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Abstract
NiCoFe alloy, a medium-entropy alloy, shows potential for applications in extreme environments. However, there is a

theoretical barrier concerning the unclear understanding of its high-temperature dislocation motion mechanism. The load

response exhibits distinct signatures relevant to thermal activation, most notably a decrease in critical force (i.e., softening)

from cryogenic to elevated temperatures, e.g., from 200 to 1000 K. The onset of plasticity is characterized by the

nucleation of stacking faults and prismatic loops at low temperatures, whereas the surface nucleation of Shockley partial

dislocations dominates plasticity at elevated temperatures. We show that thermal effects lead to non-uniform atom pile-ups

and control the rate of phase transformation with increasing indentation depth. The findings in this work extend the

understanding of the mechanical response of NiCoFe alloys under indentation at different temperatures, shedding light on

the underlying dislocation motion mechanisms and surface deformation characteristics. The observed transformation-

induced plasticity mechanism has implications for the properties of medium-entropy alloys and their potential applications

in extreme environments.
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1 Introduction

As a medium-entropy alloy (MEA), the equiatomic NiCoFe

concentrated solid solution represents a very basic chemical

composition that shows potential to exhibit outstanding

thermo-mechanical properties under extreme environments,

e.g., high strain rates, high temperature, corrosion, and irra-

diation [1–5]. These include, but are not limited to, single-

phase thermodynamic stability [6] and high-temperature

strength [7]) that often exceed those of conventional ‘‘dilute’’

alloys [8–10] with only one principal element. Such

remarkable material properties have been commonly attrib-

uted to atomic-level chemical/micro-structural complexities

in MEAs/high-entropy alloys (HEAs) that often interplay

with (pre-)existing defects (i.e., point defects, dislocation

lines, stacking faults) in a highly nonlinear and complex

manner. At elevated temperatures, in particular, underlying

deformation mechanisms such as dislocation nucleation,

climb [11, 12], cross-slip [7, 13, 14], and glide dynamics

[1, 13]) become extremely intricate in the presence of lattice

disorder which may be conceptually thought as random pin-

ning effects within a complex energy landscape [15]. Such

deformation mechanisms are known to promote (or degrade)

complex alloy performance, but their atomistic origins and

direct relevance to bulk yielding properties have remained

largely unexplored. Nanoindentation tests, as the gold stan-

dard in the field of nanomechanics, can provide rich
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knowledge and key insights into the nanoscopic origins of

metal plasticity by directly probing their nano-mechanical

response [16–20]. Atomistic modeling of materials under

nanoindentation has also received great attention owing to its

capability in combining nano-mechanical data and micro-

structural information with atomic-level accuracy, analogous

to in situ electron microscopy techniques in real experiments

[21–24]. Early numerical studies in this framework were

primarily focused on crystal anisotropy effects on elastic–

plastic response and associated defect nucleation and phase

transformation in simulated pure metals [25, 26]. Within the

context of chemically complex alloys, like NiCoFe, a special

emphasis was given on chemical/micro-structural complex-

ities and, in particular, lattice distortion effects on associated

nano-mechanical response. For instance, Li et al. [27]

employed molecular dynamics simulations to examine the

elasto-plastic deformations of indentation in a FeCrCuAlNi

HEA. Their findings revealed that the complex alloy pos-

sessed enhanced properties which can be ascribed to factors

such as low stacking fault energy, dense atomic arrangement,

and the presence of multiple phases for Fe within the multi-

component alloy. Along these lines, Hua et al. [28] reported

relevant deformation mechanisms in a CoCrNi alloy under

nanoindentation demonstrating that heterogeneous disloca-

tion nucleation is enhanced by Cr-rich clusters, as opposed to

the uniform nucleation observed in pure metals. The slow

mobility of dislocations was further attributed to additional

pinning effects characterized by high Peierls stresses, while

nanotwins and phase transformations tend to occur at low

temperature due to the low stacking fault energy. Addition-

ally, at high temperature, the nucleation of distorted prismatic

dislocation loops (PDLs) was shown to be assisted by a

double-cross-slip mechanism. Similar observations were

made in the work [29] reporting that the presence of chro-

mium in face-centered cubic (FCC) FeNiCr multicomponent

alloys reduces the mobility of PDLs and influences the den-

sity of geometrically necessary dislocations, leading to

enhanced hardness and strain localization phenomena.

However, there is still a lack of the information about the

deformation mechanisms of medium-entropy alloys during

nanoindentation over a wide temperature range.

Here, we focus on extensive molecular dynamics sim-

ulations of nanoindented NiCoFe alloy to understand how

thermally activated mechanisms might influence disloca-

tion plasticity taking into consideration the properties of

the material as well as the role of external loading condi-

tions. In this framework, we investigate the nano-me-

chanical response and dislocation behavior at different

temperatures, playing a crucial role in determining the

underlying nucleation, glide, and interaction mechanisms

of dislocations. We observed that certain temperatures lead

to the formation of unique dislocation structures and

characteristics upon deformation, under the exact same

loading conditions. Our comprehensive characterization of

dislocation properties was based upon the use of detailed

analysis techniques that capture distinct dislocation signa-

tures in the presence of thermal activation. Through our

dislocation analysis, we demonstrate that thermal effects

significantly influence the surface morphology and local

strains through the complex interplay of nucleated defects.

2 Computational methods

Molecular dynamics (MD) simulations are performed to

investigate the deformation of NiCoFe alloy under

nanoindentation using the opensource code LAMMPS [30].

All atomistic simulations are carried out using the modified

embedded-atom method (MEAM) potential of Choi et al.

[31], which has recently been used to investigate the effect

of individual elements on solid solution hardening and

reproduce the fundamental structural properties of

advanced HEAs. A cut-off parameter for short-range

interactions of 4.5 Å was used as in the original study of

Choi et al. [31]. The NiCoFe sample is 42.4 nm 9 40.6

nm 9 37.0 nm and is divided into three sections along the

Z [111] direction, which sets up a fixed boundary condi-

tion. [101] and Y [121] are both periodic boundary condi-

tions. The bottom frozen region (0.02dz) ensures that the

atoms are stable, and the thermostatic region (0.08dz) dis-

sipates the generated heat during nanoindentation, as

shown in Fig. 1. The space between the tip and the top

surface is 0.5 nm. After NiCoFe sample fabrication, the

potential energy of the system is minimized using a force

norm stopping criterion of 10-6 eV/Å. The samples are

heated for 100 ps with a Langevin thermostat to tempera-

tures of 200, 400, 600, 800, and 1000 K with a time con-

stant of 100 fs. Then, the samples reached a homogeneous

state. The last step is performed by relaxing the prepared

sample for 10 ps to dissipate artificial heat, as shown in

Fig. 1.

MD indentation simulations are performed at various

temperatures using the procedure developed by Dom-

ı́nguez-Gutiérrez [32]. After sample equilibration, nanoin-

dentation tests were performed using a spherical indenter

tip. The total force F exerted by the indenter on the sample

is defined by F ¼ �K r! tð Þ � R
� �2

, where K is the force

field constant set to 236 eV/Å. r! tð Þ and R refer to the

position of the center of the tip as a function of time and

radius, respectively. r!ðtÞ ¼ x0 x
!þ y0 y

!þ z0 þ ztð Þ z!, x0

and y0 present the center of the surface sample on the xy

plane, and z0 is the initial gap between the surface and the

indenter tip moving with speed t = 50 m/s. The loading

and unloading processes are defined by considering the

direction of the velocity as negative and positive,
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respectively. Each process is performed for 125 ps with a

time step of Dt = 1 fs. The maximum indentation depth is

chosen to be 2.1 nm to avoid the influence of boundary

layers in the dynamical atom region.

In this study, the mechanical response of the NiCoFe

sample is investigated for various temperatures and the

Hertz model F dð Þ ¼ 4
3
E�R

1
2d

3
2, where E� is the effective

Young’s modulus. R = 10 nm and d is the indentation

depth used to characterize the force response within the

elastic regime of deformation [8]. The hardness of the

indented sample is calculated by computing the P-d curve

with the method of Oliver and Pharr [33], following the

fitting curve to the unloading process curve as:

P ¼ P0 d� dfð Þm ð1Þ

where P is the indentation load; df is the residual depth

after the whole indentation process; and P0 and m are fit-

ting parameters. Thus, the nanoindentation hardness (H)

can be computed as

H ¼ Pmax

Ac

ð2Þ

where Pmax is the limited load force at the maximum

indentation depth; Ac ¼ p 2R� dcð Þdc is the contact area

with the tip; dc ¼ dmax � ePmax

S ; e refers to the parameter of

spherical indenter shape, e= 0.75; S is the unloading stiff-

ness; and dmax is the maximum indentation depth. S is

calculated as

S ¼ dP

dd

� �

d¼dmax

¼ mP0 dmax � dfð Þm�1 ð3Þ

Elementary shear processes are investigated using Ovi-

to’s DXA and grain identification algorithms.

3 Results and discussion

3.1 Mechanical response of NiCoFe sample
under nanoindentation at various
temperatures

Figure 2 displays the relationship between load and dis-

placement as well as hardness versus displacement curves

corresponding to the crystalline orientation [111] at various

temperatures (T) of 200, 400, 600, 800, and 1000 K. All the

indented samples accommodated deformation up to a pre-

scribed displacement value of d = 2 nm before they were

unloaded to a zero-stress state. At T = 200 and 400 K, the

load shows an overall increasing trend with depth

throughout the indentation process (prior to unloading) as

shown in Fig. 2a. In contrast, the mechanical response at

T = 600, 800, and 1000 K exhibits non-monotonic features

and is consistently characterized by a marked load drop

following the elastic Hertz-like regime which is otherwise

missing at the former temperatures. Nevertheless, the load

response indicates distinct elastic and plastic regimes (ir-

respective of temperature) that are well separated by pop-in

events and may be predicted theoretically by the Hertz

Fig. 1 Schematic of MD simulation model for nanocontact between a spherical indenter tip and a NiCoFe MEA sample
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model within the former regime. Within the plastic region,

the observed discrepancy in the nano-mechanical response

is indicative of emerging dislocations and/or nanotwins

that tend to nucleate from the contacting surfaces and

appear to have temperature-dependent deformation mech-

anisms associated with them. These observations will be

further discussed in subsequent sections. Figure 2b also

presents hardness versus displacement curves at different

temperatures. Overall, the hardness data demonstrate very

similar trends with the load curves. We note that while the

maximum hardness of nearly 6 GPa seems to be fairly

consistent at T = 200, 400, 600, and 800 K, it is notably

smaller (approximately 4 GPa) at 1000 K, suggesting a

fairly soft material response at this temperature.

Table 1 presents the inferred parameters obtained based

on the Hertz fits including E, Ef, Fm, dc, and Hm. Based on

these measurements, the largest Fm is determined at

T = 200 K, suggesting the maximal resistance against

deformation at the lowest temperature. And the largest E is

attained at the lowest temperature T = 200 K.

3.2 Elementary deformation mechanisms

In Fig. 3, we probe distinct plastic deformation mecha-

nisms associated with T = 200 and 1000 K, emphasizing

the dislocation nucleation within the plastic zone and

associated variations with temperature. At T = 200 K, the

plastic deformation initially occurs at d & 0.4 nm, marked

by ‘‘a’’ in Fig. 2a, which corresponds to F & 0.33 lN. At

this stage, a perfect stacking fault tetrahedron (SFT)

nucleates from the upper periphery of the indenter base, as

illustrated in Fig. 3a. The SFT is characterized by two

Shockley partial dislocations with Burgers vectors and one

stair-rod dislocation with a Burgers vector [011] within

{111}-family planes. The atomic configuration in the

vicinity of the SFT compares very well with those reported

in Ref. [34]. At a larger depth, d = 0.8 nm, a perfect dis-

location and a few Shockley partial dislocations also

appear as shown in Fig. 3b. Further, indentation up to

d = 1.0 nm leads to the formation of basal dislocation

loops around the central contact region, as illustrated in

Fig. 3c. Subsequently, we observe the nucleation of the

PDLs in Fig. 3d–f, as the loading continues. Figure 3d

shows the development of an embryonic PDL as well as

several gliding and interacting Shockley partials, forming a

dislocation network. At a later stage in Fig. 3e, the

Shockley partial dislocations gradually slip away from the

indenter zone, and finally at d = 1.8 nm, the first prismatic

loop begins to separate from the dislocation network as

shown in Fig. 3f.

At T = 1000 K, the initial load drop at d & 0.6 nm is

accompanied by the nucleation of Shockley partial dislo-

cations from the surface region, as shown in Fig. 3g. These

dislocations tend to escape rapidly from the indenter zone

and glide within the sample, as shown in Fig. 3h–j,

Fig. 2 Load–displacement curves (a) and hardness versus displace-

ment plots (b) corresponding to NCoFe alloy under nanoindentation

at crystal orientation [111]. Dashed curves indicate Hertz fits

Table 1 E�, Hertz fitting intervals (Ef), critical load (Fm), depth (dc), and maximum hardness (Hm) for NiCoFe samples under indentation at

various temperatures

T/K E*/GPa Ef/nm Fm/lN dc/nm Hm/GPa

200 325 0.10–0.21 0.33 1.95 5.70

400 315 0.09–0.23 0.32 1.95 5.63

600 305 0.35–0.46 0.30 1.63 5.81

800 300 0.38–0.52 0.28 1.68 5.63

1000 239 0.42–0.58 0.19 1.70 3.83
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resulting in a relatively low force level. Following this

regime, a renewed elastic loading process is observed that

persists up to the next load drop occurring at d & 1.6 nm,

as depicted in Fig. 3k. In comparison with T = 200 K,

similar basal dislocation loops and gliding Shockley partial

dislocations are nucleated around the indenter zone at

1000 K, as shown in Fig. 3l. Overall, the deformation

processes observed at the above temperatures indicate

fairly significant differences in terms of dislocation

nucleation mechanisms and associated nano-mechanical

response. At T = 200 K, various slip systems appear to be

active, whereas at T = 1000 K, Shockley partial disloca-

tions solely dominate the plastic response.

To gain further insights into the thermal effects on the

mechanical response of NiCoFe alloy, we performed a

detailed analysis of dislocations and atomic strain

Fig. 3 Defect nucleation and evolution of NiCoFe alloy during nanoindentation at T = 200 and 1000 K corresponding to points marked in

Fig. 2a
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information. This analysis provides a better understanding

of the topography of surface deformation and pileup which

can be directly compared with experimental observations.

Figure 4a illustrates the formation of planar defects within

the indented sample. At T = 200 K, we observe an inter-

connected and densely populated defect network within the

indenter zone. At elevated temperatures, thermal fluctua-

tions assist deeper dislocation cross-slips, leading to the

enlargement of the stacking faults. Figure 4b reveals ran-

domly distributed Ni, Co, and Fe atoms within the stacking

fault planes. Figure 4c presents the formation of disloca-

tion loops at the maximum nanoindentation depth. The

Hirth and stair-rod partial dislocations form due to the

interaction of two partial dislocations described as:

1

6
121
� �

þ 1

6
121
� �

! 1

3
001½ �

1

6
121
� �

þ 1

6
112
� �

! 1

6
011½ �

8
><

>:
ð4Þ

Figure 4d and e shows that the evolution of primary

dislocations is accompanied by the nucleation of other

similar dislocations and their propagation in different

{111} planes through mechanisms like cross-slip. These

dislocations are identified as partial dislocations, with a

Burgers vector. As opposed to dislocation loops at

T = 200 K, the higher temperature (at 1000 K) enhances

the propagation of dislocation lines, resulting in the

emergence of a larger plastic zone. It should also be noted

that the shear strain continues to grow as the stacking fault

planes glide at a faster rate. The stacking fault planes are

moving or gliding through the crystal lattice more rapidly

Fig. 4 Snapshots of defect structures (a), Ni, Co and Fe atoms and

their distribution within stacking faults (b), dislocation loops (c), von

Mises shear strain (d) and strain maps obtained near maximum depth

d = 2.0 nm (e) at T = 200, 400, 600, 800, and 1000 K. Dislocation

lines are colored based on their type including Shockley partials

(blue), Hirth (light-yellow), and stair-rod (pink) dislocations
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owing to the increased thermal activation. This increase in

the mobility of stacking faults is evidenced in the snapshots

of defect structures at the indenter depth of 2 nm presented

in Fig. 4 where local shear strains feature deeper patterns

within the bulk crystal with increasing temperature. Other

relevant factors that can accelerate the gliding rate of the

stacking fault planes include applied stress or material-

specific microstructure.

Figure 5a shows the surface morphologies correspond-

ing to the maximum depth at different temperatures. Here,

the atoms are colored based on their height. As the tem-

perature increases, the indentation groove gradually forms

and more atoms tend to pile up on the surface of the

sample, exhibiting highly non-uniform and asymmetrical

features. Such features have also been observed in the

nanoindentation of some HEAs [35, 36]. The development

of larger grooves on the indented surface is owing to the

significant movement of larger stacking fault planes along

the slip direction parallel to the top surface T = 1000 K. By

contrast, only a few dislocations move parallel to the top

surface and mainly aggregate around the indenter, as

shown in Fig. 5a at T = 200 K. Figure 5b shows the glid-

ing loops along three directions 121
� �

, 110
� �

and 011
� �

.

With increasing T, these loops symmetrically spread from

the interconnected dislocation network and undergo dislo-

cation cross-slip along the above orientations. Figure 5c

Fig. 5 Surface analysis at maximum indentation depth as well as unloaded sample at different temperatures on top view. a, d Atomic

displacements (between - 10 and 5 Å); b, e formation and motion of dislocation loops; c, f gliding stacking fault planes on the top view

2074 Q.Q. Xu et al.
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presents atomic information on defect nucleation and

evolution and allows for a comparison with Fig. 5a and b.

Figure 5d shows the surface morphologies corresponding

to the unloading position at different temperatures. After

removing the indenter, the interlocked dislocation network

disappears within the plastic zone. The development of

larger grooves on the indented surface depends on the

formation of stable dislocation networks. The mirroring

loops along the in-plane slip directions are vanishing, as

shown in Fig. 5e. Figure 5f shows that the stable disloca-

tions are tending to expand with increasing T upon

unloading. A perfect embryonic PDL is observed at

T = 200 K, while the unformed PDL surrounding with

Shockley partial dislocations is visible at T = 400 K. It is

worthy to noticing that the critical temperatures for the

nucleation of stacking fault tetrahedra and prismatic dis-

location loops are lower than 400 K, while the density of

Shockley partial dislocations is enlarging sharply from

T = 400 to 1000 K.

Figure 6a–e illustrates the nucleation of the primary

dislocation loop from the surface. This initial plasticity

mechanism agrees closely with the classical initial dislo-

cation growth scheme proposed by Hua et al. [28] in pure

Ni. They also reported the nucleation of dislocation loops

from the NiCoCr surface. A high concentration of Fe atoms

can be observed within the initial plastic zone, as shown in

Fig. 6a–e, which could potentially reduce the yielding

depth in MEAs and, therefore, favor the formation of

defective embryos on the surface. Figure 6f plots the

nucleation depth of the primary dislocation as well as the

corresponding deepest atomic position as a function of

T. Our data suggest that increasing the temperature does

not significantly influence the initial dislocation nucleation,

but instead affects the critical indentation depth.

Figure 7 plots the evolution of the number of hexagonal

close-packed (HCP) atoms with the indentation depth. In

the elastic regime, the original FCC lattice structure is

preserved. Before the critical depth is reached (i.e., the first

Fig. 6 Snapshots showing nucleation of initial dislocations for NiCoFe alloy at different temperatures (a–e) and indented depth of primary

dislocation nucleation and deepest atomic position of dislocation loop as a function of various temperatures (f)
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pop-in event at d & 0.5 nm), the HCP structure is not

observed within this regime due to the absence of dislo-

cations gliding into the sample, as shown in Fig. 7. At a

later stage, plastic deformation initiates, which is accom-

panied by dislocation nucleation. Therefore, the number of

HCP atoms increases sharply with the indentation depth.

The number of HCP structures features a notable raise with

increasing T, in comparison with the values observed at

T = 200 and 1000 K. Upon unloading, the number of HCP

atoms still grows rapidly regardless of T = 200 K. The

number of HCP structures decreases remarkably because of

the vanishing dislocation network and the remaining PDL

within the inner zone of the sample as shown in Fig. 5f at

T = 200 K. In contrast, the former continues to grow at

higher temperatures owing to the progressive nucleation of

stable dislocation loops as illustrated in Fig. 5f from

T = 400 to 1000 K.

4 Conclusions

To conclude, we investigated the mechanical response of

NiCoFe alloys under indentation at different temperatures.

The load–displacement curves feature relevant signatures

of thermal activation, particularly the decreasing critical

force with elevated temperatures. We observed tempera-

ture-dependent dislocation-based mechanisms exhibiting

various dislocation nucleation, glide, and interaction

mechanisms. The plasticity at the lowest temperature

T = 200 K was shown to involve the nucleation of stacking

fault tetrahedra as well as prismatic loops. At the highest

temperature T = 1000 K, on the other hand, the surface

nucleation of Shockley partials dominated the plastic

response. Correspondingly, the elastic modulus decreases

from 325 GPa (200 K) to 239 GPa (1000 K). The thermal

activation was also shown to have an effect on the surface

morphology. As the temperature increases, the indentation

groove gradually forms and more atoms tend to pile up on

the sample surface, exhibiting highly non-uniform and

asymmetrical features. The findings in this work extend the

understanding of the mechanical response of NiCoFe alloys

under indentation at different temperatures, shedding light

on the underlying dislocation motion mechanisms and

surface deformation characteristics. The observed trans-

formation-induced plasticity mechanism has implications

for the properties of medium-entropy alloys and their

potential applications in extreme environments.
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