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a b s t r a c t 

High-entropy alloys (HEAs), containing at least five major metal elements in equal or near equal atomic ra- 

tios, have drawn increasing attention because they open entirely new materials avenues for designing alloys 

with exceptional properties. In the literature, a well-studied equiatomic, face-centered cubic CrMnFeCoNi HEA 

reportedly exhibits a yield strength of 410 MPa and a ductility of 57% as well as a deformation mechanism of dis- 

location slip at room temperature [B. Gludovatz, et al., Science, 345 (2014) 1153–1158]. Some recent works also 

observed that twinning actually happens more or less in the equiatomic CrMnFeCoNi alloy at room temperature 

[Z.J. Zhang, et al., Nature Comm. 6 (2015) 10143]. In this study, we prepared a non-equiatomic, face-centered 

cubic Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with a comparatively low stacking fault energy (SFE) by making an appropri- 

ate adjustment of the composition ratio. Our HEA has a yield strength of 180 MPa and a high strain hardening 

exponent, n , of 0.46 as well as a higher ductility (73%) than those of the CrMnFeCoNi alloy. Investigation of 

the deformation mechanisms at specific strain levels revealed a clear transition from planar slip dislocations in 

the initial deformation stage to twinning at high tensile strain. Cooperative planar slipping and twinning resulted 

from the comparatively low SFE and were responsible to the extraordinary ductility and strain hardening capabil- 

ity. Besides deformation twins, other hardening mechanisms including forest dislocations, sessile Lomer–Cottrell 

locks, dislocation-stacking fault interactions, sub-grain boundary and phase boundary were revealed. 
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. Introduction 

In the past decade, a new concept of high-entropy alloys (HEAs),

r multi-component alloys, has attracted increasing attention due to its

nherent compositional variability for designing novel materials with ex-

eptional properties [1–4] . HEAs, consisting of at least five elements in

qual or near equal atomic ratios [5–7] , maximize the entropy of mixing

ith the aim of producing single-phase face-centered cubic (FCC), body-

entered cubic (BCC), and hexagonal close-packed (HCP) solid solutions

8–10] . Among various HEAs, the FCC HEAs possess excellent mechan-

cal properties, especially at cryogenic temperatures, and are promising

or industrial applications. A typical example is the equiatomic CrMn-

eCoNi HEA, whose aspects such as vacancy motion [11] , optimization

f mechanical properties by thermomechanical treatments [12,13] , tex-

ure evolution [12] , and deformation mechanisms [13 ‒15] have been

xtensively investigated. The alloy exhibits synergetic increases of ulti-
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ate tensile strength (from 750 to 1280 MPa) and ductility (from 56%

o 70%) with decreasing temperature from 293 to 77 K. In addition, the

racture toughness remains approximately 200 MPa m 

1/2 for crack ini-

iation and 300 MPa m 

1/2 for stable crack growth at 77 K [2] . Similar

emperature-dependent mechanical properties were also reported in the

edium-entropy alloy (MEA) CoCrNi [16] . One reason for the temper-

ture dependencies of these properties is thought to be the transition

f deformation mechanisms from planar slip dislocation at room tem-

erature to mechanical nanoscale twinning at cryogenic temperatures

3,14] . Stacking fault (SF) energy is reported to decrease by 20% ‒60%

hen the temperature drops from 293 to 77 K [17] . The lower SF energy

SFE) at cryogenic temperature reduces the critical resolved shear stress

CRSS) for twinning, and therefore it promotes the twinning-induced

lasticity (TWIP) effect. Generally, deformation mechanisms and SFE

ave the following relationships: (i) dislocation slip with SFEs larger

han 60 mJ m 

− 2 ; (ii) twinning with SFEs between 20 and 60 mJ m 

− 2 ;
ao@njust.edu.cn (Y. Zhao). 

. 
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Fig. 1. Initial microstructures and compositional distributions of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. (a) An EBSD crystal orientation map showing the fully recrystallized 

microstructure. (b) SEM-EDS maps showing homogeneous distributions of Cr, Mn, Fe, Co, and Ni elements in the HEA. 
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nd (iii) transformation from FCC to HCP phase, i.e., transformation-

nduced plasticity (TRIP), with SFEs lower than 20 mJ m 

− 2 [18–21] . 

Compared with the extrinsic factor of temperature, the alloying com-

osition is the intrinsic factor that affects the SFE, so introducing TWIP

nd even TRIP effects by lowering SFE via an appropriate adjustment

f composition ratio is an effective strategy to optimize the mechan-

cal properties of HEAs at room temperature. Raabe et al. have con-

ucted related research on the quaternary FeMnCoCr system [2,22–24] .

he Fe 40 Mn 40 Co 10 Cr 10 HEA possesses comparable mechanical proper-

ies (yield strength of 240 MPa, ultimate tensile strength of 489 MPa,

nd total elongation of 58%) at room temperature to those of ad-

anced FeMnC and FeMnAlC TWIP steels [21] . Furthermore, an opti-

um Fe 50 Mn 30 Co 10 Cr 10 HEA has mechanical properties (yield strength

f 330 MPa, ultimate tensile strength of 880 MPa, and total elongation of

3%) that are comparable to the CrMnFeCoNi alloy, resulting from a se-

ere TRIP effect and a highly beneficial dynamic strain–stress partition-

ng effect on the two phases [2] . In addition, First-principles electronic

tructure calculations in conjunction with x-ray diffraction measure-

ents revealed that the SFEs of HEAs decrease with the number of com-

onents, and can be further reduced by tailoring the atomic ratios of in-

ividual components [25] . For instance, the SFE of CrMnFeNiCo HEA is

alculated as approximately 25 mJ m 

− 2 , that of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

EA is as low as 3.5 mJ m 

− 2 [25] . 

In this study, we prepared a non-equiatomic FCC

r 26 Mn 20 Fe 20 Co 20 Ni 14 HEA by an appropriate adjustment of composi-

ion ratio to decrease SFE and promote twinning. Mechanical properties

t room temperature were then tested and deformation mechanisms

t different strain levels were revealed by systematic microstructural

haracterizations by transmission electron microscopy (TEM) and high-

esolution transmission electron microscopy (HRTEM). Deformation

wins, forest dislocations, and the interaction of glide dislocations with

Fs as well as sessile Lomer–Cottrell locks were revealed as the main

ardening mechanisms. 

. Experiments 

Elemental Cr, Mn, Fe, Co, and Ni were used as raw materials, each

aving purity greater than 99.5%. The raw materials with the nominal

omposition of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 were alloyed in a boron nitride

BN) crucible in a medium frequency vacuum induction melting fur-

ace. Before it was placed in the furnace, the BN crucible was heated at

73 K for 1 h to remove water vapor. The furnace chamber was evacu-

ted to 10 − 2 Pa and backfilled with argon to 0.06 MPa before the melt-

ng started. The liquid metal was held at 1823 K for 15 min and poured
nto a ZrO 2 -coated MgO crucible (preheated at 873 K before casting).

n IRTM-2CK infrared pyrometer was employed to monitor the tem-

erature with an absolute accuracy of 2 K. The alloys were re-melted

wice to ensure homogeneity. The as-cast Cr 26 Mn 20 Fe 20 Co 20 Ni 14 sam-

le was hot-forged at 1000 °C to eliminate casting flaws, such as shrink-

ge cavities and equilibrium compositional segregation, and then an-

ealed at 1000 °C for 8 h to achieve a recrystallized coarse-grained (CG)

tructure. A Walter + bai LFM 20 kN tensile testing machine was used

or tensile testing at room temperature with a normal strain rate of

 × 10 –3 s –1 . The flat dog bone-shaped tensile samples had a gauge di-

ension of 20 × 3 × 2 mm 

3 . The strain was measured using a standard

on-contacting video extensometer. Three tensile specimens were mea-

ured to obtain reliable results. 

Microstructure and composition analyses were carried out by means

f electron back-scattered diffraction (EBSD), TEM, HRTEM, and energy-

ispersive spectrometer (EDS) techniques. Specifically, EBSD mapping

f specimens was conducted using a high-resolution field emission Carl

eiss-Auriga-45-66 scanning electron microscope (SEM) equipped with

 fully automatic Oxford Instruments Aztec 2.0 EBSD system (Channel

 software). The EBSD specimens were mechanically polished and then

lectropolished in an electrolyte containing 90 vol% acetic acid and

0 vol% perchloric acid using a voltage of 35 V and polishing time of

 min in a Buehler ElectroMet 4 polisher. The EBSD specimen was then

sed in EDS analysis. TEM observations were conducted in an FEI-Tecnai

 

2 20 S-TWIN microscope operated at 200 kV. HRTEM was conducted

n a Titan G 

2 60–300 operated at 300 kV. The TEM specimens were

repared by grinding the deformed gauge part down to 50 μm thick-

ess. TEM specimens with a thickness of approximately 50 μm were then

unched into discs with a diameter of 3 mm and were electro-polished

o an electron-transparent thickness in an aqueous electrolyte contain-

ng 10% perchloric acid, 20% glycerol, and 70% methanol at ‒20 °C via

 twin jet electro-polishing system. 

. Results 

.1. Initial microstructures and compositional distributions 

Fig. 1 a shows EBSD mapping of the annealed Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

ample, which was composed of fully recrystallized equiaxed grains with

he mean grain size of 50 μm and numerous annealing twins. By compar-

ng the orientation map with the inverse pole figure (IPF) shown as an

nset in Fig. 1 a, one can conclude that the crystal orientations were ran-

om without any texture. A region containing a normal grain boundary

GB) and a twin boundary (TB) of the as-annealed alloy was prepared for
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Fig. 2. Mechanical properties of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA at room temperature. (a) Tensile engineering and true stress–strain curves. Inset is the SEM image of 

the fracture surface with micrometer-sized dimples. (b) Strain hardening rate Θ versus true strain. Three stages could be distinguished, as marked along the yellow 

dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 1 

Simulated values of the strain hardening exponent n , the strengthening coeffi- 

cient K, and yield strength 𝜎0 from Hollomon and Ludwick equations. 

Specimens Equation Hollomon Ludwick 

Stages K (MPa) n 𝜎0 (MPa) K (MPa) n 

HEA 0 ‒53% 895 0.46 143 1032 0.85 

Ⅰ : 1% ‒6% 464 0.23 143 845 0.75 

Ⅱ : 6% ‒29% 881 0.49 143 995 0.85 

Ⅲ : 26% ‒49% 1141 0.66 143 1060 0.87 
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ompositional homogeneity analysis by SEM-EDS, as shown in Fig. 1 b.

ll the alloying elements (Cr, Mn, Fe, Co, Ni) were homogenously dis-

ributed without apparent elemental segregation or second phases, in-

icating that the HEA was a uniform and random solid solution. This is

ifferent from FeMn- and FeMnNi-based alloys in which Mn segregation

t GBs are seen [26–28] . 

.2. Tensile properties 

Fig. 2 shows the tensile stress–strain and strain hardening rate curves

f the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA at room temperature. The alloy

ad a yield strength of 180 ± 10 MPa, an ultimate tensile strength of

30 ± 15 MPa, and ductility of 73 ± 5%, which are comparable to

hose of CrMnFeCoNi [3,8] , CrMnFeCo [2,22 ‒24] , and CrFeCoNi alloys

29] . The SEM image of the fracture surface as the inset in Fig. 2 a re-

eals numerous dimples of ∼1 μm, suggesting a tough fracture in the

r 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. Fig. 2 b shows the corresponding strain

ardening rate ( 𝜎 = 𝐾𝜀 𝑛 
𝑝 
, where 𝜎 is true stress, 𝜀 is true strain) with

hree distinct stages. In stage I ( 𝜀 < 6%), Θ was observed to decrease

ontinuously due to the conventional transition from elastic to slip-

ominated plastic deformation. In stage II (6% < 𝜀 < 29%), Θ increased

o form a broad peak. In stage III ( 𝜀 = 29%), Θ decreased again until

ecking. The broad Θ peak of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA was dif-

erent from those of traditional materials with high SFE, such as Cu

nd Ni [30,31] that lack stage II, and was more remarkable than those

f CrMnFeCoNi [3] , Fe 40 Mn 40 Co 10 Cr 10 [22] , and Fe 50 Mn 30 Co 10 Cr 10 

2] , indicating a better strain hardening ability. In the literature, the Θ
eak is usually caused by additional plastic deformation; for example,

winning or phase transformation in TRIP and TWIP steels [32] , or fur-

her dislocation accumulation by complex stresses in gradient materials

33,34] . 

Another parameter used for evaluating strain hardening capability is

he strain hardening exponent n , whose value could be simulated by the

ollomon and Ludwick equations, respectively, as shown below [35] : 

= 𝐾𝜀 𝑛 
𝑝 

(1)

= 𝜎0 + 𝐾𝜀 𝑛 
𝑝 

(2)

here 𝜎0 is the yield stress, ɛ p is true plastic strain, K is a strength coeffi-

ient representing the true stress when ɛ p = 1. Fig. 3 shows experimental

rue stress–strain curves of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA and simulated

urves by Hollomon and Ludwick equations at different deformation

tages and Table 1 lists the simulated n values for different stages. The
verall n of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA was 0.46 by the Hollomon

quation and 0.85 by the Ludwick equation. The high n value indicates

 high strain hardening ability of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA, com-

arable to TRIP and TWIP steels [36–38] . In stage I, n was 0.23 by the

ollomon equation and 0.75 by the Ludwick equation. In stage II, n

eached 0.49 (Hollomon) and 0.85 (Ludwick). In stage III, n increased to

.66 (Hollomon) and 0.87 (Ludwick), which are superior values among

EAs as well as TWIP and TRIP alloys [36 ‒38] . Based on Hart’s theory

39] and the Considère criterion [40] , Θ contributed to high ductility

ecause it can help delay necking and prolong elongation. 

.3. Deformation mechanisms 

The strain hardening of metals results mainly from dislocation mul-

iplication and interactions between dislocations and other lattice de-

ects as well as themselves. To further reveal the underlying deforma-

ion mechanisms of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA at different stages,

EM observations were performed. Fig. 4 shows TEM micrographs of

r 26 Mn 20 Fe 20 Co 20 Ni 14 HEA, which were tensile deformed to different

rue strains (as marked in the lower right corner of each panel). Note

hat all the micrographs in Fig. 4 have the same magnification and the

ame contrast conditions, i.e., g = ⟨111 ⟩, as indicated by white arrows

n the upper right corners of the micrographs. When the specimen was

ensile strained up to 2%, planar slips on two sets of {111} slip planes

ere activated from GBs, forming discontinuous slip traces due to the

ow density of dislocations. Moreover, a dislocation array with a high

ensity of parallel dislocations was piled up at the boundary of anneal-

ng TB, as shown in the magnified inset in Fig. 4 a. By increasing the

rue strain to 6%, a large number of parallel dislocation arrays were

mitted from GBs, but still kept the features of planar slip. The stable

iling up of dislocations under the unloading condition indicates the

resence of a significant friction stress and a resistance of GBs to dislo-

ation transmission or absorption [13] . In addition to the slip of parallel
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Fig. 3. Experimental true stress–strain curves of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA and simulated curves by Hollomon ( 𝜎 = 𝐾𝜀 𝑛 
𝑝 
) and Ludwick ( 𝜎 = 𝜎0 + 𝐾𝜀 𝑛 

𝑝 
) equations at 

different deformation stages. (a) The overall tensile stage. (b) Stage I. (c) Stage II. (d) Stage III. 
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i  
islocation arrays, SFs is another important deformation mechanism

n the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA at the early deformation stage. As

hown in Fig. 5 a, the micrometer-sized SFs formed when 𝜀 = 2%, and

umerous SFs were found in the grain interior at 𝜀 = 6% ( Fig. 5 b). These

esults demonstrate the feature of planar slip in the HEA in which the

lloying effect of five elements with near equal molar ratios effectively

ecreases the SFE, as calculated by Ref. [25] . The mobile unit disloca-

ions and the fast movement of SFs in this stage account for the low Θ in

he initial deformation stage [40] , in contrast to metals with high SFE

hat are strengthened by the dislocation tangles and cross slip. 

In stage II, when 𝜀 = 14% and 22%, the dislocation density and

111}-type slip traces increase accordingly, as shown in Fig. 4 c and d.

t is worth noting that most dislocations were bent and tangled, and

nly a small number of dislocations (the inset in Fig. 4 c) kept the fea-

ure of parallel dislocation arrays, suggesting the coexistence of multi-

le planar slip and cross slip dislocations. Moreover, twinning appeared

o gradually govern the deformation mechanism in stage II, as shown

n Fig. 5 c and d. Several deformation twins with widths of less than

0 nm appeared in some grains when 𝜀 = 14% ( Fig. 5 c), indicating that

he resolved shear stress reached the critical stress of twinning in the

r 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. When 𝜀 = 22%, the quantity of deforma-

ion twins increased significantly, and the thickness of twin belts ex-

ended to the micrometer range ( Fig. 5 d). With increased stress, more

/6 ⟨112 ⟩ partial dislocations might be activated on {111} slip planes

cting as nuclei for twins, resulting in increases of both twin number

nd twin thickness. Twin lamellae usually act as effective obstacles to
he motion of dislocations, especially for those with slip systems non-

arallel to the twin lamellae [41,42] . Therefore, the deformation twin-

ing dynamically increased the capacity of dislocation accumulation,

ontributing to the steady-state Θ. 

In stage III, when 𝜀 = 37%, the {111}-type slip traces still appeared

n the majority of grains, and the space between the slip traces was full

f dense dislocations, as shown in Fig. 4 e. The microscale twin appear-

ng in stage II evolved into nanoscale twin bundles that contained sev-

ral nanoscale twin lamellae with thicknesses of 10 ‒50 nm, as shown in

ig. 5 e. With increased strain, the synchronous stress increase induced

he formation of nanoscale twin nuclei within the microscale twin lamel-

ae, resulting in the formation of nanoscale twin bundles. When the ten-

ile specimen was elongated to fracture ( 𝜀 = 49%), high-density disloca-

ions accumulated and were distributed homogeneously within the twin

nd matrix lamellae, as shown in Fig. 4 f. The homogenously distributed

islocation structures were different from the dislocation cells in other

CC HEAs with low- to medium-SFE [13,22] . Moreover, as can be seen

he selected area electron diffraction (SAED) pattern in Fig. 5 f, a diffrac-

ion ring similar to that seen in polycrystalline materials was observed,

hich resulted from (i) intersections of extensive primary (T1) and sec-

ndary (T2) nanoscale twins, leading to a significant grain refinement

i.e., a dynamic Hall–Petch effect) and (ii) accumulation of dislocations

t TBs, leading to TB curvature. 

The severe intersections between multiple nanoscale twins caused

he lattice distortion, which were characterized as trenches and bulges

n the HRTEM images ( Fig. 6 a and d). Fig. 6 b, c, e, and f are magnified
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Fig. 4. TEM micrographs with ⟨111 ⟩ g vectors of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA tensile deformed to different true strains as marked in the lower right corner of each 

panel. (a ‒e) {111} slip traces were marked with white dotted arrows and parallel dislocation arrays were marked with red dotted arrows. (f) High-density and 

homogeneously-distributed dislocations accumulated within twin (marked with red arrows) and matrix lamellae. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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mages of the regions “b, ” “c, ” “e, ” and “f ” marked with white rectangles

n Fig. 6 a and d. Nanoscale twins of less than 5 atomic layers and numer-

us 1/6 ⟨112 ⟩ typed SFs (marked with white arrows) on the nanoscale

win boundary and within the nanoscale twins are seen. The numerous

Fs on TBs might be residual extensions of nanoscale twins. Another

eason for numerous SFs is a dynamic Hall–Petch effect by twinning.

hen coarse grains are refined into nanometer-sized twin lamellae, the

ormation of SFs became a dominant deformation mechanism. Previous

tudies have shown that the activity of SFs is the dominant deformation

echanism in grains less than 10 nm, as the twinning and dislocation

lipping become difficult due to the high critical shear stress [43,44] . 

.4. Measurement of stacking fault energy 

SFE can be measured from peak broadening and shift of x-ray diffrac-

ion [45–47] , and from SF width imaged by TEM [48] and HRTEM

49] . Here we measured SF width from HRTEM images on [110] zone
xis (Z.A.) of the tensile-fractured Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with

 = 49%, as shown in Fig. 7 . A SF was framed by a red rectangular

 Fig. 7 a) and the magnfied HRTEM image ( Fig. 7 b) revealed the SF was

ormed from the dissociation of an extended 60° dislocation 1/2 ⟨110 ⟩ to

wo 1/6 ⟨112 ⟩ partial dislocations (a 90° partial and a 30° partial). The

F width was then measured from the distance between the 90° and 30°

artials which are located at the two ends of the SF. Statistic HRTEM

easurements indicated that the SF width was about 11 nm. Then the

FE could be calculated by [50] : 

= 

G b 2 
2 𝜋𝑑 

(3) 

here 𝛾 is SFE, G is shear modulus, approximately equal to 79.3 GPa

48] , b is the magnitude of Burgers vector of 1/6 ⟨112 ⟩, 𝛾 is calculated

s about 24 mJ m 

− 2 , which is larger than the first-principle calculation

25] . 
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Fig. 5. TEM micrographs on [110] zone axis (Z.A.) showing the evolutions of SFs and twins in the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with different true strains, as marked 

in the lower right corner of each panel. (a,b) Bright field images of SFs with ⟨111 ⟩ g vectors. (c ‒e) Dark field images with insets of SAED patterns of matrix (marked 

as “M ”) and twin (marked as “T ”). Diffraction spots circled in red in the SAED patterns were used to obtain the dark field images. (f) Bright field image of deformation 

twins on two twinning systems (marked as T1 and T2) and the corresponding SAED pattern. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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. Discussion 

.1. Dislocation strengthening 

It has been reported that dislocation accumulation in TWIP alloys is

ontrolled by the SFE [48] . Due to the low SFE, unit dislocation in TWIP

lloys tends to slip on parallel slip planes and dissociate into a SF with

wo Shockley partial dislocations. Cross slip is strongly inhibited by such

n extended dislocation core unless this extended core is constricted by

xternal stress with the assistance of thermal activation [48] . Therefore,

islocation multiplication can be enhanced with the suppressed dynamic

ecovery caused by low SFE. In the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA, the

ow SFE activates planar dislocation arrays and SFs on more parallel

111} slip planes, contributing to a larger accumulation of dislocations

han that by a cross slip on multiple slip planes, especially in deforma-

ion stages I and II. On the other hand, planar slip decreases the oppor-

unity for dislocation interaction, i.e., weakening the forest hardening
ffects of dislocations. Besides the typical parallel dislocation arrays,

hick and long dislocation tangle lines are also frequently observed in

he Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. As shown in Fig. 8 a, when 𝜀 = 2%, a

hick dislocation tangle line traversed a grain and the magnified image

eveals that it is composed of dense parallel dislocations. Moreover, the

islocation tangles are thickened by more parallel dislocation lines with

ncreasing true stain from 6% to 14%, as shown in the magnified inset in

ig. 8 c. The observed configuration of dislocation tangles composed of

arallel dislocations is different from the complex and indistinguishable

tructures of high dense dislocation walls (HDDWs) reported for other

WIP alloys [22] . Our observation suggests that the dislocation tangles

n the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA play a weak role in hindering the

ubsequent slip of dislocations and strain hardening. Nevertheless, the

nique atomic structure of HEAs results in new strain hardening mech-

nisms by the jerky slip of unit dislocations. A recent study of CrMnFe-

oNi by in situ TEM revealed that the planar slip is not continuous with

xtremely low velocity, which formed close-packed dislocation arrays
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Fig. 6. [110] HRTEM images on [110] zone axis (Z.A.) of the 

tensile-fractured Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with 𝜀 = 49%. (a) 

Image showing the deformation nanoscale twins on one twin- 

ning system (marked by red lines). The inset is the correspond- 

ing Fourier transformation (FFT) pattern of matrix (marked as 

“M ”) and twin (marked as “T ”). (b,c) The magnified images 

of the regions labeled “b ” and “c ”, respectively, showing the 

nanoscale twins (marked by red lines), and SFs on the twin 

boundary (indicated by white arrows). (d) Image showing de- 

formation twins on two twinning systems (T1 and T2). The 

inset is the corresponding FFT pattern. (e,f) The magnified im- 

ages of the regions labeled “e ” and “f ”, respectively, showing 

the nanoscale twins (red and cyan lines) and SFs (white ar- 

rows). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this 

article.) 

a  

a  

o  

p  

h

 

t

H

Δ  

w  

T  

[  

d  

r  

d  

a  

t  

C  

o  

t  

𝜎  

l  

T  

h  

c  

f  

w  

t  

c  

t  

f  

d

4

 

n  

t  

s  

a  

d  

w  

u  

S  

s  

s  

i  

h  

c  

p  

a  

e  

d  

s  

t  

o  
nd pile-ups in the activated {111} due to the strong drag effect of solute

toms [51] . Thus, the motion of unit dislocation needs to continuously

vercome the activation barriers of the localized bands of slow-moving

lanar unit dislocations, contributing to an additional increase in strain

ardening rate. 

According to the classic Taylor hardening model [52] , the quanti-

ative forest hardening effect of dislocations in Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

EA is given by: 

𝜎 = 𝑀𝛼𝐺b 
√
𝜌 (4)

here ∆𝜎 is the corresponding increase in the tensile stress, M is the

aylor factor (3.06), 𝛼 is a constant, G is the shear modulus (79.3 GPa)

48] , b is the magnitude of the Burgers vector (0.253 nm), and 𝜌 is the

islocation density. The actual value of 𝛼 is determined by the geomet-

ical arrangement of the dislocation, and it decreases continuously with

eformation. But the variations are in a 10 % range [53] , and thus it is

pproximated as a stable constant during the deformation. In this work,

he value of 𝛼 was 0.45 according to the previous study of CrMnFe-

oNi [14] . Here, it is assumed that if no accumulation of dislocations

ccurred when yield, then the true flow stress 𝜎 can be obtained by

he corresponding dislocation density 𝜌 at different tensile strains as

= Δ𝜎 + 𝜎𝑌 , where 𝜎y is the yield strength. The statistical values of dis-

ocation density at different tensile strains are smaller than 22% from

EM images and are plotted in Fig. 9 a. The dislocation densities are too

igh to be accurately measured when 𝜀 > 22%. The flow stress was cal-

ulated by using 𝜌 values to evaluate the contribution of dislocations

or tensile flow stress ∆𝜎. Fig. 9 b compares the calculated flow stress

ith the experimental results, which were in good agreement within

he error range, especially at low strain. The difference between the cal-
ulated and experimental flow stress increased with the strain, because

he contribution of SFs and twins are not considered. In general, the

orest dislocation hardening effect is the major mechanism in the initial

eformation stage in the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. 

.2. Strengthening by SFs and twins 

SFs have routinely been regarded as omens of twins, but unfortu-

ately, the hardening effect of SFs is neglected in most research. In

he Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA, SFs with sizes in the micrometer and

ub-micrometer range are found to be an important deformation mech-

nism, except for the planar slip dislocations that occur in the initial

eformation stage. As can be seen in Fig. 10 a, when 𝜀 = 2%, several SFs

ith partial dislocations pairs were cut by a ( ‒111) slip trace and a

nit dislocation, indicating interactions between glide dislocations and

Fs. Similar results are seen in Fig. 10 b, when 𝜀 = 6%, SFs arrays with

ingle visible partial dislocations tangled with unit dislocations on the

ame slip plane are seen. In fact, Allain et al. [54] observed that the

nteraction of glide dislocations with SFs contributes mainly to strain

ardening in TWIP steels at room temperature and above. Theoreti-

al studies, such as molecular dynamics simulations, show that SFs can

revent the glide of dislocations on slip planes crossing the SF plane

nd improve the ductility of materials since the dislocations after pen-

trating SF are glissile, thereby contributing to the subsequent plastic

eformation and strain hardening rate [55,56] . In stage III with high

train, numerous SFs are activated on two {111} slip systems, even in

he nanoscale twin lamellae, as shown in Fig. 10 c and d. The interaction

f the two leading partials of the two SFs on two {111} planes forms a
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Fig. 7. [110] HRTEM images on [110] zone axis (Z.A.) of the tensile-fractured 

Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with 𝜀 = 49%. (a) HRTEM image containing a SF, as 

framed by the dotted rectangular. (b) Magnied HRTEM image of the area in the 

dotted rectangular part in (a) revealing the SF was formed from the dissociation 

of an extended 60° dislocation 1/2 ⟨110 ⟩ to two 1/6 ⟨112 ⟩ partial dislocations (a 

90° partial and a 30° partial are located at the two ends of the SF), b, b 1 and b 2 
are projections of Burgers vectors of the 60° dislocation, 90° and 30° partials. 
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Fig. 8. Bright field TEM images with ⟨111 ⟩ g vectors showing the structure of disloca

as marked in the lower right corner of each panel. 
tair-rod dislocation by: 

 ∕6 < 2 − 1 − 1 > + 𝑎 ∕6 < −121 > → 𝑎 ∕6 < 110 > (5)

The Burgers vector of stair-rod dislocations is perpendicular to the

islocation line and does not lie on either of the two {111} planes

f the adjacent SFs. Thus, stair-rod dislocations cannot glide on these

111} planes. Because the {100} plane that contains the stair-rod dis-

ocation line and its Burgers vector is not a slip plane, the stair-rod

islocation is sessile. The stair-rod dislocation acts as a barrier to the

lide of further dislocations on the two {111} planes and is known

s a Lomer–Cottrell lock [57,58] , which certainly leads to the large

train hardening rate of the single-phase FCC HEA. Xu et al. [59] re-

orted that these immobile dislocation locks could act as Frank–Read

ources for dislocation multiplication and form parallel long dislocations

n the same slip systems, resulting in a liner increase of flow stress with

train. 

At high strain levels, twinning governed the deformation mecha-

isms in the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. So, it is necessary to un-

erstand the contribution of TWIP effects to the superior combination

f high stress and high ductility. Tremendous efforts have shown that

winning is a universal and significantly enhanced mechanism in HEAs

2,13,22] with low SFE (20 ‒40 mJ m 

− 2 ). Deformation twins directly

ontribute to the plastic strain by inducing back stress, the so-called

auschinger effect [58,59] , and by forming obstacles against the dislo-

ation motion, which reduces the mean free path and enhances the dis-

ocation multiplications [60–62] . According to the study of microstruc-

ural evolution of TWIP steels after tensile deformation, deformation

winning as well as interactions between TBs and dislocations and com-

on TBs play key roles during deformation [63,64] . The existing twins

ynamically reduce the grain size. Thus, initiations of new twins require

 higher stress. The mean free path of dislocations is reduced because of

he increased density of TBs, resulting in increased stress. Furthermore,

s the twin lamellae become thinner, the external stress required for
tion tangles in the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with different true strain values, 
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Fig. 9. (a) Dislocation density ( 𝜌) versus true strain. (b) The true flow stress values calculated by the Taylor hardening model and the corresponding experimental 

values. 

Fig. 10. Bright field TEM images showing the SFs-dislocation and SF–SF interactions in Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with different true strain values, as marked in 

the lower right corner of each panel. (a) Image showing SFs with partial dislocations pairs cut by a ( ‒111) slip trace and a unit dislocation (marked with white dotted 

arrow and line); (b) Image showing an SF array with single visible partial dislocations tangled with unit dislocations on the same slip plane; (c ‒d) [110] zone-axis 

(Z.A.) TEM images showing the SFs (marked with red arrows), inner nanoscale twin lamellae, and the Lomer–Cottrell dislocations (marked with blue arrows) caused 

by the intersection of SFs on two {111} slip systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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islocations across TBs becomes larger, inhibiting the annihilation of

islocations [65] . Thus, the high strain hardening rate in TWIP alloys

an be correlated to the TB-mediated dislocation multiplication and ex-

austion process, leading to a concurrent increase in both strength and

uctility during plastic straining. It is envisaged that the flow stress in-

reases because the newly formed twins refine the grain size and intro-

uce fresh obstacles. Thus, the propagation of deformation twinning is

egarded as a dynamic Hall–Petch effect, which is a determining factor

n the strain hardening behavior of twinned microstructures [66] . 
.3. Strengthening by sub-grain boundary and phase boundary 

The last strengthening factors in our HEA are subgrain boundaries

SGBs) and phase boundaries. As shown in Fig. 11 a for the tensile-

ractured HEA specimen, a region is divided by an obvious SGB) ( “b ”

rea) and phase boundary ( “c ” area), which are neighboring several

anoscale twins. With careful observation of the high magnification

mage in Fig. 11 b, 4°‒14° SGBs were formed by the accumulation

f dense SFs, resulting in a severe stress concentration and lattice
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Fig. 11. (a) A [110] zone axis (Z.A.) 

HRTEM image showing the subgrain 

boundary and phase boundary in the 

regions labeled “b ” and “c ”, respectively 

(outlined by white dotted lines) in the 

tensile fractured Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

HEA with 49% true strain. The inset is 

the corresponding Fourier transformation 

(FFT) pattern of matrix (marked as “M ”) 

and twin (marked as “T ”). (b) The magnifi- 

cation of region “b ” from panel (a) showing 

the 4°‒14° SGBs by accumulation of SFs. (c) 

The magnification of region “c ” from panel 

(a) showing the phase boundary between 

the FCC matrix and nanoscale HCP phase. 

The adjacent double SFs act as nuclei for 

the nanoscale HCP phase lamellae. (d) 

The transient phase boundary (denoted 

by the orange dotted line) between the 

FCC and HCP phases. The inset shows 

the corresponding Fourier transformation 

pattern of the HCP phase. (e) Schematic 

atomic formation mechanisms of the HCP 

phase from the FCC phase via alternate SF 

emissions. 
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istortion. Thus, the SGBs could act as barriers for the subsequent dislo-

ation slip and the nuclei of new SFs and nanoscale twins, contributing

o the synergistic increase of stress and ductility. It’s worth noting that,

he lattice distortion in Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA is different from

he observations of kinks and bends in the lattice layers in NbMoTaW

EA caused by the large difference between atomic radii, which induces

on-uniform stress fields and a dynamic drag effect of dislocations slid-

ng along a distorted lattice, leading to increased strengthening. 

Besides the SGBs, a coherent phase boundary of FCC phase and HCP

hase is also observed in area “c ” in Fig. 11 a. Fig. 11 c shows that HCP

aths form in the original nanoscale twins, nucleated by the adjacent

ouble SFs. The HCP laths have a consistent orientation to the nanoscale

wins and share the same {111} habit planes as the TBs, i.e., forming

 141° angle with the FCC matrix, as shown by the Fourier tranforma-

ion pattern of the high-resolution TEM ( Fig. 11 d). The HCP lamellae

ould also be very effective barriers for dislocation slip since transmis-

ion of edge-component dislocations into the HCP phase would require

he activation of dislocations with a component along [0001], requiring

ither ⟨c ⟩ or ⟨c + a ⟩ dislocations [67] . Moreover, the increased phase

oundary density due to transformation creates additional obstacles to

islocation slip, thereby contributing to the strain hardening and the

ynergic deformation of the two phases, leading to a highly beneficial

ynamic strain–stress partitioning effect and enhancing the synchronous

ncrease of strength and ductility [2] . 

A typical 1/6 ⟨112 ⟩ Shockley partial dislocation was observed and

emonstrated atomic formation mechanisms of the HCP phase from the

CC phase via alternate SF emissions as schematically represented in
ig. 11 e. Nine atomic layers in the FCC matrix with an atomic packed

rder of ABCABCABC were inspected. As shown in Fig. 11 e, when an

tomic layer was displaced by a Shockley partial dislocation, an SF was

ntroduced with a stacking sequence of CABCABABC, namely a thin HCP

hase lamella with four atomic layers of ABAB. When another Shockley

islocation moved on the alternate (not adjacent) close-packed plane,

he double alternate SFs exhibited an atomic packed sequence corre-

ponding to BCABABABC, namely an HCP phase with six atomic layers.

herefore, the HCP phase transformation of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

EA at room temperatures was realized via alternate SF emissions. 

. Conclusion 

In this study, we prepared a Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA with a SEF

f 3.5 mJ m 

− 2 and a fully recrystallized equiaxed grains with a size of

50 μm by making an appropriate component adjustment based on the

quiatomic CoCrFeMnNi alloy to promote twinning. Tensile testing indi-

ated that the HEA possesses an excellent combination of high strength

nd high ductility. The post-deformed samples at different strain levels

ere further analyzed by TEM and HRTEM to reveal the deformation

nd strengthening mechanisms. The main conclusions are as follows: 

1. The mechanical properties of Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA were

comparable to the equiatomic CoCrFeMnNi alloy due to the three-

stage strain hardening behavior. The average strain hardening expo-

nent n simulated by the Hollomon equation and the Ludwick equa-

tion were 0.46 and 0.85, respectively. 
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2. Post-deformation analyses on different strain levels revealed planar

slip with parallel dislocation arrays and SFs as the major deforma-

tion mechanisms in the initial deformation stage; furthermore, twins

started to appear at 14% true strain and gradually governed the sub-

sequent deformation behavior. 

3. The forest dislocation hardening effect, calculated by the Taylor

hardening model, was the major hardening contributor in the initial

deformation stage. In addition, the interactions of glide dislocations

with SFs, and SFs-SFs interactions (i.e. the sessile Lomer–Cottrell

locks) were important strengthening mechanisms. At high strain lev-

els, a Bauschinger effect and a dynamic Hall–Petch effect caused by

twinning, sub-grain boundary and phase boundary were dominant

strain hardening factors of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. 
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