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Abstract: The elastic modulus and hardness of lithium niobate crystals were obtained by nanoinden-
tation technology, and critical load and critical indentation depth range were determined by AFM by
indentation morphology under different loads. According to the normal distribution characteristics
of abrasive grains, the critical load model of lapping was deduced, and the critical load of lithium
niobate during lapping process under different grain sizes was obtained. It was verified using a
single-factor experiment in which experimental results were consistent with theoretical research.
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1. Introduction

In recent years, with the development of microelectronics technology and microsys-
tems, soft and brittle materials have been widely used in optics, communication, display,
and other fields, due to their unique characteristics [1–7]. With its wider application in
the industrial field, the requirements in terms of surface damage are becoming higher and
higher. Lithium niobate (LiNbO3, LN) is a typical soft and brittle material. LN crystal
material has special piezoelectric, electro-optic, nonlinear, photorefractive, pyroelectric,
and other properties and is widely applied in surface filters, micro-acoustic devices, opti-
cal waveguide substrates, laser modulators, optical isolators, and other industries [8–13].
Traditional lapping, lapping, and mechanical polishing generates defects in machined LN
specimens, such as scratches and free imbedded abrasives. This shows that LN is a material
that is difficult to machine. Nevertheless, ultrasmooth and damage-free wafers of LN are
stringently required for use in high-performance photonic devices. Lapping is an essential
part in the processing of lithium niobate. In order to ensure lapping efficiency and obtain
high-quality lithium niobate surface, this paper analyzes the material properties of Y-cut
lithium niobate crystal and the critical load in lapping and establishes the critical load
model [14–18].

Various studies have been carried out on LN and the critical loads of lapping. Sumeet
Bhagavat et al. [19] used nanoindentation technology to study the anisotropy of lithium
niobate crystals, and the proposed lithium niobate displays a pop-in phenomenon, though
the pop-in load and number of pop-ins vary with crystallographic orientation of the
indenter. Xu et al. [20] studied the normal distribution in diamond lapping processes,
finding that the critical lapping pressure is related to the distance between workpieces,
the size of abrasive particles, the total number of abrasive particles, and the hardness of
workpieces and lapping disks. Pan [21] carried out nanoindentation test on a single crystal
6H-SiC to obtain single-point critical loads and determined that optimal loads through
experiments in the lapping stage of free abrasive. Yuan et al. [22] used consolidated abrasive
lapping discs to process soft and brittle lithium tantalate, obtained the properties of lithium
tantalate material through nanoindentation, and studied the influence of parameters on
processing with an orthogonal experiment; Zhu [23] used consolidation lapping on LN
crystals, finding that the depths of surface-damaging layers decreased by 40% after the
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pressure decreased by 50%. Because of the special characteristics of LN, it is necessary to
control the lapping pressure in the machining.

In the above research on lithium niobate and the critical load of lapping, some scholars
analyzed some material properties of lithium niobate and the pop-in phenomenon in
lapping. The critical load is obtained by machining a diamond with free abrasive. Lithium
niobate is processed with a consolidated abrasive [24]. However, no one has considered
the direction of the lapping lithium niobate with a free abrasive. The processing method
using a free abrasive is the simplest and common lapping method. In this study, we used
nanoindentation technology to analyze the material properties of Y-cut lithium niobate,
obtained the depth under different loads, analyzed the pop-in phenomenon, determined
the single-point critical load and indentation depth, and established a critical load-model
in the lapping process. Finally, the feasibility of the critical load model was verified
experimentally, providing a basis for the selection of load in the lapping process of lithium
niobate crystal.

2. Materials and Methods
2.1. Nanoindentation Experiment of LN Crystal

LN crystals have special mechanical properties. In order to study the lapping of
lithium niobate crystals, it is necessary to know the material characteristics and the critical
loads [25] for brittle–plastic transition. The elastic modulus and hardness of LN crystals
were determined by low-load and high-load modes, and the material parameters of LN
were provided for the subsequent critical load formula. At the same time, the single-
point critical load ranges and the single-point critical-indentation depth range of fracture
were obtained. The reason for using the nanoindentation experiment is that the damage
generated in the indented state is larger than that of scratches, which is caused by the
indenter of the nanoindenter. If the critical load in the indented state can be guaranteed, the
surface quality obtained can be guaranteed to the greatest extent in the actual machining
process. The test flow of the full text is shown in Figure 1.

Figure 1. Flow chart for experiments.

2.1.1. Test Specimen

The Y-cut is the most easily processed crystal direction of lithium niobate crys-
tals [26–30]. According to the actual requirements in industrial production, this kind
of crystal direction wafer was selected in the experiments, and the polished wafers pro-
duced by CLP Deqing Huaying Electronics Co. Ltd. Hangzhou, China were used, with a
diameter of 3 inches and a thickness of 0.5 mm, as shown in Figure 2.
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Figure 2. Lithium niobate polished sheet with a diameter of 3 inches.

A TI980 nanoindenter of Hysitron Company was selected, and a standard Berkovich
indenter was used. The half angle of the indenter was 65.27, the included angle was 142.30,
the Young’s modulus was 1140 GPa, and the Poisson’s ratio was 0.07. Displacement is
used as a control signal to control the loading process. The test is divided into the loading,
load-keeping, and unloading processes, and the times are 5 s, 2 s, and 5 s, respectively.

2.1.2. LN Loading Procedure

At the low-load stage, the LN crystal of Y-cut was made into a sample, which was
placed on a glass slide and fixed on a stage after the binder was dried, and the middle area
of the sample was selected as a test area. The loading loads were 300 µN, 500 µN, 1000 µN,
5000 µN, 8000 µN, and 10,000 µN. Three test points were tested repeatedly for each load,
totaling eighteen points. The indentation details were obtained by in situ scanning, with a
distance of 5 mm, so as to prevent the test points from influencing each other and to obtain
the elastic modulus and hardness of lithium niobate crystals.

A high-load stage: The material pretreatment stage was the same as the low load,
and the loading loads were 11 mN, 13 mN, 15 mN, 20 mN, and 30 mN. A single-load test
comprising 3 test points were made through indentation crack generation, making a total
of 15 points; these test points determined the critical loads of lithium niobate Y-cut through
the Gwyddion to obtain the critical indentation depth range.

2.2. Critical Loads of Lapping

To obtain the critical loads and pressures of the workpieces in a lapping process, it is
necessary to study the total number of abrasive particles and the distribution of abrasive
particles in the lapping process.

2.2.1. Distribution of Abrasive Particles

The lapping process mainly relies on the scratching between a free abrasive and a
workpiece surface under the loads, as shown in Figure 3. At the same time, because the
lithium niobate crystal is soft and brittle, it will cause great damage to the crystal under
high loads.
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Figure 3. Schematic diagram of free abrasive processing and removal mechanism.

In the solid–liquid two-phase state, not all free abrasive particles are involved in the
material removal process, and some abrasive particles cannot even contact the workpiece
surface, which is due to the normal distribution of abrasive particles.

The probability density function f (x) of normal distribution is as follows

f (x) =
1√
2πσ

exp

[
− (x− µ)2

2σ2

]
(1)

where µ is the average value of distribution, which represents the height of abrasive
particles in this research, and σ is the standard deviation. The alumina abrasive particles
used in the experiment are distributed normally, and the distribution parameters are shown
in Table 1.

Table 1. Normal distribution parameters of Al2O3 abrasive particles.

Alumina Abrasive
(Particle Size) Average Value (µm) Standard Deviation (µm)

W14 10.5 3.5
W7 5.25 1.75

W3.5 2.5 0.83
W1.5 1.25 0.42

2.2.2. Formula for Solving Critical Loads

By analyzing the pressure of a single abrasive particle in the actual lapping process,
the critical pressure of a whole workpiece is shown to be the sum of the stress states of all
abrasive particles. The actual stress state in the lapping process is shown in Figure 4. With
the action of loads, the stress relationship among the workpiece, abrasive particles, and
lapping disk dj is the vertical height of abrasive particles, dw the depths of abrasive particles
entering workpiece, and dt the depths of abrasive particles embedded in the lapping disk,
Km, Kw, Kt which represent the abrasive particle hardness, workpiece hardness, and lapping
hardness, respectively. For abrasive particles whose vertical height dj exceeds the height h,
the deformation of abrasive particles, workpiece, and abrasive disc is equal to the action
of loads and pressure, so the distance h between workpiece and abrasive disc can be
expressed as

h = dj −
Fi

Km
− Fi

Kw
− Fi

Kt
(2)
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Figure 4. Analysis of the geometric relationship of the force on abrasive particles.

Because the materials of workpiece, abrasive grains, and abrasive disc are lithium
niobate, alumina, and cast iron, respectively, and the Mohs hardness is 5, 9, and 7, respec-
tively, the hardness of abrasive grains is quite different from that of workpiece and abrasive
disc, so the deformation of abrasive grain and abrasive disc under loads is ignored in the
lapping process, and only the deformation of workpiece is considered:

h = dj −
Fi

Kw
(3)

When the abrasive grain di is larger than h, the workpiece is in an effective lapping
state. When the abrasive grain di is smaller than h, there is no contact between the abrasive
grain and the workpiece, and the acting force is 0. Therefore, the whole acting force formula
can be expressed as

Fi = (di − h)·Kw di > hFi = 0 di ≤ h (4)

The particle size distribution function fdi accords with normal distribution. In the
lapping area of the workpiece, the distance h between the workpiece and the lapping disk
is fixed, and the resultant force is the sum of all Fi, which can be expressed in integral form.

F =
N√
2πσ

Kw

∫ ∞

h
exp[− (di − µ)2

2σ2 ]ddi (5)

Equation (5) cannot be solved directly but can be expressed as an approximate function

g(x) =
a· exp(a(x− µ))

(1 + exp(a(x− µ)))2 (6)

where a = 42, the corresponding distribution function is

G(x) =
exp(a(x− µ))

1 + exp(a(x− µ))
(7)

σ2
√

2πσ
exp

(
−dw

2

2σ2

)
+

dw

1 + exp(−a·dw)
=

F
N·Kw

(8)

The definite integral of normal distribution can be obtained by Equation (7), which is
transformed into

σ2
√

2πσ
exp

(
−dw

2

2σ2

)
=

F
N·Kw

(9)

In the formula, F: critical load, dw: critical indentation depth, Kw: lithium niobate hard-
ness, N: total number of abrasive grains, and σ: standard deviation of abrasive grain size.
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2.3. Test Validation

The W7 granularity alumina abrasive was selected, the concentration of lapping fluid
was 20%, the lapping time was 30 min, the rotating speed of lapping disc was 20 r/min,
and the flow rate of the lapping fluid was 50 mL/min. After the experiment, the samples
were washed with clear water first and then washed with ethanol and pure water in a
ultrasonic cleaning machine for 2 min, respectively. The lapping parameters of lithium
niobate are shown in Table 2.

Table 2. Test parameters.

Parameter 1 2 3 4 5

Load (kg) 1.5 2 2.5 3.5 4
Rotating speed (r/min) 20 20 20 20 20

Time (min) 30 30 30 30 30

3. Results and Analysis
3.1. Analysis of the Nanoindentation Experiment on the Lithium Niobate Crystal

The loading–displacement relationship of lithium niobate crystals under low loads is
shown in Figure 5. The curve of the sixth Y-cut is smooth as a whole, and the slope of the
unloading curve is consistent.

Figure 5. Loading and unloading curves under six kinds of loads.

In the loading stage, with the increasing of indenter loads, the depths of indenters into
material also increases, which is reflected in the increase in displacement. In the process
of indentation, not only plastic deformation but also elastic deformation occurs in the
tested sample, so there is a nonlinear relationship between indentation depths, that is,
displacement and pressure.
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In the condition of low loads, the indentation under different loads was scanned in
situ [31–33], with a range of 5 µm× 5 µm. As shown in Figure 6, under the load of 300–8000
µN, an AFM image of the nanoindentation was observed. There was no crack near the
indentation. The nanoindentation caused plastic deformation of the LN crystal, but it was
also found that the load–displacement curve under the load of 10,000 µN was not smooth,
the AFM image was slight, so it was judged that a slight crack was generated on the surface
under a load of 10,000 µN.

Figure 6. Cont.
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Figure 6. AFM scan of indentation of lithium niobate crystal with different low loads. (a) 300 µN;
(b) 500 µN; (c) 1000 µN; (d) 5000 µN; (e) 8000 µN; (f) 10,000 µN.

The indentation depth was 0.09 µm at 8 mN and 0.105 µm at 10 mN, as shown in
Figure 7. In order to study the critical pressure and indentation depths of brittle plastic de-
formation of lithium niobate crystals, high load nanoindentation was used for experiments.

Figure 7. Cont.
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Figure 7. Indentation depths with 8mN and 10mN loads. (A) 8 mN Load Indentation Depth;
(B) 10 mN Load Indentation Depth.

In the period of low loads, through 3 × 6 experiments with a total of 18 points, several
loading process were carried out with the same loading, load keeping, and unloading.
As shown in Figures 8 and 9, specific data scatter plots of elastic modulus and hardness
were obtained. The critical load model requires accurate data on the elastic modulus and
hardness of lithium niobate, so the data obtained from the nanoindentation experiments
were processed and averaged. Among them, the standard deviation of elastic modulus
data was 3.59 GPa, and the deviation rate is 1.98%; the standard deviation of hardness data
was 0.25 GPa, and the deviation rate is 2.93%. The elastic modulus and hardness of Y-cut
lithium niobate crystal were 180.61 GPa and 8.495 GPa, respectively.

Figure 8. Elastic modulus of LN under different loads.
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Figure 9. LN hardness under different loads.

The lithium niobate crystals were loaded under high loads, and the fracture of lithium
niobate was further confirmed by in situ scanning. First, indentation experiments under
20 mN and 30 mN loads were carried out, and the surface cracks were obvious, as shown
in Figure 10a,b.

Figure 10. LN surface fracture under high load. (a) 20 mN; (b) 30 mN.

As shown in Figure 11, in a 15 mN load test, the tip crack was not obvious, but there
were signs of cracking. When the load was further reduced to 11 mN and 13 mN, slight
cracks occurred at 11 mN, so the critical loads of lithium niobate could be determined to
be 10–20 mN. In order to further confirm the brittle–plastic transition, the 13 mN load–
displacement curve was sorted by origin as shown in Figure 12, and it was found that the
pop-in point was the same as the observed situation, which could prove that the indentation
had undergone the brittle–plastic transition.
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Figure 11. LN surface fracture under high loads. (a) 11 mN; (b) 13 mN; (c) 15 mN.

Figure 12. Loading and unloading curves under 13 mN.
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Gwyddion software was also used to scan the indentation under high loads in situ, as
shown in Figure 13, and the critical indentation depths ranged from 0.105 µm to 0.16 µm.

Figure 13. Indentation depths of LN at 11 mN and 20 mN. (a) 11 mN Load Indentation Depth;
(b) 20 mN Load Indentation Depth.

Indentation-induced cracks can be affected by material properties, the test environ-
ment, indenter shapes and loads. The end of the Vickers indenter used in the test was
a triangular pyramid, and the included angle between the two edges and two opposite
faces were 65.27 half angle and 142.30 angle. There were a large number of dislocations
in the crystal structures of lithium niobate, and the internal irregular arrangement led to
the slippage of the internal grains of LN with the action of external force, resulting in the
plastic deformation stage of lithium niobate. In a certain load range, LN crystals were in
the plastic deformation zone. With the increase in loads, the stress exceeded the critical
range, and the LN crystals would crack, as shown in Figures 10 and 11 on the LN surface
under high loads. In order to restrain this phenomenon during the processing of lithium
niobate crystals, it is necessary to analyze the critical loads of lithium niobate lapping.

3.2. Critical Loads Solution Results

Critical load can be obtained by using the concentration of lapping fluid and the area
of the working area. The total number of abrasive particles N, µ, and σ are all known values.
See Table 1 for details. h can be converted into µ− dw, and dw is the critical indentation
depth of workpiece. In the formula, σ2

√
2πσ

exp
(
− dw

2

2σ2

)
is much larger than dw

1+exp(−a·dw)
,

which is further simplified to

σ2
√

2πσ
exp

(
−dw

2

2σ2

)
=

F
N·Kw

(10)
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Through a nanoindentation experiment, the critical indentation depth was found to be
0.105 µm and the hardness was 8.495 GPa. By substituting the above values into Formula (9),
the critical loads of LN crystals with different abrasive particles can be obtained, as shown
in Table 3.

Table 3. Critical loads of LN crystal with different abrasive grains.

Alumina Abrasive (Particle Size) Total Number of Abrasive Particles (106) Critical Load (N)

W14 41.34 9.63

W7 165.38 19.23
W3.5 729.28 39.92
W1.5 2917.12 78.92

3.3. Analysis of the Validation of the Tests

Table 3 lists the corresponding parameters of several commonly used alumina abrasive
grains. In the test verification, we chose alumina abrasive grains with a W7 grain size. The
surface of LN crystal was observed using VHX-S650E. As shown in Figure 14, with the load
of 15 N and 20 N, there were no obvious scratches and no abrasive particles embedded
on the surface of the samples. Therefore, the visible damage to LN surface is not caused
during machining with a load of 20 N or less.

The test results under the loads of 25 N, 35 N, and 40 N are shown in Figure 15. It can
be seen from the figure that obvious scratches have been produced on the machined surface
with loads of 25 N and 35 N, and an obvious fracture phenomenon appeared on the surface
of LN crystal under the load of 40 N, as shown in Figure 15c. The reason for this result is
that under the pressure exceeding the critical load value, the removal of abrasive particles
and the workpiece during the lapping process can cause cracks or even chipping on the
surface of the workpiece, and such damage aggregation will produce surface scratches.
After the load continues to increase, it can be found in Figure 15 that the degree of damage
of the lapping surface of the workpiece is increasing, which indicates the width of the
scratch and the cracks and breakage on both sides of the scratch.

It can be seen from the experimental results that when the alumina abrasive grains
with a W7 grain size are used and the corresponding critical load is taken, the lithium
niobate lapping process can obtain a good surface, as shown in Figure 14. This proves that
the critical load model is correct.

Figure 14. Cont.
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Figure 14. Observation of low loads and critical lapping surface. (a) Two-dimensional observation at
15 N; (b) two-dimensional observation at 20 N.

Figure 15. Cont.



Processes 2022, 10, 912 15 of 17

Figure 15. Observation of high-load lapping surface. (a) Two-dimensional and three-dimensional
observation of a 25 N load; (b) Two-dimensional and three-dimensional observation of a 35 N load;
(c) 40 N Load Surface Observation.
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4. Conclusions

(1) Y-cut lithium niobate crystals were measured using nanoindentation, and the load–
displacement curves with different loads were obtained. The elastic modulus and
hardness of lithium niobate were obtained. The indentation morphology of lithium
niobate surface with different loads was compared, and the critical indentation depths
of lithium niobate crystal at a single point ranged from 10 to 20 µN and from 0.105
µm to 0.16 µm.

(2) The force on abrasive particles was analyzed. The critical-load model was derived by
integrating the critical loads and the normal distribution of abrasive particles. The
critical loads were related to the number of abrasive particles, the variance of the
abrasive particle size, the critical depths, and the hardness of lithium niobate. The
critical machining loads of lithium niobate with different particle sizes were obtained,
which provided a basis for calculating the critical loads of lithium niobate-free abrasive
particles.

(3) Lithium niobate lapping experiments were carried out. The results show that when the
lapping loads were greater than 20 N, there were obvious scratches or even fractures
on the surface. When the lapping loads were less than or equal to 20 N, there was no
obvious damage on the surface.
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