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A B S T R A C T   

Temperature-dependent material attrition and subsurface lattice damage of single-crystal AlN at various 
scratching depths/forces are investigated at atomic level using molecular dynamics simulation. An ultimate 
removal precision of depth down to monolayer of AlN is achieved based on the present temperature-dependent 
critical conditions. The number of worn atoms, positively influenced by temperature due to the reduction of 
hardness, increases exponentially with increasing normal force in the plastic domain. Archard-type wear coef-
ficient K values calculated at different temperatures increase linearly with normal force, and the slope is inde-
pendent of temperature. Independently of load and temperature, a wear coefficient normalized with the 
tangential contact area, K/Atang, is developed to interpret the removal efficiency of AlN substrate with diamond 
abrasive.   

1. Introduction 

Sliding contact between solid surfaces leads to material detaching, a 
process known as material removal or wear is a ubiquitous phenomenon 
and has attracted widespread interest in surface processing and me-
chanical component applications across scales [1–3]. In particular, 
controlling and modeling the material removal volume/rate is of sig-
nificance in the fields of ultra-precision surface finishing and nano-
devices due to the size effect when the dimension drops dramatically to 
sub-/nanoscale [4–7]. According to the well-known Archard wear 
equation, material removal volume V is predicted empirically to be 
proportional to the applied normal force Fn and the sliding distance L, 
while being inversely proportional to the hardness of the relatively 
weaker contacting surface H [8,9]: 

V = K
FnL
H

(1)  

where K is the wear coefficient, which in the case of abrasive wear de-
pends on the shape factor and the penetration parameters of an asperity 
[10,11]; in the case of adhesive wear, it is a function of the local shear 
strength and the corresponding geometry at the contact interface [12, 
13]. In experimental conditions the hardness of the topmost layer of 

material in the contact may not be known with any certainty; conse-
quently, the ratio ws = K/H known as the dimensional wear coefficient 
or the specific wear rate is more useful. However, available models with 
physical meaning were not found to explain the observed variation in 
values of ws, which varies from 10− 2 to 10− 10 mm3/N⋅m [8]. This 
long-standing problem has remained unresolved, and evaluation of the 
wear coefficient is still relying on empirical data, with no insight from a 
physical model. 

To precisely control and simulate the material removal process in 
actual applications, the removal mechanism was studied experimentally 
at nanoasperity contact in which the atomic force microscopy (AFM) 
probe was employed to rub the flat workpiece with certain applied 
normal force, velocity/contacting time, sliding track/distance, and 
environmental conditions [14–16]. The threshold contact pressure for 
removing brittle material surfaces, such as Si, GaAs, GaN, and AlN, is 
close to its hardness value, below which there is no material loss and 
protrusion-type damage occurs due to friction/pressure-induced 
amorphization beneath the wear area [17]. In the plastic contact re-
gion, material removal behavior dominated by plastic deformation is 
following the Archard-type equation (Eq. 1), which suggests that the 
removal volume exhibits a nearly linear relationship as a function of 
external normal force, sometimes is proportional to the work done by 
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the friction forces as described by Reye’s hypothesis [18]. Above critical 
pressure value is reduced dramatically when tribochemistry or tribo-
corrosion is introduced at the sliding interface with the assistance of 
external force [19,20]. In this case, the material removal rate cannot be 
plotted as a function of external load according to an Archard-type but 
increases exponentially with increasing contact pressure as the material 
is removed via pressure/stress-assisted tribochemical reactions which 
obey the empirical Arrhenius equation [21]. However, the removal 
behavior and mechanism of brittle materials are challenging to describe 
precisely due to limited experimental and characterization techniques. 
Molecular dynamics (MD) simulation is widely used as an effective 
theoretical simulation to dynamically manipulate the internal structural 
deformation and transformation under various mechanical inputs and 
thereby to reveal the material removal process at the atomic scale [22, 
23]. 

Temperature is of great importance in the material removal process 
across scales, which contributes to adhesive or abrasive removal by 
reducing the surface hardness, and tribochemical removal by lowering 
the activation energy of chemical reactions that occurs at the tribolog-
ical interface [24–27]. In actual friction and wear processes, the tem-
perature distribution of contact area is very complicated under the 
influence of many factors, such as environmental temperature/media, 
sliding velocity, normal force, counter-surface, surface topography, the 
thermal conductivity of friction pair materials, and the distribution of 
temperature field in each contact point is not uniform and is extremely 
difficult to quantify [28–33]. That is the reason why empirical results 
always hardly reflect the real temperature-dependent material removal 
behavior and the underlying mechanism is still poorly understood. By 
employing the MD method to characterize the material removal process 
at sphere-flat contact in different uniform temperature fields, it is 
straightforward to not only model the abrasive wear behavior of brittle 
material surface but also to construct a physical wear model under ideal 
conditions to explicate the intrinsic physical meaning of the wear co-
efficient [9]. 

As a promising wide-bandgap semiconductor material, wurtzite 
aluminum nitride (wz-AlN) has a potential application in nanoelectronic 
and optoelectronics devices, which require the AlN substrates with sub- 
nanometer surface roughness and global geometric accuracy [34–39]. 
To date, the lack of understanding of the material-removal mechanism 
involved at the nanoscale to the atomic scale has limited the further 
optimization of the processing of AlN and fulfillment of surface quality 
requirements in the semiconducting industry. 

To simulate the single asperity contact during the material removal 
process in ultra-precision surface finishing, in this work, a nanoscale 
diamond abrasive was used to scratch the monocrystalline AlN work-
piece through MD simulation under the presence of the different tem-
perature fields. The atomic-scale mechanical removal behavior, elastic- 
plastic transition mechanism, interfacial frictional force, the evolution 
of subsurface crystal distortion, and the relationship between these 
properties and applied normal force/scratching depth in various tem-
perature conditions were investigated, respectively. In the plastic re-
gion, the variation in scratching hardness of the topmost layer of AlN 
substrate in the contact with diamond nano abrasive was estimated as a 
function of external normal force and environmental temperature based 
on the MD simulation of the dynamics contact evaluation during of 
nanoscratching process. Subsequently, K was mathematically fitted ac-
cording to the Archard-type equation (Eq. 1) and Reye’s assumption, 
suggesting that it is actually an intrinsic characteristic of the material 
and temperature independent. Furthermore, the results indicate that 
temperature does not govern the removal mechanism of AlN material, 
and the linear increase of K in the plastic region is mainly attributed to 
the increased contact area which is approximately linear to the applied 
normal force. 

2. Method 

The scratching MD model of nanoscale diamond abrasive against wz- 
AlN(0001) workpiece and their basic configuration in detail have been 
described in the previous literature [10]. We used Vashishta potential 
[40] to function the interatomic interactions within the AlN workpiece 
and Lenard-Jones potential to function the interactions between the 
diamond abrasive and the AlN workpiece. Hereinto, the parameters of 
the L–J potential for C–Al and C–N pairs are listed in Table 1. 

Langevin thermostat [41] was applied to the thermostat layer to 
realize the designed environmental temperature and dissipate the 
indentation and scratching-induced heat. To comprehensively investi-
gate the influence of temperature on surface nanotribological and sub-
surface structural properties, we performed the scratching simulation at 
a wide range of temperatures (100–1000 K) using various scratching 
depths of 4–36 Å. Periodic boundary conditions were applied in the x- 
and y-directions to eliminate the size effect. Before the scratching pro-
cess, the simulation system was sufficiently relaxed in a canonical 
ensemble (NVT) for 30 ps. The entire indentation and scratching pro-
cesses were simulated in a microcanonical ensemble (NVE). Crucial 
simulation parameters are listed in Table 2. Dislocation extraction al-
gorithm (DXA) [42], Identify Diamond Structure (IDS) [43], and coor-
dination number (CN) calculation methods were combined to analyze 
the structural transformation of wz-AlN from the atomic scale to the 
nanoscale. An open-source large-scale atomic/molecular massively 
parallel simulator (LAMMPS) was employed to execute the MD simu-
lation; The OVITO [44] software (version 2.9.0) was used to realize the 
visualization of simulation data and further analyze the structural 
features. 

3. Results and discussion 

3.1. Temperature dependence of force, contact areas, and hardness 

Fig. 1a–c shows the evolutions of normal force (Fn), tangential force 
(Ft), and coefficient of friction (COF) with scratching distance d varied 
from 0 to 140 Å; Notes that plots showing the effect of temperature on 
the evolution of these forces in the entire scratching process using all 
selected scratching depths are placed in Supplementary Figs. S1–S3. The 
first ~20 Å in scratching distance was the onset regime in which the 
simulation system changed from the indentation mode to the scratching 
mode. Fn decreased in the onset regime and then leveled off with a 
certain fluctuation with increasing d; the decrease in Fn was ascribed 
that during scratching the rear part of the diamond abrasive gradually 
lost contact with the AlN workpiece and led to a reduction in normal 
contact area (see Fig. 2a). Ft also demonstrated a similar onset behavior 
and the increase in Ft during onset regime was primarily due to the 
occurrence of wear with the pile-up forming in front the scratching 
diamond abrasive. Notes that Fn at 1200 K increased evidently when 
d exceeded ~100 Å, which should be related to a server structural 
change in the subsurface of the AlN workpiece. 

Fig. 1d–f displays the averaged Fn, Ft, and COF over the stable 
scratching process (d = 20–140 Å) as a function of h. Ft increased line-
arly with h at almost every temperature, and the higher the temperature, 
the lower the rate of increase in Ft. With the designed h ranging from 4 to 
36 Å, the AlN workpiece experienced elastic deformation, elastic-plastic 
transition, plastic deformation, and ductile-brittle transition in sequence 
regardless of temperature. As long as h was small enough, the AlN sur-
face exhibited ultralow Ft for each temperature because the elastic 

Table 1 
L–J potential parameters of C–Al and C–N interactions.  

Parameter C–Al C–N 

σ (Å)  3.6920  3.3678 
ε (meV)  7.4456  3.7204  
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deformation dominated the scratching process. As h increased enough to 
cause plastic deformation of AlN, Ft increased linearly with h for each 
temperature, and increasing temperature can reduce the increasing rate 
of Ft, as shown in Fig. 1e. Also, Fig. 1d indicates that Fn increased lin-
early first and then logarithmically, and level off finally. For a given h, 
the higher the temperature, the higher the Fn in the elastic stage, but the 
lower the Fn in the plastic and ductile-fracture transition stage. For 
instance, Fn for different temperatures of 100, 300, 500, 800, and 1200 K 
at h = 36 Å are approximately 1176, 1043, 1029, 999, and 821 nN, 
respectively. COF increased with the increase of h for each temperature 
and the higher the temperature, the greater the COF, as shown in Fig. 1f. 
The slight increase in COF with temperature indicated that Ft did not 
decrease as strongly with temperature as Fn. 

To analyze the influence of temperature on the contact pressure 
during scratching, the contact area should be determined first. In this 
study, the normal contact area (Anorm) and tangential contact area 
(Atang) were calculated according to Eqs. 2 and 3 [10,45,46], 
respectively. 

Anorm = πσ2
∑

i∈contact
cos αi (2)  

Anorm = πσ2
∑

i∈contact
cos αi sin θi (3)  

Where σ is atom radius, αi denotes the angle under which the contact 
atom i is seen from the center of the spherical abrasive, and θi denotes 
the angle under which atom i is seen with respect to the scratch direc-
tion. The evolutions of Anorm and Atang with d for a given h = 20 Å shown 
in Fig. 2a and b suggest that increasing the temperature can result in 
more severe fluctuations in contact area. Evolutions of Anorm and Atang 
with d for all selected scratching depths are plotted in Supplementary 
Figs. S4 and S5. The averaged Anorm and Atang over the stage scratching 
stage as a function of h for different temperatures are shown in Fig. 2c 
and d, respectively. The normal contact area experienced different re-
gimes according to the scratching-induced deformation of AlN: with the 
increase in temperature, the normal contact area increased rapidly 
during the elastic stage, increased more slowly in the plastic stage, and 
decreased sharply once the ductile-brittle transition of AlN occurred. 
The slight increase in tangential contact area was due to the increase in 
pile-up caused by the rise of temperature. 

Further, the contact pressure can be determined from the force and 
the contact area of the diamond abrasive against the AlN workpiece. 
Correspondingly, a normal contact pressure (Pnorm) and a tangential (or 
called transverse) contact pressure (Ptang) were distinguished and 
calculated according to Eqs. 4 and 5, respectively. 

Pnorm =
Fn

Anorm
(4)  

Ptan g =
Ft

Atan g
(5) 

Fig. 3a and b show the evolutions of Pnorm and Ptang with d using a 
constant scratching depth of h = 20 Å for different temperatures, sug-
gesting at this scratching depth the contact pressure could be reduced by 
temperature. The entire curves for all the selected scratching depths can 
be found in Supplementary Figs. S6 and S7. The averaged values of Pnorm 
and Ptang over the stage scratching process (d = 20–140 Å) as a function 
of h for each temperature are displayed in Fig. 3c and d. In the elastic 
stage, the contact area increased with the increase in temperature for the 
same scratching depth. As the plastic deformation becomes more and 
more violent, the contact area decreased with the increase in tempera-
ture. According to the deformation situation, the variation of contact 

Table 2 
Simulation parameters.  

Parameter Values 

Dimensions (Å) Size of AlN workpiece: 
350 × 250 × 150 

Radius of diamond 
abrasive: 4 

Initial temperature, T 
(K) 

100, 300, 500, 800, 1200 

Scratching velocity, v 
(m/s) 

40 

Time step (fs) 1 
Scratching direction [1–210] crystal orientation 
Scratching distance, 

d (Å) 
0–140 

Scratching depth, h 
(Å) 

4, 8, 10, 12, 16, 20, 24, 28, 32, 36  

Fig. 1. Evolutions of (a) normal force, (b) tangential force, and (c) coefficient of friction with scratching distance for a scratching depth of h = 20 Å. Averaged (d) 
normal force, (e) tangential force, and (f) coefficient of friction as a function of scratching depth. 
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pressure with the scratching depth passed through the following stages 
regardless of the temperature: (I) Elastic stage, Pnorm increased linearly 
with the scratching depth and Ptang kept very small at this stage; the high 

the temperature, the greater the Pnorm and Ptang. (II) Elastic-plastic 
transition stage, Pnorm decreased and Ptang increased at this stage. (III) 
Plastic stage, the Pnorm and Ptang level off on the whole with certain 

Fig. 2. Evolutions of (a) normal and (b) tangential contact areas with scratching distance for a scratching depth of h = 20 Å. Averaged (c) normal and (d) tangential 
contact areas as a function of scratching depth. 

Fig. 3. Evolutions of (a) normal and (b) tangential contact pressures with scratching distance for a scratching depth of h = 20 Å. Averaged (c) normal and (d) 
tangential contact pressures as a function of scratching depth. (e) Averaged scratching hardness vs. temperature. 
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fluctuates, which conforms to the plasticity theory that in the plastic 
domain the contact pressure will remain unchanged and the increasing 
normal force can only be sustained by increasing the contact area. (IV) 
Ductile-brittle stage, the ductile-brittle transition occurred in AlN and it 
led to an evident increase in Pnorm and a slight decrease in Ptang. The 
average value over the contact pressure in the steady plastic domain (h =
12–28 Å) is denoted as the material hardness. Variation of the normal 
and tangential hardness of AlN with temperature shown in Fig. 3e in-
dicates that increasing temperature can reduce the hardness of AlN; the 
normal hardness decrease much faster with temperature than the 
tangential one is mainly due to a stronger influence of temperature on 
normal force and contact area. In addition, these results indicate that 
temperature can exhibit an influence on the elastic-plastic and ductile- 
fracture transition of AlN crystal, that is, the critical scratching depth 
and normal force to cause these transitions vary with temperature. 

3.2. Influence of temperature on surface wear 

Fig. 4 displays the surface morphologies and cross-sectional profiles 
of AlN after scratching under plastic (h = 20 Å) and ductile-brittle 
transition (h = 36 Å) removal situations, respectively. When h = 20 Å, 
evident surface wear and subsurface damage consisting of stack fault 
and amorphization occurred. As h increased to 36 Å, the surface wear 
and the pile-up, as well as the subsurface damage, became much more 
serious than that at 20 Å. The surface pile-up became increasingly 
obvious as increasing the temperature both for h = 20 Å and h = 36 Å. 

The number of worn atoms (N), which has been regarded as an 
important parameter to evaluate nanoscale to atomic-scale wear be-
haviors in the MD study [47], was recorded in the scratching process. 
Here, the atom whose displacement amplitude exceeds twice the bond 
length of AlN (~1.91 Å) and did not belong to any crystal structure was 
defined as the worn atom. As Fn increased, the number of worn atoms 
stayed almost zero at first (elastic stage) and then gradually increased 
(plastic stage). Fig. 5 shows the variation of the number of worn atoms 
with Fn in the plastic removal mode [48] at different temperatures, 

indicating that the worn atoms increased with the increase of temper-
ature when Fn is constant. The fitting of these data points suggests that 
the number of worn atoms varied exponentially with Fn and the 1200 K 
case is much more linear. The increasing rate can be facilitated by 
environmental temperatures ranging from 100 to 800 K, primarily due 
to that the increase in temperature can reduce the hardness of AlN (see 
Fig. 3e). 

In the h range of 12–32 Å, the material removal of the AlN surface 
was dominated by plastic deformation. The specific wear rate ws, 
calculated under different environmental temperature conditions ac-
cording to h, as a function of Fn, was plotted in Fig. 6a. As Fn increases, ws 
increases; and for the same Fn, the higher the temperature, the larger the 
ws value. Moreover, ws and Fn exhibit a significant linear correlation, 

Fig. 4. Surface and cross-sectional topographies of AlN workpiece scratched by a diamond abrasive with scratching depths of (a) h = 20 Å and (b) h = 36 Å at 
different temperatures. These snapshots were obtained when the diamond abrasive withdrew to its initial position. The slice thickness along [10] direction for these 
cross-sectional profiles is 20 Å. 

Fig. 5. Number of worn atoms vs. normal force for different temperatures.  
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with very similar slopes of the calculated fitted lines for different tem-
peratures. As the temperature increases, the fitted lines between ws and 
Fn shift to the right. The results indicate that environmental temperature 
only increases ws, but has little influence on the growth rate/slope of ws 
as increasing Fn. Owing to the computational available of MD simula-
tion, there is the capability to estimate the specific hardness values of 
contacting surface from the calculated scratching hardness at loading 
conditions and certain environmental temperatures (see Fig. 3e). Ac-
cording to Archard’s equation (Eq. 1), K values corresponding to each Fn 
in the plastic domain under environmental temperature were given in 
Fig. 6b. In this case, the effect of temperature-induced change in surface 
hardness on removal behavior is excluded, and the linearity of all K 
values estimated at different temperatures with respect to Fn is signifi-
cantly demonstrated. This indicates that temperature has almost no in-
fluence on the K value and that the decrease in hardness due to increased 
temperature is the crucial reason for the rise in material removal of AlN. 

Furthermore, the role of frictional energy was not considered in early 
Archard’s equation, which was subjectively and empirically assumed to 
be proportional to the normal force. As shown in Fig. 6c, the wear co-
efficient Kf, based on the modified Archard’s equation with Reye’s hy-
pothesis, and Fn suggests a linear relationship with a lower statistical 
dispersion than the linear fitting in Fig. 6b. The simulated results 
demonstrate that the material removal of AlN against single diamond 
nanoparticle is governed by the temperature-dependent hardness of 
scratching area and work done at the sliding interface. Interestingly, the 
Kf increases linearly with the increasing Fn, independently of the envi-
ronmental temperature. Based on the previous argument, the K factor is 
interpreted as a probability of forming wear debris from asperity en-
counters. In adhesive wear, the wear coefficient is used to indicate the 
state of wear, e.g. to characterize the transition from plastic flow/no 
observable wear to groove wear. Based on the hypothesis by Frérot et al. 
that there is a critical area A* for the process of debris formation: if the 
area A of a cluster or asperity is larger than A*, a wear particle is formed 
[13]. Under a certain range of loads with multi-asperities contact, K 
varies invariably with Fn due to the linear relationship between the wear 
rate and the actual contact area. The increase in the actual contact area 
is reflected in the increase in the number of effective asperities for the 

debris formation, while the effect of the increase in the contact area of a 
single asperity is negligible. In single asperity contact, abrasive wear is 
inevitable when the average applied pressure reaches H/3 [49]. The 
physical meaning of the wear factor is no longer suitable for interpre-
tation as the probability of detachment of the substrate material, but 
rather as the effective contact area that can lead to material removal. 
Thus, the wear coefficient depends on the load. As shown in Fig. 6d, the 
tangential contact area (Atang), represented by atomic form, of the dia-
mond nano abrasive to AlN substrate contributes to the material 
removal process directly. Fig. 6e plots the calculated Atang as a function 
of applied normal force under different environment temperatures. The 
results show that Atang scales linearly with the normal force, and the 
slope varies over a small range for different temperatures. We define a 
dimensionless parameter as the wear coefficient normalized by 
tangential contact area (K/Atang), which indicates the normalized 
removal efficiency of AlN against diamond nano abrasive. Fig. 6 f dis-
plays the approximately constant value of K/Atang, which is only related 
to the intrinsic material properties and independent of normal force and 
environmental temperature. Moreover, to investigate the influence of 
the radius of diamond abrasive on the material removal behavior of AlN 
substrate, the removal process against a diamond abrasive with a radius 
of 70 Å was simulated, and the removal volume as a function of the 
applied normal force was calculated, as shown in Supplementary Fig. S8. 
The results display that K becomes a constant parameter independent of 
the load due to the limited variation of Atang with increasing normal 
force, which is similar to the adhesive wear process. However, the un-
derlying mechanism is still unclear, further discussion will be held in the 
future. 

3.3. Influence of temperature on subsurface damage 

Figs. 7 and 8 display snapshots of the subsurface damage of mono-
crystalline for h = 20 Å and h = 36 Å, respectively. The subsurface 
damage mainly consisted of dislocation, stack default, and amorphiza-
tion. Dislocation slip is considered as the dominant mechanism of 
plasticity in AlN [50,51]. The dislocation with the Burget vector of 
1/3 < 1–210 > and 1/3 < 10–10 > takes up the vast majority. To 

Fig. 6. (a) ws, (b) K, (c) Kf of AlN substrate against diamond nano abrasive as a function of normal force at different environment temperatures. (d) Scratching 
morphology showing contact atoms and tangential contact area Atang during material removal. (e) Atang, and (f) K/Atang as a function of normal force at different 
environment temperatures. 
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clarify the influence of temperature on the number of dislocations, the 
dislocation density ρ defined as the total length of the dislocation lines 
divided by the volume of the Newtonian layer in the AlN workpiece was 
calculated [52,53]. For a given h = 20 Å, the dislocation density (2.9 ×

1012 cm–2) at 1200 K was the highest and the dislocation density (2.44 ×

1012 cm–2) at 500 K was the lowest at all the selected temperatures. The 
maximum dislocation density (8.35 ×1012 cm–2) was at 300 K and the 
minimum dislocation density (6.71 ×1012 cm–2) was at 1200 K for h 
= 36 Å. In addition, we noted that temperature can to some extent in-
fluence the dislocation network, the ‘u’-shaped half dislocation loop 
reduced as the temperature increased. 

3.4. Critical threshold of atomic removal for different temperature 

Understanding the removal mechanism of monocrystalline AlN at 
the atomic level, and thereby clarifying the minimum removal depth and 
corresponding critical conditions, are of great significance in extreme 
manufacturing of AlN-similar hard-brittle materials at atomic/near- 
atomic scale [54,55]. The critical h or Fn to cause the sub/nano-scale 

wear of AlN differed considerably among different temperatures. In 
other words, minimum h or Fn to cause elastic-plastic transition (onset of 
plasticity) was speculated to be different at different temperatures. Fig. 9 
shows the scratching-induced deformation of the AlN workpiece at 
different temperatures under the same h = 10 Å. To study the removal 
behavior of AlN at the atomic level, the atomic configuration involved in 
the bond of Al–N and the CN values for every atom were given in this 
figure. Fig. 9a shows the cross-sectional lattice configuration at the 
moment when d reached 70 Å. The atom according to CN value 
exhibited a regular distribution for the temperatures of 100 K and 300 K, 
in which the CN value for the deformation region was primary five, 
indicating a compression-induced phase with a fivefold-coordinated 
hexagonal structure. Contrastively, the distribution for greater temper-
atures of 500, 800, and 1200 K became less regular. The temporary 
compression-induced phase transition with CN ≥ 5 can be eliminated 
after unloading. For the cases of 100–500 K temperature conditions, the 
deformed AlN recovered to its pristine wurtzite lattice structure entirely 
after the diamond abrasive withdrew from the AlN substrate, suggesting 
such deformation was the complete elastic one. As the temperature 

Fig. 7. The scratching-induced damage in the subsurface for the scratching depth of 20 Å at different temperatures of 100, 300, 500, 800, and 1200 K. Atoms without 
lattice defects are hidden in this figure. 

Fig. 8. The scratching-induced damage in the subsurface for the scratching depth of 36 Å at different temperatures of 100, 300, 500, 800, and 1200 K. Atoms without 
lattice defects are hidden in this figure. 
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increased to 800 K and 1200 K, evident plasticity-dominated material 
removal took place on the scratching track. The removal depth was 
equal to a monolayer of AlN for 800 K, whereas a three-step structure for 
1200 K in which the thickness of each layer was exactly a monolayer of 
AlN. In addition, many point defects including vacancies and in-
terstitials were observed in the subsurface at 1200 K mainly due to the 
drastic thermal motion at high temperature. 

To further clarify the critical h or Fn to cause surface wear and the 
minimum removal depth for different temperatures, a series of h values 
within the elastic-plastic transition regime was selected to carry out the 
additional scratching simulation. The results were listed in Table 3. The 
threshold h to cause the wear of AlN at the temperature of 100, 300, 500, 
800, and 1200 K is 11.6, 11.2, 10.6, 9.6, and 8.2 Å, respectively. 
Correspondingly, the critical Fn to cause the wear of monocrystalline 
AlN decreased from ~670 to ~484 nN with the increase of temperature 
from 100 to 1200 K, as shown in Fig. 10a. 

The entire surface morphologies and local cross-sectional profiles of 
the wear track caused by scratching under the critical h, as well as the 
variation of tangential force with d in the scratching process for these 
temperatures, are shown synthetically in Fig. 10b and c. Changes in the 
tangential force are associated with the wear of AlN. The tangential 
force was kept low when the wear did not occur and once d reached a 
certain value and the wear occurred, there was a steep increase in 
tangential force. This moment also corresponded to the nucleation of the 
dislocation that was the onset of plastic deformation of the AlN crystal, 
which demonstrates once again that dislocation glide behavior is the 
leading mechanism of AlN plastic deformation at the nanoscale. On the 
other hand, the surface wear morphology varied evidently with the 
temperature. 

The wear track at low temperatures was longer than that at high 
temperatures. For example, the wear track at 800 and 1200 K is only half 
of the maximum scratching distance of 140 Å, and the minimum 
removal depth for these temperatures all equaled a monolayer AlN layer, 
but the wear morphology exhibited some difference. The monolayer 
removal of AlN was realized along the entire wear track for the tem-
perature of 100 K along with the flattest wear surface. The subsurface 
defects increased significantly at 300 K temperature. The removal depth 
of 500, 800, and 1200 K was equal to a double layer of AlN at the 
beginning, and then to one layer only. In the process of the change from 

a double layer to a single layer, the tangential force also showed a 
downward trend, which is related to the decrease in the actual 
scratching depth. In addition, there are plenty of defects in the subsur-
face under ultrahigh temperature conditions (800–1200 K) due to the 
intensified thermal motion of atoms. 

4. Conclusion 

In this work, temperature-dependent material removal behaviors of 
single-crystal AlN from the nanoscale to atomic scale at a wide range of 
scratching depths are investigated using MD simulation. the main con-
clusions are as follows: 

(1) AlN crystal goes through elastic, plastic, and brittle fracture 
stages with the increase in scratching depth regardless of temperature. 
The changes in terms of elastic-plastic and ductile-brittle transitions can 
be captured from the curves of forces, contact area, and contact pressure 
versus scratching depth. In the steady plastic stage, the higher the 
temperature, the larger the coefficient of friction, primarily due to that 
the influence of temperature on the normal force is greater than the 
tangential force. The number of worn atoms increases exponentially 
with the normal force in the plastic domain. In addition to the temper-
ature of 1200 K, the higher the temperature, the higher the increasing 
rate, which is associated with the decrease in the hardness of AlN. 

(2) The material removal value of AlN as a function of the normal 
force was estimated and K values for different temperatures were 
calculated based on the Archard-type equation. K scales linearly as the 
increasing normal force, and the slope is independent of temperature, 
which indicates that the temperature facilitation of AlN material 
removal is mainly attributed to the reduction of hardness. Independently 
of normal force and temperature, a normalized wear coefficient, K/Atang, 
is developed to interpret the removal efficiency of AlN substrate with 
diamond abrasive. 

(3) The critical conditions, i.e., scratching depth and normal force to 
cause near-atomic wear of single-crystal AlN are temperature depen-
dent. The higher the temperature, the smaller the critical scratching 
depth and normal force. A minimum removal depth with monolayer of 
AlN is achieved under the present simulation conditions at every tem-
perature, whereas the surface wear patterns and subsurface lattice 
damage vary greatly when the critical wear occurs at different 

Fig. 9. Atomic structure with bonding configuration of AlN workpiece scratched with a scratching depth of h = 10 Å at different temperatures. (a) Snapshots when 
the scratching distance d = 7 nm. (b) Snapshots when the diamond abrasive withdrawing from the AlN workpiece. Atoms are colored according to their CN values. 

Table 3 
Critical parameters to cause wear of AlN for different temperatures.  

T (K) 100 300 500 800 1200 

h (Å) 11.6 11.2 10.6 9.6 8.2 
Fn (nN) 670 ± 42 622 ± 23 580 ± 49 535 ± 55 484 ± 57 
Ft (nN) 58 ± 13 47 ± 11 50 ± 24 38 ± 23 38 ± 27 
COF 0.087 ± 0.02 0.076 ± 0.02 0.089 ± 0.04 0.076 ± 0.04 0.085 ± 0.06  
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temperatures. The onset of wear corresponds well to the generation of 
dislocation, suggesting that the dislocation slide is the crucial factor to 
cause plasticity-dominated removal of AlN crystal. 
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