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ARTICLE INFO ABSTRACT

Keywords: The mechanical responses of single crystalline Body-Centered Cubic (BCC) metals, such as molybdenum (Mo),
HT Nanoindentation outperform other metals at high temperatures, so much so that they are considered as excellent candidates for
Dlsiolcjzt“’n dynamics applications under extreme conditions, such as the divertor of fusion reactors. The excellent thermomechanical
Molybdenum

stability of molybdenum at high temperatures (400-1000 °C) has also been detected through nanoindentation,
pointing toward connections to emergent local dislocation mechanisms related to defect nucleation. In this
work, we carry out a computational study of the effects of high temperature on the mechanical deformation

Plastic deformation
Dislocation junctions

Thermomechanics

properties of single crystalline Mo under nanoindentation. Molecular dynamics (MD) simulations of spherical
nanoindentation are performed at two indenter tip diameters and crystalline sample orientations [100], [110],
and [111], for the temperature range of 10-1000 K. We investigate how the increase of temperature influences
the nanoindentation process, modifying dislocation densities, mechanisms, atomic displacements and also,
hardness, in agreement with reported experimental measurements. Our results suggest that the characteristic
formation and high-temperature stability of [001] dislocation junctions in Mo during nanoindentation, in

contrast to other BCC metals, may be the cause of the persistent thermomechanical stability of Mo.
1. Introduction metals [17]. While the emergence of such thermomechanical stabil-
ity has previously been attributed to grain-boundary effects [19], in
The development of novel technology in aerospace, electronic, med- single crystals the effects shall be connected to fundamental dislo-
ical and energy industries requires the use of materials that can me- cation mechanisms. Furthermore, the observation of corresponding
chanically sustain extreme operating conditions, that may include, thermomechanical stability in nanohardness, through nanoindentation,
among others, high temperature and irradiation. In these environments, suggests the connection to defect nucleation [18]. Here, we investigate
it is characteristic that BCC metals, such as tungsten and molybdenum, the mechanical nanoindentation response of Mo to a spherical indenter,

display excellent features. For example, molybdenum is a material with
persistent high temperature hardness and strength, as well as high
resistance to corrosion [1-3], and good thermodynamic properties at
high pressure [4-6]. These properties have promoted molybdenum to
be used for building a plasma wall component and fusion divertors
over other materials [2,7-10]. Nevertheless, compared to face-centered
cubic (FCC) metals, the plastic behavior (strength, hardness) of BCC
metals is quite complex and remains relatively unexplored, with only
few nanoindentation studies addressing dislocation mechanisms in pure
BCC single crystals [11-17]. In particular, it has remained poorly
understood why some BCC metals display high thermomechanical sta-
bility at high temperatures, and persistence of mechanical properties.
Especially, Mo single crystals display persistent hardness at high tem- plasticity mechanisms are consistent with typical mechanisms observed
peratures [18], a feature that is absent in other BCC single-crystalline in other BCC metals [19,25,26]. In the context of BCC metals, studies of

at high temperatures, by using MD simulations, and considering [100],
[110], and [111] orientations in a temperature range of 10-1000 K,
and a repulsive imaginary indenter. Our results suggest that junction
formation is prevalent in Mo, especially compared to other BCC metals,
such as Ta [17] or W [14,20-22].

Temperature effects on plasticity of Mo have been shown to span
a range of properties, from yield stress to the resistance to fatigue and
creep to restrict progressive deformation [19,23]. Ab initio simulations
have been used for the study beyond the point of maximum elastic
deformation [24] and coupled atomistic continuum methods have been
extensively used to simulate nanoindentation of Mo, concluding that
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nanoindentation in Ta [27] have shown that nanocontact plasticity in
BCC is driven by the nucleation and propagation of twin and stacking
fault bands, and Remington et al. showed that a cowboy-like “lasso”
mechanism is responsible for the formation of prismatic loops [28]. In
addition, the investigation of the temperature and loading-rate depen-
dence of the first pop-in load in nanoindentation of Ta has provided
further light to collective dislocation mechanisms [29]. A complemen-
tary dimension has been added through uniaxial compression studies of
micropillars that showed the importance of the relative sample orien-
tation and also, the key role of screw dislocations at room temperature
in BCC metals (Ta, Mo and Fe), in contrast to FCC (Cu) [30,31].
Even though plasticity mechanisms in micropillar compression may be
different than nanoindentation and quite complex [32], the key role
of screw dislocations in driving plasticity in BCC metals cannot be
understated. In this context, Molybdenum and its alloys are tougher
than W facilitating the manufacturing process for the fusion machine
components [9], where the mechanical properties such hardness and
elastic modulus can be measured by nanoindentation [18,19,33-35]
enabling to analyze thermal activated mechanisms that change the
mechanical properties of the material. However, nanoindentation ex-
periments at elevated temperatures have several technical issues that
need to be considered, e.g. thermal drift that can be caused by a
temperature mismatch between the tip and the sample [36].

A possible way to investigate features of nanomechanical properties
and their causal relation to atomistic defect mechanisms at high tem-
peratures, is through atomistic simulations. Molecular dynamics (MD)
simulations have been extensively pursued in the past, showing to be
a powerful tool toward emulating nanoindentation experiments, albeit
at the nanoscale of few nanometers, while providing atomistic insights
to the mechanical response of indented samples [26,27,29,37-39]. The
major advantage of MD simulations at high temperatures is the ability
to investigate the thermomechanical stability of dislocation nucleation
and propagation, as well as stacking faults and twin boundaries, and
how they contribute to the increase or decrease of hardness [40]. These
atomistic simulations can also be applied to study the anisotropy of
mechanical properties of materials at different temperatures which is a
helpful tool to guide experiments where technical limits and costs are
important [40,41].

In this work, we perform MD simulations to emulate nanoinden-
tation of crystalline molybdenum by considering [100], [110], and
[111] orientations in a temperature range of 10-800 K, with a spherical
indenter. In Section 2 we describe the details of the numerical sim-
ulations. In Section 3, the atomistic insights of indentation processes
in crystalline Mo sample are presented, where we track hardness as
function of temperature, in conjunction to dislocation loop formation,
local displacements’ magnitude, and dislocation densities, showing the
effects of sample temperatures on nanoindentation mechanisms. Agree-
ment with experimental measurements is reported and discussed, in
connection to dislocation junction formation. Finally, in Section 4, we
provide concluding remarks.

2. Computational methods

In order to perform MD simulations of nanoindentation, the pre-
pared sample is divided into three sections on the z direction for setting
up boundary conditions, as shown in Fig. 1. In addition, we consider
5 nm vacuum section on the top, above the material sample and also the
two lowest bottom layers are kept frozen (~ 0.02xd,) to assure stability
of the Mo atoms when nanoindentation is performed. A thermostatic re-
gion above the already defined frozen one is considered to dissipate the
generated heat during nanoindentation, with a thickness of ~ 0.08xd,.
The rest of the layers are defined as a region with dynamical atoms,
in which the atoms interact as the indenter tip modifies the surface
structure of the Mo sample. The dimensions of the simulation box, for
the simulations performed in this work, are mentioned in Table 1.
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Fig. 1. (Color on-line). Schematic of the standard configuration in our MD simulations
of Mo nanoindentation. The prepared Mo sample is divided into three regions to
consider boundary conditions and a non-atomic repulsive spherical indenter is used.

Table 1

Simulation boxes sizes and number of Mo atoms.
Orientation Size (d,, dy, d.) [nm] Atoms
[001] 25.18 £ x 25.81 y x 26.90 2 1128 320
[110] 24.80 % x 25.44 § x 28.71 2 1171 170
[111] 26.21 % x 25.81 y x 30.10 2 1 313 352

In the dynamical atoms region, the numerical modeling of a nanoin-
dentation process starts by defining the simulation box as a pristine
crystalline Mo sample based on a body-centered cubic cell. Then, we
apply molecular dynamics through a NVE statistical thermodynamic
ensemble, due to the high atomic mobility at elevated sample tem-
peratures, where the velocity Verlet algorithm is implemented in the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software [38,42] Periodic boundary conditions are set on the x and y
axes to simulate an infinite surface, while the z orientation contains a
fixed bottom boundary and a free top boundary in all MD simulations.

The indenter tip is considered as a non-atomic repulsive imaginary
(RI) rigid sphere with a force potential defined as: F(¢) = K (F(z) - R)2
where K = 236 eV/A? (37.8 GPa) is the force constant, and 7(¢) is
the position of the center of the tip as a function of time, with radius
R. Here, F(1) = xo% + yoJ + (2o + v1)2 with x, and y, as the center of
the surface sample on the xy plane, the z, = 0.5 nm is the initial gap
between the surface and the indenter tip moves with a speed v = 20
m/s. The loading and unloading processes are defined by considering
the direction of the velocity as negative and positive, respectively. Each
process is performed for 125 ps with a time step of A4r = 1 fs. The
maximum indentation depth is chosen to 2.1 nm to avoid the influence
of boundary layers in the dynamical atoms region.

Our MD simulations are focused on standard nanoindentation sim-
ulations of body-centered cubic (BCC) molybdenum in the [100], [110],
and [111] crystal orientations. For this, we use the LAMMPS software
and utilize the embedded-atom method (EAM) potential [43,44] with
a Finnis-Sinclair (FS) potential modification and a short interatomic
distances corrections by repulsive Ziegler—Biersack-Littmark (ZBL) po-
tential which realistically describes the strong repulsive forces at short
ranges [44]. This interatomic potential can be utilized in our work
due to the good agreement with experimental measurements for the
threshold displacement energies E,, melting temperature T, and
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surface binding energies U, in the low index crystal directions [100],
[110], and [111]. This leads to the well representation of SIA clusters
(dumbbells and [111] crowdions) that is connected to dislocation for-
mation and dynamics. The Mo samples are initially energy optimized
at 0 K by the conjugate gradient algorithm with energy tolerance of
1076 eV. The samples are then thermalized for 100 ps with a Langevin
thermostat to temperatures of 10, 300, 600, 800 K and 1000 K with
the time constant of 100 fs. This is done until the system reaches a
homogeneous sample temperature and pressure profile. A final step
is performed by relaxing the prepared sample for 10 ps to dissipate
artificial heat. The EAM-FS-ZBL interatomic potential has been applied
to study the formation of Frenkel pairs during collision cascades in
our previous work [37], cascade morphology transition by Setyawan
et al. [45], and used to validate experimental angular distributions
of atoms sputtered from Mo samples by V.S. Chernysh et al. [46].
In order to validate that our MD simulations model correctly plastic
deformation, we compute the elastic constants, C; o bulk modulus, and
Poisson’s ratio for different temperatures are computed by using the
EAM potential for a small BCC Mo sample of 1 nm in the z direction.
The obtained values are presented in Table 2.

2.1. Calculation of mechanical properties

The hardness of the indented sample is calculated by computing the
P—h curve with the Oliver and Pharr method [47], following the fitting
curve to the unloading process curve as:

P="Py(h—h;)" M

with P is the indentation load; 4 is the indentation depth and 4/ is
the residual depth after the whole indentation process; and P, and
m are fitting parameters. Thus, the nanoindentation hardness can be
computed as: H = P,,,/A, where P, is the maximum indentation
load at the maximum indentation depth, A, = z (2R—h,) h, is the
projected contact area with R as the indenter tip radius and h, =

Nnax —€ Poax /S Here e = 0.75 is a factor related to the spherical indenter
shape, and unloading stiffness .S is calculated as
dP m—1
= (T )y =B U =) @

The Young’s module Ey is computed as:
2
l—Vz_i_l_Vi (3)
Ey E, E
where v and v; are the Poisson’s ratio of the Mo sample and indenter,
respectively. E; is the Young’s modulus of the spherical indenter that
is considered to be infinitely large, and the effective elastic modulus
E. = \/xn/A.S/2p with g = 1 for a spherical indenter shape. In this
way, the nano-hardness of the indented samples can be calculated at
different temperatures and indenter tip sizes.

Table 2

Elastic constants of molybdenum at various temperatures, obtained by MD simulations
and compared with experimental values, in units of GPa. The lattice constant used in
MD calculations is 3.1472 A, based on a body-centered cube unit cell.

C; MD Exp. MD MD MD
0K 300 K 600 K 800 K
Cn 464.7 464 417.8 354.1 321.6
Cyy 464.7 464 409.3 340.5 307.6
Cs3 464.7 464 415.3 347.9 312.9
Cia 161.5 159 163.2 163.2 162.5
Ci3 161.5 159 163.3 164.7 165.1
Cys3 161.5 159 162.2 160.5 159.8
Cyy 108.9 109 108.4 108.3 108.3
Css 108.9 109 107.0 104.2 102.4
Ces 108.9 109 106.1 102.1 99.5
Bulk Mod. 262.59 250 246.6 224.40 212.96
Poisson R. 0.26 0.29 0.28 0.32 0.34
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The deformation of the indented Mo samples may be estimated
through the use of the stress tensor o}, of the nth atom during the
nanoindentation process. The von Mises stress of the nth atom is
calculated as follows:

n 3nn

Omises = \/ 5 5ij5ij°

with sy = of) = 207, @
The six components of o}, are obtained from the output data of the MD
simulations where the per-atom volume is defined by considering an
elemental atomic volume (1 nm X 1 nm X 1 nm).

For the shear dependence of nanoindentation, atomic strains are
computed through the distance difference, d’, between the mth near-
est neighbors of the nth atom of the pristine and indented samples.
Followed by defining the Lagrangian strain matrix of the nth atom as
[39]:

1/2(7,97 -1), )
with

-1
J, = (Z d?an?n> (Z d?anm>. (6

m m

My

Thus, the shear invariant of the nth atom is computed as:

with & = n;; =m0y (7)

This approach is implemented in OVITO [48].
3. Results

3.1. Temperature dependence of nano-hardness for [001], [110], and [111]
orientations

The loading and unloading processes in nanoindentation of crys-
talline Mo oriented in [001], [110], and [111] are recorded, and the
P-h curves are presented in Fig. 2 for a tip radius of 3 nm (for larger
tip radius (6 nm), please see Section 3.2), at the different sample
temperatures. At contact, all studied samples follow classical Hertz
theory where the sphere—flat surface contact solution is expressed as

hkl
4

E
phk = 2 7Y p12ps/ 8
31-2 ®)

where hkl are indexes related to the crystal orientation, v is the
Poisson’s ratio, R is the indenter radius,  is the indenter displacement,

0.2

0.1

0.0
0.24 =

0.1

0.0
0.21 —— Hertz fit

Indentation force (uN)

%1 o011 e

0.0 . : ; : A4 .
-0.5 0.0 0.5 1.0 1.5 2.0
Indenter displacement (nm)

Fig. 2. (Color on-line). P — h curve of the nanoindentation of crystalline Mo for the
[111] in (a), [110] in (b), and [001] in (c) crystal orientations at 10 to 800 K sample
temperatures for indenter radius 3 nm. A Hertz fitting curve, defined by Eq. (8), is
added to the results at 10 K.
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Table 3

Materials Science & Engineering A 826 (2021) 141912

Results obtained from MD simulation at the maximum indentation depth. Hardness, Young’s modulus and yield stresses are presented in units of GPa. The mean pressure (p,,) is

computed as the instance force divided by the contact area, A..

Orient. [001] [110] [111]

Temp. [K] 10 300 600 800 10 300 600 800 10 300 600 800

Poax [1N] 0.170 0.160 0.155 0.136 0.184 0.182 0.161 0.148 0.181 0.160 0.158 0.152

Ac [nm?] 23.85 24.06 23.83 23.97 23.41 24.15 23.81 23.96 23.72 24.09 24.00 23.33

S [N/m] 432.5 461.76 387.87 424.42 369.3 504.54 403.27 301.29 416.9 456.27 399.8 317.81

H 6.92 6.59 6.28 6.38 7.23 6.84 6.60 4.57 7.12 6.40 5.89 6.43

Ey 73.17 76.87 63.20 67.94 63.06 84.83 65.75 48.25 70.74 76.81 64.91 51.57

Ohyaro -5.63 -6.23 -9.08 -10.79 -6.67 -7.20 -10.09 -14.31 -5.16 -5.27 -8.38 -12.39

Onises 4.81 3.76 3.71 6.79 4.20 3.06 4.01 6.71 2.86 3.12 3.72 7.00

Olresca 2.51 2.06 2.06 3.42 2.29 1.65 2.25 3.61 1.49 1.79 1.92 3.57

(P 7.13 6.63 6.50 5.71 7.86 7.53 6.76 6.18 7.63 6.64 6.58 6.51

T 0.35 0.31 0.32 0.59 0.29 0.22 0.33 0.51 0.19 0.27 0.29 0.55
and Eﬁkm is the elastic modulus calculated as Noticing that pileups are found along the in-plane slip directions {101}

| S and {10-1}, this region is gradually enlarged by increasing the tem-
— = Su—2 (81 = Sp) - % perature due to atomic thermal motion, commonly identified in BCC
Ey investigations [27].

X (a2 2+ oy + ﬂ2y2) , 9) In Fig. 3(b) and (c), we report the atomic shear strain and von Mises

with S;; as the components of the compliance tensor and «, §, and
y are the direction cosines of the [hkl] crystal orientation. Obtaining
a elastic moduli of EY' = 381.39 GPa, E}'° = 287.02 GPa, and
E!'' = 305.94 GPa at the lowest temperature. It is observed that the
deviation of MD simulations from the Hertzian elasticity solution at
10 K takes place at different deformations, greater than 0.57 + 0.05 nm
for [001], 0.5 + 0.05 nm for [110], and 0.26 + 0.05 nm for the [111]
crystal orientation, consistent with experimental findings of orientation
dependence in crystal plasticity of BCC metals [21,27,30].

We notice that the residual depth after indentation is h, = 1.4 +
0.1 nm for [100] and [110] orientations, while a value of h/ =1.0nmis
found for the [111] orientation at 10 K. When the sample is thermalized
to 600 K, the elastic section of the P-h curve starts to oscillate due
to the deformation of the surface shifting the residual depth after
unloading process. This effect is more relevant at a temperature of
800 K, where the Mo atoms interact with the spherical indenter before
touching the surface. We also notice that the indentation force at
maximum depth, decreases as a function of the temperature, regardless
of crystal orientations, in good agreement with reported results for
Ta [27]. The plastic region of the curves show more oscillations at
higher temperatures due to the thermal motion of dynamical atoms
region in the sample.

The resulting P-h curve for the unloading process can be fitted to
the Hertz elastic solution according to Eq. (1) to compute mechanical
properties of the Mo sample like Hardness and Young’s modulus, that
should in principle compare to experimental data at comparable depths.
In Table 3, we report the following values that are computed at the
maximum indentation depth: maximum force, P,,, in uN, the projected
contact area, Ac in nm?, the stiffness, S in units of N/m, and Hardness
and Young modulus in units of GPa. As well as the hydrostatic stress
OHydro. = (Oxx + 0y, +0;) /3; the total value of von Mises and Tresca
stresses; the mean pressure (p,,) is computed as the instance force
divided by the contact area, A,, namely F, .. /Ac. We also verify the re-
lation factor between the mean pressure and the maximum shear stress
underneath the indenter, where the classical Hertz theory suggests a
value of 0.465 (See Table 3). Our MD simulations corroborates that this
factor depends on the atomic scale and sample temperature, as reported
in the literature [49].

In order to provide more insights about the effect of temperature in
the mechanical response of Mo samples, we analyze atomic strain in-
formation. This analysis provides information about the topography of
surface deformation and pileup that can be compared to experimental
results. In Fig. 3(a), we present the distribution of atomic displacement
magnitude of damage of indented Mo samples in a top view for the
[001] orientation with different sample temperatures, as an example.

stress for different temperatures and the [001] orientation. The sample
is slid to the half in the x axis to visualize the atomic distribution of
the shear strain and von Mises stress by coloring Mo atoms according
to their values. The increase of temperature suppresses propagation of
dislocation lines, and suppresses the size of the plastic zone. It is also
noticed that the strain and stress underneath the indenter increases as
long as Mo atoms start moving faster due to thermal motion, which
is also noted in the broader stress distribution. The analysis applied
to the [110] and [111] crystal orientations are presented in the sup-
plementary material (Appendix A). It is worth pointing out that the
formation of a prismatic loop is observed on the [111] orientation at
high temperatures, possibly suggesting that mechanisms shown at low
temperatures [28] are relevant also at high temperatures.

0 . c) Stress
a) T=10K b Strain h - S z
I ) LOm—_— ,[“Y <2 GPommmm > 10GPa |y
= 1.2 S "
L
5 3 “
s €
e &
2 &
[=3p=]
T =300K

T = 600K

Fig. 3. Atomic analysis of the indented Mo sample at different temperatures at a
depth of 2.1 nm for the [100] crystal orientation. Distribution of atomic displacement
magnitude (in a range of 0-1 nm) on the top view is shown in (a). von Mises strain and
stress beneath the indenter are presented in (b) and (c), respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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It is interesting to analyze the atomic structure at the maximum
indentation depth, where the computation and visualization of the
dislocation structure are done by using the Dislocation Extraction Anal-
ysis (DXA) tool [48]. The output data provides the total length of
dislocation lines and loops and their corresponding Burgers vectors. In
Fig. 4(a), we present the formation of dislocation loops at the maximum
nanoindentation depth in the [001] crystal orientation at a depth of
2.1 nm. In Fig. 4(b), the visualization of the deformed contact surface
after unloading is shown, displaying the formation of pile-ups. We also
include the information for the formation of shape and Burgers vector
(depicted as blue arrows) of the 1/2(111) (colored in green), (100)
(colored in magenta), and (110} (colored in blue) dislocations. The total
length of the dislocations, Ly, is also noted, pointing to a dependence on
the sample temperature after nanoindentation. In Fig. 4(b) we display
the remained dislocations after unloading process where the effect of
temperature is observed through the quick adsorption of dislocations
on the sample surface. The effect of crystal orientation is reported in
the supplementary material (Appendix A), where it is also shown that
dislocations disappear after nanoindentation loads are removed at high
temperatures.

3.2. Effect of the indenter tip radius

The spherical-tip nanoindentation studied in this work may re-
semble Berkovich nanoindentation at ultra-short depths (< 10 nm),

a)  L;=59.94nm p) Lr=1417nm

z
X‘_Ly

M A v/
=)
T £ m 12<111>
= B <100>
m <110>
br=2358 e ¢
=2238nm Lr=6.25nm
g seelieg T ellsy
M
(el
3
I N g,
] U
z
L1=49.79 nm Lr=0nm z
by sy
N
=
g (
O
I
F %
Lr=24.92 nm z L;=0nm z
Xy x._t.y
M
=)
()
0
I
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Fig. 4. Dislocation loops as a function of the indentation depth on the [001] orientation
for different temperatures at the maximum indentation depth in (a) and after unloading
process in (b). We also include information of the total length of the dislocation (Ly).
Different types of dislocation loops are colored in green for 1/2(111), magenta for (100),
and blue for (110). Burgers vector are displayed by blue arrows. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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however, in this regime, the mechanical response may display strong
size effects [50], naturally influencing relevant plasticity mechanisms.
The effects of the indenter tip size on the observed nanoindentation
plasticity mechanisms of Mo samples, are tracked by considering a
larger tip radius of 6 nm, followed by performing MD simulations under
the same numerical environment as smaller tip ones. In Fig. 5, we
present the P-h curve of the nanoindentation process at different sam-
ple temperatures and crystal orientations. The corresponding classical
Hertz solution (Eq. (8)) is superposed to show the effects of the temper-
ature during the interaction of the surface and the sphere. For this case,
the MD simulations deviated from the Hertz elastic solution at 10 K at
0.86 + 0.05 nm for [001], 0.78 + 0.05 nm for [110], and 0.37 + 0.05 nm
for the [111] crystal orientation, also displaying very strong orientation
dependence, as expected for BCC plasticity mechanisms [30]. Note that
the first pop-in load is independent of the indenter size, leading to the
[001] crystal orientation to reach the maximum indentation force and
the [111] one to the lowest value regardless the sample temperature.
Nevertheless, the pop-in load decreases from the [110] to [111] and
[001] at temperatures above 600 K. We also note that the residual
depth is 1.1 + 0.05 nm for the three crystal orientations at 10 K. This
value increases as function of the sample temperature. In Table 4, we
report the obtained hardness H, Young modulus Ey, stiffness .S, and
yield stresses o as function of temperature for reference and further
discussion.

In Fig. 6, we present the resultant atomic configuration of Mo sam-
ples after loading, as function of temperature for the [100] orientation,
as an example. The analysis for the indented of Mo samples at [110]
and [111] orientations are presented in the supplementary material of
this work (Appendix A). In Fig. 6(a), we report the distribution of the
atomic displacement magnitude in a scale of 0 to 1.2 nm. Here, the
pileup pattern at 10 K shows expectedly that the maximum shear stress
is observed for the {101} and {10-1} slip systems, as also reported
for single crystalline Mo samples experimentally studied by Plummet
et al. [18]. This stress pattern is maintained at higher temperatures.
Fig. 6 shows the atomic strain and von Mises stress 6(b) and (c), respec-
tively. While the thermally induced plastic zone reduction, observed
for the smaller tip, is not present for the larger tip, there are close
similarities to the atomic strain profiles and maxima as well as the
temperature dependence of the von Mises stress.

In Fig. 7, the plastic zone is characterized in two limits: (a) at the
maximum indentation depth and also, (b) after nanoindentation, and
it is characterized through the identification of the types of emerging

Indentation force (uN)

047 —— Hertz fit
0.2 4 [001]
Sus e a)
0.0 i - ; oo .
-0.5 0.0 0.5 1.0 1.5 2.0

Indenter displacement (nm)

Fig. 5. (Color on-line). P — h curve of the nanoindentation of crystalline Mo at a
sample temperatures of 10 K to 800 K for the [001], [110], and [111] orientations for a
indented tip radius of 6 nm. A Hertz fitting curve is added to graphs for both cases.
Temperature effects on mechanical nanoindentation response are observed during the
unloading process.
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Table 4
Results obtained from MD simulation at the maximum indentation depth with an indentation size of 6 nm.
Orient. [001] [110] [111]
Temp. [K] 10 300 600 800 10 300 600 800 10 300 600 800
P« [pN] 0.440 0.430 0.403 0.361 0.430 0.382 0.423 0.373 0.399 0.359 0.331 0.361
Ac [nm?] 54.86 55.65 58.01 57.28 46.29 51.84 52.37 55.14 54.93 55.13 55.93 55.55
S [N/m] 781.37 849.71 1018.02 952.41 595.94 825.21 891.47 939.05 709.76 789.44 765.44 834.71
H 7.70 7.65 6.72 6.97 12.21 11.77 11.27 8.97 8.15 7.55 7.35 7.61
Ey 87.17 93.03 106.32 109.06 72.38 96.71 97.99 99.12 80.27 86.83 89.58 87.78
o -15.66 -17.12 -19.63 -19.90 -11.38 -14.82 -17.07 -21.49 -11.62 -9.95 -14.33 -12.38
Hydro.
Otices 7.58 4.54 1.26 4.05 8.16 5.69 2.49 4.53 8.33 5.71 1.71 7.00
Orresca 3.92 2.45 0.70 2.14 4.27 3.16 1.42 2.47 4.36 2.92 0.99 3.58
(Pm) 8.02 7.72 6.94 6.30 9.29 8.40 8.08 6.76 7.47 6.45 6.99 6.50
TP—) 0.49 0.32 0.1 0.34 0.46 0.38 0.18 0.36 0.58 0.45 0.17 0.55
a) o i b Strain : ©) Stress = : N
I'=10K ) 1 Om— 0 Ly <2 GPommmms > 10GPa Xy a) Lr=12588 nm =l b) Ly=24.06 nm A
I : = -y
N M L]
32 = m 12<111> ]
i = & |
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=
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Fig. 6. (Color on-line) Analysis of the indented Mo sample for the [001] crystal % e—rsrp
orientation as function of the temperature by using a tip radius of 6 nm. Distribution 2 / ‘/}5
of the atomic displacement magnitude is reported in (a), while von Mises strain and I k =
stress are shown in (b) and (c), respectively. [ . i
\

dislocations at different temperatures. During loading, it is observed
that the total length of the dislocations is larger than those reported
for a smaller indenter regardless of the sample temperature. Evidence
of the ‘lasso’ mechanism [28] exists at all temperatures, suggesting
that the main dislocation nucleation mechanism remains analogous
to other BCC metals. After unloading, there is evidence of remaining
dislocations that provide clues for the hardening mechanisms at high
temperatures. Only at 800 K the dislocation nucleation appears to be
overwhelmed by thermal atomic motions that drive dislocations toward
surface deposition events. The formation of prismatic loops is favorable
for large radius indenters at all temperatures (up to 800 K), justifying
prior studies for other BCC metals.

3.3. MD insights for experiments in Mo

In Fig. 8 we present the temperature dependence of hardness of
Mo on the [001] orientation at 2.1 nm depth and its comparison to
experimental data reported by Plummer et al. [18] for the same crystal
orientation. We also include experimental data of Mo by Pisarenko
et al. [22] and Minnert et al. [35] for polycrystalline Mo samples
as reference. We finally include the experimental measurements by

Fig. 7. Dislocations after maximum loading in (a) and after unloading process in
(b) for Mo samples on the [100] orientation at different temperatures. The total
length of the dislocation (L) is also presented. A radius of 6 nm is considered
for the nanoindentation process. Color pattern follows the one used in Fig. 4. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Terentyev et al. [20] for W showing a monotonically decrease of hard-
ness as a function of the temperature. The high temperature behavior
resembles the one observed in the experiments [18,22,35] where the
material hardness reaches a saturation at a temperature of ~ 700 K.
This is encouraging, given that the experimentally studied depths were
much larger, pointing toward maintaining the same trend in thermal
effects, despite the strong size effects. This finding is consistent with
successfully modified Nix-Gao models that suggest that the emergence
of thermal effects arises only through the statistically stored dislocation
density in the plastic zone and in a power law form, which is then lin-
early added to the geometrically necessary dislocation density [19,51].
The considered error bars in hardness are obtained through additional

MD simulations and computed as o /2 (x; —(H)) /N is the

standard deviation, (H) the average of the MD results, and N = 5,
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Fig. 8. (Color on-line). Hardness as a function of temperature for the [100] orientation
at a depth of 2.1 nm in (a) and comparison to experimental measurements in (b)
reported by Plummer et al. [18], Pisarenko et al. [22], Minnert et al. [35]. For
comparison, we show experimental data for W by Terentyev et al. [20] showing a
monotonic decrease of the material hardness as function of temperature.

the total number of MD simulations performed. As an example, Fig. 9
shows the P-h curves of the nanoindentation of the sample at 800 K
for a radius of 3 nm in (a) and 6 nm in (b) where the increase of the
hardness material is observed.

The thermomechanical stability seen in the hardness data (see
Fig. 8) is strongly correlated with the total dislocation length and
dislocation propagation during nanoindentation. In Fig. 10(a) we show
the dislocation density as function of the indenter displacement for
different temperatures by considering the 3 nm-sized indenter tip. The
results for the bigger indenter tip are also presented in the supplemen-
tary material (Appendix A). By using the approximations of a spherical
plastic zone, the dislocation density, p(h) is computed as

27 (3 3 -
p(h) = Ly [? (Rp, —h )] , 10)
where Ly is the dislocation length, and R,, is the largest distance of
a dislocation measured from the indentation displacement, considering
a hemispherical geometry. From our MD simulations, we observe (see
Fig. 10a) that the nucleation of b = 1/2[111] and b = [001] dislocations
is responsible for the hardness saturation at high temperatures. This

0.20
802 K R=3nm .3-“-
0.159 -eee 803 K
---- 801K
_.0.101
=z
=
] 0.05 -
8 al
£ 0.00
B 044 799 K R=6nm A ad
A 804 K
2 03— Average
0.2 1
0.1 1
b)
0.0 T T T = :
-0.5 0.0 0.5 1.0 1.5 2.0

Indenter displacement (nm)

Fig. 9. (Color on-line). P-h curve of the nanoindentation of [001] Mo at 800 K by
considering different thermalized samples for an indenter tip of 3 nm in (a) and 6 nm
in (b). The average of the Load as a function of the indention depth is included and
computed as (P(h)) = 1/N Zﬁ'P(h)k with N = 5 as the number of the MD simulations.
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Fig. 10. Dislocation density in (a) and number of [001] junctions in (b) as function of
the indenter displacement for several temperatures, for an indenter radius of 3 nm and
a [001] crystal orientation. Besides the effect of the temperature on the mechanical
nanoindentation response, we observed the formation of dislocation junctions in the
sample making it to increase its hardness, as shown in (b). As an example, we show
the dislocation junction in the inset of the figure (b) where the [001] dislocation is
produced by two 1/2[111] dislocations which is the more energetically favorable [52]
and thermodynamically stable once formed [53]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

result is in good agreement with those reported by S. Aubry et al. [54],
at elevated temperatures the energy difference between the [001] and
[111] dislocations decreases for a Fe, showing that dislocations with
b = [001] start to lead the plastic deformation for BCC materials, as
temperature increases.

Moreover, as shown in the inset of Fig. 10(b), the [001] dislocation
segments are actually, dislocation junctions between 1/2[1-1-1] and
1/2[-11-1] dislocations, as well as their symmetry equivalents which is
the more energetically favorable junction [52] and thermodynamically
stable once formed [53]. The number of this type of junctions found
in our MD simulations as a function of the indenter displacement is
presented in Fig. 10(b) and its schematic is displayed in the inset. Here
Burgers vectors are depicted as blue arrows and dislocation lines are
shown by green and pink lines for 1/2[111] and [001], respectively. In
the supplementary material, we also show a visualization of dislocation
nucleation as function of time for the [001] Mo sample at different
temperatures to demonstrate the generic formation of [001] junctions
(Appendix A). These junctions are proliferating at high temperatures,
and are highly stable at the maximum load. The screw [001] dis-
location junctions have been long considered as a major hardening
mechanism in BCC metals [55,56]. Where in principle it can glide in
any plane of its Burgers vector zone, which does not coincide with
the slip plane of the material, increasing the strain hardening of the
material [57,58] that may explain typical strengthening due to the
mobility of screw dislocations is comparatively very low but strongly
temperature-dependent. [59,60].

Thus, we suggest that [001] junctions may be responsible for the
persistent thermomechanical stability of Mo single crystals. Thermally
stable [001] junctions are found to be responsible for increasing mate-
rial nanohardness, and in contrast, this kind of junction formation has
been shown to be unstable in other BCC metals, such as W and Ta [20,
27]. We conclude that the combination of kinetics and energetics in
molybdenum leads to an increased stability of [001] junctions that are
well known to play key role in strengthening effects of BCC metals [55].

4. Concluding remarks

In this work, we performed MD simulations to investigate the
thermal stability of the mechanical response of crystalline molybdenum
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during nanoindentation, investigating the effects of crystal orienta-
tion, temperature and dislocation mechanisms. We characterized the
nanoindentation process in molybdenum, in connection to experimen-
tal findings, and through tracking strain accumulation and dislocation
mechanisms for several temperatures, sample orientations and indenter
tips. Our simulation results suggest that crystal plasticity in nanoin-
dentation of molybdenum follows closely known defect nucleation
mechanisms for BCC metals, albeit with distinct differences in the
formation and thermal stability of [001] junctions, that are observed
and quantified as function of temperature during loading. The observed
[001] junction formation in molybdenum was shown to be responsible
for increasing the nano-hardness of molybdenum, by correlating it
to the dislocation density of each dislocation type. In contrast, such
stable junction formation is barely observed during nanoindentation
of W and Ta [20,27]. Given that [001] junctions are well known
culprits of hardening in BCC metals [55], we believe that persistent
high-temperature hardness in Mo may be attributed to [001] junction
formation. Therefore, the simulation results presented in this work sug-
gest that there may be fundamental dislocation-based kinetic reasons
for molybdenum being a good, low-maintenance material candidate
for applications in extreme environmental conditions, over other BCC
metals.
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Appendix A. Supplementary material

We provide the analysis of the indented Mo sample for the [110]
and [111] at different temperatures and indenter size. As well as the
visualization of the dislocation loops at the maximum indentation depth
and after unloading process.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.msea.2021.141912.
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