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Nanoindentation into a bcc 
high‑entropy HfNbTaTiZr 
alloy—an atomistic study 
of the effect of short‑range order
Iyad Alabd Alhafez 1, Orlando R. Deluigi 2, Diego Tramontina 2, Nina Merkert 1, 
Herbert M. Urbassek 3* & Eduardo M. Bringa 2,4

The plastic response of the Senkov HfNbTaTiZr high‑entropy alloy is explored by means of simulated 
nanoindentation tests. Both a random alloy and an alloy with chemical short‑range order are 
investigated and compared to the well understood case of an elementary Ta crystal. Strong differences 
in the dislocation plasticity between the alloys and the elementary Ta crystal are found. The high‑
entropy alloys show only little relaxation of the indentation dislocation network after indenter 
retraction and only negligible dislocation emission into the sample interior. Short‑range order—
besides making the alloy both stiffer and harder—further increases the size of the plastic zone and 
the dislocation density there. These features are explained by the slow dislocation migration in these 
alloys. Also, the short‑range‑ordered alloy features no twinning plasticity in contrast to the random 
alloy, while elemental Ta exhibits twinning under high stress but detwins considerably under stress 
relief. The results are in good qualitative agreement with our current knowledge of plasticity in high‑
entropy alloys.
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The mechanical properties of high-entropy alloys are receiving continuous  attention1–3 as they combine excellent 
strength with  ductility4,5. One of the microscopic origins of their features lies in the slow dislocation activity in 
these  alloys6,7 that is caused by the lattice distortion brought about by the mix of atomic constituents with vari-
ous sizes. Recently, high-entropy alloys forming single-phase bcc crystals have come into the focus of research. 
Among them, the equiatomic HfNbTaTiZr alloy has become one of the best investigated  examples3; it is also 
known as the Senkov  alloy8. Thus, Xu et al.9 directly model the shear strength of the HfNbTaTiZr alloy and 
observe failure by a bcc-to-fcc phase transformation initiating in HfTi rich regions. Liang et al.10 study how 
variable fractions of Hf and Ta in HfNbTaTiZr alloys affect the tensile strength. Recently, Hf15Nb40Ta25Ti15Zr15 
was found to be both strong and ductile at cryogenic to elevated  temperatures11.

Due to the chemical complexity of these concentrated alloys, the local stoichiometry may deviate from the 
overall composition leading to local chemical short-range order. While difficult to monitor  experimentally12, it 
is easily accessible to atomistic simulation techniques as emphasized in a recent review  article13. This short-range 
order can have a sensitive effect on mechanical properties, as it controls the structure of dislocation nucleation 
and their  mobility14–18. Predictions and experiments to taylor yield strength by controlling the short-range order 
are under  way19.

The technique of nanoindentation is well known to be able to test mechanical properties under high com-
pressive stress and non-uniaxial  load20. Molecular dynamics (MD) simulation allows to model the processes 
occurring under such high loads in detail and has often been employed to study the processes of plasticity, defect 
formation and even phase transformation  occurring21,22. Indentation into fcc high-entropy alloys has already 
been studied in detail  previously23. Recent MD indentation studies on bcc high-entropy alloys include Ref. 24 
which studies a non-equiatomic HfTaTiZr alloy and reports on phase transformation to hcp as the main process 

OPEN

1Institute of Applied Mechanics, Clausthal University of Technology, Adolph-Roemer 
Str. 2A, 38678 Clausthal-Zellerfeld, Germany. 2CONICET and Facultad de Ingeniería, Universidad de 
Mendoza, Mendoza 5500, Argentina. 3Physics Department and Research Center OPTIMAS, University of 
Kaiserslautern-Landau, Erwin-Schrödinger-Straße, 67663 Kaiserslautern, Germany. 4Centro de Nanotecnología 
Aplicada, Facultad de Ciencias, Universidad Mayor, Santiago 8580745, Chile. *email: urbassek@rhrk.uni-kl.de

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-59761-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9112  | https://doi.org/10.1038/s41598-024-59761-6

www.nature.com/scientificreports/

of plastic deformation; indeed such phase transformations have been predicted to be relevant for Ti-Zr-(Nb-)
Hf-Ta high-entropy alloys on theoretical  grounds25. Chen et al.26 study equiatomic HfNbTaZr alloys which are 
similar to the Senkov alloy but miss the Ti component; their study reports on the relevance of including short-
range order. Liu et al.27 investigate a TaTiZrV alloy, albeit with a rather small sample containing less than 1 mil-
lion atoms; they focus on the initial plasticity and dislocation nucleation processes. In bcc high-entropy alloys, 
anomalous structures of dislocation cores were  identified28.

In the present paper, we study the plasticity induced during nanoindentation in the Senkov HfNbTaTiZr 
high-entropy alloy. Because of the possible influence of chemical short-range order discussed  recently9, both 
a random alloy and an alloy with chemical short-range order are considered. In addition, we compare to the 
well understood case of indentation into an elementary Ta  crystal29–31, allowing us to highlight the differences 
in plastic behavior. In particular we can observe the considerably more confined plastic zone in the HEA as 
compared to an elemental bcc crystal, which gives evidence of the high activation barriers to dislocation motion 
in these crystals.

Methods
We study the indentation of a random HfNbTaTiZr alloy; for reference purposes we compare it to that in a pure 
Ta crystal. For convenience, we will denote the random alloy as the (random) HEA crystal. The single-crystalline 
HEA substrate has a (100) surface, lateral sizes of 92.5 nm, a depth of 50.6 nm, and contains 21 973 248 atoms. 
A pure Ta crystal containing the same number of atoms is constructed, which has a lateral extension of 89.8 nm 
and a depth of 48.9 nm. As it is common in indentation  simulations22, ideal defect-free crystals are used. Note 
that – assuming a dislocation density of 1012 m −2 for an annealed metal sample – the dislocation length in the 
simulation volume is smaller than 1 nm, and hence negligible. From other  studies32, it is known that quite high 
initial dislocation densities, in the range of 1015 m −2 and above, would be required to influence the indentation 
behavior markedly.

In the HEA crystal, the atoms are distributed randomly over the lattice points of a bcc structure with equal 
fractions of 20%. After relaxation to a final temperature of around 10 mK and low stress components around 
10−4 GPa, it has a lattice constant of 3.3888 Å. This value is in good agreement with experimental  data8,33,34. For 
comparison, we note that the lattice constant of Ta in the potential adopted in this study is 3.2897 Å.

The interatomic potential is chosen as an embedded-atom-method-type  potential9 based on previous work 
on the construction of alloy  potentials35,36. Xu et al.9 implemented this potential in order to correctly describe 
the short-range order and the resulting shear strengths in HfNbTaTi-based quinary refractory multi-principal 
element alloys. We note that an alternative potential for this material is  available37, but our calculation of elastic 
constants using that potential does not match experimental results as well as the potential used here, as men-
tioned by Ref. 9. The potential for the pure Ta crystal has been developed by Ravelo et al.38 with a particular focus 
on describing plasticity and the high-pressure behavior of this metal correctly and has been used previously to 
model  nanoindentation30,31.

For the indentation simulation, the bottom and the lateral sides of the samples are fixed in a layer of thickness 
6 Å to prevent the whole substrate from any translational movement. The next layers with a thickness of 8 Å are 
kept at a temperature of 10 mK by a velocity-scaling  thermostat39. Such a low temperature is chosen to minimize 
thermal vibrations and help in the identification of defects.

The indenter is modeled as a repulsive sphere. The interaction potential between the indenter and the sub-
strate atoms is limited to distances r < R , where R is the indenter radius; in this study we fix it to R = 10 nm. 
The indenter interacts with the substrate atoms by the potential

where r is the distance of a substrate atom to the center of the indenter. The indenter stiffness has been set to 
k = 3.3 eV/Å3.40,41

The indenter is initially positioned immediately above the surface; at time t = 0 it starts moving perpendicular 
to the target with a velocity of 20 m/s. We penetrate to a final depth of d = 4 nm, which is reached at t = 200 ps. 
Then the indenter is held fixed for a time of 100 ps, until it recedes with a velocity of 20 m/s. Fig. 1 summarizes 
the simulation setup as a schematic.

We use the open-source LAMMPS  code42 with a constant time step of 1 fs to perform the simulations. The 
free software tool  OVITO43 is employed to visualize the atomistic configurations. Dislocation profiling has been 
made by the use of the Crystal Analysis Tool (CAT)44–46, including the determination of dislocation lengths and 
junctions. This tool also has the capability to perform 2D defective structure identification, like twin boundaries. 
The parameters employed were 0.39 nm for the neighboring cutoff and 0.9 (1.6) nm for the trial and extended 
circuit lengths, respectively.

Short‑range order
Due to the interatomic interactions and to effects during synthesis and thermal processing, alloys may develop 
chemical short-range order which leads to marked differences in their mechanical behavior, as was for instance 
demonstrated in Ref. 9 and also for the related HfNbTaZr  alloy26. We therefore used Monte Carlo simulation at 
a temperature of 100 K to create an alloy with an equilibrated short-range order. After 4.7× 106 Monte-Carlo 
steps in a sample of 40× 40× 40 lattice constants containing 128,000 atoms, a reduction of the potential energy 
of the sample by around 1% could be achieved, see Fig. 2a.

(1)V(r) =
{

k(R − r)3, r < R,
0, r ≥ R,
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The established short-range order can be quantified by the so-called Warren-Cowley  parameters47,48. These 
are defined as

where pij is the probability of finding an atom of type j in the first-neighbor shell of an atom of type i and cj is the 
(average) concentration of atoms of type j. Note that for an equi-atomic alloy, it is αij = αji , since pij = pji , and 
for 5 species the range of αij is between −4 and +1 . Thus, a random alloy is characterized by αij = 0 ; for i  = j , 
values of αij > 0 denote atomic repulsion, while αij < 0 denotes attraction (ordering, segregation); a random 
alloy is characterized by αij = 0.

The evolution of the Warren-Cowley parameters is plotted in Fig. 2b and shows that the chemical evolution 
reached an equilibrium for most of the species pairs. Thus, for instance, strong tendency of Hf-Ti ordering 
( α < −1 ) is observed, which is illustrated in Fig. 3; this finding is in agreement with a previous  study9. A closer 
analysis shows that small HfTi clusters (precipitates) of a few (2–3) nm diameter with an ordered B2 structure 
have been established. We note that the presence of such small precipitates has been identified experimentally 
with electron microscopy, albeit for a different (fcc CoCrNi)  alloy12. Similarly, but not so pronounced, also TiZr 
ordering shows up. The large values of the Warren-Cowley parameter for Hf-Hf pairs ( α ∼ +1 ) demonstrate 

(2)αij = 1−
pij

cj
,

Figure 1.  Schematic of the simulation setup. The radius R of the indenter and the dimensions of the simulation 
sample are indicated. The substrate has thermostatting and rigid zones at its boundaries. The contact area at full 
indentation depth d = 4 nm, is colored in light blue. .

Figure 2.  Evolution of the (a) potential energy and the (b) WC parameters, Eq. 2, during a 4.7-million-step MC 
run.



4

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9112  | https://doi.org/10.1038/s41598-024-59761-6

www.nature.com/scientificreports/

that Hf prefers not to be nearest neighbor of its own species, but rather second-nearest neighbor such as in the 
B2 structure. We note that experiments provide a complex view of short-range order in the Senkov alloy. For 
instance, it has been reported that the alloy decomposes at high temperatures (above 1000 K) into two phases 
of differing  stoichiometry33,49.

We conclude that even though atom reordering to induce short-range order does not lead to substantial 
changes in the potential energy of the sample, it has major consequences for the local alloy structure and may in 
particular nucleate small clusters of locally ordered regions in the form of B2-ordered precipitates.

For indentation simulations, we construct a sample extending 81.7 nm × 81.7 nm laterally and 54.4 nm in 
depth, containing 18.4× 106 atoms. For convenience, we shall denote this short-range-ordered HfNbTaTiZr 
alloy as the SRO sample. Its lattice constant amounts to 3.389 Å, in agreement with the random HEA sample. 
Indentation on this sample is performed in strict analogy with the random HEA and Ta samples.

Results
Indentation force and hardness
The evolution of the indentation force with time is displayed in Fig. 4a. Note that since the indenter moves with a 
constant velocity of 20 m/s during the indentation and retraction phases, this diagram immediately translates into 
a force-depth curve. Already during the indentation phase, strong differences between the alloys and elemental 
Ta show up: For Ta, the elastic phase only ends at 70 ps (depth of 14 Å) and is marked by a strong force drop 
caused by a burst of dislocation  formation22,30. The two alloys, on the other hand, end their elastic phase already 
at 50 ps (depth of 10 Å) showing only a tiny force drop. This indicates that dislocation nucleation occurs more 
easily in the alloys than in the elemental crystal, but induces less stress relief. This feature also shows up during 
the later stages of the indentation curve, where force fluctuations induced by dislocation generation lead to strong 
fluctuations in the force curve for Ta, but not in the alloys.

Figure 3.  View on a cut through the SRO sample, highlighting atom segregation and formation of B2-ordered 
regions. Atoms are colored according to atom species.
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Figure 4.  Evolution of the (a) normal force and (b) contact pressure with time for the random HEA and SRO 
alloys and the Ta crystal. Indentation proceeds until time 200 ps; the indenter is held constant until 300 ps and 
then retracted. The vertical lines indicate these times.
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During the elastic phase, the force follows the Hertzian law,

as a function of the indentation depth d. Since the indenter radius R is unchanged, the difference between the 
curves is entirely caused by the different indentation moduli Eind which are given by the elastic constants as 
Eind = Y/(1− ν2) . The elastic constants of the materials studied here are assembled in Table 1. The higher stiff-
ness of Ta explains the steeper force curve in Fig. 4a. The two alloys have quite similar elastic constants; note, 
however, that SRO is slightly stiffer than the random HEA, explaining the steeper Hertzian rise.

During the hold phase, the high forces needed to indent to a depth of 4 nm show a considerable decrease, 
indicating that the material relaxes under the indenter, in particular by dislocation motion and reactions. The 
force decreases during a time of around 50 ps, indicating that the hold time of 100 ps adopted in our simulations 
is adequate; note, however, the persistent force fluctuations up to the end of the hold phase indicating that in 
the strong stress field generated by the indenter, defect processes continue to develop. The final retraction phase 
is characterized by a monotonic decrease of the force exerted on the receding indenter. The indenter leaves the 
indent pit at a time of around 360 ps (at a depth of 28 Å) for all three materials, indicating that the indent pit 
has elastically recovered.

The force F can be used to calculate the contact pressure on the indenter via p = F/A , see Fig. 4b, where A is 
the contact area projected on the crystal surface. We determined the contact area via the atoms that are in contact 
with the  indenter50. After prolonged indentation, the contact pressure stabilizes—apart from fluctuations, which 
are particularly large for the elemental crystal, Ta, as discussed above. The averaged contact pressure is denoted as 
the (indentation) hardness Hind , and its value is listed in Table 1. Ta has a considerably larger hardness than the 
alloys. Interestingly, the SRO alloy shows a by 10 % increased hardness as compared to the random HEA. This is 
explained by the presence of B2 precipitates that impede dislocation motion and help hardening.

We note that in previous studies, the influence of short-range order on the hardness of the medium-entropy 
fcc alloy CoCrNi was studied. Experimentally, larger hardness and strength are found for the short-range-
ordered alloy than for the random  alloy12. This fact is corroborated by dedicated simulations of the behavior 
under  nanoindentation51,52, where it is found that with increasing short-range order, indentation hardness and 
strength increase. This strengthening behavior was attributed to an increase of the force needed for dislocation 
nucleation; also, dislocation pinning was increased by local Ni short-range-ordered structures. The effects found 
for the fcc alloy thus parallel closely those found in the present study for the bcc HEA.

The dislocation relaxation processes during the hold phase lead to a reduction of the stress field inside the 
material and hence of the contact pressure. We average the contact pressure over the last 50 ps of the hold phase, 
after the stress fields stabilized, and denote it as the hold hardness, Hhold . Table 1 demonstrates a substantial 
reduction of the hold hardness with respect to the indentation hardness. Interestingly, this reduction is strongest 
(27%) for the elementary crystal and least for the SRO alloy (20 %), indicating the enhanced difficulty of disloca-
tion motion and stress relaxation in the alloys. We note that our values of hardness agree extremely well with 
experimental values between 6 and 8  GPa53 and between 4 and 6  GPa54, for small penetration depths.

In experiment, indentation hardness is often determined by a method devised by Oliver and  Pharr55–57. It 
determines hardness from the force and the geometrically determined projected contact area at maximum load 
corrected for the sink-in phenomenon; it results in larger values than those listed in Table 1—e.g. Hind = 14.5 for 
pure Ta—basically because the geometric contact area underestimates the true contact area, which is defined by 
all atoms in contact with the indenter that bear the load. The method also allows to determine the indentation 
modulus Eind from the unloading curve. Again, the values obtained are too high, for instance Eind = 245 GPa 
for Ta, compared to the true value of 215 GPa. This overestimation may be caused by the fact that the unloading 
curve measures the mechanical properties of a defective and already work-hardened material. We explicitly note 
that both in the Oliver-Pharr method and in the analysis of the simulation data, pressure is calculated by dividing 
the normal force by the projected area of the indenter. These comments have been made in order to warn against 
the uncritical use of the Oliver-Pharr method for the analysis of MD data.

Dislocations
The differences between the forces exerted on the three crystals lead also to considerable differences in the dis-
location patterns developing under the indenter. Figure 5 illustrates the dislocation networks established at the 
end of the indentation and hold phase and also after retraction of the indenter for the three crystals studied. The 
most noteworthy difference shows up in elementary Ta, in which abundant dislocation emission in the form of 

(3)F =
4

3
EindR

1/2d3/2,

Table 1.  Elastic constants Cij , isotropic elastic moduli and hardness values for the random HEA and SRO 
alloys and the Ta crystal calculated for the potentials used in this study. Data are given in GPa. B bulk modulus, 
G shear modulus determined as a Voigt–Reuss–Hill average, Y Young’s modulus, ν Poisson ratio, Hind 
indentation hardness, Hhold hardness in the hold phase.

C11 C12 C44 B G Y ν Hind Hhold

HEA 156 118 67 131 41 110 0.36 7.9 5.8

SRO 162 120 68 134 43 115 0.36 8.7 7.0

Ta 267 160 86 194 71 190 0.34 12.9 9.8
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prismatic dislocation loops is observed. This phenomenon has been studied in detail in previous  simulations30; 
the dislocation loops are formed by the so-called lasso mechanism in which the edge dislocations of extended 
semiloops approach and annihilate each other such that a full loop is  emitted22,31. This mechanism is strongly 
suppressed in the two alloys, since the semiloops do not extend far enough from the indent pit that the two 
parallel edge dislocations could approach each other. For the random HEA, at least the emission of one small 
loop can be observed; however, it does not travel far even though the stress field in the vicinity of the indenter 
is still strong after the hold phase. These snapshots thus demonstrate the small dislocation mobility in the alloys 
and in particular in the SRO alloy.

A second notable feature relates to the complexity of the network adjacent to the indent pit, which is denoted 
as the plastic zone. Technically speaking, the extent of the plastic zone is determined by the dislocation segment 
which is farthest from the indentation  point58; this distance—denoted as the plastic-zone radius, Rpl—is readily 
determined by the OVITO  software43 used to analyze the simulation output. Since ejected dislocation loops may 
move far from the indenter by the stress field exerted by the indenter, they are not included in the definition of 
the plastic zone. After retraction, only few dislocations remain in the plastic zone of Ta, while the dislocation 
density in the plastic zone of the alloys remains high. The plastic-zone radius, Rpl , may be scaled to the geomet-
ric contact radius, ac =

√
2Rd − d2 = 8 nm, to yield the plastic-zone size factor f = Rpl/ac in order to allow 

comparison to other indenter radii R and indentation depths d. Table 2 assembles these values for the crystals 
studied here. A clear reduction of the plastic zone during the hold phase for all crystals except the SRO alloy is 
observed. However, the alloys show only negligible further reduction during the indenter retraction phase while 
the size of the Ta plastic zone strongly collapses.

These observations on the size of the plastic zone must be complemented by the total length of dislocations, 
Ldisl , within this zone, and to the average dislocation density ρ , which is determined by ρ = Ldisl/Vpl , where 
Vpl is the volume of the plastic zone. Table 2 shows that the total length of dislocations is comparable after the 
indent phase, since it is essentially given by the geometrically necessary dislocations which are needed to move 
the material out of the indent pit into the sample  interior22,59. However, both the hold and in particular the 
retraction phase lead to strong reductions of Ldisl for the elementary Ta; the reductions for the random HEA are 
not so pronounced. Thus, the dislocation length is in all phases largest for the SRO alloy, emphasizing the lack 
of dislocation mobility in this alloy. In the SRO alloy, also the dislocation density is highest; its value stays rather 
constant at 1.6–1.8× 1016 m −2 in all phases, while the random HEA and Ta have densities below 1× 1016 m −2.

Figure 6 further illustrates the high density of dislocations by plotting the radial dependence of the disloca-
tion density for the three materials studied after indenter retraction. Clearly, the extreme density values found 
within the plastic zone strongly exceed the average values given in Table 2. The SRO crystal not only has the 
highest densities in the plastic zone; also, its plastic zone extends farthest out. This is caused by the fact that 78% 
of the dislocations generated during the indentation phase survived for the SRO alloy within the plastic zone.

The Dislocation Extraction Algorithm (DXA)60 within OVITO also provides the number of dislocation seg-
ments in a given frame. After stress release, the average segment length amounts to 4.1 nm in SRO, while it is 
only 4.7 nm in the random HEA and 5.8 nm in Ta, following the expected trend.

Figure 5.  Snapshots showing the dislocation network in the random HEA and SRO alloys and the Ta crystal 
at full indentation, after the hold phase and after retraction of the indenter. Brown: deformed surface and other 
unidentified defects. Dislocations are colored according to their Burgers vector b : blue 1

2
〈111〉 , red 〈100〉.
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The complexity of the dislocation network can also be assessed by the number of dislocation junctions, J. The 
number of junctions in the elementary crystal is substantially smaller than in the random HEA alloy, indicat-
ing the comparably higher network complexity of the alloy visible in Fig. 5. The SRO crystal develops a smaller 
number of junctions than the random HEA crystal.

Dislocations in bcc crystals have mostly Burgers vector b = 1/2�111� , since these have lowest energy, but 
under the intense stress fields created during indentation, also dislocations with b = �100� are observed. We 
illustrate the network formed by these dislocations in Fig. 7 for the case of the random HEA after the hold 
phase. The figure illustrates the complexity of the network formed, emphasizing the large number of disloca-
tion junctions present. Dislocations start and end at a highly defective, disordered zone covering the bottom of 
the indent pit. The analogous snapshot for the SRO is depicted in the Supplementary Material S1 and shows a 
similarly compact dislocation network.

Table 3 quantifies the fractions of b = �100� and b = 1/2�111� dislocations formed and demonstrates the 
preponderance of the energetically favored b = 1/2�111� dislocations. In the process of dislocation relaxation 
after tip retraction, however, dislocation reactions tend to form b = �100� dislocations, or in other words, a larger 
percentage of b = 1/2�111� dislocations annihilate. This occurs in particular in the plastic zone of the elementary 
crystal, Ta, where most dislocations are annihilated, but to some degree also in the alloy crystals.

In elementary bcc metals, screw dislocations dominate the strength since their mobility is small due to the 
very compact core  structure61. However, recently Curtin and coworkers emphasized the role that edge disloca-
tions play in the strength of bcc high-entropy  alloys62,63 and refined theories of the strength of bcc high-entropy 
alloys based on the different behavior of edge and screw dislocations have been  developed64–66. We therefore 
analyzed the dislocations formed in the entire simulation volume according to their screw or edge character. 
To this end, we determined the angle θ between the dislocation line and its Burgers vector; if θ < 30◦ , we count 

Table 2.  Characteristics of the plastic zone after indent, after hold and after retraction for the random HEA 
and SRO alloys and the Ta crystal. Ldisl total dislocation length within plastic zone, Rpl radius of plastic zone, f 
plastic-zone size factor, ρ dislocation density, J number of junctions, NTB number of atoms in twin boundaries, 
Ntwin number of atoms in twinned regions.

Ldisl (nm) Rpl (nm) f ρ ( 1016 m −2) J NTB Ntwin

After indent

  HEA 455 31.0 3.9 0.366 187 1760 14619

  SRO 528 24.6 3.1 1.72 108 736 0

  Ta 485 31.9 4.0 0.358 167 1691 4337

After hold

  HEA 398 20.5 2.6 1.12 313 2312 13512

  SRO 522 24.3 3.0 1.76 86 596 0

  Ta 277 27.1 3.4 0.334 124 1487 3537

After retraction

  HEA 297 19.5 2.4 0.970 160 989 6186

  SRO 411 23.3 2.9 1.58 35 0 0

  Ta 99 15.4 1.9 0.666 21 292 240
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the dislocation as screw, if θ > 60◦ : as edge, and as mixed in all other cases. Table 3 assembles the fractions of 
dislocations categorized according to this scheme. For the elementary crystal, Ta, a simple picture shows up: 
While immediately after indent, all characters show up with similar frequency, after hold and in particular after 
indenter retraction, most dislocations show edge character; this preponderance of edge dislocations is caused by 
the ejected prismatic loops which feature a pure edge character and is in agreement with the general knowledge 
that the mobility of edge dislocations in bcc material by far exceeds that of screw dislocations. This preference 
of edge dislocations cannot be observed for the alloy crystals. There, a rather uniform mixture of edge and screw 
character shows up with a small preference, if any, towards screw character.

The limited dislocation mobility in the random HEA severely hinders the dislocation reactions required for 
prismatic loop emission, e.g. with the lasso  mechanism31, and leads to the complete absence of prismatic loops 
for the SRO sample. Something similar was observed under tension for a bulk sample containing a void, where 
Ta exhibited long dislocation loops while HfNbTaZr showed only short  dislocations67. We note that experiments, 
including TEM observations, suggest that the plasticity in HfNbTaTiZr was due to screw dislocation  glide34,68,69.

In a recent study, Chen et al.16 explored the dislocation character created under uniaxial tensile load in a bcc 
MoTaTiWZr alloy and also report a preponderance of screw over edge dislocations. However, their findings have 
to be taken with caution, given the small sample sizes used (around 105 atoms).

In nanoindentation experiments, the occurrence of dislocation avalanches has been observed in the Senkov 
alloy, in particular at higher  temperatures70. Such avalanches are caused by the sudden release of a group of 
sluggish dislocations and considerably increase the depth of the plastic zone.

Figure 7.  Snapshots showing the dislocation network in the random HEA alloy after the hold phase. The 
right-hand-side panel zooms into the region highlighted by a circle in the left-hand-side panel. Dislocations 
are colored according to their Burgers vector b as in Fig. 5, and yellow denotes b = �110� . Atoms are colored 
according to the local crystal structure: red (hcp) and green (fcc).

Table 3.  Dislocation types in the simulation volume after indent, after hold and after retraction for the 
random HEA and SRO alloys and the Ta crystal. Dislocations are categorized according to their Burgers vector 
b—1/2〈111〉 or 〈100〉—and according to their screw, edge or mixed character. Data are given as fractions (in %) 
relative to the total length of dislocations.

b Character

1/2〈111〉 〈100〉 Screw Edge Mixed

After indent

  HEA 95 5 37 22 41

  SRO 88 12 42 19 39

  Ta 98 2 28 42 30

After hold

  HEA 86 14 34 26 40

  SRO 87 13 39 23 38

  Ta 97 3 17 62 21

After retraction

  HEA 86 14 31 28 41

  SRO 83 17 40 24 36

  Ta 54 46 10 74 16
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Other defects and surface imprints
The high stresses in the vicinity of the indenter induce the formation of twin structures in the materials. We 
identified twin boundaries as well as the volumes of twinned regions. While the analysis of twin boundaries is 
facilitated by the CAT  software44–46, the detection of the twinned volumes—i.e., the volume enclosed between 
twin boundaries—requires the calculation of the misorientation angle of the twinned region with respect to the 
basic crystal lattice which is accomplished via the Polyhedral Template Matching  tool71; for further details see 
Refs. 72 and 73.

Table 2 assembles the number of atoms present in twin boundaries, NTB , and in twinned regions, Ntwin , and 
thus quantifies the amount of twinning occurring in the Ta crystal and in the alloys studied. In addition, Fig. 8 
displays the twinned regions in Ta and in the random HEA alloy; as discussed below, such regions do not exist 
in the SRO alloy. Table 2 shows that Ta features a considerable amount of twinning under stress; both in the 
indentation and hold phases. The location of these twinned regions is displayed in Fig. 8; the twins are imme-
diately adjacent under the indenter pit as well as in pile-up regions on the surface. After indenter retraction, 
however, the twins under the indenter re-adjust to the surrounding lattice and only the near-surface twins in 
the pile-up survive. The importance of detwinning in Ta after stress release has already been demonstrated in 
previous  studies30,31.

The random HEA sample, in contrast, shows considerable volume in the twinned regions, extending far below 
the indent pit; these twins also survive stress release after indenter retraction. This is plausible as it reflects the 
small mobility of dislocations in this alloy. Note that also in this alloy, at least in one of the surface pile-ups, a 
twin survives. For the SRO alloy, the amount of twin boundaries detected, is significantly smaller than in the 
other materials, see Table 2. The twin volume for the SRO sample is actually zero, since the few atoms detected 
as twin boundaries form small clusters which do not appear to conform with a twin boundary. For this reason, 
the SRO alloy is not displayed in Fig. 8. The absence of any substantial twinning in the short-range-ordered 
alloy is plausible as the coordinated crystal rotations required for twinning are thwarted by the breaking of the 
crystal symmetry caused by the short-range order and the presence of B2 precipitates. This might change for an 
alloy with larger B2 precipitates.

In experiment,8,74 twinning was detected in deformation of HfNbTaTiZr for temperatures lower than 873 K; 
twinning at large shear strain has also been reported for the same EAM potential used  here9, and twins under 
tension were found for simulations of HfNbTaZr when a void was  present67, and for nanocrystalline  samples72. 
However, Hu et al. do not observe twinning under the high applied stress through direct impact Hopkinson bar 
test and compression  strain75.

Point defects are created only to a negligible amount in the crystals studied. For the elementary crystal, a few 
vacancies and interstitial dumbbells are created, and a few vacancies in the alloys. We conclude that creation of 
point defects does not contribute to the defect formation.

Figure 9 shows the indent imprints and the material pile-up left over on the surface after indenter retraction. 
Ta features the fourfold symmetry connected to the crystallography of the bcc (100) surface most clearly. The 
pile-up material is transported on the surface by the activation of the {110}�111� slip system and is therefore 
situated at 45◦ from the cubic crystal axes on the surface, in agreement with experimental  observation29. The 
pile-ups of the alloys exhibit a more circular structure; they also exhibit higher pile-up heights and volume in 
agreement with the higher dislocation activity in the vicinity of the indenter in these alloys.

Figure 8.  Snapshots showing the twinned regions in Ta and in the random HEA alloy a the end of the 
indentation, hold and retraction phases. Atoms are colored by the misorientation angle towards the original 
lattice as given in the color bar. A surface mesh allows to identify the indent pit.
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Phase transformation
For the Ta and random HEA samples, we do not find any evidence for phase transformation of the bcc structure 
to other crystalline forms, with the exception of some hcp and fcc clusters just below the indenter, as shown in 
Fig. 7. This is in contrast to previous related studies that find large amounts of phase-transformed  material9,24,25. 
For the SRO sample, we find large clusters of defective hcp material in the high-stress zone, as seen in the Sup-
porting Material. However, this phase disappears after unloading and we note that other structure detection 
 methods76 would be required to better quantify the presence of a phase transformation.

The enthalpy difference between bcc and fcc is typically less than 100 meV/atom for the pressure range 
under the indenter, as seen in the Supporting Material. For tensile pressure, fcc becomes the preferred phase 
at −13 GPa. For hcp, the enthalpy differences are similar, and hcp becomes preferred at around −13.5 GPa. 
Something  similar67 happened for a different interatomic potential for HfNbTaZr, with both fcc and hcp becom-
ing preferred over bcc under large tensile stress, but with smaller energy differences, near 0.03 eV. Ref. 67 also 
found small clusters of fcc and hcp atoms, which were dismissed as detector noise instead of representative of 
phase change.  Simulations9 have shown than pure shear of a bulk sample leads to a bcc-to-fcc transition. MD 
 simulations24 of nanoindentation of the Ta0.5(HfZrTi)0.5 metastable alloy showed a bcc-to-hcp transformation. 
DFT  calculations25 indicate that an equiatomic alloy, after including lattice relaxation, would be far from the 
limit of TRansformation-Induced Plasticity (TRIP) behavior due to a bcc-to-hcp ( ω phase) transition, and they 
reflect on the difficulty in distinguishing a distorted ω phase from a distorted bcc phase.  Experiments77 show 
that TRIP behavior can be obtained by a significant increase of Ti content, compared to equiatomic composi-
tion. Finally, Chen et al.26 reported indentation-induced amorphization of nanocrystalline HfNbTaZr which, 
however, vanished after unloading. Inspection of their Fig. 5 indicates growth/decrease in the number of atoms 
identified by DXA as ‘other’ structures during loading/unloading, but with those atoms having a large degree of 
order. Therefore, this might only reflect the difficulty in identifying phases under inhomogeneous strain, par-
ticularly for the Common Neighbor Analysis (CNA) method used by DXA, and might not represent an actual 
phase transition. Such misidentification by CNA can occur also for atoms in cubic phases, within the naturally 
distorted HEA  structures76. Amorphization, supported by the lack of structure in the pair correlation function, 
was found in nanocrystalline HfNbTaZr under tension, for 5 nm grain  size72.

Summary
We explored the mechanical properties of the high-entropy bcc Senkov alloy by simulated nanoindentation. Both 
a random HfNbTaTiZr alloy and an alloy exhibiting short-range order were modeled and their performance was 
compared to that of an elementary Ta crystal. The simulation volume was chosen sufficiently large (> 20 million 
atoms) that boundary effects were minimized.

Short-range order was introduced into the sample by a Monte Carlo procedure. We observe a slight stiffening 
of the elastic constants and an increase of the indentation hardness on the 10% level. These changes are caused by 
the generation of HfTi-rich precipitates in the B2 structure which impede dislocation motion and help hardening. 
The existence of such precipitates is in line with previous  work9.

The indentation-induced plasticity is mainly based on dislocation generation and activation. However, dis-
location emission from the plastic zone under the indenter, which is a common phenomenon in elemental bcc 
crystals and also in Ta, is strongly impeded or even absent in the alloys. Also, dislocation recovery after indenter 
withdrawal is constrained in the alloys; while the radius of the plastic zone in pure Ta shrinks by 50%, it is 
reduced by only 30 % in the random alloy and stays approximately constant for the short-range-ordered alloy. 
In consequence, also the dislocation densities in the plastic zone are highest for the alloys, and in particular for 
the SRO alloy. These features mirror the decreased dislocation mobility in the alloys.

In addition, twinning contributes to the plastic deformation. Twinning is strongest in the random alloy; 
however, the twinned volume shrinks to one third after unloading. The remaining twins are found both on top 
of the surface in the pile-up and in the region below the indenter. Also in the elementary Ta crystal, we observe 
 twinning30,31; here, however de-twinning is strong such that only < 6% of the twinned volume survives; it is all 
situated in near-surface pile-up regions. For the SRO alloy, no twinning is found. In that alloy, the breaking of 
the crystal symmetry and in particular the presence of B2 precipitates prevent the coordinated motion necessary 
for twin formation, favoring instead some limited transition to the hcp phase, next to the indenter.

Figure 9.  Top view of the indent pits and the surrounding pileups of the random HEA and SRO alloys and the 
Ta crystal. Color denotes height above the original surface after retraction.
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In contrast to previous  studies27, we use samples that are large enough to accommodate the extension of the 
dislocation network under load including loop ejection. Our comprehensive analysis includes the identification 
of screw/edge dislocation character as well as the quantification of the twin volumes. In addition, we are the 
first to compare favorably with experiments regarding both  hardness53,54 and  microstructure8,34,68,69,74. Detailed 
understanding of plasticity might allow design of future alloys with improved performance.

Data availability
All data used for this study are contained in this article.
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