified this model
through experiments on 7050-T7451 aluminum alloy, which
showed that the aluminum alloy underwent a ductile-brittle
transition at a cutting speed above 5000 m/min, resulting in
fragmented chips and brittle cracks on the chip surface. Su et
al® performed orthogonal cutting experiments of high-
strength alloy steel AerMet100. They found that with the
increase in cutting speed, the serrated chips changed from a
continuous strip at the macroscale to separate segments. The
serrated chips produce microwaves on the machined surface,
thereby increasing the surface roughness. Shimada et al®!
confirmed that faster cutting speed has less effect on surface
roughness and deformation-layer depth.

The above research shows that during nano-scratching on
metal surfaces, the selection of process parameters plays a
vital role in the processing results, which directly affects the
processing efficiency, surface quality, fatigue life, and tool
wear. Increasing the scratching speed to enhance the
processing efficiency often leads to aggravated surface
damage and subsurface defects, which ultimately affect the
quality and performance of the workpiece.

2 Simulation Method

2.1 Establishment of model

To study the effect of scratching speed on the nano-
scratching process of y-TiAl alloy under water lubrication, a
water film with a thickness of 1 nm and a density of 1 g/cm’
was employed in the model. The time step of the integral
calculation was 0.001 ps. In nano-scratching, there are two
main stages: relaxation and processing. During the relaxation
stage, the model was equilibrated under the NVT ensemble at
300 K using a Nosé -Hoover thermostat for 30 ps. After
relaxation, the system energy and pressure stabilized. In the
production phase, the system was observed, and data were
collected. To avoid introducing external interference during
the observation process, the NVE ensemble is typically
employed. However, the total momentum of the system
changes due to the movement of the tool. Yet the NVE
ensemble can ensure the realistic physical behavior of the core
deformation zone, and it is therefore unnecessary to adopt
velocity resetting or other methods to maintain the
conservation of overall momentum of the system. The
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machining process includes moving the tool at a constant
speed and pressing it into the workpiece, and then scratching
at a constant speed. In this research, the temperature of the
water film was controlled at 300 K to simulate the heat
dissipation process of water. Large-scale atomic/molecular
massively parallel simulator (LAMMPS) was used for
simulation™. Visualization was achieved using the open
visualization tool (OVITO)™. Through the observations after
processing, it can be seen that during processing, the
equilibrium state of the workpiece itself is destroyed, the
strain energy accumulation is distorted, and the atoms are
squeezed. Fig. 1 shows the basic MD model used in the
simulation, which consists of y-TiAl alloy workpiece, diamond
tool, and water layer. The cell structure of y-TiAl alloy is
similar to that of face-centered cubic (fcc) alloy, with L1 -type
face-centered tetragonal (FCT) crystal structure, which is
beneficial to the improvement of stability and mechanical
properties of the alloy. According to Ref. [24], the lattice
constants a=b=0.4001 nm and ¢=0.4181 nm of the single-
crystal y -TiAl alloy were constructed. Given its diamond
lattice structure and superior hardness relative to that of the y
-TiAl alloy workpiece, the diamond tool was modeled as a
rigid body in the simulation. The workpiece has a boundary
layer to prevent the overall rigid motion of the workpiece

Newton layer
Thermostat layer:
Boundary layer

Loading

during nano-scratching. A thermostat layer was set above the
boundary layer, which was regulated by the NVT ensemble
with a damping coefficient of 0.1 to simulate the energy
dissipation during atomic motion. To account for the distinct
properties of nanomaterials compared with those of bulk
metals, periodic boundary conditions were applied along the x
and y axes, while the z-axis employed fixed boundary
conditions to mitigate nanoscale nonlinear effects. For the
water film, a vacuum layer was established in the z-direction
(perpendicular to the workpiece surface) to prevent periodic
image interactions. In the simulation, several atomic layers at
the bottom of the workpiece were fixed, and thus the entire
workpiece exhibited no drift velocity. The remaining model
parameters of this study for the y-TiAl alloy are shown in
Table 1. Meanwhile, the force F_ and temperature 7 are
calculated via LAMMPS using the following formulas.
_ Eq.

T= 15k, )
where 7 is the local atomic temperature in K, £ denotes the
kinetic energy of target atom in eV, g, represents the
conversion coefficient between electron volts and joules, and
k; is the Boltzmann constant.

F!OOI X
F,_=1000 x —ox ()

tool

00! : @

[001]

'
i
i i e

Fig.1 MD model for nano-scratching simulation of single-crystal y-TiAl alloy

F_1is the average scratching force acting on the tool along
the x direction in mN, F_ is the total force of all tool atoms

tool, x

in the x direction in N, N,

tool

, stands for the number of
interacting tool atoms, and the coefficient of 1000 corresponds
to the unit conversion factor from Newton to millinewton.

2.2 Water molecule model and potential function

In MD simulations, the selection of potential functions
directly affects the accuracy of the simulation results. The MD
model constructed in this study consists of three parts:
workpiece, tool, and water medium, involving five types of
atoms (Ti, Al, C, H, and O). It is necessary to select
appropriate potential functions to describe the interactions
between various atoms to ensure simulation accuracy. The
embedded atom method (EAM) ™% potential can accurately

Table 1 Model parameters of y-TiAl alloy workpiece

Parameter Value

Tool material Diamond

Workpiece size 28 nmx18 nmx10 nm
Tool shape Spherical with a radius of 3 nm

Potential energy function EAM, Morse, and L-J

Number of atoms 324368
Timestep/ps 0.001
Scratching speed/m-s™ 50, 100, 200, 400, 500
Water layer thickness/nm 1
Indentation depth/nm 2
Scratching distance/nm 15
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describe the interactions between metal atoms. Therefore, the
EAM potential function is used in this simulation to
characterize the interactions between Ti and Al atoms, and its
atomic energy expression is as follows:

E=SF(p)+ 5 20,(r,) 3)

In the formula, F, is the electron cloud density; p, represents
the embedding energy function; ¢, is the potential interaction
function between atoms i and j; r; denotes the distance
between atoms 7 and ;.

The Morse potential function is a typical potential function
based on diatomic theory, which has been widely used in
MD studies related to nanocutting of y-TiAl alloys®”. In this
simulation, the Morse potential function is used to describe
the interactions between workpiece atoms and tool atoms. Its
expression is as follows:

u (rii)=D{exp[—2a(rl.j—ro)]—Zexp[—Za(rij—ro)]} 4)

In the formula, D represents the bonding coefficient; a
represents the potential energy gradient coefficient; 7,
represents the equilibrium distance between Ti-C and Al-C
atoms. The reference values of each parameter are shown in
Table 2.

The Lennard-Jones (L-J) potential function®™ is an
empirical potential function suitable for simulating the
interactions between two electrically neutral particles. In this
simulation, the L-J potential function is used to calculate the
interactions between water molecules and other atoms, and the
wettability of water, the workpiece, and the workpiece surface
is characterized by the L-J potential function. The L-J
potential parameters between different atoms are shown in
Table 3. Its expression is as follows:

V,,—%[(j)lz —(‘:ﬂ ©)

In the formula, V; represents the potential energy between

Table 2 Morse potential parameters of Ti-C and Al-C

atoms i and j; ¢ denotes the depth of the potential well,
indicating the strength of attraction between reactive atoms; o
is the equilibrium distance between atoms at the minimum of
the interaction potential; r is the distance between atoms.

The potential functions between different atoms are shown
in Table 4.

There are various types of water molecule models, among
which the TIP4P/Ew model has high consistency between its
dynamic properties and experimental data®’. This model can
accurately simulate the diffusion coefficient, viscosity,
dynamic structure factor, vibrational spectrum, and Raman
spectrum of water molecules. Its core advantage lies in fully
considering the intramolecular polarity and the formation of
hydrogen bonds, which can truly reflect the movement
behavior, spatial correlation, and dynamic correlation of water
molecules. Based on the above advantages, the TIP4P/Ew
model was adopted in this study to construct the water layer.

3 Results and Analysis

3.1 Effect of scratching speed on characterization force

To analyze the material deformation mechanism in
the processing of single-crystal y-TiAl alloy, it is necessary to
obtain the force on the tool during scratching and connect the
scratching force with the deformation behavior. The variation
curves of the force and the scratching distance of the tool are
shown in Fig.2.

Fig.2 shows that during scratching simulation, scratching
speed has a certain effect on the scratching force. At the
beginning of scratching, the tangential force F, first rises and
gradually increases to a stable state, and fluctuates near the
stable value. The main reason for the fluctuation of tangential
force is the occurrence and evolution of dislocation defects in
single-crystal y-TiAl alloy. In the early stage of scratching, the
increase in scratching force becomes more pronounced at
faster scratching speed, i. e., the slope of F_ curve becomes
larger. This is because the faster scratching speed leads to
stronger friction and greater scratching heat during scratching.
Faster scratching speed accelerates the deformation rate of the

-1
Parameter ry/nm o/nm Dlev workpiece in the contact area, significantly enhancing the
Al-C 0220 27.8 0.28 material hardening effect. Consequently, the scratching force
Ti-C 0.1892 22.83 0.982 increases.
Table 3 L-J interatomic potential parameters
Parameter Ti-O Ti-H Al-O Al-H C-O0 C-H 0-0 O-H H-H
o/nm 0.27769 0.29339 0.28787 0.12965 0.36 0.30 0.31645 0 0.04
eleV 0.2152 0 2.6426 0 0.0075 0.0024 0.0071 0 0.0019

Table 4 Potential functions between different atoms

Atom Ti Al C H (¢}
Ti EAM EAM Morse L-J L-J
Al EAM EAM Morse L-J L-J
C - - 0 L-J L-J
H - - - L-J L-J
¢} - - - - L-J

At the same time, with the increase in scratching speed, the
oscillation amplitude of F, at steady state is obviously larger
than that at low speed (50 m/s). This occurs because faster
scratching speeds correlate with increased kinetic energy of
the system. Elevated velocities accelerate atomic vibrations
and interactions, consequently increasing the local
deformation rate. When the y-TiAl alloy atom adapts to the
scratching force, it generates larger vibration, which in turn
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Fig.2 Variation curves of characterization forces at different speeds: (a) tangential force F; (b) normal force F,

aggravates the fluctuation of F..

In order to more clearly express the effect of scratching
speed on the scratching force, the average calculation of the
force data in the stable state of 5—15 nm is carried out during
scratching.

Fig.3 shows the steady-state distribution of the scratching
force at different speeds. Fig.3a shows the distribution of the
scratching force under 1-nm-thick water layer lubrication, and
Fig.3b shows the distribution of the scratching force under dry
scratching condition. The scratching force of the tool acting
on single-crystal y-TiAl alloy under water layer lubrication is
significantly higher than that under dry scratching condition.
This experimental result contradicts traditional tribological
theories. The core of this anomalous outcome stems from the
physical state transition of the nanoscale water layer. Relevant
studies have shown that when the thickness of the water layer
is of the order of several nanometers, the water layer no longer
exhibits typical liquid lubrication behavior. Instead, ice-like
water is formed due to the ordered hydrogen bond network™”.
The two-dimensional water layer with a thickness of several
nanometers presents a quasi-solid ice-like structure™, and its
frictional behavior is highly dependent on the substrate
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3150 S
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& 1.20
£100 g
g 2
g 50 1.1=
0 1.0
50 100 200 400 500
Scratching Speed/m-s™!

material. In this case, when the tool passes through the water
layer, it is actually scratching the interface with solid
characteristics, which is similar to the scratching process
under dry scratching condition.

The variation in friction coefficient reflects the variation of
dominant lubrication mechanisms at different speeds: as seen
in Fig.3a, under water layer lubrication, the friction coefficient
first decreases and then stabilizes as the scratching speed
increases. When the scratching speed is less than 200 m/s, the
dominant mechanism is boundary adsorption film lubrication.
Water molecules can form a complete solid-like adsorption
film on the tool and workpiece surface, effectively isolating
direct contact between them, so the friction coefficient
increases slightly with speed. When the scratching speed is
between 200 and 400 m/s,
transitions to partial hydrodynamic lubrication. As the speed

the dominant mechanism

increases, the relative motion between the tool and the water
layer intensifies. Local regions of the solid-like water film
undergo transient “liquefaction” due to shear-induced heating,
forming an extremely thin hydrodynamic film that further
reduces the interfacial shear resistance, and the friction
coefficient decreases accordingly. When the scratching speed

250 T —— L5
F,

Z 200 114y
g 1719170.1 156173 -
2 so1138
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2100 g
2 1.1
5 2
A 50 1.0™

0 09

50 100 200 400 500
Scratching Speed/m-s™!

Fig.3 Scratching force and friction coefficient at different speeds under water lubrication (a) and dry scratching (b) conditions
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exceeds 400 m/s, the dominant mechanism reverts to solid-
like film shearing: at high speeds, the hydrodynamic film fails
due to the rapid extrusion by the tool, and the water layer
exists again as a solid-like adsorption film. However, at this
point, the material surface undergoes slight softening due to
frictional heat, which offsets part of the shear resistance and
thereby keeps the friction coefficient at a low level.

As shown in Fig.4a, as the scratching speed increases, the
water layer is subjected to greater squeezing and shearing,
resulting in a change in its thickness. At lower speeds, the
water layer is relatively thick. As the speed increases, the
water layer becomes thinner, resulting in a weakened
lubrication effect. This is also verified by the number of water
molecules in the groove after scratching, as shown in Fig.4b.

In contrast, the friction coefficient continues to decrease
with the increase in scratching speed under dry scratching
condition. This reduction stems from accelerated plastic
deformation rate during high-speed scratching coupled with
significant localized temperature rise, which induces material
softening and consequently lowers the frictional resistance.

3.2 Effect of scratching speed on workpiece temperature

The workpiece temperature has always been regarded as an
important factor in the study of nano-processing. As a
macroscopic physical quantity, temperature reflects the
average kinetic energy of the movement of microscopic
particles.

Fig.5 shows the change in workpiece temperature during
machining. The workpiece temperature shows an upward trend
with the increase in scratching distance. The temperature rise
originates from the fracture of atomic bonds within the y-TiAl

2 !\) a
(=}
E
B
B 12 6 W
100 nv/s e E

i ©
E
o
E
e
S
-
8 b
=800}
e
= \
57501 N
= )
[ M
= N\
5700+ N -
£ o,
z Q@
650 L— :

50 100 200 400 500
Scratching Speed/m-s™!

Fig.4 Distribution of water molecules in the groove along the
z-axis (a) and number of water molecules (b) at different

scratching speeds
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Fig.5 Temperature variation curves at different scratching speeds

under water lubrication (a) and dry scratching (b) conditions

alloy workpiece during scratching, where chemical energy is
converted into heat energy. However, the rate of temperature
rise gradually decreases in the later period. This is because as
the scratching process continues, the heat generated in the
scratching area diffuses to the surrounding area through heat
conduction. At the same time, the constant-temperature layer
at the bottom of the y-TiAl workpiece absorbs heat. With the
advancement of the processing process, the overall
temperature of the workpiece rises, and this endothermic
phenomenon gradually increases. In addition, the heat
dissipation of the workpiece becomes more pronounced,
resulting in a slower temperature rise of the workpiece in the
later stage than in the initial stage.

Fig. 5a shows the effect of scratching speed on the
temperature change of the workpiece under water-layer
lubrication. As the scratching speed increases, the workpiece
temperature continues to rise. When the scratching speed
exceeds 400 m/s, the substrate temperature of y-TiAl workpiece
shows a wavy upward trend, which can be attributed to the
cooling effect of the water layer. Under the condition of water
lubrication, the water layer can effectively take away the heat
generated during scratching, thus slowing down the increase
in the substrate temperature. The fluctuation of temperature
shows that the existence of water layer greatly alleviates the
temperature rise caused by friction and plastic deformation
during scratching, and effectively inhibits the excessive
accumulation of friction heat.

Fig.5b shows the change trend of y-TiAl alloy temperature
during dry scratching. Compared with the water lubrication
condition, the temperature rise during dry scratching is more
obvious. Due to the lack of effective cooling mechanism, the
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temperature rise range is large. This result further verifies the
key role of the water layer in reducing the substrate
temperature. Especially at high-speed scratching, the water
layer can quickly take away the friction heat, thus effectively
preventing the plastic deformation and wear of the workpiece
surface caused by excessive temperature.

By comparing the matrix temperature distribution at
different scratching speeds in Fig.6, it can be observed that the
temperature around the contact point between the tool and the
workpiece increases significantly. These local high-
temperature regions are the key factors leading to plastic
deformation of the workpiece. Excessive temperature will
destroy the surface quality of the workpiece and reduce the
machining accuracy. The introduction of water layer

o T
. .
. =

100 m/s

200 m/s

400 m/s 400 m/s

500 m/s

Temperature/K Temperature/K
200 W0 M 1500 200 HE S W 1500

Fig.6 Temperature distribution at different scratching speeds under

water lubrication (a) and dry scratching (b) conditions

lubrication effectively reduces the formation of these high-
temperature regions, thereby maintaining the surface quality
and machining accuracy of the workpiece. In addition, the
cooling effect of the water layer is particularly significant,
which can quickly take away the heat generated during
machining, thereby effectively reducing the temperature of the
chip area. Compared with the dry-scratching process shown in
Fig. 6b, the temperature distribution under water lubrication
condition shown in Fig. 6a is significantly optimized, which
not only reduces the high-temperature zone, but also reduces
the thermal damage caused by excessive temperature.

3.3 Effect of scratching speed on stress distribution

From the von Mises stress distribution at different
scratching speeds in Fig. 7, it can be found that as the
scratching speed continues to increase, the stress
concentration induced by the dynamic effect becomes more
and more significant. The affected area not only shows an
expanding trend on the spatial scale, but also experiences
increasing local stress concentration. When the scratching
speed reaches 400 m/s, the stress distribution of the matrix
material becomes more uneven. Particularly, the high-stress
concentration of the atoms occurs in the contact area with the
rake face. During high-speed scratching, the material absorbs
a large amount of mechanical energy in a short time, which
promotes the obvious microstructure evolution near the
contact interface (i.e., the direct contact area between the tool
and the material).

3.4 Effect of scratching speed on dislocation distribution

At different scratching speeds, the generation and
propagation of dislocations occur on the subsurface of single-
crystal y-TiAl alloy. Due to the high brittleness of single-
crystal y-TiAl alloy, dislocations are more likely to generate
and expand on the subsurface under high stress, especially
during scratching. These dislocations will expand in different
directions and even lead to the formation of local slip bands.
With the increase in scratching speed, the plastic deformation
mechanism of the metal surface will change. The higher
scratching speed means that the applied stress is larger, which
promotes the plastic deformation of the crystal near the
surface. In contrast, the lower scratching speed leads to a
smoother deformation process, resulting in more dislocations.
This occurs because lower scratching speeds prolong the

von Mises stress/GPa

= M s

7

Fig.7 Stress distribution at different scratching speeds under dry scratching condition
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exposure to external forces of the matrix, allowing more time
for stress response and facilitating more extensive plastic
deformation processes.

In the nano-processing process, the changes of the internal
defects in the workpiece are shown in Fig.8. To identify the
defects in the workpiece, the common neighbor analysis
(CNA) and dislocation extraction algorithm (DXA) methods
are used to color different types of atoms. By this method, the
perfect fce crystal atoms are removed. In Fig.8, white represents
surface atoms and amorphous atoms, red represents hcp atoms,
and two layers of red atoms represent a stacking fault structure.

Fig.8 shows that scratching speed significantly affects chip
morphology on the surface and distribution of internal defects
in the matrix during nano-scratching of single-crystal y-TiAl
alloy. During scratching, the majority of the generated
dislocations are partial dislocations with a Burgers vector of
1/6<112>, which are dominated by the {111} slip plane. At
low scratching speeds of 50—100 m/s, these 1/6<112> partial
dislocations tend to slip within the plastic deformation zone
beneath the tool rake face. In this study, at high scratching
speeds ranging from 200 m/s to 500 m/s, superlattice
dislocations induced by the interaction between 1/6<112>
partial dislocations and 1/2<110> dislocations are barely observed.
Besides the predominant Shockley partial dislocations, a small
number of Lomer-Cottrell dislocations are also generated.
When the scratching speed is 50 m/s, a single slip plane is
mainly activated inside the matrix. On this slip surface, the
dislocations move and evolve in an orderly manner, forming a
relatively regular chip morphology, as shown in Fig.8a. Due to
the low speed, the dislocations have enough time to fully
evolve and move, so the defect area inside the matrix is small.
As the scratching speed increases to 100 m/s, multiple slip
planes are activated inside the matrix, as shown in Fig.8b. The
activation of these slip surfaces leads to a more complex
plastic deformation process, making the formation of chips
more difficult. Due to the high speed, the movement time of
dislocation in the matrix is greatly shortened, resulting in
more intense and disordered dislocations movement, which in
turn increases the defect distribution area inside the matrix.

In order to further understand the effect of scratching speed
on dislocation motion and material deformation mechanism
during nano-scratching of single-crystal y-TiAl
quantitative analysis was carried out to calculate the number

alloy,

50 m/s a 100 m/s b

200 m/s c

of dislocations in the matrix at different scratching speeds. By
counting the number of dislocations at different time, the
variation curves of dislocation length with scratching speed
and time were drawn.

Fig. 9 shows the dislocation change curves at different
scratching speeds. In the initial stage of scratching, with the
application of external stress, the length of dislocation line
increases rapidly, and new dislocations are continuously
generated inside the material. The generation of dislocations is
closely related to defects, grain boundaries, and external
forces in the material lattice. As the stress continues to act on
the material, dislocations continue to slip in the lattice,
resulting in the aggregation or dispersion of dislocations.
Therefore, the length of the dislocation line usually presents a
complex fluctuation phenomenon during deformation. This
fluctuation reflects the complexity and diversity of dislocation
dynamics under the action of external stress and high
temperature. At the same time, it also reveals the far-reaching
influence of the interaction and evolution of dislocations on
the mechanical properties of materials during deformation.

Fig.9 shows that when the scratching speed exceeds 400 m/s,
the length of dislocation lines is shorter than that at scratching
speeds of 50, 100, and 200 m/s. A lower scratching speed
leads to a lower strain rate, which slows down the movement
and diffusion of dislocations in the material and reduces heat
accumulation. This results in incomplete stress release in the
material, thereby generating more dislocations and increasing
the length of dislocation lines. This indicates that dislocations
are relatively dispersed with a low density. At this point, the
plastic deformation of the material is more uniform. The
gradual accumulation of dislocations tends to impede
subsequent slip, making the material more prone to exhibit
work hardening characteristics.

At moderate-to-high scratching speeds, the increase in
dislocation line length is accompanied by the activation of
multiple slip systems. Enhanced dislocation interactions and
localized deformation concentration may increase the work-
hardening rate, but excessive dislocation entanglement may
also induce local softening. Dislocations move faster under
such conditions, yet the higher strain rate causes excessive
localized plastic deformation. This increases dislocation
density and interactions, thus generating more dislocations.
High-speed movement rapidly raises the substrate temperature.
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Fig.8 Dislocation distributions at different scratching speeds
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Fig.9 Dislocation change curves at different scratching speeds

Although dislocations are generated quickly, subsequent rapid
cooling leads to
aggregation, thereby increasing the length of dislocation lines.
When the scratching speed is 400 m/s, the heat-affected
zone is relatively moderate, enabling effective heat dissipation
and avoiding excessive heat accumulation. This ensures that
dislocations can move rapidly inside the material without
reaching the deformation limit. Consequently, the interactions

stress concentration and dislocation

and cross-influences between dislocations are minimal,
resulting in shorter dislocation lines. At a scratching speed of
500 m/s, the length of dislocation line rebounds along with
concentrated thermal stress. Dislocation aggregation tends to
cause local embrittlement, leading to a decrease in material
ductility. Meanwhile, rapid thermal cycling may cause
competition between work hardening and thermal softening
effects, ultimately resulting in a complex mechanical response.
3.5 Effect of scratching speed on surface morphology

Fig. 10 shows the distribution of chips at different
scratching speeds. Fig.10a—10e are top views, and Fig.10a,—
10e, are front views. As the scratching speed increases, the
volume of chip atoms accumulated at the front end of the tool
gradually increases. During low-speed scratching, the chip
formation and stripping are relatively slow, and the low

50 m/s 100 m/s

y ' ¥

200 m/s

e R

movement speed prevents the material from acquiring enough
kinetic energy to quickly break away from the tool surface.
Therefore, the plastic deformation is mainly dominated by
local plastic flow and shear action, which leads to heat
accumulation in the characterization area. Due to heat
accumulation, the heat exchange between the tool and the
material is limited and cannot be effectively dissipated. As
shown in Fig.6, the local temperature of the material increases,
which enhances the plasticity and promotes the formation of
step-like chip morphology, as shown in Fig.10a and Fig.10b.

Raising the scratching speed increases the scratching force,
leading to faster material removal. As shown in Fig. 10c—10e,
the step phenomenon gradually disappears, and the chips are
mainly accumulated on the front side of the tool. Under high-
speed scratching, the rapid material flow makes it difficult to
dissipate heat timely, especially at the tool-workpiece contact
interface, where the temperature continues to rise. At this time,
due to the plastic fluidity of the material and the high
temperature in the front area of the tool, the material will soften
during scratching, which further promotes rapid peeling.

During high-speed scratching, the heat accumulation
interacts with the rapid flow of the material, resulting in the
chip no longer staying on the material surface or forming a
step-like structure, but concentrating on the front side of the
tool. This phenomenon shows that the heat accumulation and
mechanical behavior between the tool and the workpiece have
changed significantly at a higher scratching speed, which has
an effect on the morphology and distribution of the chips.
From the distribution in top view of groove width at different
scratching speeds in Fig. 11, it is found that the groove width
also increases with increasing scratching speed. This is
attributed to higher scratching force and associated plastic
deformation behavior at high speed. Higher scratching speed
will make the heat acting on the material accumulate rapidly.
Single-crystal y-TiAl alloy is an intermetallic compound with
a high melting point and low thermal conductivity. Local

400 m/s

500 m/s

¥y
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L

Fig.10 Distribution of chips at different scratching speeds in top view (a—e) and front view (a,—€,)

100 m/s

500 m/s

Fig.11 Distribution of groove width at different scratching speeds
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softening occurs at high speeds, which reduces the material
hardness and makes it easier to scratch, resulting in increased
groove width. With increasing scratching speed, the local
stress concentration will also expand the plastic deformation
zone. The material is more prone to large-scale plastic flow at
high speeds, resulting in increased scratching groove width.
Moreover, in addition to the shear effect, the geometric
shape of the spherical tool also causes a significant ploughing
effect. When the scratching speed is high, the rake angle of the
tool and the flow characteristics of the workpiece atoms will
affect the groove width. At higher scratching speed, the time
for atoms to discharge from the scratching area is shortened,
and the contact between the tool and the material becomes
more concentrated. Therefore, due to the enhanced transverse
flow of y-TiAl alloy around the tool tip, the groove width
formed by the tool also increases.
3.6 Effect of scratching speed on chips

During scratching, if the effects of workpiece atoms on the
deformation and movement, as well as the effect of the tool on
the workpiece atoms around the contact area, are not
considered, the theoretical chip number can be obtained by
volume conversion. Specifically, at the onset of the machining
process, the tool initially comes into contact with the
workpiece material. The atoms above the contact point are
defined as an ideal set of atoms to be removed from the
workpiece by the tool during scratching. These atoms are
completely removed and form the chip. The theoretical
number of chip atoms can be further derived by calculating
the volume of this atom set. However, the actual number of
chips formed is generally lower than the theoretical value,
because the atoms within the contact area undergo complex
deformation and flow processes under large external forces.
With the advance of the tool, the atomic lattice in the contact

area deforms under external force until it collapses and
transforms into an amorphous state. Some amorphous atoms
accumulate in front of the tool during deformation to form
chips; the other part is pressed into the workpiece and
becomes part of the machined surface. The chip conversion
rate is defined as the ratio of actual chip atoms to theoretical
chip atoms. The study of chip conversion rate is of great
significance for understanding the material
mechanism and optimizing the processing technique. The

removal

calculation results are shown in Table 5.

Fig. 12 shows the change in the number of chip atoms at
different scratching speeds. With the increase in scratching
speed, the number of chips of single-crystal y-TiAl alloy shows
a downward trend as a whole. However, when the scratching
speed reaches 500 m/s, the number of chip atoms increases
slightly. This trend is consistent with the trend of the friction
coefficient at different scratching speeds in Fig.3.

At low scratching speed, the plastic deformation of single-
crystal y-TiAl alloy is mainly realized by shear and dislocation
slip mechanisms, and regular chips are formed on the material
surface. As the scratching speed increases, especially when it
exceeds 400 m/s, the heat generated during scratching
increases significantly, resulting in localized material
softening. This thermal softening effect inhibits the formation
of chips, so the number of chip atoms decreases with the
increase in scratching speed.

At low scratching speed, more y-TiAl alloy atoms form
obvious chips due to the poor fluidity of the material. At a
higher scratching speed, the material undergoes a large range
of plastic flow. The thermal effect at high scratching speed
leads to local softening, which reduces the hardness and
facilitates scratching. This is consistent with the conclusion of
Zhang et al™ that increasing scratching speed leads to

Table S Effect of scratching speed on chip atoms

Scratching speed/mm-s™

Theoretical number of chip atoms

Actual number of chip atoms

Chip conversion rate/%

50 26355 10233 38.8
100 26355 9798 37.2
200 26355 9557 36.3
400 26355 8471 32.1
500 26355 8583 32.6
35000 e —————0.40 decreased material removal and increased local temperature.
% 30000 F 39 Actial nuimmber - 3.7 Effect of scratching speed on surface roughness
g 2635:\1{55 26355 26355 26355 10.38° 5 L )
225000 ﬁ Machining speed directly affects the surface roughness.
220000} N i ] 0-36% Specifically, scratching speed has a direct and significant
82 15000 L lama % impact on the micro-morphology and roughness of the final
j,é 10000 Lo Boms [ossy %583 L&i workpiece surfa.lce. There are rrllany rr.let}.lods to evalgate the
2 ool N 10.325 roughness of diamond mechanical grinding. In practice, the
0 030 most commonly used parameters are arithmetic average height
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Fig.12 Effect of scratching speed on the number of chip atoms and

chip conversion rate

and root mean square height, with their characterization
formulas shown in Eq. (6-7):

S,= S S (x) 6
a MNi:Oj:O Z\ XY, 6)
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5= [y 3,357 ) o

i=0j=0
where, S, is the arithmetic mean height of the three-
dimensional contour; S, is the root mean square height; N is
the number of row sampling points; M is the number of
column sampling points; z(x,, y)) is the height of the sampling
point in the jth column of the ith row.

Fig. 13 shows the surface roughness value calculated by
Eq.(6) and Eq.(7) after extracting the discrete atoms of the
machined surface at different scratching speeds.

Fig. 13 shows the surface roughness data at different
scratching speeds and the surface topography after processing
under water lubrication. As depicted in Fig. 13a, workpiece
surface roughness decreases significantly with increasing
scratching speed. This trend is attributed to rapid frictional
heating at the tool-workpiece interface, which thermally
softens the material locally and enhances its plastic
deformation capacity. Under water lubrication, water not only
has a cooling effect and reduces the thermal damage, but also
reduces the friction coefficient between the tool and
workpiece through the lubrication effect. This reduces the
friction resistance and heat generations, thereby limiting the
plastic deformation and micro-damage of the surface, and
finally achieving low surface roughness. This is consistent
with the conclusion of Ou et al®” that lubrication can
significantly improve the surface quality.

Compared with the surface roughness under dry scratching
conditions, the surface roughness under water lubrication is
obviously lower. During dry scratching, the lack of effective
cooling and lubrication leads to elevated temperature and
increased friction force, which tend to cause obvious scratches
and irregular surface structures on the workpiece. These
factors lead to a significant increase in surface roughness. In
conclusion, an appropriate scratching speed (e. g., 400 m/s)
effectively balances heat accumulation and dissipation,
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reduces dislocation line length, and optimizes the deformation
behavior of the material.
3.8 Experimental results of TiAl alloy at different

scratching speeds

In this research, the Keysight G200 nano-indentation
instrument was used for nano-scratching experiments. The
equipment is equipped with a high-precision scanning probe
microscope, which can perform high-resolution three-
dimensional scanning imaging on the surface of the processed
workpiece to obtain detailed information. After the scratching
experiment, the three-dimensional morphology of the metal
scratches was observed using a ZeGage Pro 3D optical surface
measuring instrument. It is worth noting that the MD
simulation adopted in this research differs from the nano-
scratching experiment in terms of research methods. The two
parts of the study have distinct independence in terms of scale,
but they can be complementary from the perspectives of
microscopic mechanisms and macroscopic phenomena®™’.

In this nano-scratching experiment of TiAl alloy, the
surface of the Ti-48Al-2Cr-2Nb alloy specimen with a fully
lamellar microstructure was first ground step-by-step using
400#, 800#, 1500#, and 2000# SiC sandpapers in sequence.
Subsequently, mirror polishing was performed on a polisher
using diamond pastes with grit sizes of W1.5 and WO0.5.
Finally, the specimen was ultrasonically cleaned in acetone
and ethanol for 10 min each to completely remove surface
contaminants, and then blow-dried with high-purity nitrogen
for subsequent use. In the nano-scratching experiment, the
scratching speed was 2000, 4000, and 6000 um/min, the
normal scratching load was 20 N, and the scratching distance
was 1000 pm. An atomization method was employed to
precisely provide a thin and uniform water film on the cutting
area of the sample. This experiment has strict requirements on
environmental conditions to ensure the accuracy and
repeatability of the experimental results. Therefore, during the
experiment, the laboratory temperature and humidity were

100 m/s 200 m/s

12

10
y/o

Fig.13 Surface roughness at different speeds with and without water lubrication (a); machined surface topographies at different scratching speeds

after processing under water lubrication (b)
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strictly controlled at 23+5 °C and 40%+5%, respectively. In
addition, in order to reduce the interference of external factors
on the experiment, vibration around the experimental setup
should be minimized to avoid compromising equipment
accuracy and measurement results, ensuring experimental
stability and data reliability. Based on the above specific
experimental parameters, three sets of nano-scratching
experiments of TiAl alloy under different conditions were
designed, as shown in Table 6.

Fig. 14 presents the grayscale morphological images and
color height cloud maps of the scratch surfaces at different
scratching speeds. Fig. 14 shows that when the scratching
speed is 2000 pum/min, the defects on the surface of TiAl
workpiece have a significant effect on the scratching process.
At this speed, the surface micro-defects (such as micro-cracks,
pores, or uneven hardness, etc.) interfere with the scratching
process, in a slight shift in the

resulting scratching

Table 6 Nano-scratching experiments of TiAl alloy under

different parameters

Scratching speed, v/um-min™' Normal load, F, /N

x/um

x/um

Fig.14 Grayscale morphology images (a, —c,) and colored height
cloud maps (a,—c,) of scratched surfaces at different scratch-
ing speeds: (a, —a,) 2000 pm/min; (b, —b,) 4000 pm/min;
(¢c,—¢,) 6000 um/min

morphology. The defect region leads to increased scratching
resistance or decreased plastic deformation performance of the
local material, thus affecting the stability of the scratching
path. This phenomenon deteriorates the surface quality around
the scratch, where irregular material flow promotes roughness
development and causes uneven surface morphology on both
sides, with pronounced ripples and localized accumulation.
With the increase in scratching speed, the change of

2000 20
4000 20 scratching width remains relatively stable, and there is no
significant fluctuation. However, Fig. 15 shows that the flow
6000 20 distribution on both sides gradually becomes uniform. This
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Fig.15 Scratch optical topographies at different scratching speeds: (a) 2D false-color height contour map; (b) 3D rendered surface topographies;

(c) 2D cross-section profiles extracted from the positions marked in Fig.15a
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phenomenon shows that the chip deformation in the
scratching area tends to be balanced at a higher scratching
speed, and the stress distribution during scratching gradually
becomes uniform.

This indicates that higher scratching speed (e. g.,
6000 pum/min) promotes a faster scratching process and
reduces the influence of heat input and local plastic
deformation on the material. Consequently, material flow
becomes more uniform, minimizing excessive softening or
plastic flow caused by local temperature rise. Therefore, the
lateral flow on both sides of the scratch becomes more regular
and symmetrical. This stabilization of material flow ultimately
improves the surface quality of the specimen.

In general, MD simulation is mainly used to study the
mechanism of the nano-scale scratching process, and its
simulation scale is significantly different from that of actual
machining conditions. Therefore, MD method is mainly used
as a theoretical analysis tool at present, and the direct
migration to practical engineering applications still faces
challenges. Future research should focus on integrating the
micro-deformation mechanism revealed at nano-scale into the
macro-cutting simulation framework to construct cross-scale
prediction models. At the same time, the calibration and
verification of simulation parameters through high-precision
experimental data can realize the deep fusion of theoretical
mechanism and experimental observation, thus significantly
enhancing the prediction reliability, universality, and
engineering guidance value of the model.

4 Conclusions

1) Increasing scratching speed significantly elevates
scratching forces and promotes frictional heat generation.
Higher scratching speeds lead to localized temperature rise
and stress concentration in the y-TiAl alloy. Compared to dry
scratching condition, water lubrication effectively reduces the
friction coefficient, facilitates heat removal, minimizes
thermal damage, and consequently enhances surface quality
and machining precision.

2) At the microstructural level, variations in scratching
speed significantly influence dislocation motion and defect
distribution within the material. Higher scratching speeds
induce more intense dislocation motion and defect
proliferation, and promote chip accumulation on the tool rake
face, affecting chip formation and distribution. An appropriate
scratching speed (e. g., 400 m/s) effectively balances heat
accumulation and dissipation, reduces dislocation line length,
and optimizes the deformation behavior of the material.

3) The surface roughness of the machined surface decreases
significantly with increasing scratching speed. This reduction
is particularly pronounced under water lubrication, where
cooling and lubrication further lower surface roughness. Water
lubrication reduces surface plastic deformation and micro-
damage, enabling the maintenance of lower surface
roughness. Generally, scratching speed and water lubrication
conditions collectively determine the machining performance
and surface quality of single-crystal y-TiAl alloy. Optimizing

both scratching speed and water lubrication conditions is
crucial for enhancing machining efficiency and surface quality.

4) Experimental validation confirms that scratching speed
significantly affects surface quality. Lower scratching speeds
(e.g., 2000 um/min) are prone to interference from surface
micro-defects on the specimen, leading to irregular scratch
morphology and increased surface roughness. Conversely,
higher scratching speeds (e.g., 6000 um/min) reduce localized
heat input and plastic deformation, promote more uniform
material flow, and result in smoother scratch morphology. The
results demonstrate that appropriately increasing the
scratching speed helps to optimize the distribution of
scratching forces and improves machining precision.
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