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� The mappings between micro cracks
and diffraction pattern curves were
revealed based on GIXD and MD.

� Surface and subsurface defects of CaF2
crystals induced by abrasive
machining were evaluated and
characterized accurately.

� MD simulated results agreed well
with the experimental results.

� This work provided a novel
technology for nondestructive testing
of defects of single crystals at nano-
and micro- scales.
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Introduction: Surface and subsurface defects were easily induced during abrasive machining process of
optical crystals due to their high brittleness. Accurate characterization of these defects is the prerequisite
for obtaining optical components with high surface integrity.
Objectives: This work aims to evaluate subsurface defects of CaF2 single crystals induced by abrasive
machining, the mappings between micro cracks and diffraction pattern curves, and the influence of micro
cracks on lattice structures.
Methods: Molecular dynamics simulation, grazing incidence X-ray diffraction experiments and cross-
sectional TEM detection were used in this work.
Results: In grazing incidence X-ray diffraction (GIXD) detection experiments on lapping and polished
specimens, shifts phenomenon of the peak position under the non-theoretical grazing incidence angle
indicated that the subsurface was damaged to a certain extent. The micro cracks of the subsurface were
evaluated by the consistent characteristic of ‘‘peak drift” of the diffraction pattern curve in both experi-
ments and simulations. In addition, cross-sectional TEM results showed that regular micro cracks were
found on the subsurface, which agreed well with the simulation results.
Conclusion: The subsurface defects of CaF2 single crystals induced by abrasivemachining, and the influence of
micro cracks on lattice structures can be evaluated by molecular dynamics simulation. The simulation results
revealed the mappings between the micro cracks and diffraction pattern curve, which demonstrated that a
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phenomenon of ‘‘peak drift” occurred near the diffraction angle of a specific crystal plane. Thiswork provided a
novel technology for the nondestructive testing of defects of single crystalmaterials at nano- andmicro- scales.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction the lattice structure of the local regime. Therefore, XRD is particu-
Optical crystals are conducive to produce high transmittance,
high gain and low threshold, and are widely used in the fields of
high-power lasers of multi-kW scale, lenses and prisms [1–4]. In
recent years, many researchers have demonstrated strong interests
in the growth of optical crystals with high quality and large size
[5,6], performance characterization of optical crystals [7,8], service
life of crystal components [9,10], etc. However, considerable stud-
ies acknowledged that surface and subsurface defects were easily
induced during the machining process of optical materials due to
their high brittleness, which could significantly affect the quality
and service life of crystal devices [11–13]. To improve the surface
integrity of optical components, many scholars have carried out
lots of discussions on material removal [14,15] and damage gener-
ation [16,17] mechanisms, and parameter optimization during the
machining progress [18,19].

It is the prerequisite for optimizing the process parameters to
accurate characterization of surface and subsurface defects of opti-
cal components induced by abrasive machining. Many scholars did
a lot of efforts to the defect characterization, which could be sum-
marized in two aspects. One is non-destructive testing of the spec-
imen through sound, heat, radiation and other mediums, such as
high frequency scanning acoustic microscopy (HFSAM) [20], laser
modulated scattering (LMS) [21] and enhanced internal reflection
microscopy (EIRM) [22]. These non-destructive testing means take
advantage of the physical properties of a certain aspect of the med-
ium, and have a good effect on the defect analysis of specific mate-
rials. However, there are some shortcomings, such as low
resolution, interference, and difficulty in modulating the signal.
The other one is destructive testing means which refers to the local
destruction of the specimen through some destructive methods.
The damaged structure is exposed and then testing, such as chem-
ical etching [23], cross-sectional microscopy [24], ball dimpling
[25], angle polishing and magnetorheological polishing [26]. For
destructive testing means, the preparation of the specimen is com-
plicated and the evaluation range is limited. In addition, it is easy
to induce the secondary damage to the specimen by using destruc-
tive testing means, which affects the detection accuracy of the
experimental results. Therefore, it is of great significance to
develop an efficient and accurate means to characterizing the
defects of optical crystals induced by abrasive machining.

X-Ray diffraction (XRD) is an effectivemeans for analyzing phase
and evaluating crystal structure. Gay [27] et al. studied the disloca-
tion structure of themetal surface after coldmachining and anneal-
ing using XRD, and they established a theoretical model for
analyzing the dislocationmotion and estimated the dislocationden-
sity. Hordon [28] et al. developed amathematical model for disloca-
tion densitymatching of annealed and plastically strained Cu and Al
single crystals based onXRD testing. They concluded that lattice tilt-
ing, localized bending, dislocation strain and sub-grain size repre-
sented important factors, which had distinct effects on broadening
of diffraction lines. Nedjad [29] et al. studied the dislocation struc-
ture of massive martensite machined by electrochemical abrasive
jet composite processing (EACJP) using XRD, and found that the pro-
cessing parameters of EACJP had distinct effect on the density and
distributionof screwdislocations. Fromtheperspectiveof structural
integrity, different types of defects represent obvious characteristics
in the local lattice structure, and lead to the shift of the diffraction
pattern curve, which result from properties of defects inherent in
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larly suitable for the non-destructive testing of defects of optical
crystals. However, X-ray scattered on specimen surfaces is inevita-
bly disturbed by the signals from the bulk when evaluating the sub-
surface structure of the specimen, which reduces the accuracy of
experimental results. To solve the above problem, Hou [30] et al.
used grazing incidenceX-ray diffraction (GIXD) to detect the surface
and subsurface defects induced during the ultra-precision machin-
ing process. They conducted X-ray incidence along a direction per-
pendicular to specific zone axis, which was approximately parallel
to the specimen surface. Compared with the conventional XRD,
GIXD enhanced the diffraction signal of specific crystal planes and
avoided the signal interference from the bulk due to the shallow
X-ray penetration depth. They carried out researches on the lattice
misalignment structure (LMS) of the subsurface ofKDP single crystal
processed by ultra-precision machining. The characterization of
LMS at varied depth was realized by controlling the grazing inci-
dence angle, and the contents of LMS in the subsurface layer at dif-
ferent depths were revealed by the diffraction pattern curve.

Considerable researches showed that dislocations, micro-twins,
stacking-faults, heavy-distorted lattices and micro cracks could be
generated underneath the workpiece surface during the machining
process of optical crystals [14–17]. Dislocation slip system plays a
key role in the formation of defects, which leads to coupling
defects in the surface and subsurface layers of the specimen.
Although GIXD diffraction pattern curve could reveal defect con-
tents in the subsurface layer, it is difficult to separate the charac-
teristics of the defect and determine the specific defect type from
the diffraction pattern curve. The present studies were lack to
describe the lattice distortion caused by specific defect types from
a microscopic viewpoint, especially the lack to establish the map-
pings between specific defect types and diffraction pattern charac-
teristics of GIXD, which limited the application of GIXD in defect
evaluation of optical crystals. As an effective simulation means,
molecular dynamics (MD) has been widely used in microstructure
evolution of the work materials during the indentation [31–33]
and scratching [34–36] tests, by which the defects induced during
the machining process such as dislocations, stacking faults and
twins could be accurately predicted. It should be noted that some
scholars have carried out XRD simulation with the aid of MD to
analyze the physical properties of the crystals [37–42]. Coleman
[37] et al. performed a research on the diffraction pattern curve
of the grain boundary of Ni in XRD simulation of MD, in which vir-
tual x-ray diffraction patterns directly from atomistic simulations
was produced. This method could identify the misorientation of
the grain boundary and show subtle differences between grain
boundaries in the x-ray 2h line profiles. Batyrev [38] et al. analyzed
the structure of extended solids P3N5 under high pressure using
MD simulation. A model with periodic boundary conditions con-
sisting of 312,500 ions was generated, and the crystal orientation
was random. The diffraction intensity of the model was simulated
under the high pressure, and the results indicated that a new phase
was generated induced by the high pressure. Then XRD detection
experiments were performed to prove the accuracy of the simu-
lated results of MD. Hawelek [39] et al. studied the transformation
of ultra-dispersed diamond nanoparticles into carbon nano-onions
by a combination of X-ray diffraction and molecular dynamics sim-
ulations. Two starting models consisting of 5460 and 13,500 atoms
were relaxed, and pair correlation functions were compared with
the experimental data. The simulated results agreed well with
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the previous observations by high-resolution TEM. Müller [40]
et al. studied the as-deposited structure of co-sputtered Cu-Ta
alloys by X-ray diffraction coupled with molecular dynamics anal-
ysis. The amorphous structure was prepared from fcc and bcc ini-
tial lattices by a melt-quenching procedure, and then subsequently
equilibrated for 5 ps. It was found that the XRD spectra of amor-
phous structures prepared by the melt-quenching procedure in
MD were in good agreement with experimental results. Rosolan-
kova [42] et al. measured the interplanar spacing of Cu crystals
under shock compress using XRD simulation based on MD. A
model with periodic boundary conditions was generated, and its
orientations were [100], [010] and [001]. The diffraction intensity
of the system was simulated, and the results showed that the
diffraction intensity was plotted as a function normalized to the
length of the [001] reciprocal lattice vector, which was in consis-
tent with the experimental results. These studies [37–42] demon-
strated that XRD simulation with the aid of MD was an effectively
means to determine the mappings between specific type of defects
and characteristics of the diffraction pattern curve.

InMD simulation, the potential between particles should be con-
sidered, and the crystal structure also has a significant influence on
the simulation results. The relatively simple crystal structure is con-
venient for the introduction of defect model to analyze mappings
between different defect types and diffraction pattern curves. CaF2
single crystal is a typical optical crystal with a face-centered cubic
structure. Many scholars have studied the microscopic properties
of CaF2 by means of MD simulation and achieved good results [43–
46], which indicates that CaF2 is suitable for studying the mappings
between different defect types and diffraction pattern curves of
optical crystals. Many researches performed MD simulation of
CaF2 crystals using Buckingham potential [31,44–47]. Lodes [31]
et al. performed nanoindentation simulation of CaF2 crystals using
MD method, in which Buckingham potential was used. The simu-
lated result showed that pop-in and size effect had distinct influence
on thematerial deformation, and it agreedwellwith the experimen-
tal results, indicating that Buckingham potential was suitable for
CaF2 crystals. Gillan [45] et al. used Buckingham potential to simu-
late the entropy of formation of a point defect in CaF2 crystals, and
embedded crystalline and Green function methods were used in
the damage lattice. The simulation results showed that the conver-
gence of the calculated entropy was enhanced as the defect size
increased, which agreed well with the experimental results. Morris
[46] et al. analyzed the threshold displacement energy of CaF2 crys-
tals during the radiation damage process using MD simulation
method, and found that F Frenkel pairs dominated CaF2 damage.
The above studies indicated that Buckingham potential can be used
to perform the MD simulation of CaF2 crystals in this work.

This work presented a new means using GIXD to evaluate the
subsurface structure of optical crystals more precisely. The map-
pings between micro cracks and characteristics of the diffraction
pattern curve of CaF2 single crystals were systematically studied
through both computational and experimental approaches. A
model of the defect structure of micro cracks was established,
and XRD simulation was performed with the aid of MD. In addition,
lapping and polishing experiments of CaF2 single crystals were per-
formed, and detection experiments on the lapping and polished
surface and subsurface of CaF2 single crystals were performed by
using GIXD technology. Finally, the simulation results were further
verified by the TEM detection results.

Materials and methods

Potential of molecular dynamics

During the MD simulation process, the trajectories of all atoms
in the system are calculated for a given period of time. The process
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is accomplished by calculating interatomic forces based on gradi-
ents in their potential energy and solving Newton’s equation of
the motion for all atoms simultaneously. The results presented in
this work were generated by MD LAMMPS codes [31].

The cleavage planes of CaF2 single crystal are {111} planes, and
the main slip planes at room temperature are {100} planes with
h110i slip direction. To calculate the interaction between anions
and cations, a potential is required, whose long-range Coulomb
interaction needs to be considered. LAMMPS uses the particle–
particle-grid method to calculate the Coulomb force with a cut-
off radius of 10 Å [48]. The potential used in this work is given in
Eq. (1).

VðrijÞ ¼ 1
4pe0

� ZiZje2
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A simulation of the same type has been used successfully for
studying the plastic behavior in ionic crystals [32]. In the Bucking-
ham potential, the energy U is a function of the distance r between
ions A and B, their charges q, permittivity of vacuum e0 and three
potential parameters A, q and C. The first long-range term
describes the interaction between the ions, therefore, it is attrac-
tive to ions with a different charge sign and repulsive to ions with
the same charge sign. The second short-range Born-Mayer term
describes the repulsion caused by Pauli’s law. The third term
describes the attraction from the short-ranged van der Waals force.
In general, nine potential parameters are needed to describe a sys-
tem consisting of two types of ions. However, in the case of the
CaF2 crystal lattice for the doubly charged Ca2+ ions, only the
strong Coulomb interaction is considered, whereas all other terms
are neglected in this work [31,48]. Therefore, the free parameters
are reduced to five parameters. The values of A, q, C for Ca-Ca
are 0 eV, 1 Å and 0 eV/Å6, respectively [31]. The values of A, q, C
for Ca- F are 674.3 eV, 0 Å and 336 eV/Å6, respectively [31]. The val-
ues of A, q, C for F-F are 1808 eV, 0.293 Å and 109.1 eV/Å6, respec-
tively [31].

To verify the potential, the static tensile simulations were car-
ried out and the system deformation was uniformly increased
along [100], [110] and [111] tensile axes. Fig. 1(a)–(c) present
the three-dimensional view of three simulation models and their
tensile axes. As shown in Fig. 1(d), the relevant elastic modulus
was calculated from the stress-strain curve with a Poisson’s ratio
of 0.223. The simulated results of Elastic moduli for (100), (110)
and (111) crystal planes were 121.4 GPa, 88.49 GPa and 80.1
GPa, respectively. The values of Elastic moduli for (100), (110)
and (111) crystal planes were determined as 134 GPa, 119 GPa
and 94 GPa, respectively [31]. It could be found that the simulation
results agreed well with Ref. [31].
Micro crack models

Two models consisting of 8 � 8 � 8 and 10 � 10 � 10 unit cells
were generated by using periodic boundary conditions [46,49,50],
consisting of 36,864 ions and 12,000 ions, respectively. The crystal
orientations of one model were [�110], [11�2] and [111] direc-
tions, whose length, width, and height were 61.77 Å, 106.99 Å,
75.66 Å, respectively. The crystal orientations of the other model
were [100], [010] and [001] directions, whose length, width,
and height were 54.6 Å, 54.6 Å, 54.6 Å, respectively. The NVE
ensemble was selected to simulate the detection environment of
GIXD experiment. The particle number (N), specimen volume (V),
temperature (T), pressure (P) and energy (E) do not fluctuate and
reach a stable state in GIXD experiment. The intensity of the
diffraction pattern curve is closely related to the ion coordinates,
so the motion state of the ions should be simulated as accurately
as possible in the simulation process. Compared with those in



Fig. 1. Three simulations of static tensile along (a) [100] tensile axis, (b) [110] tensile axis and (c) [111] tensile axis, (d) simulated results of Elastic moduli for (100), (110)
and (111) crystal planes, (e) (111) micro crack model and (f) (001) micro crack model.
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NPT and NVT ensembles, the ions in NVE ensemble tend to be a
freer state, which could ensure the accuracy of the simulation
[31,32,50,51]. A starting temperature of 10�7 K was applied, and
the time step was set to 10�15 s. The twomodels were marked with
(111) ideal model and (001) ideal model, respectively.

The process of establishing micro cracks was divided into two
steps. Firstly, the regimes of micro cracks in two ideal models were
selected. In (111) micro crack model, the micro cracks were paral-
lel to the (111) plane. Selected the cells from 3rd to 7th unit cell in
[�110] direction, 1st to 2nd unit cell in [11�2] direction, 3th to
4th unit cell in [11�2] direction, 4th to 5th unit cell in [111] direc-
tion. In (001) micro crack model, the micro cracks were parallel to
the (001) plane. Selected the cells from 2nd to 8th unit cell in
[100] direction, 1st to 2nd unit cell in [010] direction, 3rd to 4th
unit cell in [010] direction, 5th to 6th unit cell in [001] direction.
54
Finally, deleted the selected cells to construct the vacuum region.
The system was then given the chance to relax for 20,000 fs in
the NVE ensemble until fluctuations in potential energy and tem-
perature decayed. Fig. 1(e) and (f) presents the three-dimensional
view of micro crack models and their cross-sectional view.
XRD simulations

XRD simulation in LAMMPS used a simulated radiation of wave-
length k, and the diffraction intensity was calculated on a three-
dimensional mesh of the reciprocal lattice nodes. The mesh size
was defined by the entire simulation domain or the artificially
selected regime [37]. The atomic scattering factors fj resulted in
the reduction in diffraction intensity due to Compton scattering.
XRD simulation adopted analytical approximations of atomic scat-
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tering factors which varied with the atomic type and diffraction
angle. The analytic approximation was calculated using Eq. (2)
[52].

f j
sinðhÞ

k

� �
¼

X4
i

aiexp �bi
sin2 hð Þ

k2

� �
þ c ð2Þ

This work used Cu as an incident radiation wavelength, which
was 0.154 nm. Parameters a, b and c of Ca and F elements were
determined by Ref. [53]. To study the influence of the micro crack
model on the entire system, the entire simulation domain was
selected and the polarization factor was introduced. The diffraction
angle 2h ranged from 20� to 90� with a fractional value of 0.2�. The
models diffracted three times in total, with 1000 time-steps for one
diffraction, and the corresponding diffraction pattern curves were
fitted.

Experiment details

GIXD is a special diffraction mode in XRD. It is assumed that
CaF2 single crystal is a system composed of innumerable unit cells.
Each cell is subjected to the stress during the machining process
and rotates slightly in its original position. Mark cells in the same
orientation with the same color. Fig. 2(a) shows the X-ray diffrac-
tion process of XRD. The crystal structure of X-ray could be charac-
terized by the diffraction pattern curve at a certain penetration
depth, but the signal interference from the bulk affects the exper-
imental results. Fig. 2(b) shows the X-ray diffraction process of
GIXD. The X-ray was incident along a direction perpendicular to
the zone axis and was approximately parallel to the specimen,
which enhances the diffraction signal of a specific crystal plane
in the zone axis. The incident angle x ensures a shallow penetra-
tion depth and reduces the interference from the bulk. The receiver
collects the diffraction signal and characterizes the crystal struc-
ture details of a shallow penetration depth by controlling the graz-
ing incident angle x.

The specimens of CaF2 single crystal used in this study were
provided by Hefei Kejing Materials Technology co., LTD with a size
of 10 � 10 � 1 mm. The orientations of the crystal planes of the
GaF2 specimen were along [1�10], [11�2] and [111] zone axes.
The lapping and polishing tests were carried out on the (111) sur-
face by Al2O3 abrasive with the abrasive size of 14 lm and 1 lm,
respectively. SEM of type SUPRA 55 SAPPHIRE was used to observe
the surface morphology of the specimens. Fig. 3(b) and (c) show
the surface morphologies of (111) lapping surface and (111) pol-
ished surface. It can be found that there were lots of defects on
(111) lapping surface and almost no distinct defects on (111) pol-
ished surface. However, the defects of the specimen subsurface
cannot be identified from the SEM images, and it is difficult to
obtain a comprehensive evaluation of the processing quality of
the specimen.
Fig. 2. The schematic diagrams of X-ray diffr
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Compared with other nondestructive testing means, GIXD could
avoid destroying the specimen and is more accurate and simpler.
Therefore, GIXD was conducted to evaluate the subsurface defect
of the specimens. To verify the accuracy of the simulated results,
the characterization experiments of surface and subsurface defects
were performed on an Empyrean X-ray diffractometer (PANalyti-
cal, Netherlands) with ceramic X-ray tubes and Cu radiation.
Fig. 3(a) presents the experiment details of planes participating
in diffraction of [1�10] zone axis. The specimen was placed with
a definite orientation on diffractometer during the GIXD experi-
ment. According to X-Ray diffraction crystallography, [1�10] zone
axis is perpendicular to [111] and [11�2] zone axes, and parallel
to [1�10] zone axis. Therefore, the X-ray was incident along a
direction perpendicular to [1�10], and was approximately parallel
to (111) plane during the GIXD experiment. A gasket with clear
scale mark was placed under the specimen, and the specimen
was rotated through the mark to ensure the position requirements.
TEM of type TalosF200x was used to obtain a more intuitive eval-
uation on the defect structure of the specimen subsurface.
Results and discussion

Simulation results and discussion

Fig. 4(a) and (b) presented the whole diffraction pattern curve
of the ideal model and micro crack model during the MD simula-
tion with different time steps. The red line represents the relative
diffraction intensity of each crystal plane in the standards of CaF2
crystals. As shown in Fig. 4(a) and (b), the diffraction intensity in
micro crack model decreased slightly compared with that in the
ideal model during the XRD simulation. The position intensity of
each crystal plane in (111) micro crack model and (001) micro
crack model has almost no shifts, indicating that the micro crack
can not affect the whole model.

To study the details of the diffraction pattern curve near the
diffraction angle in (111) micro crack model, a local magnification
of the whole diffraction pattern curve was obtained, as shown in
Fig. 4(c). The diffraction peak in the blue dotted line is the phe-
nomenon of peak position shift, which in accordance with the the-
oretical analysis. Under the condition of the same diffraction angle
in the whole diffraction pattern curve, the diffraction peak inten-
sity of the micro crack model was extremely high, while the
diffraction peak intensity of the ideal model was extremely low.
It was equivalent to the phenomenon of diffraction peak shift in
micro crack model comparing with the ideal model, which was
called ‘‘peak drift”. Fig. 4(c) shows that the ‘‘peak drift” of micro
crack model appears symmetrically near the diffraction angle of
{111} planes, while the peak drift does not appear near the diffrac-
tion angle of other planes. The variation trends of the diffraction
lines of (111) micro crack and (111) ideal models were almost
action process of (a) XRD and (b) GIXD.



Fig. 3. (a) The experiment details, and SEM images of morphologies of (b) (111) lapping surface and (c) (111) polished surface.

Fig. 4. The whole diffraction pattern curves of ideal and micro crack models during the MD simulation with different time steps on (a) (111) surface and (b) (001) surface, (c)
local magnification of (a), and (d) local magnification of (b).
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Fig. 5. Effect of the variation of local crystal structure induced by (111) micro crack
model on inter-planar distance of {111} planes.
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the same on the whole diffraction pattern curve except {111}
planes, which was caused by micro cracks established in (111)
micro crack model.

A similar diffraction law could be found in simulation of (001)
micro crack model through the local magnification of the whole
diffraction pattern curve, as shown in Fig. 4(d). The ‘‘peak drift”
of the micro crack model appeared symmetrically near the diffrac-
tion angle of {200} planes in Fig. 4(d), while it did not appear near
the diffraction angle of other planes. The diffraction peak corre-
sponding to {100} planes was absent due to the extinction of
Fig. 6. Diffraction results of the specimen under small grazing incidence angles x for (
among diffraction angle, X-ray grazing incidence angle and theoretical tilt angle of diffr
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CaF2 single crystals, which caused ‘‘peak drift” around the diffrac-
tion angle of {200} planes.

As shown in Fig. 5, the variation of the local crystal structure
induced by the (111) micro crack model exhibited significant
effect on the inter-planar distance of {111} planes, resulting in
the shift of the diffraction pattern curve of {111} planes. The same
law was also applicable to (001) micro crack model, resulting in
the shift of the diffraction pattern curve of {200} planes. During
the simulation process, micro cracks which were parallel to speci-
fic crystal plane corresponded to the ‘‘drift peak” of a specific crys-
tal plane, which showed a strong mapping relationship.

The diffraction law of CaF2 single crystal

Fig. 6(a) and (b) show the diffraction results of (111) lapping
surface and (111) polished surface under different grazing inci-
dence anglesx. As shown in Fig. 6(a), {420} planes could be found
in the diffraction pattern curve of (111) polished surface under
small grazing incidence angles. {111}, {220}, {331} and {420}
planes could be found in the diffraction pattern curve of (111) lap-
ping surface under identical grazing incidence angles, as shown in
Fig. 6(b). When the X-ray was incident along a direction perpendic-
ular to [1�10] zone axis, crystal planes in [1�10] zone axis were
diffracted, resulting in diffraction peaks near the diffraction angle
of corresponding crystal planes in the diffraction pattern curve,
such as {111}, {220} and {311} planes. It should be noted that
{420} plane did not belong to [1�10] zone axis, but the diffraction
still occurred. In addition, the phenomenon of multi-peak diffrac-
tion appeared in the diffraction pattern curve of (111) lapping sur-
a) (111) polished surface and (b) (111) lapping surface, (c) geometric relationship
action plane.



Table 1
Theoretical grazing incidence angles of each diffraction plane of CaF2 single crystals.

Diffraction
plane

Diffraction
angle h (�)

Tilt angle
a (�)

Theoretical grazing incidence
angle x (�)

111 14.138 0 14.138
200 16.383 54.7356 —
220 23.508 35.2644 —
311 27.887 29.4962 —
222 29.244 0 29.244
400 34.340 54.7356 —
331 37.931 22.0017 15.9293
420 39.101 39.2315 —
422 43.70 19.4712 24.2288
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face, which was different from the single-peak diffraction of the
specific crystal plane under a specific grazing incidence angle.
Therefore, the specimen subsurface seemed to be damaged to a
certain extent, which led to obvious variations in the diffraction
pattern curve.

It was assumed that all X-rays were incident from the left side
of CaF2 single crystals, the theoretical grazing incidence angle of X-
ray was x, and the diffraction angle of the specific plane was h.
There was a theoretical tilt angle a between the diffraction plane
and surface of CaF2 crystals. The geometric relationship among
the diffraction angle h, X-ray grazing incidence angle x and theo-
retical tilt angle a of the diffraction plane was shown in Fig. 6(c).

According to the geometric relationship in Fig. 6(c), the relative
relationship among h, x and a could be calculated by Eq. (3). The
theoretical grazing incidence angles of each diffraction crystal
plane were calculated, as shown in Table 1.
Fig. 7. The diffraction results of the specimen under more grazing incidence angles (a)
distance of {111} planes.

58
xþ a ¼ h ð3Þ
None of crystal planes could diffract under the small grazing

incidence angle selected from Table 1. This results further indi-
cated that the specimen subsurface was damaged to a certain
extent after abrasive machining, resulting in the ‘‘peak drift” near
the diffraction angle of a specific crystal plane in Fig. 6(c). It pre-
sented that GIXD could perform an intuitive and sensitive evalua-
tion on the microstructure variations of the specimen.

The diffraction pattern curve of (111) polished surface and
(111) lapping surface with more grazing incidence angles were
shown in Fig. 7(a) and (b). It could be found that ‘‘peak drift”
occurred near the diffraction angle of {111} planes in both pol-
ished and lapping surfaces under the grazing incidence angle near
14�, which agreed well with Table 1. The inter-planar distance d
between {111} planes will be changed at the local regime due to
the stress. In addition, the stress between {111} planes will be
released when it reaches a certain extent, thus resulting in the for-
mation of micro cracks in the subsurface. Fig. 7(c) presents the
variation on the interplanar distance of {111} planes.

For simplifying the model, it was considered that the actual tilt
angle between the diffraction plane and surface of CaF2 crystals
was identical to the theoretical tilt angle a in Eq. (3). Eq. (4) could
be obtained from Eq. (3), which expressed the relationship
between the grazing incidence angle x with diffraction pattern
curve.

2h ¼ 2xþ 2a ð4Þ
(111) lapping surface (b) (111) polished surface, (c) variation on the interplanar



Fig. 8. Comparison of diffraction pattern curves near {111} planes between XRD simulation of micro crack model and GIXD experimental results on (111)-orientation (a)
polished surface and (b) lapping surface, (c) TEM images of (111) polished subsurface, (d) HR-TEM images of region A in (c), (e) TEM images of (111) lapping subsurface and
(f) Enlarged view of region B in (e).
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From Eq. (4), it was found that there was a linear relationship
between the diffraction angle 2h and grazing incidence angle x
with a slope of 2. The 2h-x fitting of Fig. 7(a) and (b) was carried
out, and a straight line with a slope of approximately 2 was
obtained. When the inter-planar distance d between specific crys-
tal planes varies, diffraction peaks would occur near the diffraction
angle of the specific crystal plane under different grazing incidence
angles, which was called ‘‘peak drift”.

Verification results using GIXD and TEM

The comparison of diffraction pattern curves near {111} planes
between XRD simulation results of (111) micro crack model and
GIXD experimental results under different grazing incidence angles
was shown in Fig. 8(a) and (b). It showed that diffraction angles of
‘‘drift peaks” in the simulation results agreed well with these in the
experimental results, which indicated that there were micro cracks
59
parallel to {111} planes on both (111)-orientation polished and
lapping subsurfaces.

Fig. 8(c) and (d) showed the TEM results of (111)-orientation
polished subsurface. The results indicated that there were many
micro cracks in the specimen subsurface, as shown in Fig. 8(c).
The enlarged view of area A was shown in Fig. 8(d), from which
micro cracks were found to be approximately parallel to the sur-
face. In addition, no micro cracks could be found in the subsurface
away from the surface, and damage layer depth was shallow dur-
ing the polishing process.

Fig. 8(e) and (f) presented TEM images of (111)-orientation lap-
ping subsurface. The results showed that there were many micro
cracks in the lapping subsurface in Fig. 8(e), which were similar to
(111) polished subsurface in Fig. 8(c). As shown in Fig. 8(f), the
enlarged view of region B showed that there were many regular
micro crackswith an angle of 70.5� to the surface. The included angle
between the two {111} crystal planeswas calculated as 70.5�, so the
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regular micro cracks belonged to {111} planes. In addition, many
micro cracks could be found in the subsurface, and the damage layer
depth was deeper during the lapping process.
Conclusions

This paper proposed a theoretical study for evaluating the sur-
face and subsurface defects of optical single crystals induced by
abrasive machining based on molecular dynamics simulation and
grazing incidence X-ray diffraction. The following conclusions
can be drawn:

MD simulation model of micro cracks in CaF2 single crystals was
established, and the mappings between the XRD diffraction pattern
curve and micro cracks were analyzed. The results indicated that a
phenomenon of ‘‘peak drift” occurred near the diffraction angle of a
specific crystal plane in the XRD diffraction pattern curve of micro-
crack simulation model.

GIXD experiments of subsurface defects of CaF2 single crystals
after abrasive machining were performed. Micro cracks in the
specimen subsurface were evaluated by the consistent characteris-
tic of ‘‘peak drift” of the diffraction pattern curve in GIXD detection
experiment and XRD simulation.

Finally, the subsurface defects of CaF2 single crystals processed
by lapping and polishing were analyzed with the aid of cross-
sectional TEM experiments. The results showed that many regular
micro cracks which were parallel to or at certain angles to the
specimen surface, which agreed well with the simulation results.
The TEM results can further prove the accuracy of the specific
law of this work. This work provided a novel technology for the
nondestructive testing of defects of single crystal materials at
nano- and micro-scales.
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