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The competition mechanism between the slip motions and cleavage fractures is related to the anisotropy of
deformation behaviors, which is essential to manufacture complex optical components. To identify competition
mechanism between the slip motions and cleavage fractures and reveal the anisotropy of deformation and
damage behaviors of MgF» crystals, the nanoindentation tests were systematically conducted on different crystal
planes. In addition, the stress induced by the nanoindentation was developed and decomposed along the slip
systems and cleavage planes, and cleavage factors and Schmid factors were calculated. The stress, cleavage
factors and Schmid factors indicated that the activation degree of the slip motions and cleavage fractures
determined the indentation morphologies. Under the same indentation conditions, the nanoindentation of the
(001) crystal plane activated most slip motions, so the plastic deformation is most prone to occur on this crystal
plane. The nanoindentation of the (010) crystal plane activated less slip motions and most cleavage fractures,
resulting in the severest brittle fractures on the (010) crystal plane. The theoretical results consisted well with the
experimental results, which provides the theoretical guidance to the low-damage manufacturing of MgFy
components.

1. Introduction numerous researchers have devoted to investigating the mechanical

properties and manufacturing techniques of MgF, single crystals. The

Magnesium fluoride (MgF2) crystal is the excellent material for the
fabrication of complex optical components due to its extraordinary
mechanical strength, corrosion resistance and optical properties. How-
ever, MgF, single crystal is the typical hard-to-machine material for high
hardness, brittleness and anisotropy. Yu et al. carried out the cutting
experiments of MgFs single crystals and distinct cracks were found on
the machined surface [1]. Huang et al. conducted the scratch tests of
MgF, single crystals, and observed significant brittle fractures on the
scratch grooves [2]. Babu et al. introduced molecular dynamics simu-
lations of the MgF, single crystals, and the results indicated the me-
chanical characteristics of MgF, single crystal showed distinct
anisotropy [3]. In addition, the manufacturing of complex components
is hindered by traditional manufacturing methods [4-7]. For inhibiting
the brittle fractures and improving the manufacturing efficiency,

critical cutting depth model of MgF, single crystals was developed by
Hayama based on the crack propagation of brittle materials [8]. Min
et al. conducted cutting experiments of MgFs single crystals, and
observed that the critical depth-of-cut varied with the crystal orienta-
tions [9]. Liu et al. explored the application of ultrasonic-assisted cutting
tests of MgF, single crystals, which demonstrated that crack-free
machining of the components effectively improved the manufacturing
efficiency [10]. Numerous researches have proposed innovative
manufacturing methods for complex MgF, components. However, the
anisotropy of deformation behaviors of MgF, single crystals significantly
limits the improving of the component quality and manufacturing effi-
ciency. Revealing anisotropy of deformation behaviors of MgF, single
crystals can provide theoretical foundation to improve the component
quality and manufacturing efficiency. However, few researchers have

* Corresponding author. School of Mechatronics Engineering, Harbin Institute of Technology, Harbin, 150001, China.
** Corresponding author. School of Mechatronics Engineering, Harbin Institute of Technology, Harbin, 150001, China.
E-mail addresses: hit_chenli@163.com (C. Li), gengyanquan@hit.edu.cn (Y. Geng).

https://doi.org/10.1016/j.jmrt.2024.01.034

Received 8 December 2023; Received in revised form 30 December 2023; Accepted 5 January 2024

Available online 10 January 2024

2238-7854/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:hit_chenli@163.com
mailto:gengyanquan@hit.edu.cn
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2024.01.034
https://doi.org/10.1016/j.jmrt.2024.01.034
https://doi.org/10.1016/j.jmrt.2024.01.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2024.01.034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Piao et al.

systematically analyzed the anisotropy of deformation and damage be-
haviors of MgF single crystals.

The nanoindentation instrument can accurately control the load in
nano- and micro-scales and obtain mechanical properties and
displacement-load curves. Many scholars performed the nano-
indentation tests to analyze the mechanical properties and deformation
behaviors. According to the nanoindentation tests, hardness, elastic
modulus, fracture toughness, and maximum elastic recovery rate of YAG
crystals were calculated by Li [11] et al. Liu et al. conducted the nano-
indentation tests of KDP crystals under different temperatures and
indicated that increasing temperature promoted the plastic deformation
and suppressed brittle fractures [12,13]. Yan et al. carried out nano-
indentation experiments of Si single crystals to investigate the material
damage, and they observed distinct amorphous and nano-crystalline
damages in the subsurface region [14]. Zhang et al. investigated the
creep behavior of KDP crystals by nanoindentation tests and determined
that the creep of KDP crystals was induced by the dislocation motion
[15]. Csanadi et al. researched the effect of crystal orientation on the
nanoindentation hardness and indentation modulus of SisN4 ceramics,
and developed a theoretical model based on the slip system to illustrate
the anisotropy of the hardness of SisN4 ceramics [16]. Due to the
structural characteristics, single crystals exhibit distinct anisotropy of
machined surface morphologies [17-20]. Consequently, researchers
have investigated the slip systems and cleavage planes of single crystals
to reveal the anisotropy of deformation behaviors. Huang et al. suc-
cessfully predicted that ([211]) and [112] crystal orientations are more
prone to generate brittle fractures based on slip systems [21]. Bending
tests of the sapphire were conducted by Huang et al. and the anisotropy
mechanism of the fracture toughness was revealed based on the critical
shear stress of different slip systems [22]. Li [23] et al. performed
nanoindentation tests of single crystals to analyze the microhardness
anisotropy, and observed the correlation between microhardness
anisotropy and the slip systems. Kwon [24] et al. explained the anisot-
ropy of the crack initiation and ductile machining of sapphire crystals by
modifying the cleavage factor and Schmid factor. Mizumoto [25] et al.
analyzed the anisotropy of the critical cutting depth during the
machining of CaF; single crystals based on cleavage factors, and the
consistent relationship between the variation of critical cutting depth
and cleavage factor was derived. Many researches have indicated that
the deformation behaviors were related to the stress field. Li et al. suc-
cessfully predicted the direction of crack initiation and propagation lo-
cations during the characterization of brittle materials according to the
stress field model [26]. Yang et al. conducted multi-abrasives machining
tests and found that the crack propagation was induced by the maximum
principal stress [27]. Li et al. analyzed the stress-induced plastic dam-
ages of GaN crystals through molecular dynamics simulations, and
found that the laser reduced the stress and suppressed the plastic dam-
age of GaN crystals [28,29]. Wang et al. developed the stress field model
to analyze the crack propagation in the manufacturing of Si single
crystals, and they observed that the radial crack was induced by the
residual stress [30]. Many studies focused on analyzing the deformation
behaviors based on the main stress. However, few researchers intro-
duced the competition between the slip motions and cleavage fractures
to the stress field model, and illustrated the anisotropy of deformation
behaviors.

This study aims at revealing the anisotropy of deformation behaviors
of MgFj single crystals by the competition between the slip motions and
cleavage fractures. To observe the deformation behaviors on (001),
(010) and (110) crystal planes, nanoindentation tests on different crystal
planes of MgF, single crystals were carried out. The stress field models
induced by the nanoindentation were developed and decomposed along
the slip systems and cleavage planes, which will illustrate the anisotropy
of deformation behaviors by comparing stress distributions along the
cleavage planes and the slip systems. The cleavage factors and Schmid
factors under different surfaces of Berkovich indenter were calculated,
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Fig. 1. Schematic diagram of (a) nanoindentation process and (b) nano-
indentation tests on different crystal planes.

which will reveal the deformation mechanisms of the indentation sur-
faces that contact with the indenter. This paper will reveal the nano-
indentation induced anisotropy of deformation and damage behaviors,
and provide theoretical guidance for the manufacturing of complex
MgF5 components with high surface integrity.

2. Experimental methods and simulation models
2.1. Materials and methods

The nanoindentation tests are commonly carried out to analyze the
deformation behaviors. In order to investigate the anisotropy of defor-
mation behaviors of MgF; single crystals, the nanoindentation tests were
performed on (001), (010) and (110) crystal planes. As shown in Fig. 1,
Berkovich diamond indenter with a tip radius of approximately 100 nm
was used on a nano indenter (Agilent G200, USA). The dimensions of the
specimens were 10 mm x 5 mm x 2 mm. The long edges of the (001),
(010) and (110) crystal planes were parallel to the [100], [001] and
[001] crystal orientations, respectively. To suppress the damage gen-
eration during the preparation process of the MgFs specimen,
chemically-mechanically polishing was used to ensure that the specimen
has a surface roughness of 0.15 nm in Ra before the nanoindentation
tests. A commercial colloidal silica slurry of size 25 nm was used in the
polishing test. The polishing speed, specimen speed, polishing force and
suspension flow rate, and polishing time are 150 rpm, 50 rpm, 10 N, 100
mL/h, and 30 min, respectively. The three contact surfaces between the
specimen and Berkovich diamond indenter were marked as S1, S2 and
S3, respectively. The nanoindentation tests of the continuous stiffness
mode were conducted to obtain the hardness of different crystal planes,
and the nanoindentation tests of the quasi-static mode were conducted
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Table 1
Experimental conditions.

No. Mode Crystal plane Indentation displacement and
load
1-3 continuous (001), (010), 1000 nm
stiffness (110)
4-7 quasi-static (001) 5 mN, 40 mN, 80 mN, 150 mN
8-11 quasi-static (010) 5 mN, 40 mN, 80 mN, 150 mN
12-15 quasi-static (110) 5 mN, 40 mN, 80 mN, 150 mN

0z 4

Oyy

Fig. 2. Diagrammatic sketch of the stress field induced by nanoindentation.

to investigate the deformation behaviors on different crystal planes. The
detailed experimental conditions of nanoindentation tests were listed in
Table 1. To ensure the accuracy of the experimental results, each test
was repeated three times. Indentation morphologies were observed by a
scanning electron microscope (SEM, SUPRA 55 SAPPHIRE, Germany).

2.2. The development and decomposition of the stress

Wang [31] and Li [32] et al. agreed that the deformation behaviors
were related to the stress field. Consequently, the stress model of the
nanoindentation was developed to investigated the anisotropy of
deformation behaviors. The stress filed is shown in Fig. 2.

During the nanoindentation process, the stress was induced by the
normal load P. The stress field induced by the nanoindentation can be
regarded as the stress field induced by a point force on a semi-infinite
region. Boussinesq stress field can calculate the stress field induced by
the normal point force on a semi-infinite region. Therefore, Boussinesq
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stress field was used to calculate the stress field induced by the normal
load P, which can be expressed by Equation (1),

oo = P [1= 200 (1_5)x2—y2 7] 32
T or 72 p 2 P’ P’
oo = P11 2000 (1,5)y2—x2+£ 3
yy 271, r2 p r2 p3 p5
P 37
=2
€y
P 1 -2v4p |\ 0z 3xyz
=5y 2 77)7773 s
2n r p/r P P
. P 3y
T om ps
L P22
xzfzn_ p5

where /)2 = x2+y2, = x2+y2+zz, and vy is the poison’s ratio of the
(hkl) crystal plane. The poison’s ratio of the (001), (010) and (110)
crystal planes can be found in our previous work [33]. Mizumoto and
Wang et al. indicated that slip motions and cleavage fractures were
related to the deformation behaviors of single crystals [34,35]. Slip
motions are induced by the shear stress along the slip systems, and
cleavage fractures are induced by the normal stress along the cleavage
planes. Consequently, the stress will be decomposed along the slip sys-
tems and cleavage planes.

As shown in Fig. 3, Sy is the unit normal vector of the slip plane, S; is
the unit vector of the slip direction, C, is the unit normal vector of the
cleavage plane, oy is the total stress of slip systems, and oy is the total
stress of the cleavage plane. oy and oy, can be expressed by Equations (2)
and (3),

Ox Ty Txg Ny

Ou=| Ty Oy Ty | |ny (2)
Tf/\' Tf} 64’1 nZS‘
Ox  Txy Ty Nxe

O = | Tyx Oy Ty Nyc (3)
Tox  Toy Oz | | My

where ny,, nys and n, are the directional cosines between the normal
direction of the slip plane and X, Y and Z axis, respectively. ny, ny and
n,. are the directional cosines between the normal direction of the
cleavage plane and X, Y and Z axis, respectively. The slip motions are
induced by the stress o5 which is along the slip systems. The cleavage
fractures are induced by the stress o, which is perpendicular to the
cleavage planes. The stresses o5 and o, can be expressed by Equation (4),

Slip Plane

(b)

Cleavage Plane

Fig. 3. Schematic of decomposed stress along (a) the slip systems and (b) the cleavage planes.
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Fig. 4. (a) hardness curves of the (001), (010) and (110) crystal planes, displacement-load curves of (b) (001) crystal plane, (c) (010) crystal plane and (d) (110)
crystal plane. (e), (f) and (g) are enlarged images of (b), (c) and (d), respectively.
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where vy, is the unit vector which is along the slip direction S, v is the
unit vector which is perpendicular to the cleavage plane, w; is the angle
between stresses o4 and vy, and . is the angle between stresses o, and
Ven. The slip systems of MgFy single crystals are (110)/[001] and
(110)/[001] slip systems, and cleavage planes are (110) and (110)
crystal planes [36]. To analyze the stress field simply, the stress is
calculated by the normalized stress (6d?/P). d is the grid length and d =
2 nm.

2.3. The cleavage factors and schmid factors of S1, S2 and S3 surfaces

Due to the shape of Berkovich indenter, the activation degree of the
slip motions and cleavage factors are different for S1, S2 and S3 surfaces.
Therefore, the cleavage factors and Schmid factors of S1, S2 and S3
surfaces are calculated. The shape of Berkovich indenter is a triangular
pyramid. The angle between the perpendicular line and edge line is
77.05°, and the angle between the perpendicular line and pyramid plane
is 65.3°. Due to the geometry of Berkovich indenter, the forces that are
applied to the workpiece by S1, S2 and S3 surfaces have the same value,
and they are perpendicular to S1, S2 and S3 surfaces, respectively. n,
T, and N3 are the normal vectors of the S1, S2 and S3 surfaces,
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respectively. m; is the cleavage factor of the Si surface, which can be
expressed by Equation (5),

m; = cos’q; %)
where q; is the angle between the Si surface and cleavage plane. cosa; can
be expressed by Equation (6),

——
Cp n;

— =
‘CﬂHnl|

(6)

cos Q; =

where ¢, is the normal vector of the cleavage plane, and ; is the Schmid
factor of the Si surface. y; can be expressed by Equation (7),

)

U; =COS 4; COS @;

where /; is the angle between the Si surface and slip plane, and ¢; is the
angle between the Si surface and slip direction. cos4; and cosg; can be
expressed by Equation (8),

——
i 8

cos A; =

il
éﬂli

| (8

=)

cos @, =

2]

Tl

m; and y; can reflect the degree of the slip motions and cleavage
fractures. The higher m; and y; are, the more easily slip motions and
cleavage fractures occur. Therefore, m; and y; were used in Section 3.3 to
reveal the deformation and damage behaviors of MgFs crystals under
different conditions.

o
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Fig. 5. The surface morphologies of the (001) crystal plane under the load of (a) 5 mN, (b) 40 mN, (c¢) 80 mN and (d) 150 mN.

Fig. 6. Surface morphologies of the (010) crystal plane under the load of (a) 5 mN, (b) 40 mN, (c) 80 mN and (d) 150 mN.

3. Results and discussions
3.1. Deformation behaviors on different crystal planes

The hardness and the displacement-load curves of the (001), (010)
and (110) crystal planes are shown in Fig. 4. With the indentation
displacement h increasing, the hardness H of the (001), (010) and (110)
crystal planes initially increases and then decreases. Similar results were
reported due to the size effect [37,38]. When the indentation displace-
ment h increases to approximately 600 nm, the hardness turns to be

4619

stable. The hardness of the (001), (010), and (110) crystal planes are
approximately 3.93 GPa, 5.66 GPa and 6.20 GPa, respectively, indi-
cating the significant differences in terms to the deformation behaviors.
As shown in Fig. 4 (b)-(d), when the maximum load was 5 mN, the
‘pop-in° phenomenon was observed on the (001), (010) and (110)
crystal planes. Li et al. believed that the occurring ‘pop-in’ was the
symbol of the elastic-to-plastic transition [39]. Therefore, the plastic
deformation occurs on the (001), (010) and (110) crystal planes during
the indentation process, and the critical loads of the first ‘pop-in’ for the
(001), (010), and (110) crystal planes are 0.21 mN, 1.50 mN, and 4.18
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Fig. 7. Surface morphologies of the (110) crystal plane under the load of (a) 5 mN, (b) 40 mN, (c) 80 mN and (d) 150 mN. (e), (f) and (g) are enlarged images of (b),

(c) and (d), respectively.

mN, respectively. When the load is a constant valve, the indentation
displacement h of the (001) crystal plane is highest, but the indentation
displacement h of (110) crystal plane is lowest.

The results of the hardness, load values of the first ‘pop-in’, and
indentation displacement under the same load can reflect the plastic
deformation behaviors [39,40]. The lower the hardness, the lower the
load value of the first ‘pop-in’ and indentation displacement under the
same load, and the more the plastic deformation. Therefore, the plastic
deformation is most prone to occur on the (001) crystal plane and is
hardest to occur on the (110) crystal plane.

The SEM images of the surface morphologies on the (001) crystal
plane are shown in Fig. 5. Under the maximum loads of 5 mN, 40 mN,
80 mN and 150 mN, there were not distinct brittle fractures. Only the
plastic deformation was found on the (001) crystal plane during the
indentation process.

The SEM images of the surface morphologies on the (010) crystal
plane are shown in Fig. 6. Only plastic deformation occurred on the
(010) crystal plane when the maximum load was 5 mN. However, the
cracks were generated on the S1 and S3 surfaces when the maximum
load was 40 mN and 80 mN. With the maximum load increasing to 150
mN, cracks were occurred on the S2 surface, and the cracks propagated
along [001] crystal orientation. However, the cracks mainly appeared
on the S1 and S3 surfaces.

The SEM images of the surface morphologies on the (110) crystal
plane are shown in Fig. 7. The plastic deformation was generated on the

4620

(110) crystal plane when the maximum load was 5 mN. When the
maximum load was 40 mN, the cracks were appeared on the S1, S2 and
S3 surfaces. The cracks were divided into two types, namely Crack I and
Crack II. Crack I broke lightly and Crack II broke seriously. Crack I only
appeared on the S1 and S3 surfaces, and propagated along the [001]
crystal orientation. Crack II appeared on the S1, S2, and S3 surfaces.
When the maximum load increased to 80 and 150 mN, both Crack I and
Crack II continued to propagate. However, Crack I only generated on the
S1 and S3 surfaces.

According to the SEM images, it is clear that the anisotropy of the
deformation behaviors is significantly obvious. The cracks are only
found on the (010) and (110) crystal planes. For the (010) crystal plane,
the cracks mainly generated on the S1 and S3 surfaces, and the cracks of
S1, S2 and S3 surfaces propagated along the [001] crystal orientation.
For the (110) crystal plane, two types of cracks are observed, and Crack I
was only observed on the S1 and S3 surfaces with propagating along the
[001] crystal orientation.

3.2. Stress distribution of different crystal planes

The stress simulation results along XOY plane were calculated and z
is 100 nm. Normalized stress along the slip systems is shown in Fig. 8.
Fig. 8(al) and (a2) shows that both tensile and compressive stresses
appear on the (001) crystal plane with the symmetric distribution.
Consequently, the slip activated degrees of the (110)/[001] and
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Fig. 8. (al), (b1) and (c1) are the normalized stresses along (110)/[001] slip system on the (001), (010) and (110) crystal planes, respectively. (a2), (b2) and (c2) are
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Fig. 9. (al), (b1) and (c1) are the normalized stresses perpendicular to the (110) cleavage plane on (001), (010) and (110) crystal planes, respectively. (a2), (b2) and
(c2) are the normalized stresses perpendicular to the (110) cleavage plane on (001), (010) and (110) crystal planes, respectively.

(110)/[001] slip systems are the same on the (001) crystal plane. As
shown in Fig. 8(b1) and (b2), the stress is mainly concentrated on the
one side, which indicates that the distribution of the slip motions is
uneven. The results of Fig. 8(b1) and (b2) are symmetrical, which in-
dicates that the slip activated degrees of the (110)/[001] and
(110)/[001] slip systems are the same. As shown in Fig. 8(c1) and (c2),
the differences between Fig. 8(c1) and Fig. 8(c2) are significant, and the
stress value and area of the (110)/[001] slip system are larger and more
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even than those of the (110)/[001] slip system, resulting in that the slip
activated degree of the (110)/[001] slip system is less than that of the
(110)/[001] slip system. Consequently, the slip motion mainly occurs on
the (110)/[001] slip system.

Compared with the simulated results, the (110)/[001] and
(110)/[001] slip systems are activated with the same degree on the
(001) and (010) crystal planes. However, the (ITO)/ [001] slip system is
mainly activated on the (110) crystal plane. As reported by Li [41] et al.,
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Fig. 10. (a) Cleavage factors and Schmid factors of S1, S2 and S3 planes on (001) crystal plane, (b) the spatial relationship among cleavage plane, slip plane and

indenter on (001) crystal plane.

increasing the number of the activated slip systems will contribute to the
plastic deformation. Therefore, the plastic deformation is hard to occur
on the (110) crystal plane. Besides, the stress distribution area of the
(001) crystal plane is larger and more even than those of the (010)
crystal plane, which indicates that the area of the slip motions on the
(001) crystal plane is larger and more even than those of the (010)
crystal plane. Therefore, the plastic deformation is more prone to occur
on the (001) crystal plane.

The stress along the cleavage planes is shown in Fig. 9. Fig. 9(al) and
(a2) shows that the stress which is perpendicular to the (110) and (110)
cleavage plane is compressive stress on the (001) crystal plane. The
cleavage fractures are induced by the tensile stress. Therefore, the
cleavage fractures are hard to generate on the (001) crystal plane. The
stress distribution area is similar between Fig. 9(b1) and Fig. 9(b2),
which indicates that the degrees of cleavage fractures along the (110)
and (110) cleavage planes are the same. At the same time, the stress is
mainly tensile stress, resulting in the generation of cleavage fractures

along the (110) and (110) cleavage planes. In Fig. 9(c1) and (c2), the
area and value of the tensile stress along the (110) cleavage plane are
much larger than those along the (110) cleavage plane, which illustrates
that the cleavage fracture mainly occurs along the (110) cleavage plane.

Compared with the results of Fig. 9, the value of the tensile stress on
the (001) crystal plane is less than that on the (010) and (110) crystal
planes. Therefore, there are obvious cracks on the (010) and (110)
crystal planes, and no brittle fracture occurs on the (001) crystal plane.
The area and values of the tensile stress on the (010) crystal plane are
larger than those on the (110) crystal plane. Therefore, brittle fractures
are severer on the (010) crystal plane, which is consistent with the
experiment result.

3.3. Cleavage factors and schmid factors of S1, S2 and S3 surfaces

The anisotropy of the atomic arrangement along different orienta-
tions leads to different clearance factors and Schmid factors on different

(a) 10 72 (110)/[001] Schmid Factor 1.0 (b) £ (010) crystal plane
B2 (110)/[001] Schmid Factor = S iltie
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Fig. 11. (a) Cleavage factors and Schmid factors of S1, S2 and S3 planes on (010) crystal planes, (b) the spatial relationship among cleavage plane, slip system and

indenter on (010) crystal planes.
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Fig. 12. (a) Cleavage factors and Schmid factors of S1, S2 and S3 planes on (110) crystal plane, (b) the spatial relationship among cleavage plane, slip system and

indenter on (110) crystal plane.

crystal planes [42,43]. Cleavage factors and Schmid factors of the (001)
crystal plane are shown in Fig. 10. The maximum Schmid factors of the
S1, S2 and S3 surfaces are significantly higher than the maximum
cleavage factors of the S1, S2 and S3 surfaces, which indicates that slip
motions are more prone to occur on the (001) surface. The slip motions
can inhibit the initiation and propagation of the cracks. Therefore, there
is no obvious crack on the S1, S2 and S3 surfaces. For the S1 surface, the
Schmid factor of the (110)/[001] slip system is much higher than that of
the (110)/[001] slip system, illustrating that the slip motions of the S1
surface are dominated by the (110)/[001] slip system. Similarly, Schmid
factors of the (110)/[001] and (110)/[001] slip systems are equal for the
S2 surface, and Schmid factors of the (110)/[001] slip system are much
higher than those of the (110)/[001] slip system, which indicates that
the slip motions of the S2 surface are dominated by the (110)/[001] and
(110)/[001] slip systems, and the slip motions of the S3 surface are
dominated by the (110)/[001] slip system.

Cleavage factors and Schmid factors of the (010) crystal plane are
shown in Fig. 11. For the S1, S2 and S3 surfaces, the maximum cleavage
factors are higher than the maximum Schmid factors, which indicates
that the cleavage fractures are dominant. However, the maximum
cleavage factors of the S1 and S3 surfaces are 0.81, and the maximum
cleavage factor of S2 surface is 0.41. Besides, the Schmid factors of the
(110)/[001] and (110)/[001] slip systems are higher than those of the
S1 and S2 surfaces. The higher Schmid factors and lower cleavage fac-
tors illustrates that the cracks are hard to be generated on the S2 surface.
Therefore, the cracks are preferentially and mainly appeared on the S1
and S3 surfaces. The (110) cleavage factor is the largest for the S1 sur-
face, and the (110) cleavage factor is the largest for the S3 surface.
Cleavage factors of the (110) and (110) cleavage planes are the same for
the S2 surface. Consequently, the cracks of the S1 surface propagate
along the (110) cleavage plane, and the cracks of the S3 surface prop-
agate along the (110) cleavage plane. The cracks of the S2 surface will
propagate along the (110) and (110) cleavage planes. According to
Figs. 6 and 11(b), the results of the cracks propagation are consistent
with the simulated results. The spatial relationship among the S1 sur-
face, S3 surface, cleavage planes and slip systems is shown in Fig. 11(b).
Despite the activations of slip systems and cleavage fractures for the S1
and S3 surfaces are different, it is symmetric in term of the slip systems
and cleavage planes for the S1 and S3 surfaces. Therefore, the defor-
mation behaviors of the S1 and S3 planes are the same, which is
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consistent with the experimental result.

Cleavage factors and Schmid factors of the (110) crystal plane are
shown in Fig. 12. The maximum cleavage factors of the S1, S2 and S3
surfaces are the same and are significantly higher than Schmid factors of
the S1, S2 and S3 surfaces. Consequently, the cracks are prone to be
generated during the nanoindentation process. The cleavage factors of
(110) crystal plane are higher than those of (110) crystal plane for the
S1, S2 and S3 surfaces, illustrating that Crack II is induced by the
cleavage fractures along the (110) cleavage plane, and Crack I is induced
by the cleavage fractures along the (110) cleavage plane. At the same
time, the (110) cleavage factor for the S2 surface is 0. Therefore, Crack I
is hard to appear on the S2 surface. The cleavage factors and Schmid
factors of the S1 and S3 surfaces are the same. Therefore, the deforma-
tion behaviors of the S1 and S3 surfaces are the same, which is consistent
with the experimental result.

4. Conclusions

This work systematically carries out the nanoindentation tests of the
MgF, single crystal, and the surface morphologies under different
experimental conditions were analyzed. The stress, cleavage factors and
Schmid factors were calculated to successfully reveal the anisotropy of
the deformation behaviors by competition between the slip motions and
cleavage fractures. The following conclusions can be obtained.

@ The hardness, the displacement-load curves and the surface mor-
phologies of the MgF, single crystal were obtained by the nano-
indentation tests and the SEM. The hardness, the load values of the
first occurrence of ‘pop-in’, indentation displacement indicate the
(001) crystal plane is most prone to occur the plastic deformation
and the (110) crystal plane is hardest to occur the plastic deforma-
tion. The SEM images of the surface morphologies indicates that
cracks break most severely on the (010) crystal plane.

@ The stress model induced by the nanoindentation was developed,
and the stress was decomposed along the slip systems and the
cleavage planes of the MgFs single crystal. Under the same experi-
mental conditions, the nanoindentation of the (001) crystal plane
activated most slip motions, so the plastic deformation is most prone
to occur on the (001) crystal plane. However, the nanoindentation
the (110) crystal plane activated fewest slip motions, so the plastic
deformation is hardest to occur on the (110) crystal plane. The
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nanoindentation of the (010) crystal plane activated less slip motions
and most cleavage fractures, so the brittle fractures are severest on
the (010) crystal plane.

The Schmid factors and the cleavage factors of the S1, S2 and S3
surfaces were calculated to deeply analyzed the anisotropy of the
deformation behaviors. Due to the different activation degrees of the
slip motions and cleavage fractures, the surface morphologies of the
S1, S2 and S3 surfaces were significant different from each other. For
the (001) crystal plane, only plastic deformation was generated. For
the (010) crystal plane, the cracks propagated along the cleavage
planes, and the cracks were preferentially and mainly generated on
the S1 and S3 surfaces. For the (110) crystal plane, Crack II was
induced by the (110) cleavage fractures the Crack I was induced by
the (110) cleavage fractures. The Crack IT broken more seriously than
the Crack I due to the higher activation degree of the cleavage
fractures.
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