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a b s t r a c t 

In this work, instrumented nanoindentation was employed to investigate the effect of interstitial oxy- 

gen or nitrogen addition on the incipient plasticity and dislocation nucleation in a body-centered cu- 

bic NbTiZrHf high-entropy alloy (HEA) at loading rates of 10–10 0 0 μN/s. We conducted quantitative sta- 

tistical analysis and density functional theory (DFT) calculations to identify the role of interstitial oxy- 

gen/nitrogen during the onset of plasticity. Synchrotron X-ray diffraction and transmission electron mi- 

croscopy were also performed to confirm that the oxygen/nitrogen atoms were indeed present as intersti- 

tial solutes. These interstitial solutes could increase the critical shear stress required to initiate plasticity, 

and nitrogen yielded a larger hardening effect than oxygen. The activation volumes were evaluated to 

be about 2–3 atomic volumes, indicating cooperative migration of multiple atoms during the dislocation 

nucleation, and neither oxygen nor nitrogen appeared to significantly affect this activation process. Hard- 

ness tests were also carried out and the result demonstrated that the enhancement of the critical shear 

stress for incipient plasticity was not caused by the traditional solid-solution strengthening mechanism. 

DFT calculations revealed that oxygen/nitrogen interstitials induced local charge transfer and improved 

the lattice cohesion, which was probably responsible for the enhanced pop-in load/stress in the current 

interstitially alloyed HEAs. 

Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Instrumented nanoindentation has been widely employed to

robe the incipient plasticity in a variety of crystals [1–8] . Exper-

mentally, the load-displacement curve is usually punctuated by a

eries of discrete displacement bursts, or pop-ins, which typically

ccurs at a shallow indentation depth in the order of nanometers.

he first pop-in, designated as incipient plasticity, is generally con-

rolled by dislocation nucleation triggered by a critical stress near

he theoretical strength [1–8] . In the case of indenting stress-free

urface of a well-annealed sample, which has a low dislocation

ensity, the fine indenter tip has a high probability to impress into

 sample volume that is completely absent of dislocation [9,10] . In

ddition, since the nucleation is a stochastic process, a large num-

er of nanoindentation tests with nominally identical condition

ake it convenient to quantitatively assess the nucleation process

ased on the model combining transition state theory and Weibull

tatistics [1–3] . 
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In the past decade, high-entropy alloys (HEAs), or multi-

rincipal elements alloys (MPEAs), have drawn extensive research

ttention in the field of structural materials not only due to their

ttractive mechanical properties, such as high strength-ductility

ombination [11–13] , excellent resistance to fracture [14] , creep

15] , and wear [ 16 , 17 ] etc., but also because this new class of ma-

erials expands the composition space for alloy design. Recently,

 new category of HEAs, which contains interstitial elements, in

ight of interstitial solid-solution strengthening mechanism, have

een emerged [11,18–20] . For example, Wang et al. [18] inves-

igated the effect of interstitial carbon addition (up to 1.1 at.%)

n mechanical properties and dislocation substructure evolution

n a face-centered cubic (FCC) Fe 40.4 Ni 11.3 Mn 34.8 Al 7.5 Cr 6 HEA. An-

ther study also demonstrated that 0.5 at.%-nitrogen addition to an

CC NiCoCr medium entropy alloy (MEA) could increase its yield

trength without losing the ductility [19] . It is especially noted

hat Lei et al. [11] have reported an extraordinary enhancement

n both strength and ductility in an interstitial oxygen alloyed (2

t.%) body-centered cubic (BCC) NbTiZrHf HEA, surmounting the

nterstitial-induced embrittlement in conventional BCC alloys [21] .

he ordered oxygen complexes formed in the alloy effectively pin
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Table 1 

Summary of lattice constants ( a ), reduced moduli ( E r ), 

Young’s moduli ( E ), and shear moduli ( G ) of NbTiZrHf and 

the interstitially alloyed HEAs. 

Alloys a ( ̊A) E r (GPa) E (GPa) G (GPa) 

Base HEA 3.4357 83.0 75.9 27.3 

O-2 HEA 3.4376 88.1 80.9 29.1 

N-2 HEA 3.4388 92.0 84.9 30.5 
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dislocations and promote their double cross-slip and multiplica-

tion during plastic deformation, thus simultaneously enhance the

alloy’s strength, work hardening capacity, and ductility. 

It is noted that, in the study of interstitial-containing HEAs,

the majority of published works focused on the effect of inter-

stitial additions on the macroscopically plastic deformation dur-

ing which the interstitial solutes act as obstacles to impede dis-

location motions [22] . Only limited data were pertinent to the ef-

fect of interstitial atoms on the onset of yielding [ 6 , 23 ]. For exam-

ple, interstitial hydrogen was recently found to reduce the critial

load for incipient plasticity (or pop-in) during nanoindentation

in FCC-NiCoCrFeMn [ 6 , 23 ]. On the other hand, interstitial carbon

were found to increase the pop-in load during nanoindentation in

an ultralow-carbon steel [24] . However, it has been shown that

both interstitial hydrogen and carbon could enhance the tensile

yield strength of their individual alloy matrices [ 24 , 25 ]. Apparently,

the traditional wisdom that interstitial solute addition can lead

to solid-solution hardening may not be applicable to the incipi-

ent plasticity measured by nanoindentation; the role of interstitial

atoms on the incipient plasticity appears to be different. Therefore,

it will be intriguing to differentiate the two processes and to iden-

tify their individual mechanisms. In this study, we employed in-

strumented nanoindentation, in combination with quantitative sta-

tistical analysis and density functional theory (DFT) calculations, to

systematically examine the effect of interstitial oxygen and nitro-

gen additions on the incipient plasticity in BCC-NbTiZrHf HEAs, in

an attempt to identify the origin for hardening during the incipient

plasticity. 

2. Methods 

2.1. Experimental procedure 

Ingots with nominal compositions of NbTiZrHf, (NbTiZrHf) 98 O 2 

and (NbTiZrHf) 98 N 2 (at.%) were prepared by arc-melting a mixture

of the constituent pure metals (purity > 99.9 wt.%), TiN (99.9 wt.%)

and TiO 2 (99.9 wt.%) in an argon atmosphere purified by Ti-getter.

The ingots were re-melted at least four times in high purity argon

atmosphere to ensure chemical homogeneity before being drop-

cast in a water-cooled copper mold. The as-cast ingots were then

homogenized at 1290 °C for 24 h and cold rolled with 80% reduc-

tion in thickness. The rolled plates were additionally annealed at

1200 °C for 30 mins to remove the deformation substructure to

obtain a recrystallized, equiaxed microstructure. 

Phases and lattice parameter of each of the alloys were deter-

mined by synchrotron X-ray powder diffraction. Fine powders were

ground from the annealed plates using an electric diamond grind-

ing wheel saw. Synchrotron X-ray characterization was carried out

at the 11-ID-B beamline with an X-ray wavelength of 0.2114 Å

at the Advanced Photon Source at Argonne National Laboratory,

USA. Microstructure and morphology of current alloys were char-

acterized using a Zeiss Auriga scanning electron microscope (SEM)

equipped with a Bruker QUANTAX electron backscatter diffraction

(EBSD) system. Samples for EBSD examinations were prepared by

initial mechanical polishing, followed by electrochemical polishing

in a mixed solution of 6% perchloric acid + 30% n–butyl alco-

hol + 64% methyl at 30 V at room temperature. The dislocation

structure beneath the indentation was taken using a Zeiss Libra

200 MC transmission electron microscopy (TEM) at an acceleration

voltage of 200 kV. The cross-sectional thin foil of the indentation

for TEM observation was prepared by Zeiss Auriga CrossBeam fo-

cused ion beam (FIB) system. 

Instrumented nanoindentation experiments were conducted to

investigate the pop-in behavior using a Berkovich diamond tip

with an effective tip radius of ~270 nm in a Hysitron Triboinden-

ter (Hysitron, Inc., USA) at room temperature. Indentations were
erformed at a maximum load of 100 μN with a loading time of

0 s in load-controlled mode. Testes were made at a 5 μm interval

o exclude possible overlap of the deformed zone produced by the

djacent indentations. Four grains were randomly selected and 121

ominally identical indentations on each grain were carried out

o allow reliable statistical analysis of the pop-in behavior. To as-

ess rate effect on pop-in behavior, various loading rates spanning

wo orders of magnitude (10–10 0 0 μN/s) were applied. Additional

anoindentation hardness (deep indentation) tests were also per-

ormed at a high load of 80 0 0 μN with various rates of 0.02, 0.1,

.5, 2 s −1 . The test samples for nanoindentation were prepared by

lectrochemical polishing mentioned above. 

.2. Computational methodology 

First-principles DFT calculations were conducted to obtain the

nergetics and electronic structures of the present HEAs. The cal-

ulations were performed using the projector-augmented wave

PAW) method [26] as implemented in the Vienna ab initio Simu-

ation Package (VASP) [27] . Special quasi-random structures (SQSs)

upercell with 48 atoms was used to model the TiZrHfNb HEA

hich served as the base reference alloy state. Such SQSs were

onstructed to make the cluster correlations approach the expected

alue in a random atomic arrangement as closely as possible for

 given structure size [28] . To investigate the effect of interstitial

xygen and nitrogen on the HEA, one interstitial atom of oxygen

r nitrogen was inserted at the interstitial site (equivalent to 2 at.%

oncentration). In particular, both octahedral and tetrahedral inter-

titial sites that oxygen/nitrogen atom occupied were considered.

ll calculations were performed with spin-polarization and initial-

zed in a ferromagnetic spin state. A reciprocal space discretization

f 25 k -points per Å 

−1 was applied, and the convergence criteria

ere set as 10 −6 eV for electronic loops. 

. Results 

.1. Microstructure characterization 

Synchrotron high energy X-ray powder diffraction patterns of

he annealed base HEA as well as the interstitially alloyed O-2 and

-2 HEAs are shown in Fig. 1 a, which demonstrates that these

amples have a single BCC crystal structure without any secondary

hase, also confirming oxygen/nitrogen atoms are present as in-

erstitials in the crystalline lattice. Based on the Rietveld method

29] , the lattice parameters ( a ) of the base, O-2, and N-2 HEAs are

.4357 Å, 3.4376 Å, and 3.4388 Å, respectively; this is summarized

n Fig. 1 b and Table 1 . Apparently, the presence of interstitial nitro-

en or oxygen slightly increases the lattice parameter and the in-

rement is larger for nitrogen than that for oxygen, which is prob-

bly associated with slightly larger atomic size of nitrogen. 

Grain morphology and the corresponding size distribution in

he annealed NbTiZrHf and interstitially alloyed HEAs character-

zed by EBSD are shown in Fig. 2 , which reveals that current al-

oys consist of equiaxed grains with sizes varying in a wide range

rom 30 to 350 μm. Whereas NbTiZrHf has an average grain size

f ~130 μm, the O-2 HEA has a slightly larger average grain size
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Fig. 1. (a) Synchrotron high energy X-ray powder diffraction patterns and (b) lattice parameters of the annealed equiatomic NbTiZrHf and interstitially alloyed HEAs. 

Fig. 2. (a-c) Electron back-scattering diffraction (EBSD) images, and (d-f) grain size distribution of the NbTiZrHf base, O-2, and N-2 HEAs, respectively. 
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Fig. 3. Typical load-displacement curves at shallow indentation depth showing 

pop-in events of NbTiZrHf and interstitially alloyed HEAs. 
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of ~160 μm and the N-2 exhibits somewhat finer grain size of

~105 μm. This result indicates that the interstitial oxygen/nitrogen

has only minor effect on the recrystallization and grain growth

during annealing. 

3.2. The first pop-in and maximum shear stress 

Typical load-displacement (P-h) curves at shallow indentation

for the base, O-2, and N-2 HEAs are shown in Fig. 3 . For clar-

ity, each curve is displaced along the x-axis and only the load-

ing portion is presented. It is evident that the P-h curves for all

three alloys exhibit “pop-ins”, i.e., displacement bursts. The first

pop-in, which is indicative of the onset of yielding or incipient

plasticity, occurs typically at a depth of ~10 nm. Prior to the

first pop-in, the initial portion of the load-displacement curves is

the elastic response, can be described by Hertzian contact theory

[30] 

P = 

4 

3 

E r R 

1 / 2 h 

3 / 2 (1)

where P is the applied indenting load, R the tip radius of indenter

(~270 nm), h the indentation depth, E r the reduced elastic modulus
Fig. 4. Statistics of P-h 3/2 pairs at first pop-ins o
or a diamond indenter on HEA samples: 

1 

E r 
= 

1 − v 2 
i 

E i 
+ 

1 − v 2 s 

E s 
(2)

here v is Poisson’s ratio, E is Young’s modulus, and the subscripts

 and s stand for properties of the diamond indenter and HEA sam-

les. As shown in Fig. 3 , the fitted red curves using the Hertz

odel agree well with the experimental results in the elastic re-

ion. It is noted that all P-h curves (2178 indentations in total) ob-

ained in this study exhibit a clear pop-in, which appears to be af-

ected by the presence of interstitial solutes. Specifically, as shown

n Fig. 3 , the critical load at the first pop-in in the interstitially al-

oyed HEAs are much higher than that in the interstitial-free base

EA, suggesting a solution hardening effect. Further discussion re-

arding this solution hardening in the pop-in load is in Section 4 . 

The reduced modulus can be readily derived from loading por-

ion of the P-h curve according to Eq. (1) . Statistical data collec-

ion of P-h 

3/2 pairs at the first pop-in from 484 indentations in

ach alloy are presented in Fig. 4 . As seen in the figure, the pop-in

oads for NbTiZrHf are in the range of 25–50 μN, but shift to much

igher loads of 40–80 μN for O-2 HEA and 45–90 μN for N-2 HEA.

he P-h 

3/2 pairs can be well fitted by Eq. (1) , as shown in Fig. 4 ,

rom which the reduced moduli ( E r ) can be readily deduced as

3.0, 88.1, and 92.0 GPa for NbTiZrHf, O-2, and N-2 HEAs, respec-

ively. Insert the elastic parameters for diamond indenter ( v i = 0.07

nd E i = 1141 GPa) and the HEA samples (v s = 0.39 [31] ) into

q. (2) , the Young’s moduli ( E ) for the three materials are summa-

ized in Table 1 . Here, the Poisson’s ratio of 0.39 for NbTiZrHf was

easured using resonant ultrasound spectroscopy in a previous

tudy [31] and the same value was used for the interstitially al-

oyed HEAs. Shear moduli ( G ) were estimated using G = E/ 2(1 + v )
nd also included in Table 1 . Evidently, the addition of oxygen or

itrogen to NbTiZrHf slightly increases the elastic moduli, and ni-

rogen has somewhat a larger effect than oxygen. 

The maximum shear stress τmax at the first pop-in event can be

stimated using Hertz’s contact theory [30] : 

max = 

0 . 47 

π

(
4 E r 

3 R 

)2 / 3 

P 1 / 3 (3)

here the maximum shear stress τmax is located at a depth of

pproximately 0.48 of the contact radius underneath the inden-

er tip. To statistically describe the stochastic characteristic of the

rst pop-ins, the cumulative probability distributions as a func-

ion of maximum shear stress for the present three HEAs are sum-

arized in Fig. 5 a. These distributions, the so-called nanoscale

trength distributions (NSD), give the spread of measured strength
f NbTiZrHf and interstitially alloyed HEAs. 
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Fig. 5. (a) Cumulative probability of the first pop-in as a function of maximum 

shear stress of NbTiZrHf and interstitially alloyed HEAs. (b) A similar plot contain- 

ing four grains for each alloy, with the upper left inset showing the corresponding 

orientations of the four grains for the NbTiZrHf HEA. 
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t which the maximum shear stress beneath the indenter that trig-

ers the displacement bursts. It is readily observed that the cumu-

ative probability curves for both interstitial-containing alloys shift

owards higher stresses, and the shift is larger for the nitrogen-

lloyed than that for the oxygen-alloyed sample. Specifically, τmax 

or NbTiZrHf is in the range of 2.5–3.1 GPa, while it varies in the

anges of 3.0–3.5 GPa and 3.1–3.8 GPa for O-2 and N-2 samples,

espectively. The values of τmax are (1/11–1/9) G for NbTiZrHf and

1/10–1/8) G for the O-2 and N-2 samples, all of which approach

he theoretical strength of ~G /10, suggesting it is a result of dislo-

ation nucleation. Extending the analysis to other grains, a similar

lot of cumulative probability of the first pop-in for all selected

rains is given in Fig. 5 b. Although the O-2 HEA shows a slightly

arger difference from grain to grain, NSD curves from four differ-

nt grains almost overlap with each other for all HEAs, suggesting

nsignificant grain orientation dependence of the pop-in behavior

n current HEAs. Similar observation has been reported in an FCC-

iCoCrFeMn HEA [5] . On the other hand, the addition of oxygen or

itrogen clearly increases the maximum shear stress for all grains,

hich reaffirms that the hardening effect on incipient plasticity

as occurred because of interstitial alloying. Further discussion of

he effect of interstitial solutes on the initiation of plasticity will

e presented in Section 4 . 
.3. Rate-dependent pop-in and activation volume 

To evaluate the rate dependence of the dislocation nucleation

rocess in the present interstitially alloyed HEAs, pop-in tests were

erformed at various loading rates, and the results are shown in

ig. 6 a-c for NbTiZrHf, O-2, and N-2 HEAs, respectively. The NSD

urves for the interstitially alloyed HEAs are always located at

igher maximum shear stresses at any fixed loading rate. Also, the

aximum shear stress required to trigger the pop-in is noted to

ncrease with increasing loading rate for all three alloys, consis-

ent with a stress-biased, thermally activated nucleation process

 1 , 3 ]. In principle, a higher loading rate allows less time to ini-

iate the pop-in event, thus lowers the probability to overcome

he energy barrier by thermal fluctuations. Consequently, a higher

hear stress is needed to nucleate dislocations. Similar results have

een reported in several other metallic alloys, for example, FCC-

iCoCrFeMn HEA [5] , BCC-Ti 60 (AlCrVNb) 40 MEA [32] , BCC-Ta [8] ,

CC-Pt [1] , and HCP-Mg [4] . 

To understand the underpinned atomic processes associated

ith the pop-in events, we conduct an analysis based on the

ransition-state theory combined with Weibull-type statistics pro-

osed by Schuh et al. [ 1 , 3 ]. In this analysis, the cumulative proba-

ility F ( P ) is correlated with the indentation pop-in load P via the

xpression: 

n [ − ln ( 1 − F (P ) ) ] = αP 1 / 3 + β (4) 

here the parameter β is far weakly dependent on P as compared

o the first term to the right-hand side [3] . The parameter α is a

ollection of time-independent term, which can be correlated with

he activation volume υ∗

∗
pop−in = 

π

0 . 47 

(
3 R 

4 E r 

)2 / 3 

kT · α (5) 

In other words, the activation volume can be extracted from the

lope α in the ln[-ln(1-F)] vs. P 1/3 plots (described in Eq. (4) ), as

hown in Fig. 6 d-f for NbTiZrHf, interstitial-alloyed O-2 and N-2

EAs, respectively. Following the above procedure, the average ac-

ivation volumes are determined to be 67 Å 

3 (3.3 � or 2.5 b 3 ) for

bTiZrHf, 54 Å 

3 (2.7 � or 2.0 b 3 ) for O-2 HEA, and 48 Å 

3 (2.4 �

r 1.8 b 3 ) for N-2 HEA. Here, � is the atomic volume, and b is

he Burger’s vector. These activation volume values are tabulated

n Table 2 . 

The activation volume is usually a good indicator to reveal the

tomic process for dislocation nucleation [1–7] . For easy discus-

ion, we also include activation volumes reported for a variety of

onventional metals/alloys and HEAs [ 3–6 , 32–35 ] in Table 2 . It is

eadily seen that the activation volume for well-annealed conven-

ional pure metals and dilute alloys, irrespective of their crystal

tructures, is relatively small in the range of only 0.3–0.7 �, sug-

esting it is associated with individual migration of point-like de-

ect, such as vacancy and impurity. By contrast, the activation vol-

me for well-annealed HEAs is much larger in the range of 2–4

, indicating that dislocation nucleation in HEAs involves cooper-

tive migration of multiple atoms. One minor note on Table 2 is

hat the as-cast TiZrNbTa(Mo) HEAs and Ti 60 (AlCrVNb) 40 MEA ex-

ibit lower activation volumes than the fully annealed ones. It is

robably due to the fact that as-cast materials usually contain a

igher population of defects (e.g., vacancy or dislocations), thus

asier to facilitate dislocation nucleation. Also noted in Table 2 is

hat interstitial-alloying seems to have only a small effect on the

ctivation volume. In fact, activation volume values are always at a

agnitude of 2–3 �, indicating a similar process governing dislo-

ation nucleation in the present three HEAs. 
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Fig. 6. (a-c) Nanoscale strength distributions (NSD) at various loading rates, and (d-f) the corresponding relation between ln[ln(1- F ) −1 ] and P 1/3 of the NbTiZrHf base, O-2, 

and N-2 HEAs, respectively. 

Table 2 

Activation volume of dislocation nucleation characterized by nanoindentation pop-in tests in a variety 

of conventional metals/alloys and HEAs. 

Materials Material type Processing υ∗
pop-in ( �/ b 3 ) References 

Pt FCC-pure metal As-received 0.7/0.5 [3] 

Ni FCC-pure metal Annealed 0.4/0.3 [33] 

Cr BCC-pure metal Annealed 0.4/0.3 [34] 

Mg HCP-pure metal Annealed 0.3–0.4/0.2–0.3 [4] 

Mg-0.3 at.% X ∗ HCP-dilute alloys Annealed 0.3–0.6/0.2–0.4 [4] 

Ti 60 (AlCrVNb) 40 BCC-MEA As-cast 0.9/0.7 [32] 

TiZrNbTa BCC-HEA As-cast 1.6/1.2 [35] 

TiZrNbTaMo BCC-HEA As-cast 1.7/1.3 [35] 

NiCoCrFeMn FCC-HEA Annealed 2.9/2.0 [5] 

(NiCoCrFeMn) 100-x H x FCC-HEA Homogenized 2–4/1.4–2.8 [6] 

NbTiZrHf BCC-HEA Annealed 3.3/2.5 Present work 

(NbTiZrHf) 98 O 2 BCC-HEA Annealed 2.7/2.0 Present work 

(NbTiZrHf) 98 N 2 BCC-HEA Annealed 2.4/1.8 Present work 

∗ X = Al, Ca, Li, Y or Zn. 
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Fig. 7. (a) Representative load-displacement curves at deep indentation for present NbTiZrHf and interstitially alloyed HEAs at strain rate of 0.02 s −1 . (b) Load-displacement 

curves for N-2 HEA at various strain rates. The direction of the red arrow represents the gradual increase in strain rate. (c) The double-log plot of nanoindentation hardness 

as a function of strain rate of present HEAs. 
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Table 3 

Activation volumes obtained from pop-in and hardness tests 

for NbTiZrHf and interstitially alloyed solid-solution HEAs. 

Alloys υ∗
pop-in ( ̊A 3 / �/ b 3 ) υ∗

hardness ( ̊A 3 / �/ b 3 ) 

Base HEA 67/3.3/2.5 1200/59.1/45.5 

O-2 HEA 54/2.7/2.0 830/40.9/31.5 

N-2 HEA 48/2.4/1.8 900/44.4/34.2 
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.4. Differentiating mechanisms between pop-in and hardness 

It is important to differentiate the kinetic processes between

he indentation pop-in (yielding in a local dislocation-free crys-

alline region) and the conventional plastic yielding (global yield-

ng in ordinary crystals containing dislocations). In the former,

he process is controlled by dislocation nucleation (e.g., disloca-

ion loop formation), whilst the latter is controlled by the locking

nd cutting/bypass of moving dislocation over obstacles. To sep-

rate them, we made effort s to examine the effect of interstitial

olutes on hardness (deep indentation) and its rate-dependence

o compare with that obtained from pop-in tests (shallow inden-

ation). Representative load-displacement curves for NbTiZrHf and

nterstitially alloyed HEAs tested at deep indentation are given in

ig. 7 a. At the fixed maximum load of 8 mN, NbTiZrHf exhibits

he largest indentation depth (~300 nm), followed by O-2 and N-

 HEAs, showing considerable hardening effect due to the pres-

nce of interstitial oxygen and nitrogen ( �H O = 0.41 GPa and

H N = 0.56 GPa). Hardening during plastic deformation in metallic

aterials are generally associated with the interaction of disloca-

ions with microstructural inhomogeneities, which leads to various

echanisms, such as solid-solution hardening, dislocation harden-

ng, grain-boundary hardening, and precipitation hardening. In this

tudy, all nanoindentation hardness tests were conducted within

rain interiors (far away from grain boundaries) of well-annealed

pecimens, so grain-boundary hardening and dislocation harden-

ng are safely excluded. Synchrotron high energy X-ray diffrac-

ion ( Fig. 1 ) reveals the absence of secondary phase, which also

ules out precipitation hardening. Consequently, interstitial solid-

olution hardening appears to be the only possible mechanism for

ardness enhancement in the O-2 or N-2 alloys. Apply the clas-

ical interstitial solid-solution strengthening model by Fleischer

 11 , 36 , 37 ], specifically, tetragonal distortion generated by intersti-

ial solutes in BCC lattice which inhibits dislocation motion, the

ncrement in hardness �H is estimated as 

H = 3 

3 / 2 G �ε c 1 / 2 

3 

(6) 

here G is shear modulus ( Table 1 ), �ε denotes the difference be-

ween the longitudinal and transverse strain of the tetragonal dis-

ortion, and c (2% for both O-2 and N-2 HEAs) is the atomic con-

entration of interstitial atoms. By inserting appropriate parame-

ers, �ε values are calculated to be 0.17 and 0.22 for O-2 and

-2 HEAs, respectively. These �ε values are comparable to those

eported for other materials containing tetragonal distortions at

oom temperature [11,36–38] , suggesting the occurrence of tradi-

ional interstitial solid-solution hardening. 

To further investigate the rate dependence of hardness, load-

isplacement curves at various loading rates for the N-2 HEA are
hown in Fig. 7 b, in which the direction of the red arrow marks

ncreasing strain rate. The indentation depth is noted to slightly

ecrease as the strain rate increases in the N-2 HEA specimens,

ndicative of increase in hardness. Curves obtained from NbTiZrHf

nd O-2 HEAs also follow a similar trend, but are not included here

or brevity. Hardness of the three alloys as a function of strain rate

s further plotted in a double-logarithmic graph in Fig. 7 c, from

hich the strain rate sensitivity m is directly obtained from the

lope. For a thermally activated deformation process, the strain

ate sensitivity is linked to activation volume υ∗ via [ 39 , 40 ] 

∗
hardness = 

3 

√ 

3 kT 

mH 

(7) 

here H is the hardness from nanoindentation tests, k and T have

he same meaning as previously mentioned. The activation vol-

mes for the present three HEAs are found to fall in the range

f ~30–45 b 3 , as listed in Table 3 . These values are in the typical

ange of 10–100 b 3 , indicating that deformation during hardness

ests is probably similar to thermally activated kink-pair mecha-

ism in coarse-grained BCC metals and alloys [41] . However, the

ctivation volume obtained for pop-in is only approximately 2–3

 

3 , over one order of magnitude smaller than that obtained from

he hardness tests. This distinct difference demonstrates that the

echanism for indentation pop-in, which is associated with the

islocation nucleation in a small, dislocation-free region beneath

he indenter tip, is indeed quite different from that for hardness

easurement, which involves interactions of moving dislocations

ith crystalline defects in a relatively large deformation volume.

e may, therefore, conclude that strength enhancement during

op-in in the interstitially alloyed samples is not attributed to the

lassical interstitial solid-solution strengthening mechanism; other 

echanism must prevail. 

. Discussion 

Several mechanisms have been suggested to describe the ef-

ect of interstitials on the pop-in stress [ 6 , 24 , 42 , 43 ]. For example,

t was found that the critical load at which the pop-in occurred

uring nanoindentation was much higher in the ultralow carbon

teel than that in interstitial free steel [24] . It was argued that
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Fig. 8. Structures used for calculating the energy and stress of present HEAs under 

(a) {110} < 111 > and (b) {112} < 111 > shear deformations. 
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the interstitial carbon atoms could lower the dislocation mobility

and shorten the length of Frank-Read source for dislocation mul-

tiplication, so that a higher shear stress is necessary to activate

the Frank-Read source according to τcr = Gb/ l cr , where τ cr and l cr 

are the critical shear stress and spacing of Frank-Read source, re-

spectively. In other words, the model suggests pop-in is caused

by a sudden multiplication of mobile dislocations. In our pop-in

study, the indentation depth at which the pop-in occurred was

shallow ( h c ~10 nm), thus only a small volume of material was

probed (estimated to be V ~ πa c 
3 [3] , where a c = 

√ 

R h c ~50 nm

is the contact radius). Our previous TEM images taken from the

annealed NbTiZrHf also revealed that dislocations were hardly ob-

served prior to plastic deformation [16] . In addition, based on the

fact the dislocation density is typically about 10 6 –10 8 cm 

−2 in

well-annealed metals and alloys [ 43 , 44 ], and the dislocation spac-

ing would be about 1–10 μm, which is far greater than the typical

dimension of the stressed zone underneath the indenter (~50 nm).

In such case, probability that the stressed zone underneath the

fine indenter tip contains any pre-existing dislocation would be

extremely low. Therefore, we may comfortably conclude that the

pop-in stress is determined by dislocation nucleation, and disloca-

tion multiplication from Frank-Read sources is not pertinent to our

case. 

Furthermore, the Frank-Read sources scenario is also difficult to

reconcile with a recent observation that the presence of hydro-

gen in FCC NiCoCrFeMn HEA has significantly lowered the criti-

cal shear stress for the onset of yielding [6] . In this latter case,

it was argued that hydrogen could induce the formation of stable

hydrogen-vacancy complexes and increase vacancy concentration

to promote the heterogeneous dislocation nucleation [ 45 , 46 ]. Since

oxygen and nitrogen can also form their respective interstitial-

vacancy complexes due to vacancy trapping [47–50] , in a similar

fashion, a reduced critical shear stress at pop-in is also expected

to occur in our interstitials-containing HEAs. However, this expec-

tation is obviously contrary to our results of having a higher pop-

in load/stress. In fact, another recent atomistic molecular dynam-

ics (MD) simulation study showed that hydrogen actually had no

direct effect on dislocation nucleation during nanoindentation in

Ni and Pd metals [42] . Therefore, it appears that there is no uni-

versal agreement on the effect of interstitials on the pop-in stress

during nanoindentation. To clarify the exact role of interstitial oxy-

gen/nitrogen on the pop-in stress in the current HEAs, we subse-

quently carry out the following DFT calculations. 

Two types of slip systems are considered in the DFT calculations

of ideal shear strength, i.e., the {110} < 111 > and {112} < 111 > shear

deformations, as shown in Fig. 8 . Affine shear deformation [51] is

applied so that all the atoms in the simulation cell are deformed

along the shear direction. The coordinate system of supercells is

constructed with basis vectors of < 1 ̄1 0 > , < 111 > and < 11 ̄2 > ,

with < 111 > pointing in the slip direction. 

The calculated energy as a function of shear strain for the

{110} < 111 > and {112} < 111 > shears in the present NbTiZrHf and

interstitially alloyed HEAs is shown in Fig. 9 . The scenarios of oxy-

gen/nitrogen atom in both octahedral and tetrahedral interstitial

sites are particularly considered in the present study. The energy

shows a sinusoidal-like evolution with the strain, and interstitials

oxygen/nitrogen always increase the energy (N-2 > O-2 > base

HEAs) for both interstitial sites under the two slip systems. The

corresponding shear stress τ can be obtained by differentiating the

energy curves with respect to the strain γ , given by 

τ = 

1 

V 

∂U 

∂γ
(8)

where U and V are the energy and volume at a given strain, re-

spectively. The maximum in the shear stress-strain curve is the

ideal shear strength that a perfect crystal becomes unstable when
his stress is exceeded [ 52 , 53 ]. The shear stress-strain curves for

oth interstitial sites under both shear deformations are displayed

n Fig. 10 . Consistently, it can be readily observed that the im-

act of oxygen/nitrogen on shear stresses and energy follows the

ame trend, namely, N-2 > O-2 > base HEAs. It is worth noting

hat both energy and shear stress for the present HEAs under the

110} < 111 > shear deformation are much lower than those under

112} < 111 > shear, irrespective of octahedral or tetrahedral cases,

ndicating the {110} < 111 > shear is the easier shear path, thus the

ominating slip system. To validate the DFT result, that is, the

110} < 111 > slip system dominates in the current HEAs, we fur-

her carried out TEM examination of dislocation activity after the

op-in. Representative post-mortem TEM images taken from the

ndentation with a depth of ~55 nm for N-2 HEA are presented

n Fig. 11 . A large number of dislocations are observed under-

eath the indentation region in Fig. 11 a and b, whereas the unde-

ormed area that is far away from the indentation region presum-

bly has very low dislocation density with essentially no contrast

not shown here). Neither phase transformation nor deformation

winning is detected underneath the indentation. As demonstrated

n the selected area electron diffraction (SAED) patterns from two

istant regions, i.e., away from the indentation ( Fig. 11 c) and be-

eath the indentation ( Fig. 11 d), only distorted diffraction spots

resumably induced by deformation are developed after indenta-

ion. Dislocation patterns are revealed under two diffraction vec-

ors, i.e., g = 1̄ 12 ( Fig. 11 a) and g = 1̄ 10 ( Fig. 11 b). Based on the dis-

ocation invisibility criterion, the g = 1̄ 12 reveals dislocations with

urges’s vector of a /2 [111] or a /2 [11 ̄1 ] , while g = 1̄ 10 indicates

 Burges’s vector of a /2 [1 ̄1 1] . Furthermore, dislocations in Fig. 11 a

enerally lie along the ( ̄1 10) plane, thus ( ̄1 10)[111] or ( ̄1 10)[11 ̄1 ]

lip is identified. In summary, both TEM characterizations and DFT

alculations consistently show that the incipient plasticity is pri-

arily mediated by {110} < 111 > slip in present HEAs. 

The above DFT calculations clearly reveal that interstitial oxy-

en/nitrogen can improve both energy and ideal shear strength

f the NbTiZrHf HEA, and nitrogen produces a slightly larger ef-

ect than oxygen. This is consistent with the nanoindentation re-

ult, specifically, pop-in loads/stresses are, in an ascending order,

bTiZrHf < O-2 < N-2 HEAs ( Figs. 3 and 5 ). 

To further elucidate the origin of enhanced energy and ideal

hear strength in oxygen/nitrogen alloyed HEAs, we analyze the

ocal charge transfer between oxygen/nitrogen and metallic atoms

n the first neighboring coordination shell. As the bader charge

eflects the number of electrons localized near a certain atomic

ore [ 54 , 55 ], it can serve as a convenient tool to analyze the
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Fig. 9. Strain energy as a function of shear strain under {110} < 111 > (left column) and {112} < 111 > (right column) shear deformations for NbTiZrHf and interstitially alloyed 

HEAs considering oxygen/nitrogen atoms occupying octahedral (upper row) and tetrahedral (lower row) sites, respectively. 

Fig. 10. Shear stress as a function of shear strain under {110} < 111 > (left column) and {112} < 111 > (right column) shear deformations for NbTiZrHf and interstitially alloyed 

HEAs considering oxygen/nitrogen atoms occupying octahedral (upper row) and tetrahedral (lower row) sites, respectively. 
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Fig. 11. Bright-field TEM images of N-2 HEA specimen showing the dislocation structure beneath the indentation observed under two-beam conditions with (a) g = 1̄ 12 and 

(b) g = 1̄ 10 diffraction vectors (white arrows in the insets). The black arrows denote the indentation direction, and yellow dash lines show the plane traces indicated. The 

corresponding SAED patterns along [110] zone axis taken from the regions: (c) away from the indentation and (d) underneath the indentation. 

Table 4 

Calculated bader charge for oxygen/nitrogen atom and its first neighboring coordination shell for octahedral and tetrahedral sites, respectively. 

The total valence electron considered in the DFT calculations is denoted as “total e −”. 

Alloy system O/N in octahedral site O/N in tetrahedral site 

Zr Zr Zr Zr Ti Nb O N Zr Zr Zr Ti O N 

Total e − 12 12 12 12 10 11 6 5 12 12 12 10 6 5 

Base 11.7 11.77 11.79 11.78 9.3 11.89 / / 11.77 11.79 11.78 9.3 / / 

O-2 11.53 11.5 11.5 11.54 9.2 11.46 7.46 / 11.49 11.46 11.6 9.07 7.38 / 

N-2 11.6 11.39 11.42 11.43 9.02 11.41 / 6.75 11.39 11.42 11.43 9.01 / 6.75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Calculated 3D charge density plots illustrating the local bonding configura- 

tions for (a) oxygen in octahedral site, (b) nitrogen in octahedral site, (c) oxygen in 

tetrahedral site, and (d) nitrogen in tetrahedral site. 
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charge transfer among atoms. The calculated bader charge of oxy-

gen/nitrogen and the surrounding metallic atoms for current three

HEA systems are listed in Table 4 . It is readily observed that the

bader charges of metallic atoms for O-2 and N-2 HEAs are lowered

when compared with that for the base HEA. On the other hand,

oxygen or nitrogen atom attracts significant electrons from their

local environment, which yields larger bader charge than their re-

spective neutral state. Specifically, the bader charges of oxygen and

nitrogen atoms increase by 1.46/1.38 e − and 1.75/1.75 e − for oc-

tahedral/tetrahedral sites, respectively. In other words, interstitials

draw more charges from their nearest neighbored metallic atoms

in N-2 HEA than that in O-2 HEA. The charge transfer between

oxygen/nitrogen and nearby metallic atoms is anticipated to trans-

form the original metal-metal bond to ionic-like metal-oxygen or

metal-nitrogen bonds, which results in enhanced atomic cohesion.

Such interstitial-metal matrix interaction can also be visualized in

the plot of charge density isosurface in Fig. 12 . 

As a result of the enhanced cohesion, upon deformation, higher

energy and stress are required to shear the metal-oxygen or metal-

nitrogen bond in comparison with that in the interstitial-free al-

loy, as displayed in Figs. 9 and 10 . A larger charge transfer in the

N-2 HEA as compared to that in O-2 HEA certainly results in a

higher energy and ideal shear strength. These calculations are all

in line with the results obtained from nanoindentation pop-in ex-

periments. It would be intriguing to estimate the number of the

metal-oxygen or metal-nitrogen complexes ( N metal-O/N ) within the

indented volume from the equation, 

N metal −O / N = 

πa c 
3 ( stresse d volume ) 

a 3 ( volume / unit cell ) 
· 2 

( atoms / unit cell ) · 2% (O / N concentration) (9)

where a c and a have the same meaning and values as previously

mentioned, 2( πa c 
3 /a 3 ) includes all atom sites in the stressed vol-
me, and a uniform distribution of metal-oxygen/nitrogen com-

lexes is assumed. In our case, N metal-O/N is estimated to be of

he order of 10 5 in the stressed volume. Obviously, such a large

mount of metal-oxygen or metal-nitrogen complexes in the in-

ented volume is expected to induce a notable effect on the dislo-

ation nucleation in the present interstitially alloyed HEAs. 

In summary, our DFT calculations reveal that improved pop-in

tress in the current interstitial oxygen/nitrogen-containing HEAs
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s not attributed to the modification of dislocation nucleation pro-

ess, but rather associated with charge transfer between inter-

titials and their surrounding metallic atoms, which transforms

etal-metal bond to ionic-like metal-oxygen or metal-nitrogen

onds with enhanced atomic cohesion. 

. Conclusions 

We conducted a series of instrumented nanoindentation tests

ombined with quantitative statistical analysis and density func-

ional theory (DFT) calculations to investigate the effect of intersti-

ial oxygen and nitrogen on incipient plasticity and dislocation nu-

leation in well-annealed BCC-NbTiZrHf HEAs. Several key results

nd observations are summarized as follows. 

1 The presence of interstitial oxygen and nitrogen atoms results

in an increase in the pop-in load/stress at which dislocations

are nucleated, and nitrogen has a slightly stronger hardening

effect. 

2 The maximum shear stress required to trigger dislocation nu-

cleation is ~1/11 to 1/8 of the shear modulus, approaching

the respective theoretical strength. The observed indentation-

induced incipient plasticity is predominantly mediated by the

{110} < 111 > slip system in the currently studied BCC-HEAs. 

3 The onset of yielding exhibits significant rate-dependence - a

higher loading rate yields a higher pop-in load/stress. The ac-

tivation volumes for dislocation nucleation (i.e., pop-in) in the

present three HEAs are estimated to be ~1.8–2.5 b 3 , correspond-

ing to 2–3 atomic volumes, indicating the nucleation process

involves cooperative migration of multiple constituent atoms. In

comparison, the activation volumes obtained from deep inden-

tation in hardness test are much larger at ~30–45 b 3 , implying a

different dislocation process dominated by thermally activated

kink-pair mechanism. In this case, hardness enhanced by inter-

stitial oxygen or nitrogen is a result of the traditional interstitial

solid-solution strengthening, i.e., dislocation moving through a

crystalline lattice distorted by interstitials. 

4 The first-principles calculations reveal that the interstitial (oxy-

gen/nitrogen) and its surrounding neighboring metals form

metal-interstitial complexes with strong ionicity resulting from

significant charge transfer. These complexes have a strong

atomic cohesion between the interstitial and its neighboring

metals, thus requires higher energy and stress to initiate shear

deformation. It offers an explanation for the observed increase

in the critical shear stress necessary for dislocation nucleation

in the current interstitials-containing HEAs. 
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