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ABSTRACT: Molecular dynamics simulations were used to e | Roughness
investigate surface material removal and subsurface damage at the \/ X :
nanoscale to the atomic scale during ultrasonic vibration-assisted " N '\'/f“:

(UVA) nanoscratching of single-crystal AIN with a single-point &= - N - ) &Sy
diamond tip. The simulation results suggest that UVA-scratching 3
results in a lower tangential force, normal force, and friction
coefficient than ordinary scratching at the same scratch depth. UVA-
scratching results in a greater material removal rate than ordinary
scratching because of the vibration-induced rise in the local
temperature, which facilitates atomic bond breakage and the lateral
extension of stacking faults in the superficial layer. Uniform
monolayer removal consisting of the outermost Al atoms and the

UWAcscratehing v. ordinary seratching

connected N atoms is easier to achieve in the scratching path with the UVA-scratching mode than with the ordinary scratching
mode. UVA-scratching produces a smoother scratched surface. For example, the root mean square of the surface after UVA-
scratching is only approximately one-third of that after ordinary scratching at the same scratch depth. Furthermore, ultrasonic
vibration can reduce scratching-induced material pile-up and subsurface damage, which primarily consists of dislocations and
stacking faults. This is because vibration can reduce the stress distribution range and restrain the stress concentration. This work can
provide useful knowledge for high-quality and efficient ultraprecision surface machining for hard-brittle materials.
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material in engineering applications [20]. High-end AIN-based
wide bandgap semiconductor devices demand ultrasmooth,
damage-free AIN substrates or wafers. Achieving such surfaces
requires grinding and polishing processes, while the efficiency and
quality of the subsequent CMP process are highly dependent on

1 Introduction

Ultraprecision surface machining methods can be divided into
single-point and surface processing methods according to the
motion of the machining tool and the material removal method of

the target workpiece [1-6]. Its purpose is to achieve controlled
processing of ultrahigh-precision surfaces or structures by
precisely controlling the minimal removal of materials that can
reach the atomic scale. Typical ultraprecision machining
techniques, such as single-point diamond turning, scanning probe
microscopy-based scratching, chemical-mechanical polishing
(CMP), and ultraprecision grinding, play significant roles in
semiconductor processing [7-12]. Owing to its bandgap, high
thermal conductivity, and excellent mechanical and piezoelectric
properties [13-15], single-crystal AIN has become an ideal
substrate for the epitaxial growth of GaN, AIN, and AlGaN
materials [16—-18], an electronic packaging material for ultraviolet
light-emitting diodes [19] and an excellent protective coating

the results of the previous processing. The surface processing of
hard-brittle semiconductor materials using traditional grinding
and rubbing methods suffers from a low material removal rate
and difficulties in controlling machining damage. To this end,
researchers have proposed the utilization of external field-assisted
methods, such as laser-assisted, plasma-assisted, and ultrasonic
vibration-assisted methods, to improve the processing efficiency
and quality [21]. Among them, the laser-assisted method causes
material softening first by laser heating and then mechanically
achieves a high removal rate to improve processing efficiency [22].
The plasma-assisted method modifies the material surface by
injecting high-energy ions and hence can increase the removal
rate and machinability of the target material, but ion implantation
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contamination cannot be completely ignored [23]. Moreover, by
utilizing a transducer to convert high-frequency electrical energy
into high-frequency mechanical vibration energy, the ultrasonic
vibration-assisted (UVA) processing method has become a good
candidate for obtaining high processing efficiency and low
damage to many hard-brittle materials. The material removal
during UVA processing is attributed primarily to the synergistic
effects of material softening caused by high-frequency vibration
and periodic vibration impacts [24].

Recently, several studies have shown that ultrasonic vibration
can effectively improve the material removal rates of Si, SiC,
sapphire, GaN, and other hard-brittle materials and reduce
subsurface damage during ultraprecision surface machining
[25-29]. For example, Qiao et al. [30] indicated that ultrasonic
vibration increases the critical load of the brittle-ductile transition
of ceramic materials and promotes the propagation of shallow
lateral cracks to the surface, thereby improving the material
removal efficiency in the scratching process. Wang et al. [31]
reported that during UVA cutting, the main defects in the
subsurface are lateral microcracks that propagate mainly toward
the free surface, thus promoting material removal. Ultrasonic
vibration can also prevent the median crack from extending
toward the bulk material, which contributes to improving the
uniformity of groove quality. Note that material removal during
UVA machining in the above studies falls into the multiasperity
condition, where the propagation of lateral cracks is the main
cause of vibration-enhanced material removal. Nevertheless, the
relatively limited understanding of the UVA material removal
mechanism of AIN severely restricts the development of AIN
UVA ultraprecision machining technology.

Given the experimental difficulty in terms of accuracy and
control, current research on nanoscale UVA surface machining is
primarily based on molecular dynamics (MD) simulations. Using
interatomic interactions, MD simulations can assess nanoscale to
atomic-scale force-heat behavior, structural transitions of
materials, and material attrition under various mechanical
conditions [32, 33]. Through MD simulations of UVA cutting,
Liu et al. [34] reported that crack generation and propagation can
be effectively suppressed by increasing the cutting temperature via
vibration. Using MD simulations, Wang et al. 35, 36] investigated
the surface formation mechanism during UVA cutting of
tungsten. They demonstrated that, compared with the ordinary
cutting method, this cutting approach can improve the quality of
the machined surface, resulting in strong plastic flow features and
undamaged tungsten particles. Zhang et al. [37, 38] carried out a
study of laser and ultrasonic vibration-assisted nanogrinding for
AIN. These results indicate that the coupling effect of lasers and
vibration can increase the temperature of the nanogrinding area
and reduce the hardness of the material, thus improving the
processing efficiency and quality and reducing the subsurface
damage. Tip-based nanofabrication methods, primarily atomic
force microscopy (AFM), have attracted much attention from
researchers because of their flexibility and high resolution. For
instance, Wang et al. [39—41] investigated and proposed a tip-
based ultrasonic vibration-assisted nanomilling (UVAN) method
to fabricate nanochannels on a monocrystalline silicon surface.
Their results indicate that material removal during UVAN can be
divided into three stages and that the high-pressure release rate
leads to the transformation of the Si-II phase into the amorphous
phase (a-Si) and many atomic-scale defects consisting of stacking
faults and dislocations. This study provides meaningful insight
and reference for our study on AIN. However, the underlying
mechanism of material removal behavior under ultrasonic
vibration energy fields remains unclear. Existing simulation
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studies still focus on explaining the enhancement effects on the
processing rate and quality observed during macro/microscale
material removal processes, lacking quantitative characterization
at the atomic removal level. Ultrasonic vibration acting on the
processing interface may enhance the formation of the machined
surface, providing new atomic-level insights for exploring the
limits of material processing to achieve ideally smooth atomic-
level surfaces.

In this work, we investigated the nanoscale-to-atomic-scale
material removal behavior of single-crystal AIN during UVA-
scratching through MD simulations. The effects of ultrasonic
vibration on surface frictional properties, roughness, and
subsurface lattice damage during AIN scratching were elucidated.
The material removal mechanism during UVA-scratching was
investigated at the atomic level by analyzing the structure, stress,
and temperature fields. This work provides theoretical insights for
developing UVA ultraprecision machining technology for hard-
brittle materials.

2 Methods

2.1 MD simulation model and potential function

The MD simulation models for ordinary scratching and UVA-
scratching of AIN are displayed in Fig. 1. This model was
composed of an AIN (0001) workpiece with a size of 330 A X
axis) x 247.94 A (Y-axis) x150 A (Z-axis) and a spherical diamond
tip with a radius of 40 A, consisting of 1,119,794 atoms in total.
The directions of the X-, Y-, and Z-axes were along the [1210],
[1010], and [0001] crystal orientations of single-crystal AIN,
respectively. The [1210] and [0001] directions were set as fixed
boundary conditions, [1210] and [0001] were set as shrink-
wrapped boundary conditions, and [1010] and [1010] were set
as periodic boundary conditions. The AIN workpiece contained
three layers, i.e., the boundary layer, the thermostat layer, and the
Newtonian layer. The boundary layer with a thickness of 10 A was
used to fix the AIN workpiece to execute the scratching process.
The Langevin thermostat bath method was adopted to maintain a
constant thermostat layer temperature and dissipate the scratching-
induced heat [42, 43]. The Newtonian layer with dimensions of
300 A x 247.94 A x 120 A followed Newton’s second law. Figure 1
shows that the motion of the tip was configured as a combination
of elliptical vibrations in the X- and Y-directions and uniform
linear feed motion in the X-direction during UVA-scratching. The
motion equation can be described as Egs. (1) and (2):

v, (t) = A .cos(2mft) + v, (1)

vy(t) = A,sin(2rf) )

where v, is the scratching velocity along the X-direction, v, (t) is
its velocity components along the X-direction at f, v,(t) is its
velocity components along the Y-direction, ¢ is the motion time of
the tip, f is the ultrasonic vibration frequency, and A, and A, are
the ultrasonic vibration amplitudes in the X- and Y-directions,
respectively. In contrast, the tip moved uniformly in a straight line
along the X-direction during scratching without vibration. The
detailed simulation parameters are listed in Table 1. The Vashishta
potential [44] function was used to describe the interatomic
interactions within the AIN workpiece, as AIN does not easily
react with diamonds under ordinary scratching conditions. The
Lenard-Jones potential function was utilized to characterize the
interaction of C-Al and C-N pairs between the diamond tip and
the AIN workpiece [45].
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Fig.1 MD simulation model for ordinary scratching and UV A-scratching of an AIN workpiece with a diamond tip.

Table1 MD simulation parameters

Parameter Value
Total number of atoms in AIN workpiece 1,051,836
Total number of atoms in diamond tip 67,958

Dimensions of the AIN workpiece (A) 300 x 247.94 x 150

Radius of the diamond tip (A) 40

Initial temperature (K) 300
Time step (fs) 1

Scratching distance, L (A) 210

Scratch depth, d (A) 10, 15, 20, 25, 30

Scratching velocity, v (A/ps) 0.2,0.4
Ultrasonic amplitude in X-direction, A, (A) 4
Ultrasonic amplitude in Y-direction, A, (A) 6

Ultrasonic vibration frequency, f (GHz) 0.25

2.2 Simulation and analytical methods

In this study, the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS, Version 12 Dec 2018) [46] was employed
for all the MD simulations. Initially, the system was relaxed for 10
ps in a canonical (NVT) ensemble to ensure that it was sufficiently
relaxed. Next, ordinary scratching and UVA-scratching
simulations were performed in a microcanonical (NVE)
ensemble. For analysis and postprocessing, OVITO software was
used to capture multiple atomic snapshots and conduct in-depth
data analysis [47]. The dislocation extraction algorithm (DXA)
[48] and identify diamond structure (IDS) [49] methods were
applied to identify atomic structure transformation during
scratching and analyze subsurface dislocations and defects.
Atomic displacement vectors and corresponding vector graphs
showing the displacement trajectory of each atom were prepared
to analyze the material deformation involving the plastic flow of
AIN during scratching. Temperature and von Mises stress
distribution maps were obtained to evaluate the effects of
temperature and shear stress on the material removal behavior
and subsurface damage during UVA-scratching and ordinary
scratching. First, the von Mises stress and temperature of each
atom were calculated according to the corresponding formula
[50, 51]. Then, the whole Newtonian layer was divided into many
unit spheres with a radius of 3.5 A. Finally, the average von Mises
stress and temperature in each sphere space were obtained, and
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the atoms belonging to a certain sphere were colored according to
the calculated average value.

2.3 Nanowear experiments

Nanowear tests and three-dimensional (3D) imaging of the wear
tracks were conducted by using an atomic force microscope
(Dimension Edge, Bruker, Germany). The nanowear tests for the
UVA and ordinary scratching modes were performed using a
diamond tip with a nominal curvature radius of ~20 nm and a
cantilever spring constant of ~100 N/m (NC-LC, Adama, USA)
under a 1 um scratching distance, at a 2 um/s scratching velocity,
and 50 reciprocating cycles at different normal forces in the range
of 2.6-42.1 uN. The scratching direction was along the [1210]
crystal orientation. In the UVA-scratching process, ultrasonic
vibration was applied perpendicular to the scratching direction
with an amplitude of 10 nm and a frequency of 55 kHz. After
scratching, the wear regions were scanned in situ using a sharp
Si;N, probe with a curvature radius of ~20 nm and a cantilever
spring constant of ~0.1 N/m. An undoped single-crystal AIN
(0001) film with a thickness of 3 um on a 0.43-mm-thick sapphire
substrate (Heifei Crystal Technical Material Co., Ltd., China) was
used for our experiments. The surface root-mean-square (RMS)
roughness of these AIN samples was measured to be less than
0.5 nm over an area of 6 um x 6 um using AFM.

3 Results and discussion

3.1 Scratching morphology and wear properties

The 3D topographies and cross-sectional profiles of the AIN
workpiece at different scratching distances at scratch depths of 20
and 30 A, as shown in Figs. 2 and 3, respectively, can reflect the
evolution of surface material removal and structural characteristics
in the subsurface during UV A-scratching and ordinary scratching.
The slice thickness of these cross-sectional profiles is 40 A, and
atoms are colored according to their structural types identified
using the IDS method. As the scratching distance increased, the
surface pile-up and material removal volume increased, but the
compression phase caused by the compressive stress of the tip
gradually decreased. The final steady-state damage in the
subsurface after unloading was primarily composed of stacking
faults and dislocations. The cross-sectional profiles suggest that the
AIN workpiece has fewer amorphous layers and stacking faults
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Fig.2 Surface topographies and cross-sectional profiles of AIN workpiece when scratching distances L = 110, 160, and 210 A and after unloading with a scratch depth
d =20 A. (a) UVA-scratching; (b) ordinary scratching, Subsurface damage consisting of dislocations and structural transformation of AIN workpiece is also shown in this

figure. Scratching velocity is 0.4 A/ps.

after UVA-scratching than after ordinary scratching. UVA-
scratching and ordinary scratching resulted in different structural
features in the pile-up: UVA-scratching retained many atoms with
the original wurtzite crystal structure, whereas ordinary scratching
mostly produced an amorphous structure. This result indicates
some differences in the material removal mode between UVA-
scratching and ordinary scratching of AIN. The DXA analysis
results indicate that at a scratching distance of L = 110 A, fewer
stacking faults appeared in the workpiece, with a shallower
distribution after UVA-scratching than after ordinary scratching.
For the 20 A scratch depth, dislocations of an unknown type
(marked in red) appeared when the scratching distance L = 160 A,
whereas dislocations of an unknown type appeared earlier in the
scratching process with a 30 A scratch depth. With increasing
scratching distance, the stacking faults expanded in the surface
layer of the AIN workpiece but did not extend and developed
deeper for UV A-scratching. When the scratching distance L=210 A,
the AIN workpiece after ordinary scratching exhibited an
extensive distribution of stacking faults at both ends of the tip
contact area. In contrast, the stacking faults caused by UVA-
scratching were distributed mainly at the front of the tip contact
area, with a narrow distribution range. Compared with that before
unloading, the subsurface damage consisting of stacking faults and
dislocations during ordinary scratching was not significantly
reduced, whereas the subsurface damage caused by UVA-
scratching was slightly alleviated. The 30 A scratch depth resulted
in more severe surface wear and pile-up, and the subsurface
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damage consisting of dislocations and stacking faults than the
20 A scratch depth. After ordinary scratching, when the scratch
depth reached 30 A, the amorphous structure in the pile-up and
debris was also mixed with the evident wurtzite and cubic
diamond (CD) structures, and material removal at this time
exhibited certain brittle fracture characteristics. Additionally, the
morphology of the pile-up caused by UVA-scratching was quite
different from that caused by ordinary scratching. Previous studies
considered dislocation slip and stacking faults as the dominant
mechanisms of material removal of AIN crystals [52] during single-
point diamond abrasive scratching. The shallow and flake stacking
faults expand laterally along the tip movement direction during
UVA-scratching. Moreover, shallow surface stacking faults can
release the internal stress of the material to some extent, thereby
alleviating damage to the subsurface.

The atomic displacement and surface pile-up after unloading
for UVA-scratching and ordinary scratching at a scratch depth of
d = 30 A are shown in Fig. 4. The plot of the atomic displacement
vectors displays the displacement trajectory of each atom during
scratching. For UVA-scratching, atoms in the scratching region
flowed in many directions and moved to both sides of the
scratched trench. In contrast to UVA-scratching, there was only
one primary atomic movement direction for ordinary scratching
(ie., the [1210] crystal direction), along which there was a longer
displacement distance. The 3D scratching topographies suggest
that, after UVA-scratching, less surface pile-up formed than after
ordinary scratching, as the tip only moved in the X-direction. This

Friction, 2026, 14(3): 9441097
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Fig.3 Surface topographies and cross-sectional profiles of AIN workpiece when scratching distances L = 110, 160, and 210 A and after unloading with a scratch depth
d =30 A. (a) UVA-scratching; (b) ordinary scratching, Subsurface damage consisting of dislocations and structural transformation of AIN workpiece is also shown in this

figure. Scratching velocity is 0.4 A/ps.

caused the debris atoms to concentrate on the front and sides of
the scratching trace. In the case of UVA-scratching, the debris
atoms moved in the extra X- and Y-directions due to the tip
vibration, which greatly reduced the pile-up in front of the tip-
scratching trace. Distinguishing the structural characteristics of
pile-up and debris can help understanding the material removal
mechanism, which can be generally divided into plastic removal
and brittle fracture modes for hard-brittle materials. The IDS
method was used in this study to identify the lattice structure of
pile-up and debris (Fig. 4). Compared with ordinary scratching,
the pile-up and debris for UVA-scratching contained more
evident CD structures transferred from the original hexagonal
diamond (HD) structure of AIN. The CD structure here was
presumed to be a zinc-blende structure that has higher symmetry
than hexagonal wurtzite, overlapping positive and negative ion
centers, and no spontaneous polarization [53, 54]. The amorphous
state identified as “other” by the IDS method after UVA-
scratching was also less than that after ordinary scratching.

The difference in the structural properties of pile-up and debris
between UVA-scratching and ordinary scratching was attributed
primarily to the coupling effect of the temperature and stress
fields. Specifically, the local high temperature during UVA-
scratching reduced the energy required to cause phase transitions
from the wurtzite structure to the zinc-blende structure and other
transient phases before finally becoming a zinc-blende structure.
The contents concerning the temperature and stress fields are

https://doi.org/10.26599/FRICT.2025.9441097

discussed in more detail in Section 3.3. For ordinary scratching, a
slight increase in local temperature was insufficient to induce this
phase transition, as it merely resulted in most of the wurtzite
structure becoming amorphous instead.

Hard-brittle materials, such as AIN, GaN, and sapphire, have
similar surface morphologies and wear properties during UVA-
scratching. However, the surface morphology and local phase
transformation of these materials during UVA-scratching also
exhibited some differences, especially when the feature scale
reached the nanoscale or the atomic scale. After UV A-scratching,
more evident surface pile-up and debris consisting of many CD
atoms occurred on the AIN workpiece due to local phase
transitions, whereas some amorphous atoms were primarily
distributed on the groove with a flatter scratched surface. This
phenomenon suggests that the material removal behavior of AIN
during UV A-scratching was not just attributed to plastic removal
but was far more complicated than that during ordinary
scratching. In contrast, the height of the material pile-up on
sapphire after UVA-scratching is smaller, and the structures of the
pile-up and debris are mostly amorphous because of extrusion
and shearing [55]. Furthermore, although both AIN and GaN
crystals have the same wurtzite structure, many differences exist in
their material removal behaviors during UVA-scratching. For
GaN, many amorphous atoms are generated in the pile-up and
wear debris, and the subsurface damage is mainly composed of
various dislocations, suggesting that the material removal of GaN
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during UVA-scratching might still be dominated by crystal
plasticity [28, 56, 57].

We also performed another UVA-scratching and ordinary
scratching simulation with a slower feed scratching velocity of
0.2 A/ps and found that there was little difference in the scratching
results between the two velocities. Notably, UVA-scratching and
ordinary scratching have similar trends in terms of friction, wear,
subsurface damage, etc., regardless of the selected scratching
velocities. Most results for the 0.2 A/ps scratching velocity are
given in the Electronic Supplementary Material (ESM).

The wear volume and removal rate were calculated to quantify
the material removal behavior for UVA-scratching and ordinary
scratching under different mechanical conditions (Fig. 5). The

(a) UVA-scratching

wear volume was obtained by integrating the volume of the
scratching-induced trench [58], and the removal rate was defined
as the ratio of the number of atoms removed to the number of
atoms theoretically removed in the trench. The calculation results
revealed that UVA-scratching resulted in a greater wear volume
and removal rate than ordinary scratching for all selected scratch
depths and scratching velocities in our simulation. This result
suggests that inducing vibration could effectively promote
nanoscale material removal during mechanical scratching with a
diamond tip. Figure 6 displays the wear volume as a function of
the normal force for UVA-scratching and ordinary scratching.
The wear volume of the AIN workpiece for UVA-scratching was
larger than that for ordinary scratching at the same normal force.

Displacement (A)
100 = . 190
Fig.4 Scratching-induced atomic displacement and surface pile-up. (a) UVA-scratching; (b) ordinary scratching, Scratch depth is 30 A and scratching velocity is

0.4A/ps.
Scratching depth (A)
10 20 30
3 T |
(a) | |
| |
(é-\ 1 I
< : |
S 24 : :
e | |
= | |
E 1 I
o) 1 1
> I |
5142 ¥ |8 D I
£ Z 5 = |2 =

* %z friEH EHEE 2

55 #5398 9E 35 |33

dE OZEIEE ZE2E

o BE @& Bld Plal Bl Bl#

0.2 0.4 02 04 0.2 0.4

Feed velocity (A/ps)

Scratching depth (A)
70% 10 | 20 ‘ 30
['b) | |
60% - ; |
1 1
1 1 1
= ] 1 |
L 1 |
t; 40%)“ 1 |
g i i
S 30%- : :
lz = (120 EM BN =
20%-4 = = V1= = = =
2o Eo(Ble [Sllel E]ls (E|l
TEE R H N
10%- |5 £ S EE e B
llels =2 <F =5 F =2z
o L BB Elen: BlE B[4 BllE B3
0.2 0.4 0.2 0.4 0.2 0.4
Feed velocity (A/ps)

Fig.5 (a) Wear volume and (b) removal rate of AIN workpiece after scratching under different conditions.
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Fig.6 Wear volume as a function of normal force in AIN workpiece for UVA-
scratching and ordinary scratching.

As the normal force increased, the wear volume for UVA-
scratching increased exponentially, and the greater the speed was,
the faster the wear volume increased. The wear volume exhibited
an approximately linear relationship with the normal force in the
approximate range of 800-1,200 nN. The increase rate of wear

volume against the normal force for UV A-scratching, which can
reflect the wear rate, was considerably faster than that for ordinary
scratching, indicating that UVA-scratching can achieve more
efficient material removal under the same normal force
conditions.

AFM-based nanoscale UVA-scratching and ordinary
scratching experiments were performed on single-crystal AIN
surfaces at different normal forces in the range of 2.63-42.08 uN
using a diamond tip. Figure 7 displays the AFM images of the
wear tracks and wear volume as a function of the normal force
after scratching. When the normal force was 2.63 N, evident
wear occurred at a depth of ~8.6 nm after UVA-scratching, but
only slight wear occurred on the AIN surface after ordinary
scratching. This suggests that purely mechanical removal is
difficult to achieve using ordinary scratching. Wear increased with
increasing normal force for both UVA-scratching and ordinary
scratching. Under the same normal force conditions, the wear
volume for UVA-scratching was at least four times greater than
that for ordinary scratching. Furthermore, the wear volume as a
function of normal force for UVA-scratching demonstrated a
noticeably different trend from that for ordinary scratching: an
exponential increase for UV A-scratching but a linear increase for
ordinary scratching that conformed to classic Archard theory. The
above results indicate that the nanowear experiment exhibited a
material removal phenomenon similar to that of the MD
simulation for UVA-scratching and ordinary scratching.
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Fig.7 AFM images of wear tracks at different normal forces and wear volumes as a function of normal force for UVA-scratching and ordinary scratching.
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As roughness is an important index for evaluating the quality of
ultraprecision surface processing, the RMS roughness values at
different positions were measured. The surface morphologies
shown in Figs. 8(a) and 8(b) indicate that the scratched surface
after UVA-scratching is flatter than that after ordinary scratching
at the same scratch depths of 20 and 30 A, along with fewer pile-
ups and more ordinary arrangements of surface atoms. The RMS
values were measured at the center position of the scratching-
induced trench after UVA-scratching and ordinary scratching. As
shown in Figs. 8(c) and 8(d), the RMS values for UVA-scratching
were all evidently lower than those for ordinary scratching at five
different positions. The average RMS roughness after UVA-
scratching (both lower than 0.4 A) was approximately one-third
that after ordinary scratching (Fig. 8(e)). The above results
demonstrate that UVA-scratching can result in lower surface
roughness than ordinary scratching, thereby improving surface
machining quality.

Multiple abrasive particles and their interactions are usually
involved in ultraprecision surface machining. Here, we performed
an additional MD simulation of UVA-scratching and ordinary
scratching with two diamond tips for the AIN workpiece. Similar
to single-tip scratching, UV A-scratching and ordinary scratching
with two tips resulted in differences in surface wear morphology,
wear volume, and subsurface damage. During double-tip
scratching, the scratching force generated by the two tips
propagated continuously, and the atoms in the contact area were
under forces from multiple directions, resulting in the dislocations
extending deeper into the subsurface. This phenomenon may be
related to the atoms obtaining excessive instantaneous energy
during double-tip scratching. The surface pile-up produced after
double-tip UVA-scratching contained the original wurtzite crystal
structure, whereas that after double-tip ordinary scratching was
mainly composed of an amorphous structure, suggesting a more
evident plastic removal feature. Regardless of single-tip mode or
double-tip mode, UVA-scratching always results in a flatter
surface and much lower surface roughness than ordinary

scratching. In addition, the surface morphology and RMS values
of the two grooves induced by double-tip scratching exhibited
individual variability. A detailed explanation of double-tip UVA-
scratching is given in the ESM.

3.2 Frictional properties

Figure 9 shows the evolution of the tangential force (Figs. 9(a)-
9(c)) and normal force (Figs. 9(d)-9(f)) during UV A-scratching
and ordinary scratching at scratch depths of d = 10, 20, and 30 A,
in which the periodic fluctuating lines were smoothed as solid
lines to reflect the instantaneous average force situation. As the
scratching distance increased, the tangential force first increased
rapidly and then gradually reached a steady state accompanied by
oscillations within a certain range for both the UVA-scratching
and ordinary scratching cases. For UVA-scratching, the tangential
and normal forces oscillated periodically due to the periodic
movement trajectory of the tip vibration, where the greater the
scratch depth was, the greater the oscillation amplitude. The
tangential and normal forces for UVA-scratching were smaller
than those for ordinary scratching in the stabilizing scratching
stage when the scratch depth was d = 20 or 30 A. Figure 10
displays that, except in the case of the 10 A scratch depth, UVA-
scratching resulted in a lower average friction force and friction
coefficient than ordinary scratching did in the stable scratching
stage. This result indicated that the addition of ultrasonic vibration
can reduce friction during nanoscale scratching of the diamond
tip against AIN workpieces. This is because the tip velocity is the
sum of the speeds in the X-direction feed, X-direction vibration,
and Y-direction vibration in the UVA-scratching process,
resulting in a faster instantaneous velocity than ordinary
scratching, thereby reducing the instantaneous contact area
between the diamond tip and the AIN workpiece. Moreover, the
force magnitude is determined by the instantaneous contact area;
that is, both the tangential and normal forces increase with
increasing contact area [59, 60]. Conversely, a decrease in the
instantaneous contact area results in a reduction in the force for
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UVA-scratching. Since the instantaneous contact area between the
tip and the AIN workpiece changes with the vibration trajectory
during UVA-scratching, both the tangential and normal forces
fluctuate periodically with the vibration trajectory of the tip.
Moreover, wear debris accumulates continuously with increasing
scratching distance to form surface pile-ups. This pile-up
formation increased the overall contact area between the tip and
the AIN workpiece, resulting in a sustained increase in the
tangential and normal forces [61]. When the scratch depth was
10 A, UVA-scratching resulted in greater tangential force than
ordinary scratching did at the scratching distance range of
120-210 A because of the greater degree of material removal in
the former (Fig. 16).

3.3 Stress and temperature distributions

High local stress increases the likelihood of material damage,
which affects the quality of surface processing [62]. To evaluate

https://doi.org/10.26599/FRICT.2025.9441097

the local stress field and its influence on the scratching-induced
subsurface damage properties during UVA-scratching, the von
Mises stress per atom was calculated, and then the stress
distribution was further plotted against the average stress value
within a certain volume range [63]. Figures 11(a) and 11(b) show
the von Mises stress distributions of the AIN workpieces for
scratch depths of 10, 20, and 30 A when the scratching distance
L = 210 A and after tip withdrawal for UVA-scratching and
ordinary scratching, respectively. UVA-scratching produced a
narrower von Mises stress field, and its region of high stress was
less evident than that of ordinary scratching. The above results
suggest that introducing vibration could significantly reduce the
region of local stress concentration within the AIN workpiece. In
contrast, the region of localized stress concentration after
scratching was larger and extended deeper along the movement
direction of the tip. For both UVA-scratching and ordinary
scratching, the local stress recovered partially after the tip was

722w | Sci@pen

Tsinghua University Press


https://doi.org/10.26599/FRICT.2025.9441097

9441097-10

Feng SC, Guo ], Yin JQ, et al.

withdrawn and then manifested as residual stress. This residual
stress might cause the further development of dislocations and
even crack formation, thereby affecting the machining quality of
the target workpiece [64]. Since the UV A-scratching case shows
more elastic-dominated stress recovery and less residual stress
distribution in the AIN workpiece, it is more suitable for obtaining
low machining damage.

Given that temperature has an evident influence on material
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removal, high temperature is considered a potentially effective
means to improve the machinability of hard-brittle materials
[65—67]. Thus, understanding the effects of temperature on
material removal and subsurface damage during UV A-scratching is
highly important. The temperature cloud map shown in Figs. 12(a)—-
12(c) reveals that UV A-scratching exhibited evident localization in
the high-temperature zone in the tip-workpiece contact region,
whereas ordinary scratching did not. This phenomenon was also

Fig. 11 Von Mises stress distribution when scratching distance L = 210 A and after unloading for different scratch depths of d = 10, 20, and 30 A. (a) UVA-scratching;

(b) ordinary scratching, Scratching velocity is 0.4 A/ps.
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confirmed in some MD studies on ultrasonic UVA-scratching
[33, 68]. As the scratch depth increased, the range of the localized
high-temperature region expanded. The temperature evolutions of
the AIN workpiece during the scratching process for UVA-
scratching and ordinary scratching at scratch depths of 10, 20, and
30 A are shown in Figs. 12(d)-12(f), respectively. For ordinary
scratching, the temperature was maintained around the initial
temperature of 300 K throughout the entire scratching process,
regardless of the scratch depth, suggesting that the scratching-
induced heat dissipated over time. In contrast, UVA-scratching
caused an evident increase in the temperature of the AIN
workpiece, with the temperature increasing with increasing
scratch depth. For UVA-scratching, the temperature at scratch
depths of 20 and 30 A first increased rapidly, then decreased, and
continued to increase slowly. When the tip entered the edge of the
workpiece, the contact area between the tip and the workpiece
increased as the tip advanced, and the scratching-induced heat
continued to increase, thereby increasing the statistical
temperature of the AIN workpiece. After the tip completely
penetrated the workpiece, the heat generated within a certain time
tended to be stable. The heat dissipated was greater than the heat
generated, resulting in a decrease in temperature. Finally, the slow
increase in temperature was due to the continuous formation of
pile-up, which caused some obstruction to temperature
dissipation. Owing to the shallow tip penetration depth and
minimal change in the contact area, the above phenomena did not
occur at the 10 A scratch depth. The occurrence of local high-
temperature zones for UVA-scratching was due to the contact of
the diamond tip with the surface atoms of AIN. This contact
involved a combination of X-direction feed and X- and Y-
direction vibrations, leading the atoms to acquire high
instantaneous energy and thus generating high-temperature zones
locally at the contact area. Owing to the more intense thermal
activity of atoms, atomic bonds in these high-temperature zones
could be broken more easily, and hence, material removal could
be facilitated.

3.4 Subsurface damage

A previous study demonstrated that scratching-induced damage
in the subsurface primarily consists of dislocations, stacking faults,
structural transitions, and amorphizations [32]. Figure 13 displays
the dislocation evolution of the AIN workpiece with four
snapshots of the dislocation pattern at different times and the
variations in the length of the dislocation lines with the scratching
distance during UVA-scratching and ordinary scratching. The
length of the dislocation lines increased as the nucleation and
development of dislocations continued with increasing scratching
distance. The range of dislocation distribution for UVA-
scratching was smaller than that for ordinary scratching. During
UVA-scratching, the length of the dislocation lines in the AIN
workpiece fluctuated periodically, first increasing but then
decreasing in one fluctuation cycle. In contrast, the length of the
dislocation lines during ordinary scratching generally tended to
increase. The length of the dislocation lines in both UVA-
scratching and ordinary scratching decreased in the unloading
stage, but the decrease in UV A-scratching was more pronounced.
Figure 14 shows that ultrasonic vibration can effectively reduce
subsurface damage, mainly in the form of fewer dislocations and
stacking faults. The dislocation distribution was also shallower and
more concentrated, with stacking faults located mainly in the
shallower regions of the workpiece.

The statistics of the length of the dislocation lines with different
Burgers vectors for different conditions are given in Fig. 15.
Dislocations with Burgers vectors of 1/3 <1120> and 1/3 <1100>
and dislocations of unknown type constituted the vast majority,
whereas a few dislocations had Burgers vectors of <1100> and
<0001>. The length of each type of dislocation line for UVA-
scratching is smaller than that for ordinary scratching. With
respect to the effect of the scratch depth, the length of the
dislocation lines increased as the scratch depth increased.
Furthermore, slower feed rates led to a reduction in the length of
the dislocation lines. The above results indicated that UVA-
scratching generated fewer dislocations and stacking faults than
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Fig. 14 Subsurface damage after UV A-scratching and ordinary scratching under different scratching conditions.
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Fig. 15 Lengths of dislocation lines under different scratching conditions.

ordinary scratching, which can alleviate the degree of subsurface
damage to a certain extent. Owing to the coupling of the stress
and temperature fields, the AIN crystal undergoes a structural
transition from HD to CD and an amorphous state. Because
increasing the temperature could weaken the AI-N bond energy,
the AIN workpiece with evident localized high-temperature zones
after UV A-scratching is more likely to undergo phase transition
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(Fig. 4). In addition, the CD atoms were accompanied by the
formation of a stacking fault. Figure 16 shows the statistical results
of CD and “other” atoms after UVA-scratching and ordinary
scratching at different feed velocities and scratch depths.
Compared with ordinary scratching, UVA-scratching formed
substantially fewer CD atoms and fewer “other” atoms, except at a
scratch depth of d = 10 A, indicating that adding ultrasonic
vibration can reduce the phase transition from the HD to the CD
structure and amorphization. The UVA-scratching strategy has
advantages in preventing subsurface damage while ensuring
effective material removal.

3.5 Monolayer removal

Understanding the material removal mechanism and its threshold
condition with a single atom or molecule layer is highly important
for the ultraprecision machining of hard-brittle semiconductor
materials [69, 70]. When the scratch depth was 10 A, monolayer
removal of AIN occurred during both UVA-scratching and
ordinary scratching, but the surface wear patterns of the two were
significantly different (Fig. 17). For UV A-scratching, the uniform
monolayer AIN was removed along the entire scratching trace,
and a slight pile-up formed in front of the tip. A previous study
showed that this monolayer removal situation is related to
dislocation nucleation, which is thought to be the onset of
plasticity in the AIN crystal [71]. In contrast, for the ordinary
scratching case, only slight wear occurred at the starting position
of scratching. More severe material removal corresponded with a
greater tangential force for UVA-scratching. The tangential force
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evolved through several stages: (I) The diamond tip began to
scratch the AIN workpiece, and the tangential force gradually
increased, leading to the removal of some atoms in the contact
area. The tangential force in this stage was approximately the same
for UVA-scratching and ordinary scratching. (II) The tangential
force decreased until the steady state was reached. (II) In the
steady state, the tangential force for UVA-scratching was greater
than that for ordinary scratching, which resulted in stable
monolayer removal without evident subsurface damage instead of
slight lattice distortion. We speculate that the localized high-
temperature zone in UVA-scratching is conducive to achieving
monolayer removal of AIN crystals on the basis of the previous

https://doi.org/10.26599/FRICT.2025.9441097

analysis concerning the temperature field. More studies on the
monolayer removal behavior and the dependence of various
parameters during UV A-scratching are needed in the future.

4 Conclusions

In this work, we primarily used MD simulations to investigate
nanoscale-to-atomic-scale material removal and subsurface
damage during UVA-scratching of monocrystalline AIN. UVA-
scratching results in a lower tangential force, normal force, and
friction coefficient than ordinary scratching because of the smaller
instantaneous contact area between the diamond tip and the AIN
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workpiece. Inducing ultrasonic vibration can reduce the stress
distribution range and restrain the stress concentration to a
certain extent during scratching. In contrast, the local stress
concentration during ordinary scratching becomes more
pronounced and becomes worse as the scratch depth increases.
Both the simulation and experimental results demonstrate that
UVA-scratching results in a greater material removal volume and
removal rate than ordinary scratching under the present
conditions, primarily because the vibration-induced rise in local
temperature facilitates atomic bond breakage and the lateral
extension of stacking faults in the superficial layer. Compared with
ordinary scratching, monolayer removal of AIN was easier to
achieve by UVA-scratching, corresponding to an evident increase
in the tangential force and friction coefficient. In both single-tip
mode and double-tip mode, UV A-scratching always results in a
much smoother surface than ordinary scratching does, with an
RMS roughness lower than 0.4 A. Furthermore, ultrasonic
vibration can reduce scratching-induced material pile-up and
subsurface damage, which mainly consists of dislocations and
stacking faults.
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