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• Elucidates how vibration parameters 
and crystal orientation affect subsurface 
damage on the A-plane

• Reveals the competition between dislo
cation slip and deformation twinning 
under UVAS

• Proposes an ultrasonically modulated 
damage-activation model

• Provides a predictive framework for 
optimizing UVAS of anisotropic 
sapphire
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A B S T R A C T

Sapphire substrates are essential for advanced optoelectronic and power devices, but their extreme hardness and 
strong elastic-plastic anisotropy readily induce severe subsurface damage (SSD) during conventional machining, 
limiting wafer-scale yield and device reliability. Although ultrasonic vibration-assisted scratching (UVAS) can 
reduce forces and damage, the defect-suppression mechanisms on the A-plane and their dependence on vibration 
parameters and scratching direction remain insufficiently resolved. This paper used molecular dynamics simu
lations of UVAS to elucidate the coupled roles of vibrational parameters and crystal orientation on dislocation/ 
twinning activity, amorphization, and SSD depth. Results show that UVAS significantly suppresses the formation 
of dislocation networks and twinning through cyclic unloading, thereby reducing damage depth. However, 
extremely high frequencies and strain rates promote atomic amorphization and thicken the damage layer. A 
strong anisotropic response is observed: scratching along the [0001] orientation produces a denser but shallower 
defect zone along the [1100] orientation. Building on Schmid-type criteria, an ultrasonically modulated damage 
activation model is developed to reproduce the within-cycle activation/suppression of slip and twinning systems 
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and to provide a predictive framework for parameter selection. By integrating atomistic insights with continuum- 
scale modeling, the present study provides the first mechanistic guidelines for ultrasonic vibration-assisted 
processes of anisotropic sapphire.

1. Introduction

Sapphire is indispensable in advanced optoelectronic and power 
devices, serving as a window material for lasers [1,2], a substrate for 
GaN-based LEDs [3–5], AlN-based power electronic devices, and a key 
component in high-frequency radio-frequency modules [6–8]. Among 
the various crystal orientations, A-plane (1120) sapphire is particularly 
attractive due to its unique thermodynamic and dielectric properties, 
which are favorable for the heteroepitaxial growth of nonpolar and 
semipolar nitrides and for the fabrication of high-performance optical 
windows [9,10]. However, A-plane exhibits higher hardness and elastic 
modules than other orientations, making it extremely difficult to ma
chine. Conventional sapphire processing relies on multi-abrasive me
chanical contact, which not only results in low efficiency but also leads 
to surface and subsurface fracture and micron-scale cracks [11–13]. 
These defects severely degrade the mechanical strength and service life 
of devices. Moreover, as device integration and wafer diameter continue 
to increase, controlling nanoscale subsurface damage (SSD) on substrate 
has become a critical bottleneck for improving yield and reliability.

With the continuous advancement of precision machining technol
ogies, the concept of field-assisted processing—combining ultrasonic 
[14–17], thermal [18–20], electric [21,22], or chemical [23–25] with 
mechanical material removal [26–28]—has emerged as a key enabling 
strategy for the efficient, low-damage machining of ultra-hard crystals. 
Among these methods, ultrasonic vibration-assisted processes have been 
widely applied for sapphire machining [29–32]. By superimposing one- 
dimensional or two-dimensional ultrasonic vibration onto conventional 
machining, periodic separation between the tool and workpiece is ach
ieved. This method reduces the average chip thickness and contact time, 
thereby lowering cutting forces [33,34], extending tool life [35,36], 
improving surface finish [37–39], and enlarging the ductile machining 
regime [40,41]. Experimental studies on ultrasonic vibration-assisted 
grinding (UVAG) of sapphire experiments have demonstrated that, 
compared with conventional grinding, the application of ultrasonic vi
bration can significantly suppress edge chipping, improve surface 
morphology, and mitigate surface and subsurface cracks [42]. 
Longitudinal-torsional and multimode ultrasonic configurations further 
improve surface integrity and roughness, indicating that vibration di
rection and mode are critical control parameters [43]. At the single- 
abrasive level, ultrasonic vibration-assisted scratching (UVAS) of sap
phire enables more stable chip formation [44,45] and improve 
scratching quality for wafer dicing and chip separation [46]. Although 
these macroscopic studies clearly demonstrate the advantages of 

ultrasonic assistance in sapphire machining, they cannot elucidate how 
ultrasonic vibration modulates defect nucleation and propagation in the 
subsurface of specific crystal planes (such as the A-plane), particularly at 
the nanoscale.

Molecular dynamics (MD) simulation provides a complementary, 
atomistic approach [47–49] for elucidating the anisotropic deformation 
and damaging mechanisms of sapphire under scratching. MD simula
tions of nanoindentation and nano-scratching have revealed a rich 
spectrum of deformation modes across different crystal planes, 
including dislocation slip, basal and rhombohedral twinning, and 
orientation-specific crack initiation [50–53]. These simulations have 
further quantified how indentation direction and loading depth govern 
the balance between plasticity and cleavage. Meanwhile, MD studies of 
ultrasonic vibration-assisted polishing have clarified the effects of high- 
frequency vibration on force oscillations [54], chip morphology [55], 
temperature rise, and SSD depth during material removal on the C-plane 
[56]. Additional MD studies examining UVAS on different sapphire 
crystal orientations have further highlighted the strong anisotropic 
response of different planes to ultrasonic assistance [57]. However, 
these studies have mainly focused on global indicators such as average 
forces and SSD depth, rather than establishing mechanistic links be
tween vibration parameters, resolved shear/twinning stresses, and the 
activation of specific defect modes. At present, no study has systemati
cally examined the subsurface defect distribution on the A-plane under 
ultrasonic vibration-assisted processing, especially the competitive 
evolution of dislocations and twinning within the vibration cycle.

Significant progress has been made in slip-system activation models 
during conventional machining conditions. Yuta et al. [58] calculated 
resolved shear stresses on active slip and twinning systems to investigate 
crack morphologies and critical depths of cut during the brittle-to- 
ductile transition. He et al. [59] evaluated slip/twinning activation 
probabilities to correlate damage mechanisms with the inherent crystal 
anisotropy of sapphire. Wang et al. [60] employed Schmid and cleavage 
factors to investigate the plastic deformation and brittle spalling 
mechanisms of sapphire. Despite these advances, predictive frameworks 
for SSD at the microscale remain underdeveloped, particularly under 
ultrasonic vibration-assisted processing. Existing SSD prediction models 
for UVAG are primarily constructed from kinematic analyses and 
grinding force models [61–63]. However, these models typically treat 
sapphire as an elastically isotropic material and do not explicitly link 
vibration parameters with the activation of specific slip/twinning sys
tems. Therefore, it is necessary to establish a “damage activation” model 
for ultrasonic vibration-assisted processing that can describe defect 

Fig. 1. (a) Atomistic scratching model and (b) crystal orientation of sapphire. The black curves in the diagram represent the movement track of the single grain, and 
different types of atoms are represented by different colors.
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nucleation and evolution along individual grain trajectories.
In this work, MD simulations of ultrasonic vibration-assisted single- 

grain scratching on the A-plane of sapphire were conducted to investi
gate the influence of vibration parameters and scratching direction on 
SSD, with particular focus on the formation and competition between 
dislocations and twinning. Based on conventional crystal slip-activation 
models, an ultrasonically modulated damage activation model was 
developed by incorporating ultrasonic kinematic parameters and crystal 
orientation. This model successfully elucidates the cyclic evolution of 
individual slip/twinning systems throughout the vibration period. The 
results offer actionable guidance for optimizing ultrasonic vibration- 
assisted processes to achieve low-damage, high-efficiency 
manufacturing of A-plane substrates.

2. MD simulation details

Fig. 1(a) shows the MD model for ultrasonic vibration-assisted single- 
grain scratching of A-plane. The model comprises a spherical diamond 
grain and a sapphire workpiece. The sapphire is divided into three 
distinct regions: (i) a boundary layer with fixed atoms, (ii) a thermostat 
layer to maintain at a constant temperature to dissipate frictional heat, 
and (iii) a Newtonian layer where the grain-workpiece interaction oc
curs. Atoms in these regions are distinguished by different colors for 
clarity. Fig. 1(b) presents the hexagonal crystal structure of sapphire. 
The A-plane is constructed by rotating the coordinate system relative to 
the C-plane, and its crystal directions [0001], [1100], and [1120] are 
aligned with the Cartesian x, y, and z axes, respectively. To avoid 
spurious initial forces, the grain is placed 5 nm to the right of the 
workpiece, with its spherical center coplanar with the workpiece surface 
to achieve a constant scratching depth. The simulations are performed 
using the Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) [64–66]. Periodic boundary conditions are applied in the x 
and y directions to reduce finite-size effects [67,68]. Interatomic in
teractions within sapphire (Al–O) are described by Buckingham po
tential [69,70], whereas the interaction between the diamond (C atoms) 
and sapphire (Al and O atoms) is modeled using Lennard-Jones 12-6 
potential [71,72]. Because different crystal planes exhibit distinct 
intrinsic stresses, the A-plane is first relaxed for 50 ps under an NPT 
ensemble to release internal stress. Subsequently, energy minimization 
and further equilibration are carried out using an NVE ensemble 

Table 1 
Parameters employed in this study.

Parameters Specimens: sapphire (A-plane) Indenter: diamond

[0001] [1100]

Dimensions (nm) 30 × 30 × 15 Radius: 5
Number of atoms 3,216,780 3,129,840 155,071
Time step (fs) 1
Temperature (K) 297
Scratching depth (nm) 5
Scratching speed (m/s) 

Amplitude (nm) 
Frequency (GHz)

60,80,100,120,140 
1,2,3,4,5 
8.33,16.67,33.33,66.67,133.3

Fig. 2. Effect of ultrasonic vibration process parameters on scratching force: (a) Crystal direction; (b) amplitude; (c) frequency; (d) speed. In all figures, the red bars 
represent tangential force (Fx) and the blue bars represent normal force (Fz). (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
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combined with a Langevin thermostat [73,74].
The simulations encompass both conventional scratching (CS) and 

UVAS. In the CS, the grain moves along the x-axis at a constant speed of 
100 m/s, with a scratching depth of 5 nm and a total scratching distance 
of 18 nm. For UVAS, a high-frequency sinusoidal displacement Sy = Asin 
(2πft) is superimposed along the y-axis. The amplitude A varies as 1, 2, 3, 
4, and 5 nm, while the frequency f is set to 8.33, 16.67, 33.33, 66.67, and 
133.3 GHz. To further investigate the coupled effects of crystal 

orientation and ultrasonic vibration, scratching is performed along the 
[0001] and [1100] orientation on the A-plane, respectively. Wear of the 
diamond grain is neglected throughout the simulations [75,76]. All 
simulation parameters are summarized in Table 1.

Visualization of the crystal structure and simulation results was 
performed using OVITO software. Subsurface dislocations and twinning 
were analyzed by combining the polyhedral template matching (PTM) 
[77], dislocation extraction algorithm (DXA) [78,79], and common 

Fig. 3. (a) Young modulus and (b) Hardness along different crystal orientations on A-plane.

Fig. 4. Contact-zone temperature–distance curves under ultrasonic vibration–assisted nano-scratching: parametric effects of (a) amplitude, (b) frequency, (c) speed, 
and (d) scratching direction (UVAS vs CS).
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neighbor analysis (CNA) [80–82].

3. Results and discussion

3.1. Scratching force

Fig. 2(a) shows the evolution of tangential force (Fx) and normal 
force (Fz) for CS and UVAS along the [0001] and [1100] orientations. 
All force values correspond to the average forces in the steady stage. 
Under UVAS, the tool-workpiece contact alternates between loading and 
partial unloading within each vibration cycle. This intermittent contact 
reduces the mean load and limits sustained shear traction at the inter
face, which directly lowers both Fx and Fz. In addition, the oscillatory 
motion changes the instantaneous relative velocity direction, further 
dispersing the shear component and preventing continuous stress 
accumulation. A detailed mechanistic explanation based on the 
scratching force model is provided in Ref. [83]. As a result, UVAS pro
duces lower mean forces than CS, while the scratching direction has a 
pronounced effect on the forces. In both CS and UVAS, forces along the 
[0001] orientation are markedly higher than those along the [1100] 
orientation. This behavior directly reflects the strong mechanical 
anisotropy of sapphire: Young's modulus and hardness are significantly 
greater along [0001] orientation than along [1100] orientation, as 
shown in Fig. 3, the data were obtained from theoretical formulas for 
anisotropic elasticity [84,85].

Fig. 2(b–d) present the influence of amplitude, frequency, and speed 
on the average tangential force and normal force. Both forces decrease 
markedly with increasing amplitude and frequency. This reduction 
stems from two synergistic effects. Larger amplitudes and higher fre
quencies increase the effective scratching trajectory, enhancing fric
tional heating. The resulting thermal accumulation (Fig. 4) in the 

contact region leads to thermal softening of the substrate (i.e., reduced 
hardness and brittleness), which promotes amorphization and material 
removal. In addition, increased trajectory overlaps at higher amplitude 
and frequency leads to repeated removal of already-amorphized mate
rial, further lowering scratching resistance. By contrast, both the 
average tangential and normal forces tend to increase with speed. 
Higher speed elevates the strain rate at the grain tip, requiring larger 
cutting forces to remove material. Meanwhile, the effective trajectory 
length shortens and trajectory overlaps decreases, reducing the pro
portion of previously amorphized material that is repeatedly removed. 
As a result, scratching forces progressively increases.

As shown in Fig. 4, the temperature increases monotonically with 
increasing vibration amplitude and frequency, with frequency exerting 
the most pronounced effect (the peak temperature exceeds 1000 K). By 
contrast, when the scratching velocity varies from 60 m/s to 140 m/s, 
the temperature also increases but only within a relatively small range. 
In addition, a comparison between ultrasonic vibration–assisted 
scratching (UVAS) and conventional scratching (CS) indicates that, for 
both crystallographic directions, UVAS generates substantially higher 
temperatures than CS. These results support that the temperature rise 
promotes deformation and structural disordering in the near-surface 
region, thereby reducing the cutting forces.

3.2. Subsurface damage formation mechanism

Fig. 5 presents a comparative analysis of subsurface deformation and 
damage in A-plane under CS and UVAS. In both regimes, intense local
ized strain manifests as shear bands and clusters of high-strain atoms 
immediately ahead of and beneath the indenter, indicating substantial 
plastic deformation. The plastically deformed zones are outlined by 
white dashed lines. Regardless of the processing method, once plastic 

Fig. 5. Plastic deformation zone and typical lattice defects induced by single grain scratching of sapphire: cross-sections of the workpiece colored by atomic shear 
strain, comparing (a) CS and (b) UVAS; (c) perfect crystal without defects; (d) edge dislocation; (e) three-dimensional dislocation lines colored by character (edge vs. 
screw); (f) stacking faults composed of partial dislocations; (g) deformation twinning with mirror-symmetric lamellae across the twinning plane; (h) amorphous 
region where long-range order is destroyed.
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deformation occurs, the machined surface and subsurface inevitably lose 
their original perfect crystal structure. In the lower-strain regions, 
plastic deformation is accommodated primarily by dislocation activity. 
As shown in Fig. 5(d–e), a dense dislocation network consisting of screw, 
edge, and mixed dislocations forms beneath the scratching. As local 
stress intensifies, stacking faults emerge, acting as precursors that 
facilitate the subsequent formation of twinning, as illustrated in Fig. 5
(f–g). At higher strain rates, extensive atomic disorder culminates in 
amorphization, which mainly occurs the scratch flanks and the shallow 
near-surface region in direct contact with the grain, as shown in Fig. 5
(h). Under the same nominal conditions, subsurface layer in CS is 
characterized by deep-penetrating shear bands that propagate prefer
entially along basal planes. In contrast, the plastically deformed region 
in UVAS is significantly shallower. This indicates that the efficacy of 
ultrasonic vibration in mitigating machining-induced damage in sap
phire, primarily because the imposed vibration helps to reduce the 
normal force and thereby suppresses plastic deformation such as basal 
slip.

3.2.1. Dislocation formation and evolution
Dislocation formation is a primary manifestation of SSD. Fig. 6 shows 

the dislocation structures generated when a diamond grain scratches 
along the [0001] orientation on A-plane, with and without ultrasonic 
vibration assistance. The dislocations are mainly distributed beneath 
and flanks of the scratching. The dominant dislocation types possess 
Burger's vectors of 1/3〈1120〉 and 1/3〈1100〉. The number of disloca
tions is quantified in terms of dislocation density in the figure. Under CS, 
the subsurface deformed zone is dominated by a dense and highly 
entangled dislocation network. In contrast, the subsurface of UVAS 
generates markedly shorter, shallower, and discontinuous dislocation 
segments. These observations clearly demonstrate that the application 
of ultrasonic vibration substantially suppresses both the nucleation and 
the proliferation of dislocations, thereby significantly mitigating sub
surface damage.

Fig. 7(a–c) show the variation length with amplitude, frequency, and 
speed for different dislocation types. As amplitude increases, the 
dominant 1/3〈1100〉 dislocations and the secondary 1/3〈1120〉 dislo
cations decrease. Notably, the 1/3〈1120〉 dislocations almost disappear 
at large amplitude. The total dislocation line length shows a similar 

Fig. 6. Effect of ultrasonic vibration on dislocation structures during [0001] orientation scratching: (a) CS; (b) UVAS. Colored lines represent different Burgers 
vectors. DD represents dislocation density.

Fig. 7. The dislocation length generated varies with different scratching parameters: (a) Amplitude; (b) Frequency; (c) Speed; (d) Crystal direction. Different colors 
represent dislocations with different Burgers vectors.
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trend. Increased frequency also causes a rapid decrease in dislocation 
line length for all types. When the frequency exceeds ~66.7 GHz, 
dislocation activity in the observation area essentially disappears, 
indicating that ultra-high frequency vibrations significantly enhance the 
dislocation annihilation process. This behavior is consistent with a 
tendency toward localized amorphization induced by the high strain 
rates associated with high-frequency vibration. Overall, increasing 
amplitude and frequency significantly reduces the scratching forces, 
making the resolved shear stress on the active slip system insufficient to 
maintain the continuous nucleation and slip of dislocations. In contrast, 

with increasing speed, the total dislocation line length first decreases 
and then increases. Below a critical threshold, fewer vibration cycles 
occur per unit scratching distance, reducing chances for dislocation 
generation and slip. Beyond a critical speed, however, the local strain 
rate rises sharply and elevates the transient shear stress, thereby reac
tivating dislocation activity. The resulting stronger impact loading not 
only rapidly activates the initially dominant slip systems but also trig
gers additional slip systems, enhancing dislocation emission from defect 
sites and a subsequent rise in dislocation density. Moreover, dislocation 
formation also displays pronounced crystal anisotropy, as shown in 

Fig. 8. The distribution and type of twinning generated in sapphire during single grain scratching along the [0001] orientation: (a) CS and (b) UVAS. The results 
obtained by common neighbor/polyhedral template analysis. Colored atoms denote different local structures.

Fig. 9. The number of different twinning atom types generated varies with different scratching parameters: (a) Amplitude; (b) Frequency; (c) Speed; (d) Crystal 
direction. Red bars denote basal twinning (BT), blue bars prismatic twinning (PT), and yellow bars rhombohedral twinning (RT). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7(d). Along the [0001] orientation, significantly more 1/3〈1100〉 
dislocations are generated than along [1100] orientation, irrespective of 
whether ultrasonic vibration is applied. For CS, the evolution of 1/ 
3〈1120〉 dislocations are like that of 1/3〈1100〉. However, under UVAS, 
the length of 1/3〈1120〉 dislocations along [0001] orientation become 
markedly shorter than along [1100] orientation. This behavior is related 
to the different activation barriers of the corresponding slip systems, 
which will be discussed in detail in Section 4.2. These results indicate 
that judicious selection of scratching direction, in combination with 
optimized ultrasonic parameters, offers an effective strategy for mini
mizing subsurface damage during precision machining of A-plane 
sapphire.

3.2.2. Twinning nucleation
Twinning analysis is critical for guiding process optimization and 

minimizing subsurface machining damage. Fig. 8 illustrates the role of 
ultrasonic vibration in activating specific twinning modes during 
scratching along the [0001] orientation and compares it with CS. Basal 
twinning (BT) dominates in both cases. In CS, sustained high hydrostatic 
pressure coupled with steady resolved shear stress on the basal plane 
promotes the formation of thick, continuous twinning boundaries. In 
contrast, under UVAS, the BT layers become noticeably shallower and 
more diffuse, with fewer and shorter twinning boundaries. This sup
pression originates from the reduction in average normal force after 
ultrasonic application. The dynamic unloading-reloading process pre
vents some of the scratching stress from exceeding the threshold for BT, 
thus interrupting the continuous nucleation of the twinned lattice. 
Furthermore, the lateral motion in UVAS generates lateral shear com
ponents that activate BT on both flanks of the scratching groove–a 
feature rarely observed in CS. Rhombohedral twinning (RT) is only 
rarely observed and appear exclusively under more severe local stress 
conditions.

Fig. 9(a–c) show the influence of vibration parameters and speed on 
the number of different twinning atom types. The different twinning 
types are distinguished. Consistent with Fig. 7, BT dominates under all 
conditions, confirming that the stress state on the A-plane favors this 
lowest-energy twinning mode. However, the atom numbers of PT and 

RT remain very small and are therefore excluded from further discus
sion. As the amplitude increases, the atom numbers of BT first rise and 
then decrease. The initial increase is attributed to the expansion of the 
plastically deformed region and the periodic enhancement of lateral 
shear, which makes BT energetically more favorable. With further in
crease in amplitude, the progressive reduction in both normal and 
tangential forces lowers the resolved shear stress and hydrostatic pres
sure, shifting deformation toward dislocation-mediated plasticity and 
thereby diminishing the effective driving force for twinning nucleation. 
At the lowest frequency (8.33 GHz), the atom numbers of BT reach their 
maximum. As frequency increases, it decreases monotonically and ap
proaches zero above ~66.7 GHz. At low frequencies, the contact point 
between the grain and the substrate experiences relatively long loa
ding–unloading time per cycle, allowing cyclic normal and shear stresses 
to act sufficiently on the basal plane and thus promote the nucleation 
and thickening of BT. Higher frequencies accelerate cyclic loading, 
promoting direct shear-induced amorphization over coordinated atomic 
rearrangement into coherent twinning, thereby suppressing BT forma
tion. The atom numbers of BT decrease monotonically as speed rises 
from 60 m/s to 140 m/s. Higher speed shortens grain-subsurface inter
action time per vibration cycle, making dislocation-mediated plasticity 
more competitive and leaving less time for the nucleation, growth, and 
thickening of BT. At the same time, the high tangential shear stresses at 
high speed favor the activation of prismatic twinning systems, which 
explains the sudden increase in PT.

UVAS-induced twinning exhibits strong orientation dependence, as 
shown in Fig. 9(d). The atom numbers of BT generated during scratching 
along [0001] orientation consistently exceeds that along [1100] orien
tation. Under CS, the normal force generated along the [0001] orien
tation drives larger resolved shear stresses on multiple crystal directions 
of the basal plane than along [1100] orientation, as illustrated in Fig. 10. 
While applying ultrasonic vibration reduces the effective driving force 
for BT, it introduces an additional lateral shear component, which is 
beneficial for the formation of BT in the transverse direction. In addi
tion, the periodic release of contact stress under ultrasonic vibration 
decreases both the magnitude and duration of the effective twinning 
driving force, which suppresses overall twinning nucleation.

Fig. 10. Anisotropic von Mises stress fields along (a) [0001] orientation and (b) [1100] orientation during scratching of A-plane. The top schematics show the 
scratching along different directions, while cross-sections are taken to examine the stress field beneath the groove. The colored maps in the lower panels present the 
von Mises stress, where red denotes high stress concentrations and the crystal directions in each section are indicated. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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3.2.3. Subsurface damage depth
Fig. 11 shows the variation of SSD depth beneath scratching formed 

on the A-plane using UVAS, as a function of vibration parameters and 

crystal orientation. The SSD depth is quantified as the maximum vertical 
distance from the initial free surface to the deepest damaged atoms. The 
dashed boxes in the figure represent snapshots of the corresponding 

Fig. 11. The subsurface damage varies with different scratching parameters: (a) Amplitude; (b) Frequency; (c) Speed; (d) Crystal direction. Each red point is an
notated with the measured SSD depth and paired with a typical cross-sectional micrograph. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 12. Schematic of the slip/twinning activation model for ultrasonic vibration-assisted scratching: (a) slip/twinning formation; (b) the geometric relations be
tween the scratching plane and the scratching direction; (c) the geometric relationship between the slip/twinning plane, the slip/twinning direction, and the force; 
(d) cross-section diagram of partial contact between grain and workpiece.
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damage layers. The SSD depth decreases monotonically with increasing 
amplitude, from ~12.0 nm to 9.3 nm. The snapshots reveal that at low 
amplitudes, the plastic zone is relatively thick and rough, with a pro
nounced downward “root” extending into the substrate. Higher ampli
tudes confine damage to a thinner, smoother near-surface layer. This 
result can be attributed to the reduction in normal and tangential forces, 
causing stress release to tend to occur more readily at the shallow, near- 
surface via shear deformation. The SSD depth exhibits a typical U-sha
ped response with frequency. It rapidly drops from 13.9 nm to 7.9 nm, 
then rises slightly to 8.8 nm at 133.3 GHz. Higher frequencies mean 
more vibration cycles per unit scratching distance and shorter effective 
loading times per cycle. This repeated process inhibits the nucleation 
and slips of some dislocations, thereby reducing the damaged depth. 

When the frequency rises further to ultra-high levels, however, the 
material cannot undergo a full plastic response within each extremely 
short cycle, promoting localized amorphization and causing the SSD to 
rebound. With increasing speed, the SSD depth remains relatively low in 
the range 60–120 m/s (≈9.3–9.9 nm), but rises sharply at the highest 
speed (≈12.3 nm). Higher speeds transition the grain-workpiece inter
action toward impulsive loading, elevating instantaneous normal stress, 
shear stress, and strain rate. This change causes dislocations to slip more 
sufficiently and penetrate deeper into the material, thereby aggravating 
subsurface damage. For CS, the SSD depth along [0001] orientation is 
12.0 nm, which is notably smaller than the 14.1 nm observed along 
[1100] orientation. Under UVAS, a corresponding trend is observed, but 
the SSD depth is significantly reduced. This indicates that ultrasonic 
vibration effectively mitigates subsurface damage while exhibiting a 
significant orientation effect.

4. Ultrasonically modulated damage evolution model

4.1. Development of a damage-evolution model for UVAS

As discussed in Section 3.2, subsurface damage in sapphire is pri
marily governed by slip on specific crystal planes and twinning nucle
ation. Existing damage-activation models have been developed mainly 
for CS under quasi-static loading and a corresponding framework for 
UVAS has not yet been established. Therefore, in this section, we extend 

Table 2 
Slip/twinning systems of sapphire for the structural unit cell [89,90].

Slip/twinning system Miller-Bravais 
indices

Critical shear stress 
τcrit

i /minτcrit
i

Basal slip (BS) {0001} 〈1120〉 1.35
Prismatic slip (PS) {1120} 〈1100〉 1
Rhombohedral slip (RS) {0112} 〈0111〉 2.718
Basal twinning (BT) {0001} 〈1100〉 1
Rhombohedral twinning 

(RT)
{1102} 〈1101〉 1

Fig. 13. Orientation-dependent activation of slip and twinning systems on A-plane sapphire. Higher P-values indicate lower kinetic barriers and thus greater ease of 
activation for the corresponding deformation mode.

Fig. 14. The subsurface shear-strain distributions and dominant slip systems for different scratching directions with and without ultrasonic vibration. For each case, 
cross-sections on characteristic planes are colored by atomic shear strain.
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the classical crystal slip/twinning activation framework by incorpo
rating the oscillatory stress field characteristic of UVAS. The resulting 
ultrasonically modulated damage-activation model describes defect 
evolution as a function of a single grain trajectory. The aim is to provide 
the necessary theoretical foundation for shifting damage control in 
sapphire from empirical, trial-and-error parameter tuning to 
mechanism-guided optimization.

Under CS, the evolution of damage induced by slip deformation and 
twinning nucleation under scratching stress has already been elucidated, 
as shown in Fig. 12(a). Here, the average compressive stress σ0 acting 
normal to the effective contact area A0 generates a maximum resolved 
shear stress τ on active slip/twinning systems that drive dislocation slip 
and twinning when it exceeds the orientation- and pressure-dependent 
critical value. Their relationship is given by [86]: 

τ = u*σ0,

where u is the Schmid factor, which can be expressed as [87], 

u = cosλ*cosφ,

where λ is the angle between the tensile force F and the normal n to the 
slip/twinning plane, and φ is the angle between F and the slip/twinning 
direction d.

To quantitatively assess the activation propensity of individual 
deformation systems, Nowak et al. [88] introduced a plastic deformation 
parameter P. For the i-th slip/twining system, Pi is defined as: 

Pi =
ui*minτcrit

i

τcrit
i 

where τcrit
i is the critical resolved shear stress of the i-th slip system, and 

minτcrit
i is the minimum critical resolved shear stress among all slip 

systems. The critical shear stress parameters for the various slip/twin
ning systems in sapphire are summarized in Table 2.

To better understand the influence of crystal orientation on 
scratching-induced damage, a Cartesian coordinate system is established 
for scratching, as shown in Fig. 12(b). The A-plane surface is perpen
dicular to the z-axis, while the nominal scratching direction lies in the 
xy-plane. The [0001] orientation is fixed along the x-axis, and the angle 
θ between the scratching direction and [0001] is introduced as the 
orientation parameter. Thus, θ = 0◦ corresponds to scratching along 
[0001] orientation, and θ = 90◦ corresponds to scratching along [1100] 
orientation. Fig. 12(c) illustrates the geometric relationship between 
force F and the slip/twinning systems. Under varying scratching con
ditions (including crystal direction θ, normal force Fn, and tangential 
force Ft), the propensity for plastic deformation via slip/twinning is 
encapsulated in a unified activation parameter Pi(θ), defined as [91]: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Pi(θ)=
[(cosθ* x→+sinθ* y→− r* z→)*ni

→
]
[
(cosθ* x→+sinθ* y→− r* z→)*di

→]

|(cosθ* x→+sinθ* y→− r* z→)|
2*τcrit

i

/
minτcrit

i

r=
Fn

Ft 

In axial ultrasonic vibration-assisted scratching, the scratching stress 
acting on a single grain are denoted as follows [83]: 

Fig. 15. Effect of ultrasonic parameters and scratching direction on the activation of PS: (a) Amplitude; (b) Frequency; (c) Speed; (d) Crystal direction. A horizontal 
black dashed line marks the critical threshold for PS activation, determined from the first appearance of PS dislocations in MD simulations.
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fτt
ʹ =

(
π
2
Fpr2

[
1
3

(

cosδ
)

3 − cosδ +
2
3

])

cosϕ

Fζt
ʹ =

(
π
2
Fpr2

[
1
3

(

cosδ
)

3 − cosδ +
2
3

])

sinϕ

Fn
ʹ =

2
3
Fpr2(sinδ)3cosϕ

ϕ = arctan
(

2πAfcos(2πft)
Vs

)

where Fτt
ʹ, Fζt

ʹ, and Fn
ʹ represent the tangential, axial, and normal forces, 

respectively. Under the UVAS, the motion direction of grain deviates 
from the nominal scratching direction by an angle ϕ, as illustrated in 
Fig. 12(d).

4.2. Anisotropy effect on damage evolution induced by crystal-plane slip/ 
twinning

Fig. 13 presents the predicted activation of slip/twinning systems 
beneath scratching on A-plane under CS, as calculated using the crystal 
damage-activation model. As shown in Fig. 13(a), scratching along the 
[0001] orientation activates the {0001} 〈1120〉, {1120} 〈1100〉, and 
{0112} 〈2110〉 slip systems. In contrast, scratching along [1100] 
orientation mainly activates the {1120} 〈1100〉 system and only 
marginally engages the {0112}〈0111〉 system. Because the P-value for 
slip systems such as (1102) [1101] is much lower than that of the other 
active slip systems. Moreover, the P-value for the {1120} 〈1100〉 system 
is higher along [1100] orientation than along [0001] orientation, 

facilitating deeper penetration of prismatic slip (PS) and resulting in 
greater SSD depth, as shown in Fig. 14. Along [0001] orientation, acti
vation of multiple competing slip systems generates a dense, highly 
entangled dislocation network in which mutual interactions impede 
long-range slip, thereby confining damage to a shallower region.

The orientation dependence of twinning activation is shown in 
Fig. 13(b). BT consistently exhibits the highest nucleation parameter in 
both orientations, confirming its dominance. Although the overall BT 
activation levels are similar, scratching along [0001] orientation acti
vates two symmetrically equivalent variants—(0001) [1010] and 
(0001) [0110]—whereas along [1100] orientation only (0001) [0110] 
is favorably oriented. RT shows higher activation propensity along 
[0001] orientation than along [1100] orientation. These predictions 
align with the simulation observation in Fig. 9(d) that twinning atom 
numbers are higher when scratching along [0001] orientation.

During UVAS, the evolution of P-value for the {1120} 〈1100〉 (PS) 
system with different conditions is shown on Fig. 15. The curves report 
the variation of P with scratching distance over one complete vibration 
cycle, and the value at which PS first activates under CS is taken as the 
threshold. In the CS case, PS remains stably activated, as indicated by 
the horizontal black dashed line. When P lies above this line, the PS 
system is active. Conversely, when P-value falls below it, PS is effectively 
suppressed. When the amplitude is 1 nm, P-value fluctuates but remains 
above the threshold, indicating that PS remains continuously active 
throughout the entire cycle. As the amplitude increases, P-value grad
ually falls below the threshold in the central portion of the cycle, with 
only a brief over-threshold occurring near the turning point (maximum 
normal force). This suggests that higher amplitude suppresses PS by 
markedly shortening the cumulative time above the activation 

Fig. 16. Effect of ultrasonic parameters and scratching direction on the activation of BS: (a) Amplitude; (b) Frequency; (c) Speed; (d) Crystal direction. A horizontal 
black dashed line marks the critical threshold for BS activation, determined from the first appearance of BS dislocations in MD simulations.
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threshold. Fig. 15(b) reveals the effect of frequency on P-value. At 8.33 
GHz, the P curve forms a broad over-threshold peak over most of the 
cycle, causing continuous activation for PS. With increasing frequency, 
the over-threshold region shrinks rapidly, and P-curve changes from a 
broad peak to multiple sharp narrow peaks, meaning that the activation 
time window of PS is significantly shortened. The sharp reduction in the 
fraction of the activation interval explains why PS almost completely 
disappear at high frequencies. Changing the scratching speed alters the 
width of the above-threshold segments, but the overall level of P-value 
increases with velocity, as shown in Fig. 15(c), confirming the mono
tonic strengthening effect of velocity on PS-related damage. Strong 
orientation dependence is evident in Fig. 15(d). When scratching along 
[1100] orientation, P-value remains above the threshold for almost the 
entire cycle, forming a broad plateau that sustains continuous activation 
of PS. By contrast, along [0001] orientation, PS is only intermittently 
activated and with markedly lower magnitude. This directly explains the 
pronounced orientation anisotropy of PS and SSD depth. The BS system 
exhibits identical parametric trends, as shown in Fig. 16.

Fig. 17 shows the variation of P for the BT system as a function of 
scratching distance over one ultrasonic vibration cycle. The threshold of 
BT is defined in the same way as for the BS/PS systems. At small am
plitudes, BT is activated only near the beginning and end of the cycle. As 
the amplitude increases, both the peak of P-value and the over-threshold 
interval expand, leading to an increase in the number of twinning atoms. 
Notably, at larger amplitudes, the peak of P-value remains unchanged, 
whereas over-threshold duration progressively shortens. This charac
teristic explains the observed trend of the number of BT atoms—initial 
increase followed by decrease. Although increased frequency triggers BT 
nucleation more frequently, the over-threshold duration is shorter, 

leaving insufficient time for twinning to nucleation. Consequently, the 
total number of BT atoms decreases and eventually vanishes at high 
frequencies. The effect of scratching speed shows a contradictory trend. 
The theoretical model predicts a wider over-threshold interval at higher 
speeds, yet the MD simulations show a persistent reduction in the 
number of BT atoms. This mismatch likely reflects limitations of the 
theoretical expression, which does not explicitly account for the time 
required for twinning nucleation and does not fully capture speed- 
induced changes in strain rate. In addition, changing the scratching di
rection modifies the Schmid factor of BT. Although the peak of P-value is 
higher along [1100] orientation than [0001] orientation, the over- 
threshold duration is markedly longer along [0001] orientation, which 
is more favorable for sustained BT nucleation and growth. This is 
consistent with the MD results showing the higher number of twinning 
atoms observed along [0001] orientation in MD simulations.

Overall, the model's predictions align closely with the defect evolu
tion trends derived from MD simulations, validating its utility for 
mechanism-guided optimization of UVAS parameters.

5. Conclusion

In conclusion, this study combines atomic-scale simulations with a 
newly proposed ultrasonic-modulated damage activation model to 
elucidate the subsurface damage mechanisms of A-plane sapphire dur
ing ultrasonic vibration-assisted scratching. The effects of scratching 
parameters and crystal orientation on damage depth are systematically 
analyzed. The main conclusions are as follows: 

Fig. 17. Effect of ultrasonic parameters and scratching direction on the activation of BT: (a) Amplitude; (b) Frequency; (c) Speed; (d) Crystal direction. A horizontal 
black dashed line marks the critical threshold for BT activation, determined from the first appearance of BT dislocations in MD simulations.
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(1) Compared with conventional scratching, UVAS significantly 
mitigates subsurface damage. The primary mechanism is that the 
high-frequency unload-reload cycles reduce the normal and 
tangential forces, thereby suppressing dislocation slip, and 
limiting twinning nucleation.

(2) Although increasing the vibration parameters (amplitude and 
frequency) and the scratching speed effectively suppresses the 
formation of dislocations and twinning, the associated high fre
quency and high strain rate promote the generation of amorphous 
atoms, thereby exacerbating damage-layer depth.

(3) Subsurface damage exhibits strong anisotropy. Scratching along 
the [0001] orientation activates multiple deformation systems, 
leading to denser but shallower defects, whereas along the 
[1100] orientation, Prism slip dominates, resulting in deeper 
damage layers.

(4) By combining an ultrasonic vibration-induced stress model with a 
Schmid-type criterion, a damage-evolution model for UVAS is 
established.

(5) The proposed model elucidates the mechanism of damage sup
pression: by shortening the effective time during which the 
dominant slip and twinning systems remain above their activa
tion thresholds, it enhances defect inhibition, aligning with the 
simulation results.

This mechanistic understanding bridges atomic-scale processes with 
continuum-scale machining responses, enabling rational optimization of 
the UVAS process for anisotropic sapphire. It is expected to advance the 
ultra-precision manufacturing of sapphire substrates and to improve the 
yield and reliability of optoelectronic and power devices.
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