PHYSICAL REVIEW MATERIALS 9, 093805 (2025)

Editors’ Suggestion

Nanoindentation simulations for copper and tungsten with adaptive-precision potentials

David Immel
Jiilich Supercomputing Centre (JSC), Forschungszentrum Jiilich, Jiilich, Germany

Matous Mrovec ® and Ralf Drautz

Interdisciplinary Centre for Advanced Materials Simulations (ICAMS), Ruhr Universitit Bochum, Bochum, Germany

Godehard Sutmann
Jiilich Supercomputing Centre (JSC), Forschungszentrum Jiilich, Jiilich, Germany

and Interdisciplinary Centre for Advanced Materials Simulations (ICAMS), Ruhr Universitit Bochum, Bochum, Germany

® (Received 19 May 2025; accepted 30 July 2025; published 26 September 2025)

We perform nanoindentation simulations for both the prototypical face-centered cubic metal copper and the
body-centered cubic metal tungsten with an adaptive-precision description of interaction potentials including
different accuracy and computational costs. We combine both a computationally efficient embedded atom
method (EAM) potential and a precise but computationally less efficient machine learning potential based on
the atomic cluster expansion (ACE) into an adaptive precision (AP) potential tailored for the nanoindentation.
The numerically more expensive ACE potential is employed selectively only in regions of the computational
cell where high precision is required. The comparison with pure EAM and pure ACE simulations shows that
for Cu, all potentials yield similar dislocation morphologies under the indenter with only small quantitative
differences. In contrast, markedly different plasticity mechanisms are observed for W in simulations performed
with the central-force EAM potential compared to results obtained using the ACE potential. ACE is able to
describe accurately the angular character of bonding, which is in W due to its half-filled d band. All ACE-specific
mechanisms are reproduced in the AP nanoindentation simulations, however, with a significant speedup of 20-30
times compared to the pure ACE simulations. Hence, the AP potential overcomes the performance gap between

the precise ACE and the fast EAM potential by combining the advantages of both potentials.

DOI: 10.1103/21kd-16gt

I. INTRODUCTION

Large-scale molecular dynamics (MD) simulations of
nanoindentations [1,2] can provide valuable insights into
microscopic mechanical behavior of metallic materials and
reveal underlying mechanisms that govern initial stages of
plastic deformation. To obtain trustworthy results, it is es-
sential to describe the atomic interactions with accurate
and transferable interatomic potentials [2]. For free-electron
metals with close-packed face-centered cubic (fcc) crystal
structures, many-body central force approaches, such as the
embedded atom method (EAM) [3] or the Finnis-Sinclair po-
tentials [4], usually describe the metallic bonding sufficiently
accurate. However, many transition metals with partially filled
d bands cannot be described properly by such central-force
models [5-12]. These metals, crystallizing in hexagonal close-
packed (hcp) or body-centered cubic (bcc) structures, require
explicit descriptions of their directional (and thus angular-
dependent) bonding.
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Two prototypical elements representing these families of
metals are fcc copper (Cu) and bee tungsten (W). Understand-
ing mechanical properties of both metals at the nanoscale is
highly relevant due to ever-increasing miniaturization. The
refractory metal W is also considered as a plasma facing
material (PFM) for next generation fusion reactors [13—15].
As PFMs need to sustain extreme operating conditions, un-
derstanding changes of their mechanical properties due to
formation of a large number of crystal defects under irradi-
ation is of utmost importance. Even though nanoindentation
simulations have already provided valuable mechanistic in-
sights into microscale plasticity for both Cu [16-19] and W
[20-25], further investigations and validations with improved
interatomic potentials are still needed, especially for bcc W.

In recent years, machine-learning (ML) potentials proved
to be able to deliver an accuracy close to that of first-principles
electronic-structure methods at a fraction of their computa-
tional cost [26-30]. Even though there exist ML potentials
for Cu [27] and W [31-35], their application to large-scale
nanoindentation simulations is still limited. One contribut-
ing reason is that most ML potentials remain several orders
of magnitude slower than the simple empirical potentials
[27,36,37].

A possible solution how to maintain desired accuracy while
improving computational efficiency is by coupling different
interaction models. Typically, a more accurate but computa-

Published by the American Physical Society


https://orcid.org/0000-0001-5143-8043
https://ror.org/02nv7yv05
https://orcid.org/0000-0001-8216-2254
https://orcid.org/0000-0001-7101-8804
https://ror.org/04tsk2644
https://orcid.org/0000-0002-9004-604X
https://ror.org/02nv7yv05
https://ror.org/04tsk2644
https://crossmark.crossref.org/dialog/?doi=10.1103/2lkd-l6gt&domain=pdf&date_stamp=2025-09-26
https://doi.org/10.1103/2lkd-l6gt
https://creativecommons.org/licenses/by/4.0/

IMMEL, MROVEC, DRAUTZ, AND SUTMANN

PHYSICAL REVIEW MATERIALS 9, 093805 (2025)

tionally demanding model is used for a small portion of the
simulated system where decisive processes take place (for
instance, bond breaking at a crack tip, surface reactions, or
defect nucleation sites). An efficient but less accurate model
is then applied for remaining parts of the simulated system
where only small variations are expected (for instance, main-
taining a long range elastic field or temperature gradients).
A well-known and widely applied example is coupling of
quantum-mechanical (QM) approaches with molecular me-
chanics (MM), which originated almost 50 years ago [38].
Current QM/MM implementations are able to adjust both
regions during simulations based on various criteria [39—41].
When QM calculations are not required, the coupling can
also be done for interatomic potentials with different levels
of accuracy and computational cost [42—-45].

A viable way to overcome the performance gap between
ML and simple empirical potentials is via the adaptive pre-
cision (AP) method [42]. In the AP method, the potential
energy is a weighted average of the combined potentials de-
pending on a switching parameter. The switching parameter
is calculated by a customizable detection mechanism so the
assignment of atoms to a particular region can be done in
an automatized way. Thus, the method works autonomously
and self-adaptively in space and time. An important feature of
the AP method is that the time integration of the equations of
motion maintains the conservation of energy and momentum.

In this work, we apply the AP method to combine the
speed of EAM potentials and the accuracy of atomic clus-
ter expansion (ACE) potentials in large-scale nanoindentation
simulations. Furthermore, we extend the original approach to
account properly for homogeneous nucleation of dislocations
that takes place below the indenter in regions of highest shear
stress [46]. These events marking the onset of plasticity need
to be simulated with the accurate ACE potential.

II. METHODS
A. Nanoindentation

The MD simulations were performed using the LAMMPS
software package [47]. One of common approaches in the
nanoindentation simulations is to separate the simulation
block into three parts [21,22,48], as visualized in Fig. 1. The
bottom part is kept fixed to prevent rotation and translation of
the sample, the central part is simulated using the NVT ensem-
ble to dissipate heat generated by the indentation, and the top
part is simulated using the NVE ensemble. The spherical rigid
indenter was described by the following potential [49]:

kind
3

Vind(F) = == O(Ring — [Fina — F)(Rina — |Fina — F1)*, (1)

where k;,q is the force constant, #,q(z) the center of the in-
denter, Rj,q the indenter radius, and ®(x) the Heaviside step
function. In the beginning of the simulation, the indenter and
surface are not in contact and the center of the indenter is
located at 7ipg,0. The indenter is then gradually inserted into
the sample with a constant velocity Ui,g such that its position
changes as 7ipg(f) = Fing.0 — Uina? . Further details about simu-
lation setup are provided in Appendix A.

M fast A
M precise A
CSP-dependent A

=
<
N NVE
NVT
EAM(fast)
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FIG. 1. Cut through the system along the (100) plane below
the indenter. Right side: The top atoms (M) are simulated in a
NVE ensemble, the bottom atoms are fixed (®), and the atoms in
between are simulated in a NVT ensemble (/). For simulations with
an adaptive-precision potential, the parameter A is used to calculate
the switching parameter A, which is required to calculate the potential
energy according to Eq. (5). To ensure a precise simulation, Ao = 0
is set after the equilibration for all atoms which are in a hemisphere
(W) whose center is on the surface of the material under the center
of the indenter. The centrosymmetry parameter (CSP) is used to cal-
culate A, for most atoms () to dynamically adjust the precision. To
save the computation time, Ao = 1 is set at the surface outside of the
hemisphere (M) to prevent the detection of the surface by the CSP.
Left side: Initially used switching parameter A calculated from Ay. A
region of interest below the indenter is calculated precisely while the
remaining atoms are calculated quickly

B. Interatomic potentials
1. Embedded atom method

In the EAM potentials used in this work, the energy of an
atom i is given as

1
EFAM =$(Z§(Vij)> +§Z(D(rij)» (2)

J# J#

where £ is the embedding function, ¢ is the electron charge
density, and & is the pair potential. For Cu, we used the
EAM?2 parametrization of Ref. [50], which has been thor-
oughly tested and widely used [51-54]. For W, we used the
EAM?2 potential from Ref. [55], which was developed for sim-
ulating radiation defects and dislocations and is widely used
[21,56-58].

2. Atomic cluster expansion

The employed ACE potentials used a combination of linear
and square-root expansions that were shown to give the best
accuracy and computational performance [27]. The potential
energy of an atom i described by ACE is given as

ACE ) 2)
EN =@ +4/¢,7. 3)
The functions ¢>§” ) are expanded as

¢” = "By, )
v
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where B;, are product basis functions, which describe the
atomic environment, and c,(,p ) are fitted expansion coeffi-
cients with the multi-indices v. For Cu, we used the ACE
parametrization developed in Ref. [27], which is widely used
[59-61], for example, in dislocation simulations [62]. For W,
we used an ACE parametrization trained on an extensive DFT
dataset of bulk structures as well as defects. Further informa-

tion of this potential is provided in Appendix B 2.

3. Adaptive-precision potential

The atomic energy of the AP potential [42], which com-
bines EAM and ACE, is given by

E; = MEFM 4 (1 — 3)EACE, 5

where X; € [0, 1] is the switching parameter [42]. We used the
switching parameter based on the centrosymmetry parameter
(CSP) [49] to detect atoms which need to be treated with the
more accurate potential. In addition, we fixed the value of A;
in specific regions of the simulation block, as visualized in
Fig. 1. Since the first dislocations nucleate primarily in the re-
gions of highest shear stress near the indenter surface [46], the
region below the indenter is always simulated with the ACE
potential. In practice, we set the initial value of Ap; =0 ina
hemisphere of radius 40 A whose center is at the contact point
where the indenter first touches the surface. Additionally, to
prevent the CSP from detecting surface atoms, we set 1p; = 1
for surface atoms which are outside of the ACE hemisphere.
For the remaining atoms, A ; is calculated based on the CSP
and A;({Ao,;}) is calculated as described in Ref. [42]. Using
this setup, we minimize the amount of the computationally
more expensive ACE calculations. During later stages of the
simulation, A; is recalculated and updated [42]. For Cu, we
use parametrization Hybl, which we developed in our pre-
vious paper [42]. The AP potential for W is described in
Appendix B.

III. RESULTS
A. Copper

Before staring the nanoindentation simulation, we equili-
brate the Cugg) surface as described in Appendix A. The
nanoindentation simulation is then performed using the NVE
ensemble, but a thin layer of atoms at the bottom of the simu-
lation box is thermostated and the very bottom layers are kept
fixed to dissipate heat generated during the indentation and to
prevent translation and rotation of the sample, as visualized
in Fig. 1. The fundamental parameters of the simulation are
summarized in Table 1.

The nanoindentation simulations were carried out on the
JURECA-DC supercomputer [63]. The speedup of the AP
nanoindentation simulation compared to that performed with
ACE only is about 21, as shown in Fig. 2. The fixing of
the switching parameter in the zones of interest, as de-
scribed in Sec. II B 3, results in a speedup of 1.9 of the
AP simulation compared to the AP simulation in Ref. [42].
Further details of the computational efficiency are provided in
Appendix C.

The displacement of the surface atoms which developed
during the nanoindentations with the three potentials is visu-

TABLE I. Parameter values used in the copper nanoindentation
simulations.

Parameter Value
Surface orientation (100)
Temperature 292K
Simulation box size 364.2A x 364.2 A x 363.2A
Number of atoms 4000 000
Height of fixed region 10A
Height of NVT region 10A
Timestep At 1fs
Indenter radius Rjq 60 A
Indenter velocity Vg {0,0,25} m/s
Indenter force constant ;g 10eV A-3

Indentation depth /i, 20A
Initial indentation depth A —5A

alized in Figs. 3(a)-3(c). The height of the surface on a line
through the contact point of surface and indenter is shown
for cross sections along the (110) and (100) directions in
Fig. 3(d). We observe small pileups in the (110) directions,
similarly to Ref. [18], and no pileup in the (100) directions.

The force between an atom i and the indenter is given
as End(?i) = —ﬁmnd_ﬂde(?,'), with Vi, according to Eq. (1).
The indentation load

Vind

Poa =) Fina(7) - (6)

Vind

is given as total force on all atoms in the indentation direction
[001] and automatically calculated during the simulation. The
Hertzian analysis [64—66] is applied to evaluate the Hertzian
load Py on the surface as a function of the indentation
depth £ as

Py = 3E*RYH, )
where R;,q4 is the indenter radius and £* the indentation mod-
ulus. This formula does not consider elastic anisotropy of
materials, but it holds for spherical indenters with a modi-
fied indentation modulus [66—68]. The Hertz fit allows us to
detect the onset of plastic deformation. Both the simulated
load P4 and the fitted analytical solution Py are shown in
Fig. 4(a). The fits give Ef,\; = 115.9GPa, E}, = 116.1 Gpa
and EX -z = 112.0 GPa and are thus similar for all potentials.

EAM - 2.4x10%
3
AP 9.7x10 21.1 times less
ACE 2.1x10°

T T T T
100000 150000 200000 250000
core-h

T
0 50000

FIG. 2. Total computation time of a nanoindentation with 4 x
10° Cu atoms simulated for 100 ps with the AP potential compared
to ACE and EAM simulations. EAM, AP, and ACE simulations
are calculated on 128, 128, and 2048 cores of JURECA-DC [63],
respectively.
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FIG. 3. (a)—(c) Displacement Ar of the copper atoms at 20 A
indentation depth compared with —5 A indentation depth. (d) Cross
sections through the center of the supercell below the indenter along
different directions at 20 A indentation depth.
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FIG. 4. (a) Indentation load P,y and elastic Hertzian load Py
according to Egs. (6) and (7) computed for the copper nanoindenta-
tions. (b) Mean contact pressure or hardness p,, according to Eq. (8)
dependent on the contact radius a. according to Eq. (9). The contact
radius is normalized with the radius R;,q of the spherical indenter.
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FIG. 5. Dislocation lines in Cu identified by the DXA analysis
of OVITO for a normalized indentation depth of h/a. ~ 0.34. The
dislocation lines are color-coded according to their identified dislo-
cation type. A scale bar is given on the right side for every row.

The hardness or mean contact pressure p, on the
surface is

P, P,
P = = @®)

A mad?’
where A, is the projected contact area with the contact ra-
dius a.. There are different models for the contact radius
[17,18,69]. We use the contact radius

ac = v/h(2Ring — h), ©))

as this model was applied in nanoindentation simulations
of Cu [18] and W [22] with spherical rigid indenters and
thus enables a seamless comparison of our results with
the literature. The mean contact pressure p, is shown in
Fig. 4(b). It increases linearly until plastic deformation sets
in at a./(2Ring) & 0.23 and reaches a steady state for larger
contact radii. This behavior is independent of the interatomic
potential used, as expected from Refs. [21,69]. The average
hardness at the steady state is 8.9 GPa with a standard de-
viation up to 0.5 GPa. The hardness reported for Cujooy in
Ref. [18] is 11.7 & 1.4 GPa and thus somewhat higher, but the
indenter velocity was two times faster than in our case; as the
hardness increases with the indenter velocity [70,71], a larger
hardness magnitude is therefore expected.

The dislocation extraction algorithm (DXA) [72] imple-
mented in OVITO [73] was used to calculate the dislocation
length I, of dislocations of type klm. For the fcc lat-
tice, DXA identifies dislocations with the Burgers vectors
1/6(112),1/6(110), 1/3(100), 1/2(110), 1/3(111), and other
Burgers vectors. Dislocation networks observed in the sim-
ulations for the indentation depth h/a. ~ 0.34 are shown in
Fig. 5.

Prismatic dislocation loops nucleate as in Ref. [18] for all
potentials. The prismatic dislocation loops glide in the direc-
tions [101], [101], [011], and [011]. Five dislocation loops
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FIG. 6. Dislocation density according to Eq. (10) for nanoinden-
tations of Cugo). The dislocation density is given for all by the
DXA of OVITO identified dislocation types. Furthermore, the total
type-independent dislocation density is shown.

nucleate during the simulation for EAM while four nucleate
for the AP potential and ACE.
The dislocation density

P = Iy, )V S (10)

is calculated within the effective volume V% of the plastic
zone. The radius a,, of the plastic zone is given by

Apz :fpzac» (1D

where the factor f,, € [0, 3.5] depends on the material [74].
For Cu, we used f,, = 1.9 [75]. Thus, the effective volume
of the plastic zone is given by V& = 27mgz /3 — Vina, where
the volume Vj,4 displaced by the indenter, without considering
sink-in and pileup effects, is given as Ving = wh>(Rina — h)/3
[21,76]. The densities of different dislocation types as a func-
tion of the indentation depth are shown in Fig. 6. As expected,
the first nucleated dislocation has the Burgers vector 1/6(112)
for all potentials, but the nucleation occurs earlier for EAM
than for the AP potential and ACE. We observe all dislocation
types being nucleated for all potentials.

The shear strain was evaluated using OVITO according to
the method described in Ref. [77], where the initial configura-
tion was used as a reference. The shear strain is visualized
at the end of the simulations in Fig. 7. The red slip traces
in Figs. 7(a)-7(c) in the [101] and [101] directions with a
shear strain of about 0.3 mark the glide of prismatic disloca-
tion loops. Furthermore, a wedge-shaped dislocation develops
close the surface in the EAM simulation [see Fig. 7(d)] as
in Ref. [19] and glides in the [110] direction. This leads
to 1/2[110] atomic displacements which are visible at the
surface in Fig. 3(a).

Y1692

“~— prismatic

dislocation loop

wedge
(d)\ dislocation
shear strain

YOorl

dislocation type

I I I
1/6(112) 1/6(110) 1/3(100) 1/2(110) 1/3(111) other

FIG. 7. The copper atoms are color-coded according to the shear
strain evaluated using OVITO in the (a)—(c) (010) and (d)—(f) (110)
plane through the contact point for a normalized indentation depth of
h/a. =~ 0.45. The dislocation lines computed with the DXA analysis
of OVITO are shown for 35 A in the normal direction of the corre-
sponding plane and color-coded according to their dislocation type.
A scale bar is given on the right side for every row.

B. Tungsten

The nanoindentation simulation for W was carried out in
equivalent manner as that for Cu. The parameters of the simu-
lation are given in Table II. The speedup of the AP simulation
compared to the ACE simulation is 27.1, as shown in Fig. 8.
Details regarding the computational efficiency are provided in
Appendix C.

The displacement of the surface atoms between initial and
maximum indentation depth is visualized in Figs. 9(a)-9(c).
In contrast to Cu, the observed surface pattern from the EAM
simulation differs markedly from those of the AP and ACE
simulations. For EAM, marked pileups are observed along the
(110) directions while for AP and ACE the surfaces around
the indenter remain almost flat. The variations of the surface
height are plotted for different cross sections through the
contact point of surface and indenter in Fig. 9(d). EAM shows
a pileup of about 10.2 + 1.3 A in the (110) directions while
small depressions develop in the AP and ACE simulations.

TABLE II. Parameters and the used values in the tungsten
nanoindentations performed with molecular dynamics simulations.

Parameter Value

Surface orientation (100)
Temperature 300K

Initial box size 273.1A x 273.1A x 271.9A
Number of atoms 1272112

Height fixed region 20A

Height NVT region 10A

Time step At 1fs

Indenter radius R;nq 60 A [21]

Indenter velocity Vg
Indenter force constant ;g
Indentation depth /i,
Initial indentation depth Ag

{0, 0, 20}m/s [21]
236eVA~? [21]
20.8 A
—42A

093805-5



IMMEL, MROVEC, DRAUTZ, AND SUTMANN

PHYSICAL REVIEW MATERIALS 9, 093805 (2025)

EAM - 1.5x10?
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AP 3.9x10 27.1 times less

1.1x10°
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core-h
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FIG. 8. Total computation time of a nanoindentation with
1 272 112 W atoms simulated for 125 ps using the AP potential
compared to ACE and EAM simulations. EAM, AP and ACE sim-
ulations are calculated on 128, 128, and 640 cores of JURECA-DC
[63], respectively.

Our results can be compared with those of other nanoin-
dentation simulations [21,78] that used the same rigid
spherical indenter and the same indentation velocity. In
these studies, several interatomic potentials, including a tabu-
lated Gaussian approximation potential (tabGAP) [33] were
systematically compared. The tabGAP potential is an ML
potential [79] which contains up to three-body descriptors
and was extensively tested for various defects in W [33].
Similar to our study, pileups were found for the EAM potential
while surface depressions were predicted by tabGAP at 30 A
indentation depth [78].

The Hertzian loads Py fitted to the indentation loads Pipg
according to Eq. (7) are plotted in Fig. 10(a). The obtained
indentation moduli of 519.0 GPa for EAM, 458.2 GPa for AP,

@ —  EAM —— AP ACE
< od N AN
5 —20 - —
= 1 N [100]
< N S
201 - —

0 do e dONOL o
AN e
—20 - T T — T T T
~100 ~50 0 50 100
distance/A

FIG. 9. (a)—(c) Displacement Ar of the W atoms at 20.8 A in-
dentation depth compared with —4.2 A indentation depth. (d) Cross
sections through the center of the supercell below the indenter along
different directions at 20.8 A indentation depth.

w

Hertzian law

S}
1

—
1

ACE

(e
1
Y

indentation load P,q /uN &
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0.0 0.5 1.0 1.5 2.0
indentation depth //nm

(b) indentation depth /2/nm
0.0 0.5 0.7 1.0 1.5 20
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O 40 1
= —— AP
o ACE
é 20 - steady state
E N UMY
S LIAE
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0.0 0.1 0.2 0.3

contact radius ac/(2Ring)

FIG. 10. (a) Indentation load P, and elastic Hertzian load Py
according to Egs. (6) and (7) computed for the W nanoindentations.
(b) Mean contact pressure or hardness p,, according to Eq. (8) de-
pendent on the contact radius a. according to Eq. (9). The contact
radius is normalized by the radius R;,q of the spherical indenter.

and 452.9 GPa for ACE confirm the consistency of AP and
ACE simulations.

The hardness calculated according to Eq. (8) is shown in
Fig. 10(b). The sample deforms elastically until & ~ 8.3 A,
7.0A, and 7.4 A for EAM, AP, and ACE simulations, re-
spectively. The hardness values in the steady state of plastic
deformation are 44.3 &+ 2.6 GPa for EAM, 35.6 & 3.0 GPa for
the AP potential, and 35.1 £ 4.1 GPa for ACE. The pileup,
which develops in the EAM simulation, increases the contact
radius while the surface depression in the AP and ACE sim-
ulations reduces the contact radius. Neither of these effects
is incorporated in the analytical model of the contact radius
in Eq. (9). Thus, the hardness is overestimated in the EAM
simulation compared to the AP and ACE simulations, which
is consistent with the observed values. Our hardness values are
comparable with the value of 37.8 GPa reported in Ref. [22]
for another EAM potential [80], where the indentation ve-
locity of 50m/s and the force constant of 10eVA~ were
applied.

A convenient tool to identify defects in bcc materials is
the bee defect analysis (BDA) [81], which has been employed
for inspection of several nanoindentation simulations [21,82].
The BDA identification is based on common neighbor analy-
sis [83], coordination number, and centrosymmetry parameter.
The algorithm can identify surface atoms, atoms next to a va-
cancy, screw and nonscrew dislocations, {110} planar faults,
and twin boundaries. The screw dislocations and twin bound-
aries cannot be distinguished by BDA, but the line character of
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FIG. 11. Visualization of dislocation lines using the DXA algo-
rithm of OVITO (a)—(c) and bcc defects identified by BDA (d)-(i) for
a normalized indentation depth of i/a. ~ 0.41. In BDA, the atoms
are color-coded according to the identified defect type while perfect
bulk atoms are not shown. A scale bar is given on the right side for
every row.

screw dislocations and planar character of twin boundaries can
be discerned easily by a visual inspection. Since deformation
twinning may compete with dislocation-mediated plasticity in
W nanocrystals [84], BDA provides a complementary view
to the detection of dislocation lines with DXA. Both DXA
and BDA visualizations for the normalized indentation depth
h/a. ~ 0.41 are shown in Fig. 11. Furthermore, the DXA and
BDA results for the maximum indentation depth z/a. = 0.62
are shown in Fig. 12.

For EAM, two 1/2(111) dislocation loops are visible in
Fig. 11(a), as they emerge from the highly distorted region
below the indenter. In contrast, a deformation twin develops
initially in both AP and ACE simulations. The twin struc-
tures grow in the (111) directions on the {211} habit planes.
Eventually, the twin propagation stops and 1/2(111) dislo-
cation loops start to nucleate from the twin tip, as visible in
Fig. 11(b). This process likely occurs by coalescence of three
1/6(111) twinning dislocations and leads to gradual retraction
of the twin and transformation of the twinned region into a
dislocation network. At the maximum indentation depth, as
shown in Figs. 12(b) and 12(c), only dislocation loops are
present below the indenter. Such incipient nanocontact plas-
ticity via nucleation, propagation, and annihilation of twins
has been reported in simulations of bcc Ta [85]. A similar
outcome was also observed in the recent tabGAP simula-
tions [21], but some twins were still present at the maximum
indentation depth of 30 A while all twins transformed into
dislocation lines in our simulations. The initial twinning de-
formation was not observed for any other classical potentials
used in Ref. [21].

Dislocation lines identified by the DXA and BDA ap-
proaches are shown in Fig. 12 for the maximum indentation
depth of //a. =~ 0.62. While DXA can distinguish bcc dislo-
cations with the 1/2(111), (100) and (110) Burgers vectors,
BDA can resolve only the 1/2(111) screw and nonscrew
types. The dislocation network in EAM simulations differs

ACE _
¢ )
P>
€& (P Z
(9.}
n
of >
/\ \ -
< o 7% o
(M - / 5
g 2.
[100] J
)
@]
o0
P>

dislocation type

I h .
1/2(111) (100) (110) other () pmmm——— | 5
Osurface @ nonscrew dislocation @ {110} planar fault
@ vacancy O twin/screw dislocation O unidentified

FIG. 12. (a)—(c) Visualization of the atoms detected by the bcc
defect analysis for the maximum normalized indentation depth of
h/a. ~ 0.62. (d)—(i) Visualization of the dislocation lines identified
by the dislocation extraction algorithm viewed from different per-
spectives. The dotted line visualizes the (110) plane. (j)—(1) A cut in
this plane through the system is used to visualize the by OVITO cal-
culated shear strain. Scale bars are given on the right side of each row.
The visualizations in the first column are from the EAM simulation,
the second column contains the ones of the adaptive-precision (AP)
simulation and the ACE simulation is shown in the third column.

markedly from those in AP and ACE simulations. In the latter
simulations, one can almost exclusively see dislocations with
the shortest 1/2(111) Burgers vector. The dislocation half
loops emanating from the indented region consist of long
segments of predominantly screw character connected by a
curved mixed/edge segment. The presence of long screws
is expected due to their large Peierls stress and thermally
activated motion. The half loops propagate away from the
indenter and their interaction leads in some cases to formation
of prismatic dislocation loops, as observed also in Ref. [21].
These loops continue to glide in the (111) directions as evi-
denced by the slip lines in Figs. 12(k) and 12(1).

In contrast, there are no extended dislocation segments or
(111) loops observed in the EAM simulation, as shown in
Fig. 12(d). Instead, the dislocation network is concentrated
primarily right under the indenter with significant portion of
(100) dislocations that glide in the [001] direction normal to
the surface, as visible on the slip traces in Fig. 12(j). This
observation is consistent with results from Ref. [21], where
(100) shear loops, which nucleated below the indenter and
glided in the [001] direction, were observed in simulations
that used the same EAM potential and indenter but a larger
indentation depth.

The dislocation density is calculated according to Eq. (10).
For this, we need the radius ap, of the plastic zone
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FIG. 13. Dislocation density evaluated using DXA and BDA
analyses for nanoindentations of Wqg). Since BDA cannot distin-
guish twins and screw dislocations, only their sum is given. The
dashed vertical lines mark the indentation depths analyzed in Figs. 11
and 12.

according to Eq. (11), where the material-dependent factor
Jpz = 1.9 is used for W [21]. The dislocation density as a
function of the indentation depth is shown in Fig. 13. Fur-
thermore, the plot also includes defect analysis using the
BDA algorithm. The number of twins/screw dislocations has
a maximum at 0.47 and 0.43 for the AP and ACE simula-
tions, respectively. This is consistent with the visual analysis
discussed above, since twins gradually transform to 1/2(111)
dislocations. Thus, Fig. 13 confirms the transition from ini-
tial twin-mediated plasticity to dislocation-mediated plasticity
in the AP and ACE simulations. For EAM, there is only
dislocation-mediated plasticity. Furthermore, one can clearly
see the different mechanisms of dislocation-mediated plas-
ticity between EAM simulation and ACE/AP simulations.
The density of (100) dislocations remains high during the
course of the EAM simulation while these dislocations are
only intermittent in the ACE/AP simulations.

IV. CONCLUSION

In this work, we systematically compared results of
nanoindentation simulations for the prototypical fcc metal
copper and bcc metal tungsten performed with interatomic
potentials of different accuracies and computational costs. We
employed computationally efficient EAM potentials, accurate
but less efficient machine learning ACE potentials, and an AP
combination of both [42]. The selection of atoms treated by
the AP potential was extended and compared to our previous
work to ensure an accurate description of atoms whose envi-
ronment differs significantly from that of bulk crystal.

Our results show that for Cu, all potentials yield similar
dislocation morphologies under the indenter with only small
quantitative differences. This confirms that the EAM potential
can describe well the metallic bonding in free-electron metal

Cu. Therefore, despite the achieved speedup of 21.1 of the
AP simulation compared to the ACE simulation, one does not
gain additional insights from the additional accuracy offered
by the ACE potential in this case.

In contrast, markedly different plasticity mechanisms were
observed for W in simulations performed with the central-
force EAM potential compared to results obtained using the
ACE potential, which is able to accurately describe the an-
gular character of the directional bonding, which is caused
by the half-filled d band of W. The EAM potential (also
with optimized parameters as shown in Appendix D) predicts
dislocation-mediated plasticity and sustained presence of the
(100) dislocations below the indenter. In the ACE simulations,
we instead observed a transition from initial twin-mediated
plasticity to dislocation-mediated plasticity and predomi-
nance of the common 1/2(111) dislocations. All ACE-specific
mechanisms were reproduced in the AP nanoindentation sim-
ulations, however, with a significant speedup of almost 30
times compared to the ACE-only simulations. Hence, the AP
potential overcomes the performance gap between the precise
ACE and the fast EAM potential by combining the advantages
of both potentials. Thus, AP potentials are beneficial for ma-
terials where simple central-force models are not appropriate,
such as for the description of the directional bonds in bcc
transition metals.
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DATA AVAILABILITY

Our adaptive-precision interatomic potentials (APIP) pack-
age is available as part of LAMMPS and contains our
modifications to the LAMMPS source code, which allows the
usage of the APIP. LAMMPS is available in Ref. [87]. The
staggered-grid domain decomposition for LAMMPS will be
published separately in the future, but the APIP package does
not depend on the geometry of the spatial domain decompo-
sition [86] and can also be used with the load balancing via
recursive coordinate bisectioning [91], which is implemented
in LAMMPS [47].
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APPENDIX A: EQUILIBRATION

We use a relaxation technique adapted from Refs. [48,88].
First, a perfect lattice is created at 0 K. The perfect lattice is
simulated with periodic boundary conditions in all dimensions
as a NVT ensemble with a Langevin thermostat with the damp-
ing constant y" until the temperature is within the tolerance
dr to the target temperature Ti,r. In the second step, a NPT en-
semble is simulated according to Nosé-Hoover with damping
parameters y; and y ' for temperature and pressure until
target temperature and target pressure p,g are within the tol-
erance §7 and §,, of the target values. At this target temperature
and pressure, the surface is created at the top of the simulation
box in the z direction and the open boundary conditions are
used instead. The bottom atoms in the z direction are frozen at
their current positions and their velocity is set to zero and not
updated anymore. In a third simulation of the duration Atg,
a NVT ensemble with a Langevin thermostat is applied. The
thermostat damps the pressure waves of the created surface.
The total momentum is set to zero repeatedly after the time
interval Atyom since it is not conserved by the Langevin ther-
mostat. All equilibration steps and the nanoindentation itself
are simulated with the time step Af.

Dynamic load balancing is essential for the adaptive-
precision simulations as the time required to calculate forces
and energies for a particle heavily depends on the used in-
teratomic potential. We use a staggered grid [89] as spatial
domain decomposition [86], which is balanced by ALL [90]
as described in Ref. [42]. For the EAM and ACE simulation,
we use the recursive coordinate bisectioning (RCB) [91] from
LAMMPS which balances the LAMMPS tiled domain layout
according to the measured force-calculation time. The load
balancer is called after every time interval Afgrcp or Afsg if
the system is imbalanced enough.

All mentioned parameters are listed in Table III for the
copper and tungsten simulations with all three interatomic
potentials.

APPENDIX B: AP POTENTIAL FOR TUNGSTEN

1. EAM potential

We used the EAM potential for W developed in Ref. [55],
which is given by the embedding function

E(x) = a{ VX + a5, (B1)
the pair potential
nCD
o)=Y a (37 —x)’0(52 —x). (B2)
i=1
and the electron charge density
nt
() = Y af (55 —x) 05 —x), (B3)
i=1

where ®(x) = 1 forx > 0, 0 forx < 0. The electron charge
density ¢o(r) becomes negative for small » and has a max-

imum at r,. Thus, a constant value of the electron charge

TABLE III. Parameters used during the three steps of equilibra-
tion and during the nanoindentation as described in Appendix A.

Copper Tungsten
Property EAM AP ACE EAM AP ACE
Step 1: NVT periodic boundaries
yY/ps 1 1 1 1 1 1
5r/K 0.2 0.2 0.2 0.2 0.2 0.2
Step 2: NPT periodic boundaries
8,/bar 10 10 10 10 10 10
A /ps 0.1 0.1 0.1 0.1 0.1 0.1
y;H /ps 1 1 1 1 1 1
Drarg/bar 0 0 0 0 0 0
Step 3: NVT surface
Atg/ps 50 50 50 100 2 100
yY/ps 10 10 10 0.1 0.1 0.1
Almom/Ps 1 1 1 1 1 1
Step 4: Nanoindentation
v /ps 0.1 0.1 0.1 0.1 0.1 0.1
All steps
Tre /K 292 292 292 300 300 300
At /ps 0.001  0.001 0.001 0.001 0.001 0.001
A[RCB/pS 0.1 0.1 0.1 0.1
Atsg/ps 0.025 0.025
density is used in the form of
§0(rc€ut) forr < rgut
£(x) = : (B4)
Zo(r) forr > 3,

to ensure a continuous derivative of the electron charge den-
sity. Furthermore, the potential is extended to short range
using the universal potential of Ref. [92].

2. ACE potential

The ACE parametrization for W was trained on a large
dataset of DFT data obtained using the FHI-aims all-electron
code [93]. The training structures included bulk as well as
defective configurations. This parametrization has been exten-
sively tested but remains a preliminary version. The final ACE
model for W will be presented in a separate publication.

3. Combined EAM and ACE potential

The AP potential for W was constructed following the
strategy described in Ref. [42].

a. Optimizing the EAM potential

First, we introduce an energy offset A¢ since the equilib-
rium energies of atoms differ between the EAM and the ACE
description. Thus, the embedding energy is given as

EFN ) = £(0) + AE. (B5)
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TABLE IV. Target values with tolerance used in the loss function

Eq. (B6) for the optimization of the EAM potential.

Property Target value Tolerance §'
Scalar properties A,

Lattice parameter a3 3.1840 A 0.001 A
Cohesive energy Eon —11.169 eV /atom 1 GPa
Bulk modulus B 279.0494 GPa 1 GPa
Elastic constant Cy; 506.4702 GPa 1 GPa
Elastic constant C}» 165.3389 GPa 1GPa
Elastic constant Cyy 135.9924 GPa 1 GPa
Properties per structure s

Force F MD simulation 0.01eVA™!
Potential energy E MD simulation 0.01eV

The EAM potential described by Egs. (B2), (B3), and (BS)
is optimized using atomicrex [94]. The minimized loss
function is

targ pred 2 ” Flarg pred H
seS Emd Fina i

targ Apred 2
2T ) (B6)

0eO

where the notation (x;); = Zﬁv | ;} is used. The target values
calculated with ACE and the used tolerances are given in
Table IV. The optimized parameters are shown in Table V.
Just like for the EAM original potential form Ref. [55],
the short-range interaction is given by the Coulomb energy

screened by the ZBL screening function ¢ZBL, namely,

7Ly | 7,25é?

P ¢“PH(r), B7)

with the vacuum permittivity €y &~ 55.26 x 10~* 2 /eV A, the
nuclear charge number Z; , of the respective atom. The ZBL
screening function ¢?BL is [95]

7ZBL

¢ZBL — 0.18186_3‘2x + 0.50996_0'9423XZBL

ZBL ZBL

+ 0.2802¢ 0402 4 0.02817¢ 02017 - (B8)

ZBL

with the reduced distance x?BL = r/a?BL, where

o _ _0.8854ay

- Z?.ZS +Z§'23 ’ (Bg)

where ag = 0.529 A is the Bohr radius. For W-W inter-
action with Z; =27, =74 follows azgr, ~ 0.0870 A. The
ZBL potential ®“BL and the pair potential & are inter-

polated according to Ref. [96] between rllgt and r with

TABLE V. Parameters of the optimized EAM potential at 300 K.

Parameter Value Parameter Value
rin /A 1.10002 8P /A 3.85904
rin /A 2.10004 88 /A 4.10323
Z 74.0 88 /A 4.73354
€o/e2eV A 0.005526 s* /A 4.8959
azsL/A 0.087024 82 /A 5.09081
al/ev 3663.54 8% /A 5.27739
aljev —3663.85 8% /A 5.40309
al/ev 128.443 8% /A 5.45078
a? JevV 2.10845 a’ [eV —267.394
a?/ev 5.10311 a JeV 0.486763
al Jev —4.06894 a;/eV —0.0425619
a®/ev 1.25081 a; [eV 0.0330214
a? Jev 1.64931 8/A 25
al Jev —1.4248 85/A 3.1
a®/eV —0.761194 88/A 35
a® /ev 1.93524 85 /A 4.9
a® /eVv —0.70151 a JeV —6.24657
a?,/eV 0.0935973 a5 /eV —0.0836583
a’,/evV —1.40395 AEJeV —2.14333
a®/ev 1.13035 b2 eV 15390.78524
5P/A 2.74456 bP/eV ATl —41436.47926
82 /A 274451 b2 /eV A2 45168.43075
82/A 2.28653 b2 jeV A3 —24693.64209
82/A 291147 b? eV A4 6736.28696
82/A 2.96512 b?/eV A3 —731.61162
82 /A 3.07694 /A 2.46396
82 /A 3.53116
the polynomial
5
DM (x) = Z bEx™, (B10)

m=0

so the pair potential and its first two derivatives are continuous

at ri™ and . Thereby, we get the pair potential
OZBL(r)  forr < r™
()= dM(r)  for M < r < (B11)
D(r) for M < r.

Hence, we use the optimized EAM potential described by
Egs. (B4), (B5), and (B11) with the parameters given in Ta-
ble V. Basic properties calculated with the optimized EAM
potential compared with the original EAM potential and the
ACE potential are shown in Table VI. The elastic constants
and related bulk properties correspond to the ACE reference
values. Properties not included in the atomicrex optimization,
such as surface energies or formation energies of interstitials,
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TABLE VI. Properties calculated with tungsten potentials.

EAM

ACE Fit Original
Interstitial formation energy/eV
100 dumbbell/eV 12.47 8.77 12.94
Tetrahedral/eV 11.03 8.66 10.43
Elastic constant C;;/GPa 506 508 523
Elastic constant C;,/GPa 165 162 203
Elastic constant Cyy/GPa 136 140 160
Bulk modulus/GPa 279 277 310
Shear modulus 1/GPa 136 140 160
Shear modulus 2/GPa 171 173 160
Poisson ratio 0.25 0.24 0.28
Lattice constant/A 3.1840 3.1837 3.1400
Cohesive energy/eV -11.17 -11.17 —-8.90
Vacancy formation energy (bcc)/eV  3.36 4.01 3.49
Surface energy 111/Jm2 3.62 3.55 2.96
Surface energy 100/Jm™2 4.11 3.10 2.72
Surface energy 110/Jm™2 3.51 2.95 231

are not reproduced. The phonon spectra of the optimized
EAM potential and the ACE potential compared in Fig. 14
are in good agreement.

b. Switching function

The parameters of the switching function A are set ac-
cording to the strategy used in Ref. [42]. The used values
are shown in Table VII. The centrosymmetry parameter uses
neighboring atoms which are on opposite positions of the
central atom and is usually calculated for the atoms of
the nearest-neighbor shell [49]. The distance in a bcc lat-
tice between the first- and second-neighbor shell is with
(1-43 /2) =~ 0.13 lattice constants relatively small, whereas

—— EAM original ACE
——— EAM fit experiment
6 -
=
S4B
=
Q y
0 T
N r H P r

wave vector

FIG. 14. Phonon spectra calculated with ASE [97] of the fitted
EAM potential, original EAM potential, the ACE potential, and
experimental values [98] measured by inelastic neutron scattering at
room temperature.

TABLE VII. Parameters of the adaptive-precision model and
values of the parameters for tungsten at 300 K.

Parameter  Value  Parameter Value Parameter Value
Nouter Oatoms  CSPy; 1L6A2 Ny 110
Nesp ave 110 Fito 40A  Akmin 0.01
CSP, 1.5A2 Froni 120A 121 800 atoms

the distance between the second- and third-neighbor shell is
(ﬁ — 1) & 0.41 lattice constants. Therefore, one can easily
separate the third from the first two neighbor shells. Thus, we
calculate the CSP with 14 nearest-neighboring atoms which
corresponds to the number of neighbors in the first two neigh-
bor shells.

APPENDIX C: COMPUTATIONAL EFFICIENCY

The computational time required for the simulation of
the nanoindentations are reported in Figs. 2 and 8 for the
whole nanoindentation. The automatic precision adjustment
during the AP simulations also affects the computational time,
which is why an analysis of the computational time dependent
on the progress of the simulation provides further insights.
LAMMPS measures the number of simulated time steps per
wall-time second. The computational time 7, per atom and
time step is given as

No. processors

Tatom = - : PO
M No. time steps per wall-time second x No. particles

(CD)

which is shown in Fig. 15(a) dependent on the simulated time.
Taom 1S approximately constant for EAM and ACE for the
whole simulation, while Tuom, Starts to increase during the
AP simulations. The number of precisely calculated atoms
increases during the simulation, as the dislocation density p9*
[Eq. (10)] increases (cf. Figs. 6 and 13). As the number of
precisely calculated atoms and 7, are positively correlated
[cf. Fig. 15(c)], the increase of T,y Over time is expected.
The imbalance I is defined in LAMMPS as [99]

_ max { r[f"rc"‘ }

= (€2)
<-L-I£0rce)

p

where r[f‘“ce denotes the on processor p measured force-
calculation time. I =1 applies for a perfectly balanced
system, while / > 1 indicates load imbalances. The mean
imbalance in the adaptive-precision simulations of W and Cu
is 1.09 and 1.29, whereas the visualization dependent on the
simulated time in Fig. 15(b) shows for Cu a decrease of the
imbalance when 7., increases. Hence, the increase of T, in
the AP simulations is independent of the imbalance for W and
weakened by the imbalance for Cu. Furthermore, the fixing of
the switching parameter in the zones of interest, as described
in Sec. II B 3, results in a decrease of the imbalance of 0.12
in the AP Cu simulation compared to the AP Cu simulation in
Ref. [42]. Thermal fluctuations of atoms affect the centrosym-
metry parameter, which is used to calculate the switching
parameter. As discussed in Ref. [42], an atom, which is only
due to thermal fluctuations detected for a precise calculation,
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FIG. 15. (a) Computing time 7, per atom and time step according to Eq. (C1), dependent on the simulated time for all nanoindentations.
(b) Imbalance I according to Eq. (C2), dependent on the simulated time for the AP simulations. The central plot shows that the system is
unbalanced at the beginning and at restarts of the simulation. The part of the imbalance axis corresponding to a balanced system, i.e., [ ~ 1,
is enlarged at the top for Cu and at the bottom for W. The time of restart is marked with vertical lines in the enlarged plots. (c) Correlation
of t,om and the number of precisely calculated atoms. All measured values in (c) and in the enlarged plots in (b) are shown as points, while a

moving average of 1 ps intervals is shown as a line.

causes due to the spatial transition zone the computation of
ACE also for neighboring atoms and, thereby, increases the
imbalance. The existence of such atoms at room temperature
is less likely for W than for Cu due to the higher melting point
of W. Therefore, the imbalance / is smaller for W than for Cu
in the AP nanoindentations [cf. Fig. 15(b)]. As the number
of fast calculated atoms decreases over time, in particular,
through the gliding of prismatic dislocation loops (cf. Fig. 5),
the number of atoms, that are susceptible to incorrect precise
treatment and, thus, the imbalance decrease at the end of the
AP Cu simulation.

APPENDIX D: TUNGSTEN NANOINDENTATION
WITH OPTIMIZED EAM POTENTIAL

To validate whether the nanoindentation simulation of W
with the optimized EAM potential would give results similar
to the reference ACE potential, we performed an additional
simulation run. Dislocation lines, defects, and the shear strain
from this simulation are visualized in Fig. 16 for the same
indentation depths as in Figs. 11 and 12.

For the normalized indentation depth A/a. =~ 0.41 (left
column), there are primarily nonscrew dislocations detected
by the BDA algorithm for the original EAM potential [cf.
Fig. 11(g)] as well as for the optimized EAM potential [cf.
Fig. 16(e)]. Unlike in the AP/ACE simulations, no twins are
detected.

At the maximum indentation depth (right column), we
observe less pileup when the optimized EAM potential is used
than when the original EAM potential is used [cf. Figs. 16(d)
and 12(a)]. Furthermore, twins are detected by BDA in the
optimized-EAM nanoindentation [cf. Fig. 16(d)] while there
are none in the original-EAM nanoindentation. However,
there are still numerous (100) dislocation lines below the
indenter [cf. Fig. 16(b)] and the shear strain is higher only
below the indenter for both EAM potentials [cf. Figs. 16(h)
and 12(j)], in contrast to the 1/2(111) loops observed in the
AP/ACE nanoindentation.

In conclusion, the optimized EAM potential predicts a
less pronounced pileup at the indent’s rim and the existence

of twins, unlike the original EAM potential, which some-
what resemble the AP/ACE results. However, the dislocation
mechanisms remain the same as for the original EAM po-
tential. Therefore, the mechanisms observed in the AP/ACE
nanoindentation simulations cannot be simply achieved via
optimization of the EAM potential.

h/a; ~0.41 h/ac ~0.62
/ac /ac ~  DXA
S 1/2(111)
= 100
[001] 2 (100)
@ S, m(110)
[100] J M other
““““ BDA
E O surface
=
y.vacancy

@ nonscrew disl.

O twin/screw disl.
@ {110} planar fault
O unidentified

YO bl

(=]

Y8501
urens Jeays

—_
(9}

FIG. 16. Tungsten nanoindentation simulated with the optimized
EAM potential (Table V) visualized with (a), (b) the dislocation ex-
traction algorithm (DXA) and (c)—(f) the bec defect analysis (BDA).
(), (h) A cut in the (110) plane through the contact point is used to
visualize the by OVITO calculated shear strain. Scale bars are given
on the right side of each row.
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