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a b s t r a c t
Micromechanical loading events such as pop-in and indentation size eﬀect (ISE) are well understood at room
temperature and have been widely accepted as fundamental factors in the study of material mechanics at the
microscale. Experimentally it has been observed that such phenomena can be greatly aﬀected by temperature,
but quantitative studies of temperature eﬀects are rarely conducted. This paper presents the eﬀects of hightemperature on the pop-in load and ISE of calcium ﬂuoride (CaF2 ) single crystal material through in-situ hightemperature nanoindentation experiments and explains the localized dislocation events at the atomic level with
molecular dynamic (MD) calculations. Our experimental results show that an increase in temperature leads to a
reduction of the pop-in load, the hardness of the material, and the material dependent length scale during plasticity (deﬁned in the Nix-Gao relation). Our computed results show that the diﬀerences in dislocation nucleation
characteristics of CaF2 at various temperatures are the main reasons for the changes in its material properties.
Such an experimental-computational study provides a comprehensive analysis of the relationships between temperature and dislocation mechanisms during nanoindentation.

1. Introduction
The phenomenon of decreasing hardness with increasing indentation
depth, also known as indentation size eﬀect (ISE) [1], has been observed
in many materials and especially so in the sub-micrometer depth regime.
During nanoindentation experiments, the measured hardness decreases
from the beginning of the pop-in event (transition from elastic to plastic
deformation) to a critical indentation depth where hardness becomes
depth-independent thereafter [2]. The inception of the ISE is generally
understood to result from strain gradients inherent in small indentations that lead to geometrically necessary dislocations (GNDs). Strain
gradient plasticity was ﬁrst studied thoroughly by Fleck et al. [3] and
then applied in the context of ISE by Nix and Gao [1] whose work explained that the ISE results from the creation of dislocations necessary
to account for the permanent shape change at low displacements. Subsequently, experiments carried out by Lodes et al. [4] and Durst et al.
[5] corroborated well with Nix and Gao’s theory, showing that there is
little to no ISE for materials with high densities of pre-existing dislocations or for amorphous materials [6].
Despite the agreement on the importance of dislocations in the discussion of ISE, most studies have only focused on varying indenter
shapes, sizes, and indentation conditions [7,8,9], with few studies taking
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into account various dislocation properties. The lack of studies on the
eﬀect of high temperatures on the ISE has been especially conspicuous
in spite of many temperature related dislocation activities such as slip
plane activations [10] and dislocation motions. In CaF2 for example, the
dislocations at normal temperature can be observed on {001} planes in
⟨010⟩ directions. Above 200 °C, slip on {111} and {110} planes should
also be activated with slip systems along the {110} plane being the hardest to activate [11]. Atomic scale events related to dislocations such as
point defect formation are also highly temperature dependent [12]. The
advantages of having a clearer understanding of the inﬂuence of temperature on dislocations through the study of its eﬀect on ISE are especially
apparent for materials that are brittle at ambient temperatures. The motion of dislocations (at the macro-scale) is characteristically diﬃcult in
brittle materials due to strong ionic/covalent bonds, often resulting in
catastrophic fractures during attempts at machining. Such complexities
have resulted in research ﬁelds focusing on the “ductile-regime machining” [13] of brittle materials, where temperature is an important tuning
parameter. High-temperature nanoindentation experiments with indenting depths smaller than that which will result in cracks thereby presents
the opportunity to study nano-scale dislocation nucleation and propagation in the plastic regime of brittle materials. Despite the potential
gains however, only a few experimental studies have been reported in
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this industry by Franke et al. [14], Lee et al. [15] and Maughan et al.
[16] on the temperature dependent ISE of metallic materials and none
has yet been conducted for brittle materials.
This work investigates the eﬀects of temperature on the pop-in load
and ISE of single crystal CaF2 , a prototypical brittle material, using
both computational and experimental approaches. As ISE is best observed in the sub micrometer depth range as mentioned above, in-situ
high-temperature nanoindentation (which typically operates in the corresponding length scale) is used as the experimental method of choice
to investigate localized events such as dislocation nucleation and propagation. At small indentation depths, there is also an added beneﬁt that
the crystalline region tested may be assumed to be pristine and defectfree or at least have very low dislocation density [4,17]. Complementary
molecular dynamics (MD) simulations have been developed to support
the analysis of the experimental results obtained and reveal the evolution of dislocation structures in CaF2 during the indentation process. The
paper is organized as such: Section 2 introduces the CaF2 material used
and the in-situ high-temperature nanoindentation set-up, followed by
a review of a material’s mechanical responses during indentation from
the elastic to plastic regimes, ending with a detailed description of the
MD nanoindentation calculation. Section 3 presents results from both
experiments and MD calculations, and discusses how pop-in load, hardness and ISE are aﬀected by temperature and the mechanisms behind the
phenomenon. Section 4 concludes the paper with potential application
based on the current work.

F required to displace a sphere with radius R in a material is given by
Eq. (1):
4 √
𝐹 = 𝐸𝑟 𝑅ℎ1.5
(1)
3
where Er is the reduced modulus which considers elastic deformation
of the indenter tip, and h is the center to center distance between two
bodies in contact.
After the shear stress beneath the indenter reaches a critical value,
nucleation and propagation of dislocations will occur. This can be characterized by the pop-in event in the load-displacement curve. Upon the
onset of pop-in, the indenter will create a dislocation microstructure
which accommodates the strain as well as the strain gradients associated with the speciﬁc tip [4]. Meanwhile, the loading behavior of the
material transitions from elastic to plastic deformation. The hardness of
the material can be understood based on geometrically necessary dislocations (GND) and statistically stored dislocations (SSD). The Nix-Gao
[1,22,23] relation is used here to describe the change of hardness during
plastic deformation (Details on all derivations are in supporting information):
(
)1∕2
ℎ∗
𝐻 = 𝐻0 1 +
(2)
ℎ𝑐
where H is the hardness of material under current indentation contact
depth (hc ), also known as the depth of indentation in the plastic regime.
H0 is the macroscopic size-independent hardness that H will converge
to as the indentation depth becomes large enough (also called “inﬁnite
hardness”). h∗ is the characteristic indentation length scale which depends on the microstructure of the material [24], deﬁned as:

2. Experimental and theoretical methods
2.1. Material and in-situ high-temperature nanoindentation

ℎ∗ = 𝐶1
CaF2 single crystals with dimension of 10 mm × 10 mm × 2 mm were
provided by Latech LLC (Singapore). The thickness (2 mm) of all samples
were along [111] direction so that all nanoindentation experiments were
conducted along this direction. Due to the smooth surface ﬁnish (with
surface roughness less than 2 nm), no further surface treatments were
required before the nanoindentation experiments.
Nanoindentations were performed in the TI-950 Tribo-Indenter
machine under nanoscale Dynamic Mechanical Analysis (nanoDMA)
mode (refer to supporting information for the experimental schematic).
Bruker’s nanoDMA is a new and powerful dynamic testing technique
equipped with newly developed CMX control algorithms to provide a
truly continuous measurement of nanoscale mechanical properties as a
function of depth into a material’s surface. For consistent experimental
results, a suitable selection of the shape and radius of the indenter is
needed for experimental stability [18] and a pronounced ISE. A conical
shape indenter with a diamond spherical tip was selected in the nanoindentation experiment due to its isotropic advantages, although the post
pop-in occurrences tend to be theoretically complicated for spherical
indenters due to the non-self-similar tip shape [19]. The radius of the
spherical tip was 1 𝜇m with a cone angle of 60°. Indentations were performed in load control mode with maximum value ranging from 7 mN
to 8 mN to ensure the plastic deformation of the crystal. A loading rate
of 24 𝜇N/s was used during the loading/unloading scheme. Datasets for
the lowest temperature were ﬁrst collected in a small area of the crystal
with data points at least 10 𝜇m apart to reduce possible interference.
The temperature was then increased to the subsequent higher temperatures in order of magnitude and indenting areas ≫ 10𝜇m apart on the
same crystal were chosen for the collection of datasets at the diﬀerent
temperatures. For each temperature (T = 300, 375, 475 K), multiple indentations on CaF2 surface were conducted in order to reduce statistic
errors.

1
𝐺2
= 𝐶2
𝑓 3 𝜌𝑆 𝑆 𝐷
𝑓 3 𝐻0 2

(3)

where C1 and C2 are constants with details provided in the supporting
information, f is a correction factor for the storage volume of GNDs,
𝜌SSD is the density of statistically stored dislocations and G is the shear
modulus. f = 1 corresponds to the original Nix-Gao model and f = 2 is the
correction for spherical indenter tips proposed by Durst et al. [19,20].
2.3. Molecular dynamics model for nanoindentation
The open source software LAMMPS [25] was used for MD calculations. To be consistent with CaF2 material used in experiments, crystal
structure of CaF2 cell was cleaved along ⟨111⟩ direction. A supercell
consisting of 70 × 110 × 54 unit cells (around 7 million atoms in total) was generated. The method of obtaining a free surface for indentation was similar to that employed by Lodes et al. [4], in which atoms
from the top 1.4 nm layer of the {111} surface were removed, creating
a vacuum layer large enough to ensure that there were no interatomic
interactions across the boundary of the periodic supercell. The necessary degrees of freedom for the bottom layer of atoms along with 1 nm
of atoms at both edges of the supercell were frozen in. This is to avoid
rigid body motion during the indentation process. A spherical indenter
with a 10 nm radius was used for the nanoindentation. The indentation
was conducted at a strain rate of 0.25 ps−1 for a range of temperatures
(T = 300, 375, 475 K) in order to observe diﬀerences in dislocation patterns. The experimentally unachievable high strain rate used here can
speed up the calculation with more useful data been collected, which
signiﬁcantly reduce statistic errors. Similar approaches have been employed and veriﬁed by other works when conducting MD calculations
[4,26, and 27].
Periodic boundary conditions were used to reduce numerical errors
from long distance interactions, and cutoﬀ distance was set to be 1 nm
for non-bonded interactions. Isothermal isobaric (NPT) ensemble (where
moles, pressure and temperature of the system are conserved) was used
during the equilibration phase, this ensemble is used in order to control
the pressure of the system at the required temperature for approximation of real situations. Following the equilibration phase, the canonical

2.2. Elastoplastic responses of the material during nanoindentation
The initial loading behavior for CaF2 is of an elastic nature and can
be described by the isotropic Hertzian contact theory [20,21]. The load
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Table 1
BMH potential parameters for CaF2 [31].
Zi

𝝈 i (nm)

bi (nm)

2
−1

0.19995
0.14848

0.02101
0.01160

is 𝒃 = 12 𝑎0 ⟨010⟩(100) where a0 is the lattice parameter. For slips occur-

ring along the {110} plane, the burgers vector is 𝒃 = 12 𝑎0 ⟨100⟩(110) and
𝒃 = 1 𝑎0 ⟨11̄ 0⟩(110). For slips occurring along the {111} plane, the burg4

Ca
F

ers vector is 𝒃 = 16 𝑎0 ⟨112⟩(111) [30]. The SFE for all the burgers vectors
listed above are computed and provided in supporting information.

Note: Where Zi is the valence of the ion, 𝝈 i
is the repulsive radius of ion i, and bi is the
softness parameter of ion.

3. Results and discussion
3.1. Eﬀect of temperature on pop-in load
Fig. 1 summarizes the load-displacement curves for nanoindentation
experiments on the (111) CaF2 surface, obtained at three testing temperatures: (T = 300, 375, and 475 K). The consistent shape of the three
curves at each T (Fig. 1a) veriﬁes the reproducibility of the data obtained. To simplify the process of data analysis, more than 20 curves at
each T are averaged as shown in Fig. 1b. The averaged data are used for
the subsequent studies. In this case, such an average would not result
in any information loss due to the similarity between the independent
data sets acquired at the same temperature.
From the elastic regime of Fig. 1 (h < 80 nm), it is observed that
all load-displacement curves match the Hertzian relation (Eq. 1) very
well. The decreasing slope as increasing T (zoom-in part in Fig. 1b) also
agrees well with the expected decreasing in Er as T increases [32]. The
pop-in phenomenon is observed in all curves at the transition from elastic to plastic deformation. The pop-in load (the force at the beginning
of pop-in event) is larger when temperature is lower. This is because
the pop-in event is correlated with the nucleation of dislocations, and
dislocation/defect growth is a well-known temperature dependent phenomenon [4,33].
In order to explain the decrease in pop-in load with increase in indentation temperature, the activation Gibbs free energy of dislocation
nucleation Gc in a crystal subjected to stress 𝜎 at T can be written as:
Gc (𝜎,T) = Hc (𝜎) − TSc (𝜎) [34]. Hc is the activation enthalpy and Sc is the
activation entropy. From this relation, it is apparent that as T increases,
Gc will decrease and dislocation nucleation will be increasingly energetically preferable. Besides, another factor aﬀecting the pop-in event is the
dislocation nucleation rate I(𝜎, T), as summed up by the Becker-Doring
𝐺 (𝜎,𝑇 )
theory [35]: 𝐼(𝜎, 𝑇 ) = 𝑁𝑠 𝑣0 exp[− 𝑘𝑐 𝑇 ]. Ns is the number of equivalent

(NVT) ensemble (where moles, volume and temperature are conserved)
was used for the nanoindentation production phase. Such an ensemble
was chosen for the production phase to ensure that the downward indentation process does not result in sideways expansion of the system;
such an expansion could lead to loss of nanoindentaiton features such
as material pileup at the surface. The timestep was set to be 1 fs to reduce numerical instability. The indentation force F(r) exerted on atoms
of CaF2 from the indenter can be described by: F(r) = − Q (r − R)2 (Q
is the speciﬁed force constant which was set to 100, 000 eV nm−3 , r is
the distance from the surface of the crystal to the center of the indenter,
and R is the radius of the indenter). Indentations were performed to a
depth of 10 nm. Results were recorded at each timestep for subsequent
hardness calculations as well as dislocation analysis.
In order to obtain accurate interactions of all atoms in the model, a
careful calibration on the MD force ﬁeld was conducted. The Buckingham interatomic potential models for ﬂuorites have been proposed by
Dixon et al. [28] and Catlow et al. [29]. Mechanical and ion transport
related properties of ﬂuorites calculated by the aforementioned potential models agree well with experimental results. However, these models
do not account for the thermodynamic properties of the ﬂuorite systems
and most of the mechanical or defect calculations could only be done
at temperatures close to 0 K [4]. In order to circumvent this issue, the
Born Huggins Mayer (BMH) potential, an interatomic potential that was
optimized for the calculation of thermodynamic properties was selected
for use in this study. Potential parameters used in this study are listed in
Table 1, and more details of the BMH potential along with calibration of
the interatomic potential are provided in supporting information. It is to
be noted that as the study reports on the plastic regime response of CaF2 ,
the potential calibration included stacking fault energy (SFE) calculations that compares the computed SFE in this work with those found in
literature. Speciﬁcally, for CaF2 , there are three slip planes; (100), (110)
and (111). For slips occurring along {001} planes, the burger vector

𝐵

nucleation sites, v0 is the frequency prefactor, and kB is the Boltzmann’s
constant. A ﬁnal expression by substituting Gc yields:
[
] [
]
𝑆 (𝜎)
𝐻 (𝜎)
𝐼 (𝜎, 𝑇 ) = 𝑁𝑠 𝑣0 exp 𝑐
exp − 𝑐
(4)
𝑘𝐵
𝑘𝐵 𝑇

Fig. 1. Force-displacement curves measured during nanoindentation with a 1 𝜇m sphere on the (111) planar surface of CaF2 at a loading rate of 0.2 mN/s. (a) Three
typical curves for each T are selected. The table in the ﬁgure contains statistical results from the whole dataset. (b) Averaged curve from all data of each temperature.
Top left corner depicts a zoom in of the elastic regime.
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Fig. 2. (a) Model for the MD simulations of
nanoindentation on CaF2 at diﬀerent temperatures.
(b) Force-displacement curves from MD calculations with 10 nm spherical indenter on the (111)
planar surface at a strain rate of 0.25 ps−1 .

Fig. 3. (a) Averaged hardness-displacement curves from experiment with 1 𝜇m indenter on the (111) planar surface of CaF2 at a constant loading rate of 0.2 mN/s.
(b) Hardness-displacement curves from MD calculations with 10 nm indenter on the surface direction at a strain rate of 0.25 ps−1 .

It is apparent that an increase in the T results in an increase in the
dislocation nucleation rate I. Therefore, a decreased activation Gibbs
free energy and an increased dislocation nucleation rate at higher
temperatures augment both the inception and rate of dislocation nucleation (observed as the pop-in event). This means the pop-in event
would occur at lower stress 𝜎 (or load) when T is higher.
Conclusions drawn from Fig. 1 and Eq. 4 can be veriﬁed from results
of MD calculations, as shown in Fig. 2. Fig. 2a depicts MD model used
for the calculation.
As shown in Fig. 2b, the Hertzian relation (Eq. 1) is still valid at elastic regime of the force-displacement curves. The solid-black and dottedblack lines are the Hertzian ﬁt depicting elastic behavior at lower and
higher temperatures respectively and the tendency for pop-in load to
decrease as T increases still holds. Besides serving as a point of comparison against experimental data, MD results provide more information within the range of pop-in (3 nm < h < 7 nm) than experimental
results because MD indentation is strain-rate controlled while experiment is in load-rate control. It should be noted that though the trends
in the experimental and computed force versus displacement curves are
similar, their magnitudes are diﬀerent due to the following limitations.
Firstly, the strain rate (∼ 1011 𝑠−1 ) used in the MD simulations was signiﬁcantly higher than that with which the experiment was conducted
(∼ 10−5 𝑠−1 ). Higher strain rates led to strain hardening and resulted in
larger force values. Secondly, the indenter radius used in MD (10 nm)
was signiﬁcantly smaller than that used in the experiment (1,000 nm),
which resulted in much smaller force values. In this case, the eﬀect of
the indenter radius appears to dominate the force readings, resulting in

higher force values for the experimental dataset versus that from the
computed dataset.
3.2. Eﬀect of temperature on material hardness
Hardness data against indentation depths from experiments and MD
calculations are plotted in Fig. 3a and b. A relation between hardness
and indentation depth in the elastic regime can be derived from Eq.
(1) according to deﬁnition: 𝐻 ∝ 𝐹 ∕𝜋𝑎2𝑐 ∝ ℎ0.5 (where ac is the contact
radius).This relation is used to ﬁt the elastic regime of the hardness
curves in Fig. 3.
From the post pop-in regimes of both Fig. 3a and b, hardness decreases as indentation depth increases, and converges to a constant value
(called “inﬁnite hardness”, H0 ) when indentation depth is beyond a critical value hcrt . From Fig. 3a, it is observed that when T increases from
at 300 K to 475 K, H0 decreases from 3.01 GPa to 1.19 GPa while in
Fig. 3b, H0 decreases from 7.6 GPa to 6.47 GPa over the same temperature increase. The decrease in H0 is caused by additional slip systems
[10] activated in the crystal structure of CaF2 at higher T [36,37]. Results from experiments and MD calculations once again exhibit the same
tendency and compared to force versus displacement curves (Fig. 3), the
magnitude diﬀerence between experimental and computed data is decreased. This is a result of the relatively larger force values from the
experimental dataset being divided by a relatively larger indenter radius to obtain hardness values and the relatively smaller force values
from the computer dataset being divided against a much smaller indenter radius.
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Fig. 4. (a) Hardness-contact depth curves from experiments. Solid lines are the averaged results of all data at each T, with deviations plotted as shaded area. Black
dashed lines are the ﬁtted results based on Nix-Gao relation. (b) Normalized hardness by H0 versus invert contact depth 1/hc at three temperatures (scattered points),
and ﬁtted curved based on Nix-Gao relation.

3.3. Eﬀect of temperature on nucleation and propagation of dislocations

It is desirable to visually observe the evolution of dislocation nucleation and propagation as a function of temperature changes. As in-situ
experimental observations are challenging due to the limited availability of lab equipment, systematic studies on dynamics of dislocations are
conducted through MD simulations.
To extract patterns and distributions of dislocations from the deformed crystal structures at speciﬁc indentation depth and temperature,
the open source software Ovito [42] was employed. It is possible to
conduct coordination analysis with this software and track out-of-place
atoms in a crystalline material, which are further used to extract information on dislocations with the dislocation extraction algorithm (DXA)
in Ovito. Within the DXA framework, the Burger circuit construction is
performed using a Delaunay tessellation of the dislocated input crystal.
Using the triangular Delaunay facets at the boundary of a good and bad
element, an interface mesh is created that encloses defect core atoms.
Finally, the algorithm developed by Stukowski et al. [43] uses the burgers circuit on the interface mesh to sweep the dislocation line, producing
a continuous line that represents dislocation defects. A summary of the
cross-sectional views of the displacement maps is shown in Fig. 5, with
images of atomic displacement as a function of indentation depth (h)
and temperatures (T).
From the displacement images in Fig. 5, displaced atoms occupy an
approximately hemispherical volume in the elastic regime of the indentation (h < 1 nm), while after pop-in (h > 1.5 nm) the shape and the volume of displaced atoms are no longer hemispherical but extend into the
material in a way similar to dendritic propagation. In an ideal situation
with a perfectly smooth surface and no defects in the pristine crystal,
the displacement maps ought to be symmetrical. However, in the generation of the free surface and the subsequent temperature equilibration
of the supercell, the indenting surface of the simulation supercell is no
longer perfectly smooth and some defects may have developed in the
crystal model. Such defects and surface roughness are known to result
in asymmetrical dislocation nucleation and propagation [44,45]. More
detailed information about dislocations is shown in Fig. 6.
Comparing the four zoom-in images in Fig. 6, no dislocations are observed in the elastic regime (h < 1 nm) while more and more dislocation
structures are detected as h goes deeper after pop-in (h > 1.5 nm). This
observation agrees well with the deﬁnition of pop-in that the onset of
pop-in event is correlated with the nucleation of dislocation and activation of slip planes under the crystal surface. Although some other studies
claim that the pop-in event is an inaccurate indicator for the onset of
dislocation nucleation based on studies of metallic materials [46], an
opposite conclusion can be drawn from our theoretical results of CaF2 .

The eﬀect of temperature on all macro-scale events (including loads,
pop-in and hardness) can be explained by the dynamics of dislocation
at the micro-scale. Therefore, a direct investigation of the dynamics of
dislocations under high T is important for a deeper understanding and
veriﬁcation of conclusions drawn in this work. To begin the investigation, the plastic regime of the experimental hardness versus indentation
depth curve is replotted and analyzed.
Fig. 4a shows statistical plots of hardness as a function of contact
depth hc = h − he , (where he is indentation depth in the elastic regime)
by analysing all available data from experiments. In Fig. 4b, hardness
is normalized by the inﬁnite hardness H0 and plotted in the form of
Nix-Gao relation (Eq. 2). Fitted Nix-Gao curves at three Ts are shown as
dashed lines, with ﬁtted values for parameters H0 and h∗ in Eq. 2 listed
in the table of Fig. 4b.
From Fig. 4b, it is observed that the material dependent length scale
h∗ decreased from 23 nm to 11 nm as T increases from room temperature
to 475 K. According to Fleck and Hutchinson [38], h∗ characterizes the
spacing between dislocation obstacles (such as point defects or kinks in
single crystal CaF2 ). In other words, h∗ can be understood as the meanfree path of dislocation [14]. According to Eq. 3, the mean free path
of dislocation h∗ is proportional to
h∗

𝐺2
,
𝑓 3 𝐻02

which means the decrease in

can be due to an increase in f and H0 , or a decrease in G. While
prior studies have shown that higher T decreases the shear modulus G
of CaF2 [32,36], the correction factor f plays a more important role in
aﬀecting h∗ , as proposed by Durst et al. [39]. According to Kapoor and
Nemat-Nasser [40], temperature diﬀerence (T − T0 ) and eﬀective plastic
strain 𝜀p in a material are related through: 𝑇 − 𝑇0 =

𝜁
𝑐𝑝 𝜌

𝜀𝑝

∫ 𝜎𝑑 𝜀𝑝 , (where
0

𝜁 is the Taylor Quinney empirical constant, cp and 𝜌 are the speciﬁc
heat and density of the material, and 𝜎 is the eﬀective stress). In this
relation, the magnitude of plastic strain in the single crystal material increases as temperature increases, which results in a larger area beneath
the indenter entering the plastic regime. In other words, the correction
factor for the storage volume of GNDs (f) increases as T increases. In
addition, according to Ashby’s deﬁnition [41] on statistically stored dislocations (SSDs), SSDs are dislocations formed and accumulated in pure
crystals during straining. Therefore, with higher internal strain stored
in the material under higher T, more dislocations will be formed within
the crystal, which results in higher density of statistically stored dislocations (𝜌SSD ). According to Eq. (3), h∗ will be further decreased by the
increase in 𝜌SSD at higher temperatures.
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Fig. 5. Cross-sectional displacement maps of
the simulation results on the indented CaF2
crystal structure at 300 K, 575 K and 1, 275 K,
with a strain rate of 0.25 ps−1 . The yellow dots
represent displaced atoms in the crystal (plotted as dark blue background).

Fig. 6. Dislocation maps extracted from indented
structures at four typical indent depths under
300 K by using the dislocation extraction algorithm. Yellow dots represent displaced atoms in the
crystal as in Fig. 5. Dislocations are plotted as solid
lines in the zoom-in plots of each ﬁgure with the
yellow spherical line represents the indenter. No
dislocation is found when h = 1 nm.

From the surface stress contour obtained immediately after pop-in
(Fig. 7), it is apparent that the advent of pop-in has activated certain
slip planes. The ⟨112⟩ and ⟨110⟩ directions along which the atoms are
highly stressed are also in agreement with the possible model of plastic
ﬂow in indentations that Boyarskaya et al [47] predicts. Future work can
be conducted to compare results from CaF2 and metals under the same

experimental and theoretical conditions to study the diﬀerent mechanisms of dislocations in ﬂuorite materials and metals.
A comparison of the dislocation maps in Fig. 8 shows a distinct
decrease in observable dislocations when T increases from 300 K to
1,275 K. Despite the discussions above indicating that higher temperatures promote dislocation nucleation, temperature has a competing ef464
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Fig. 7. View of {111} surface immediately after pop-in.
a) perspective projection of atoms b) stress contour plot
of atoms where red colored atoms are the least compressed and the blue colored atoms are the most highly
stressed.

Fig. 8. Dislocation maps extracted from indented structures at three temperatures (T = 300, 575, and 1,275 K) under 6 nm indentation depth using the dislocation
extraction algorithm. Blue lines depict perfect dislocations and other colored lines depict diﬀerent types of partial dislocations.

fect when it comes to dislocation storage. Faster atomic diﬀusions under higher T lead to redistribution and eradication of dislocations [48],
which explains the decreasing dislocation density even as T increases.
From Fig. 8, the depth of developed dislocation (proportional to the
storage volume of GNDs f) increases with higher T at the same indentation depth. This result agrees well with the experimental results of h∗
as discussed previously. With this atomic-scale theoretical investigation
of dislocations, it can be concluded that the experimentally observed
temperature eﬀects on the pop-in load and ISE of CaF2 single crystal
material is mainly due to a decrease in h∗ , which is controlled by 𝜌SSD ,
f and H0 .

To image dislocation structures at diﬀerent indentation depths, relatively complicated SEM/TEM viewing techniques have to be undertaken. To alleviate and simplify this potentially mammoth task, MD simulation is used to complement the experiments where cross sections of
the CaF2 supercell provide a glimpse of the volumetric structure of the
displaced atoms associated with the pop-in event and subsequent dislocation formation. The nucleation and morphology of dislocations in the
indented supercell also agree with the experimentally obtained relation
where h∗ decreases as temperature increases. As such, with these experimental measurements and computed models, this paper establishes an
in-depth understanding of the temperature dependence of microstructural phenomena such as pop-in and ISE in CaF2 single crystals.

4. Conclusions
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