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a b s t r a c t 

Plastic deformation and rate-controlling mechanism during tensile deformation of various body-centered 

cubic (BCC) medium/high-entropy alloys (MEAs/HEAs) were investigated at 300 K. Microstructural ob- 

servations revealed long, straight screw dislocations, occasionally consisting of jogs. The deformed sub- 

structures were consistent with the evaluated activation volume ( V ∗) indicating screw dislocation mo- 

tion overcoming the Peierls-Nabarro stress barrier as the rate-controlling mechanism. The V ∗ values were 

found inversely proportional to the yield strength. The monotonous behavior of the V ∗ as a function of 

yield strength indicated the dislocation motion of BCC-MEAs/HEAs must involve overcoming the energy 

barrier involving multiple/group of substitutional solute atoms, simultaneously. Furthermore, for the first 

time, stress equivalence was observed in the BCC-MEAs/HEAs. The findings described thermally-activated 

dislocation glide mechanisms of the solid-solution strengthened BCC-MEAs/HEAs depended on the stress 

rather than the chemical complexity of the alloys. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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The plastic deformation of metallic materials is primarily driven 

y dislocation motion. Dislocations, however, must overcome the 

aximum energy barrier to account for the plastic strain, ε. The 

ransition rate of the dislocations at this barrier can be expressed 

s [1] ; 

˙  = ˙ ε 0 exp (−Q/kT ) (1) 

here, 
·
ε is the strain rate, 

·
ε o is a pre-exponential constant, Q is 

he activation energy, k is Boltzmann’s constant, T is the temper- 

ture. The rate-equation ( Eq. 1 ) indicates that dynamics of plastic 

train is a thermally-activated process. The activation energy for 

 thermally-activated dislocation glide is, however, not a constant 

alue, but depends on the applied stress. The general feature is 

hat the activation energy to overcome the barrier decreases with 

n increase of the applied stress, thus directly affects the activation 

olume ( V 

∗) under the operative limits of the same rate-controlling 

echanism. 

Screw dislocations glide is often found dominant in the body- 

entered cubic (BCC) crystals [ 2 , 3 ]. Due to the non-planar core

tructure of the a /2 < 111 > screw dislocations, it has been suggested 

hat the screw dislocations overcoming the Peierls-Nabarro stress 

arrier controls the plastic flow rate [4] . At ambient or sub-zero 

emperatures, however, BCC alloys often show the transformation 
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f Peierls-type to kink/kink-pair nucleation mechanism which im- 

acts the fundamental mechanism of dislocation motion. Such a 

ransformation is regarded as the transformation of a non-planar 

islocation core structure into a planar, as was initially found by 

itek [5] . 

In the new class of crystalline materials like medium/high- 

ntropy alloys (MEAs/HEAs) [6–8] , the lack of compositional pe- 

iodicity in the lattice may lead to randomly distributed lo- 

al Peierls-Nabarro stress field having different rates of energy 

hanges. Rao et al. [9] studied various BCC-MEAs using atom- 

stic simulations and first-principles calculations and found core- 

tructure variation along the screw dislocation. Their investigations 

evealed the NbTiZr BCC-MEA showed extended screw dislocation 

ore structure along multiple {110} slip-planes, similar to BCC met- 

ls and alloys. It is rather intriguing to verify experimentally the 

alidity of the fundamental rate-controlling mechanism in the BCC- 

EAs/HEAs, given the richness of the solid-solution strengthening 

SSS) of these alloys. Considering the vast compositional space of 

EAs/HEAs, it is possible to fabricate a series of appropriate al- 

oys having various strengths or flow behaviors, which would al- 

ow the investigation of thermally activated rate-controlling mech- 

nisms at different yield/flow stresses. By doing so, not only the 

ate-controlling mechanism will be determined, but better under- 

tanding of the nature of dislocation-solute(s) interactions in the 

CC-MEAs/HEAs can be obtained. Therefore, in the present study, 

e chose different BCC-MEAs/HEAs having various compositions 

nd investigated the effect of stress on the rate-controlling mecha- 
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isms by qualitative analysis. Similar experiments were performed 

n pure Nb as a case reference. Besides, the rate-controlling mech- 

nisms were discussed using relevant microstructural investiga- 

ions. 

The vacuum arc-melted Nb, equiatomic NbTiZr, HfNbTa, HfTa- 

iZr, and HfNbTaTiZr alloys were cold-rolled until 65 ~ 86% height 

eduction and annealed at 0.5T m 

(T m 

is the melting temperature) 

or 20 min and subsequently water quenched (for more details on 

hermo-mechanical processing, refer to the Supplementary mate- 

ials, S1). Phase identification of the recrystallized specimens was 

erformed using the X-ray diffraction (XRD) technique. Microstruc- 

ures were investigated using transmission electron microscope 

TEM) and field emission-scanning electron microscope (FE-SEM) 

quipped with a back-scattering electron (BSE) imaging system. 

ensile specimens having gauge dimensions 4 × 1 × 0.8 mm 

3 were 

ut from the annealed sheets and tested at room temperature (RT) 

t a constant strain-rate 10 −3 s −1 . Here, it is noteworthy that we 

valuated the rate-controlling mechanisms by determining the ac- 

ivation volume ( V 

∗) using the stress relaxation test during tensile 

eformation. The V 

∗ was calculated by using the following equa- 

ion [4] , 

σ = 

−M k B T 

V 

∗
[
1 + 

θ
E 

] ln 

(
1 + 

t 

C 

)
(2) 

here, �σ is change in the flow stress, M is Taylor factor (2.7), 

 B is Boltzmann’s constant, T is temperature, V 

∗ is apparent acti- 

ation volume, θ is strain hardening rate, E is elastic modulus of 

achine-specimen assembly, t is time, C is a time constant, where 

 = MkT / ( V ∗E ˙ ε 0 p ) which can be deduced from the natural logarith-

ic plot of Eq. 2 . 

Fig. 1 (a) shows structural characterization of different alloys us- 

ng XRD. XRD profiles indicated that all the alloys had a single- 

hase BCC structure. Fig. 1 (b-f) shows SEM-BSE images of Nb and 

ifferent BCC-MEAs/HEAs. The BSE images revealed that all al- 

oys were fully recrystallized and had a uniform grain size in the 

ange of 18-80 μm. Fig. 2 (a) shows engineering tensile stress-strain 

urves of the program alloys. As is clear, the yield strength in- 

reased with an increase of the number of elements from pure Nb 

o the equiatomic HfNbTaTiZr HEA. It should be noted, however, 

he yield strengths of the 3 and 4-component HfNbTa and HfTaTiZr 

EAs, respectively, were very close to that of the 5-component 

fNbTaTiZr HEA. 

It is noteworthy that Coury et al. [10] reported an elevated ther- 

al stress component contribution to the yield strength of the 

CC-HEAs at RT. Here, in order to predict the yield strengths of 

he present BCC-MEAs/HEAs at RT, we have performed theoreti- 

al estimations of the yield strength in a high-throughput manner 

imilar to the report of Coury et al. [10] . The details of determin-

ng the yield strength were shown in the Supplementary materials, 

2 and the results are shown in Fig. 2 (b). Based on the theoreti-

al estimations, it was clear that the experimentally observed yield 

trengths of the present BCC-MEAs/HEAs were higher than the pre- 

icted yield strengths of the alloys. However, the trend of strength 

ncreasing was correctly predicted by the performed calculations. 

Further, stress relaxation tests were performed during tensile 

eformation to evaluate the activation volume ( V 

∗). Fig. 3 (a) shows 

he stress vs. time curves of various alloys during the stress relax- 

tion tests. The details on the evaluation of V 

∗ were shown in the 

upplementary materials, S3. Fig. 3 (b) shows the evolution of V 

∗ as 

 function of strain. 

The evaluated V 

∗ of Nb precisely at the yield strength showed 

 

∗ ~ 109 b 3 ; this value then slightly increased before saturation 

t ~140 b 3 . The obtained V 

∗ values of the NbTiZr and HfNbTa al-

oys ranged 47 ~ 41 b 3 and 35 ~ 30 b 3 , respectively. Finally, the 

 

∗ values of the HfTaTiZr alloy ranged 33 ~ 31 b 3 . In our previ-

us article [11] , a similar range of the V 

∗ values (31 ~ 29 b 3 ) was
2 
bserved in the HfNbTaTiZr alloy. The V 

∗ values of the alloys in 

he present study were mostly strain independent, which is due to 

ow strain hardening rate of these alloys. However, the V 

∗ values of 

he NbTiZr and HfNbTa alloys decreased slightly with strain reflect- 

ng the minor strain hardening of the stress-strain curves shown in 

ig. 2 (a). 

The evaluated V 

∗ indicated thermally-activated dislocation glide 

y overcoming the Peierls-Nabarro stress barrier as the rate- 

ontrolling mechanism. It is noteworthy that the V 

∗ values of all 

he alloys were well above the range of kink/kink-pair nucleation, 

 

∗ < 10 b 3 [11] . That is, independent of the alloy composition or 

ensile strength, the V 

∗ values indicated no relevant transition from 

he Peierls-type to kink nucleation mechanism. Furthermore, the 

 

∗ values became equal when the yield/flow stresses of different 

lloys became equal (i.e., independent of the chemical composition 

f the alloys or number of elements present in the alloy); compare 

he data for HfNbTa and HfTaTiZr in Fig. 3 , respectively, for exam- 

le. This is referred to as the stress equivalence [12] . Fig. 4 shows

he effect of yield strength on V 

∗. 

As is clear, the V 

∗ value decreased with an increase of the yield 

tress by ( σ ) −1.05 . The linear relationship between V 

∗ and stress 

f Fig. 4 , suggested that only one rate-controlling mechanism op- 

rated in the entire stress range of the present MEAs/HEAs. The 

mportant and noticeable considerations from Fig. 3 and Fig. 4 can 

e characterized as: 

1 V 

∗ decreases with an increase of yield strength. 

2 When the yield/flow stress of two alloys of different chemical 

composition becomes equal, the V 

∗ values of those alloys also 

becomes equal (i.e., stress equivalence). 

Firstly, as the stress increased, V 

∗ decreased. This is because, 

t high stresses according to the Peierls-Nabarro model, the high 

nergy (metastable) state and the equilibrium state of the dislo- 

ation line in the force-distance curve become very close to each 

ther. Due to this, the work done by the applied stress against the 

hermally-activated dislocation barrier increases; consequently, the 

ength of the dislocation segment activated facing the barrier de- 

reases. Thus, the V 

∗ value decreases as a function of stress. This 

eans, although a large number of elements in the MEAs/HEAs 

ay enhance the strength due to SSS, the present results indicated 

he overall scheme of the Peierls-Nabarro model does not change 

or the MEAs/HEAs in terms of dislocation glide mechanism. 

Friedel [13] made independent statistical reports on the strong 

islocation-solute interaction model for the SSS mechanisms. Ac- 

ordingly, the model predicts V 

∗ ∝ ( σ ) −n , where the stress expo- 

ent n = 2. On the other hand, Basinski et al. [12] performed a

ystematic study on the face-centered cubic (FCC) Cu-based alloys 

nd found a lower stress exponent, n ≤1, as in a weak dislocation- 

olute interaction model of Labusch [ 14 , 15 ]. Recently, Kawamura 

t al. [16] found the V 

∗ values of the CoCrFeMnNi FCC-HEA linearly 

caled with the Cu and Ag-based FCC dilute alloys. Our present ob- 

ervations on the concentrated BCC alloys indicated the stress ex- 

onent of n ~ 1.05, which was surprisingly close to that of the FCC 

lloys. According to Kocks [17] , Mott and Nabarro [18] , and Labusch 

 14 , 15 ] the resulted tendency of V 

∗ as a function of stress points

hat the solid-solution of present BCC-MEAs/HEAs composed of 

any week and few, if not nil strong obstacles against the initia- 

ion of dislocation motion. This would mean, the overall thermally- 

ctivated dislocation segment must overcome several soluted ele- 

ents for a successful activation step. Such a viewpoint would fa- 

ilitate the possibility of stress equivalence, as was initially found 

y Basinski et al. [12] , and later reviewed by Nabarro [13] and 

ocks, Argon, and Ashby [19] . Based on these observations, it can 

e suggested that the thermally-activated dislocation glide resis- 

ance in the present solid-solution strengthened BCC-MEAs/HEAs 

s most likely controlled by the energy barrier overcoming mul- 
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Fig. 1. (a) X-ray diffraction (XRD) profiles of different alloys. (b-f) SEM-BSE images of fully recrystallized microstructures having uniformly distributed grains size, d . (b) Nb 

( d ~ 80μm), (c) NbTiZr ( d ~ 55μm), (d) HfNbTa ( d ~ 18μm), (e) HfTaTiZr ( d ~ 40μm), (f) HfNbTaTiZr ( d ~ 60μm). 
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iple substitutional solute atoms together. The implications of the 

resent results highlight the SSS mechanism of the present BCC- 

EAs/HEAs is largely due to the dislocation-solute(s) elastic inter- 

ction, which can be attributed to the atomic size and modulus 

isfits of the constituent elements of the HEAs. The current phe- 

omenological viewpoint can qualitatively validate the present ex- 

erimental findings like the decrease of V 

∗ by increasing the yield 

trength and the possibility of stress equivalence between different 

lloys. 

Although several theories has been suggested for the origin 

f high yield strengths of the HEAs [20–25] , one of the com- 

elling reasonings was provided by Okamoto et al. [26] . They 

ound that the yield strengths of the FCC-HEAs linearly corre- 
3 
ated with the mean-square atomic displacement (MSAD) of the 

EAs, without using additional scaling parameters. Later, Nohring 

nd Curtin [27] also showed correlations for the yield strengths 

s a function of micro/atomic-distortions in the FCC and BCC 

oncentrated alloys. In our present study, the theoretically esti- 

ated yield strength of the alloys were determined using the 

tomic size and modulus differences between the individual el- 

ments that constitute for the lattice distortion. Although the 

redicted yield strength of the alloys were lower than the ex- 

erimentally observed data, the trend in experimental values 

as correctly predicted. All of these above reports describes, 

hough less certain, that the dislocation-solute(s) interaction of 

he HEAs is largely elastic and supports the possibility that a 
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Fig. 2. (a) Stress-strain curves of different alloys during tensile deformation. (b) Tendency of the experimentally observed yield strength vs. theoretically estimated yield 

strength of various BCC-MEAs/HEAs. 

u
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nit thermally-activated dislocation motion would consist of mul- 

iple substitutional solute(s) atoms. That is, the thermally acti- 

ated rate-controlling mechanisms of the BCC-MEAs/HEAs depends 

n the applied stress rather than the chemical complexity of the 

lloys. 
4 
To access the plastic flow mechanisms and verify the relevance 

f V 

∗ values, investigations of the deformation substructures were 

erformed using TEM. Here, it is noteworthy that the stress-strain 

urve of the HfNbTa MEA ( Fig. 2 (a)) showed indications of slight 

train hardening which merits further investigation. However, here 
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Fig. 3. (a) True stress vs time of different alloys showing stress relaxation data at different strain intervals. (b) The evolution of apparent activation volume ( V ∗) of different 

alloys as a function of deformation strain. 
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e chose the NbTiZr MEA and HfNbTaTiZr HEA, as both of them 

ere lying on either end of the stress-range spectrum among the 

rogram alloys. As shown in Fig. 5 , TEM images of NbTiZr and 

fNbTaTiZr indicated long, straight screw dislocations were dom- 

nantly observed in both the alloys at the early stages of plastic 
5 
ow ( Fig. 5 (a,b)) [also refer to the Supplementary materials, S3], as 

ell as after fracture ( Fig. 5 (c-f)). The observed long, and straight 

islocation morphology similar to BCC metals and alloys indicated 

hat the dislocations of BCC-MEAs/HEAs lacked the dislocation con- 

guration preferences introduced by the large number of elements 
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Fig. 4. Variation in the activation volume ( V ∗) as a function of yield strength of 

different alloys at 300 K. [ σ is yield strength measured at σ 0.2% .]. 
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28] . In other words, this also suggested that the chemical bond 

art is less relevant as long as it does not change the flexibility 

f the dislocations. Furthermore, dislocation jogs were frequently 

bserved on the long, straight screw dislocations. Jogs, in general, 

an be formed either due to dislocations intersection or during 

ross-slip of a screw dislocation from the primary slip plane [4] . 

oreover, jogs on the screw-dislocations have the edge dislocation 

onfiguration. Due to this, screw dislocation glide may generate a 

rail of dipoles, which may facilitate the formation of dislocation 

oops, as was observed in Fig. 5 . Identical dislocations dipole de- 

ris during screw dislocation glide was also found in the atomistic 

imulation studies of BCC-MEAs/HEAs [ 9 , 25 ]. Dislocations struc- 

ure like jogs that can provide additional glide resistance unfortu- 

ately does not enter into the theoretical estimation of the yield 

trength. The observed higher experimental yield strengths than 
ig. 5. (a,b) TEM images of NbTiZr after tensile strain, e ~ 2.2%. (c,d) TEM images of NbT

hite lines shown in (d,e,f) were reconstructed for visual reference of the dislocations poi

erformed away from the localized (necking on tensile specimen) deformation region. 

6 
he predicted strengths ( Fig. 2 (b)) can be due to the formation of 

ogs. However, the density of jogs in both the alloys were too low 

o have a critical effect on the rate-controlling mechanisms dur- 

ng plastic flow. Moreover, the observation of long, straight screw 

islocations in the early stages of the plastic flow has displayed 

hermally-activated dislocation motion overcoming Peierls-Nabaro 

tress barrier (friction stress) in both the alloys, similar to a BCC 

etal, Vanadium found by Christian et al. [28] . Therefore, in the 

ontext of the above observations, screw dislocation motion over- 

oming the Peirls-Nabarro stress barrier controls the rate of plastic 

ow in the present alloys. 

Lastly, some of the recent investigations have suggested the sig- 

ificance of edge dislocations mobility in the BCC-HEAs [29–32] . 

i et al. [33] reported that the strength of edge dislocations of 

bMoTaW BCC-HEA showed 20% of the strength of screw disloca- 

ions. According to their findings, however, the ratio of screw/edge 

islocations mobility was still too large for the edge dislocations 

o have a critical effect on the fundamentals of plastic deforma- 

ion of the BCC-HEAs. Couzinie et al. [34] studied the microstruc- 

ure evolution of the HfNbTaTiZr BCC-HEA and showed that the 

lloy deformed predominantly by the screw dislocations glide, as 

as observed in the present study. Moreover, the data provided in 

ig. 2 (b) using the fitting parameter α = 12.2 (refer, the Supple- 

entary materials, S2) has indicated a better representation of the 

resent experimental data suggesting dominant screw dislocations 

lide. Therefore, the present results indicated that not all BCC-HEAs 

re susceptible to a high edge dislocations mobility, at least at RT. 

To summarize, the mechanical properties of different BCC- 

EAs/HEAs was systematically investigated during tensile defor- 

ation. The yield strength of the alloys tended to increase with 

he number of components, yet this dependence wasn’t linear. The 

islocation motion of different alloys was controlled by a single 

hermally-activated dislocation glide mechanism, i.e. overcoming 

he Peierls-Nabarro stress barrier. Further, stress equivalence, i.e. 

dentical values of activation volume in different alloys at the same 
iZr after tensile fracture. (e,f) TEM images of HfNbTaTiZr after tensile fracture. The 

nted by red arrows. Microstructural investigations on the fractured specimens were 
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ield yield stresses was found between alloys with various chem- 

cal compositions and a number of components. Microstructural 

nvestigations of the deformed substructure revealed screw dislo- 

ations, suggesting that the plastic flow dominantly occurred by 

he screw dislocations glide. It was rather conclusive that the fun- 

amental dislocation motion in the present BCC-MEAs/HEAs was 

overned by the thermally-activated rate-controlling mechanisms 

articularly dependent on the applied stress. 
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