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a b s t r a c t 

Nanostructuring metals through nanograins and nanotwins is an efficient strategy for strength increase 

as the mean free path of dislocations is reduced. Yet, nanostructures are thermally often not stable, so 

that the material properties deteriorate upon processing or during service. Here, we introduce a new 

strategy to stabilize nanotwins by an interfacial nanophase design and realize it in an interstitial high- 

entropy alloy (iHEA). We show that nanotwins in a carbon-containing FeMnCoCrNi iHEA can remain sta- 

ble up to 900 °C. This is enabled by co-segregation of Cr and C to nanoscale 9R structures adjacent to 

incoherent nanotwin boundaries, transforming the 9R structures into elongated nano-carbides in equilib- 

rium with the nanotwin boundaries. This nanoscale 9R structures assisted nano-carbide formation leads 

to an unprecedented thermal stability of nanotwins, enabling excellent combination of yield strength 

(~1.1 GPa) and ductility (~21%) after exposure to high temperature. Stimulating the formation of nano- 

sized 9R phases by deformation together with interstitial doping establishes a novel interfacial-nanophase 

design strategy. The resulting formation of nano-carbides at twin boundaries enables the development of 

strong, ductile and thermally stable bulk nanotwinned materials. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Strength, ductility and thermal stability are key properties of

metallic materials applied in such diverse fields as safe infrastruc-

tures, weight reduced automobiles and efficient energy conversion

plants. Improving the strength of metals by refining their grain

size down to the nanoscale ( < 100 nm) often results in insufficient

thermal stability, a challenge known as strength-stability trade-off

for nanocrystalline materials [1 , 2] . Loss of nanosized substructures

is due to capillary-driven boundary migration-induced crystal

coarsening (e.g., at ~445 °C in nanocrystalline Ni) [1] . Previous

effort s f or solving this strength-stability trade-off mainly focused

on the introduction of more stable planar defects such as nano-

scale coherent twin boundaries (nanotwins) [1 , 3] . However, twin

boundaries get thermally unstable at ~500 °C for instance in nan-

otwinned Ni [1] , ~745 °C in nanotwinned 316 L stainless steels [4] ,

and ~680 °C in nanotwinned Fe-Cr based superalloys [5] . As twin

interfaces have high lattice site coincidence their energy is very

low [6-9] , so that their stabilization through Zener–type particle
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inning is ineffective [7 , 10-12] . Thus, a mechanism for stabilizing

win interfaces at elevated temperatures, as a vehicle for realizing

igh strength and ductility of materials exposed to harsh thermal

onditions, is missing. 

In this context the interfacial nanophase design concept devel-

ped in the presented study offers a suited option. We apply this

pproach and show how nanophases can stabilize nanotwins in an

nterstitial high-entropy alloy (iHEA). 

Our starting point for this interfacial nanophase design ap-

roach is the nanoscale 9R structure that has been reported to

ccur as transformation zone at certain planar defects [13–16] .

ore specific, incoherent portions of twin boundaries can be

enerated from coherent ones through partial dislocation reactions

7] . In such regions hexagonal 9R structures can form. They consist

f a specific stacking sequence of {111} atomic planes in the

rder ABC/BCA/CAB, where each letter indicates one of the three

ossible stacking positions. The core structure of the incoherent

win boundary can be described as a repeatable sequence of

hockley partial dislocations b 2 :b 1 :b 3 . b 1 is a pure edge partial

islocation, which is equal to 1/6[11 ̄2 ]; b 2 and b 3 are mixed partial

islocations with opposite sign of their screw portions, which

re equal to 1/6[ ̄2 11] and 1/6[1 ̄2 1], respectively [15 , 17 , 18] . The

tomic stacking of the 9R structure is created by the emission

https://doi.org/10.1016/j.actamat.2019.12.010
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nd passage of Shockley partial dislocations. The preferred partial

islocation emitted is b 1 , since b 2 and b 3 attract each other due to

he opposite sign of their screw components. In this way, the 9R

tructure is bounded by two phase boundaries, i.e., PB 1 , containing

hockley partials b 1 , and PB 2 , which is composed of an array of

 2 and b 3 dislocations at the location of the original incoherent

win boundary [17–19] . In such a scenario, the 9R structure is

hermodynamically stabilized by the presence of defects, although

he structure itself would be unstable. Owing to its inherent high

islocation density at both PB 1 and PB 2 , the local mismatch across

he 9R bounding interface promotes local elemental diffusion and

lement enrichment, leading to Gibbs-type equilibrium segregation

nd possible transformation reactions at such interfaces [17 , 20] . 

Inspired by these ideas we demonstrate here a novel strategy of

tilizing the interfacial nanophase design concept for the stabiliza-

ion of nanotwins in an iHEA containing multiple principal substi-

utional elements (e.g., Co, Cr, Fe, Mn and Ni) and interstitial car-

on. The formation of nanophases at planar defects – here the 9R

tructures at incoherent twin boundaries – in an iHEA takes place

uring cold rolling and assists nano-carbide formation by subse-

uent high-temperature annealing, rendering nanotwins thermally

table. 

. Materials and methods 

.1. Materials preparation 

The ingots of the Fe 19.84 Mn 19.84 Co 19.84 Cr 19.84 Ni 19.84 C 0.8 (at.%)

HEA and the Fe 20 Mn 20 Co 20 Cr 20 Ni 20 (at.%) equiatomic HEA

ere cast in a vacuum induction furnace using pure metals

nd carbon ( ≥ 99.8% pure). Both ingots had dimensions of

5 × 60 × 65 mm 

3 with a weight of 1 kg. Blocks with dimen-

ions of 10 × 25 × 60 mm 

3 were machined from the original casts,

nd subsequently hot-rolled at 950 °C to a thickness reduction of

0% (thickness changed from 10 to 5 mm). The hot-rolled alloy

lates were homogenized at 1200 °C for 2 h in Ar atmosphere fol-

owed by water-quenching. After that, the alloy plates were further

old-rolled with a thickness reduction of 60% and then annealed at

00 °C for 10–600 min and 900 °C for 10–60 min in Ar atmosphere

ollowed by water-quenching. 

.2. Mechanical and microstructural characterization 

Nanoindentation measurements were performed at room tem-

erature using G200 (Keysight-Tec, USA) for all annealed samples.

 diamond Berkovich indenter was used at a constant loading rate

0.05 s − 1 ) up to a maximum displacement of 500 nm. This depth

as chosen as a compromise to exclude the indentation size effect

n the one hand and to ensure a sufficient number of indents in a

mall local region on the other hand to provide sufficient statistics

or the hardness evaluation. The nanohardness analysis was calcu-

ated based on the Oliver-Pharr method [21] . 

For room-temperature tensile tests, flat specimens with a thick-

ess of 1 mm were machined from the alloy sheets by electrical

ischarge machining. The gauge length and width of the tensile

pecimens were 10 mm and 2.5 mm, respectively. Uniaxial ten-

ile testing was carried out at ambient temperature using a Kamm-

ath & Weiss tensile stage at an initial strain rate of 1 × 10 −3 s −1 .

he local strain values were determined by digital image correla-

ion (DIC) method using the Aramis system. For high-temperature

ensile tests, flat dog-bone-shaped specimens with a thickness of

 mm were machined from the cold-rolled alloy plates. The gage

ength and width of the specimens were 100 and 25 mm, respec-

ively. High-temperature uniaxial tensile testing was conducted

t 600 °C and 700 °C with an initial engineering strain rate of
 × 10 −3 s − 1 using a Gleeble 3500 thermomechanical simula-

or. Before the start of the high-temperature straining, the samples

ere held for 15 min after reaching the desired test temperature. 

The microstructures of the bulk samples prior to and after

nnealing were characterized using multiple probing techniques.

he sample surface was mechanically grinded with silicon carbide

brasive paper (P60 to P40 0 0), and then polished by using 3–1 μm

iamond suspensions. Final polishing with ~50 nm SiO 2 suspension

as carried out to remove the deformation layer caused by me-

hanical grinding. X-ray diffraction (XRD) analysis was performed

sing an X-ray instrument ISO-DEBYEFLEX 2003 equipped with Co

 α ( λ = 1.788965 Å) source at 40 kV and 30 mA. Electron chan-

eling contrast imaging (ECCI) and transmission Kikuchi diffrac-

ion (TKD) analysis were conducted on a Zeiss-Merlin microscope

t 20 kV. Electron backscatter diffraction (EBSD) was carried out

y a Zeiss-crossbeam FIB scanning electron microscope (SEM) with

SL OIM detector using 100 nm step size at 15 kV. The trans-

ission electron microscope (TEM) foils and atom probe tomog-

aphy (APT) tips were prepared by a dual-beam focus ion beam

FIB FEI 600i instrument) via TEM lift-out procedures [22] and

PT lift-out procedures [23] , respectively. Bright-field TEM, dark-

eld TEM and selected area electron diffraction (SAED) were con-

ucted by an image aberration-corrected TEM (FEI Titan Themis)

t an acceleration voltage of 300 kV. High-resolution high an-

le annular dark field (HAADF) scanning TEM (STEM), low an-

le annular dark field (LAADF) STEM and energy dispersive X-

ay spectroscopy (EDS) were carried out by means of a probe

berration-corrected TEM/STEM (FEI Titan Themis) with an acceler-

tion voltage of 300 kV. For HAADF-STEM imaging, a probe semi-

onvergence angle of 17 mrad and inner and outer semi-collection

ngles ranging from 73 to 200 mrad were operated. For LAADF-

TEM imaging, a probe semi-convergence angle of 17 mrad and

nner and outer semi-collection angles from 14 to 63 mrad were

tilized. For in-situ STEM investigation, the samples were heated

sing a Lighting heating/biasing holder from DENSsolutions (Delft,

etherlands). A heating rate of approximately 100 °C/s was applied

p to 900 °C. All crystallographic analyses were assisted by com-

aring the observed patterns to simulated electron diffraction pat-

erns and the corresponding stereographic analysis using electron

icroscopy simulation software (Crystalmaker) under an assump-

ion of a 100 nm TEM foil/lamella thickness and an acceleration

oltage of 300 kV. The crystallographic information (CIF files) of

ace-centered cubic (FCC) γ matrix and M 23 C 6 carbide were taken

rom Refs. [24 , 25] . APT measurements were conducted by using a

EAP 30 0 0X HR instrument (Cameca company) operated in voltage

ode with 200 kHz pulse repetition rate, 15% pulse fraction, 0.5%

etection rate and a set-point temperature of 70 K. APT tip recon-

truction and data analysis were conducted by the IVAS 3.6.12 soft-

are. 

. Results and discussion 

.1. Microstructure evolution upon high temperature annealing 

We produced an iHEA with nominal composition

e 19.84 Mn 19.84 Co 19.84 Cr 19.84 Ni 19.84 C 0.8 (at.%) as a model mate-

ial for realizing the interfacial nanophase design concept. For

eference, an equiatomic FeMnCoCrNi HEA without carbon addi-

ion has also been prepared and investigated after imposing it to

he same processing steps. Both, the equiatomic FeMnCoCrNi HEA

nd the carbon doped iHEA in as-homogenized conditions were

rocessed by cold-rolling and subsequent annealing at 900 °C and

00 °C for various times. Fig. 1 a and b show the microstructures

f the equiatomic FeMnCoCrNi reference HEA prior to and after

00 °C/10 min annealing, respectively. All nanotwins (~53 nm in

hickness) and deformation bands (~18 vol.%) in the cold-rolled
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Fig. 1. Microstructure and mechanical properties of the equiatomic FeMnCoCrNi HEA and the iHEA prior to and after annealing. (a) ECC image of cold-rolled microstructure 

of the equiatomic HEA. (b) Fully recrystallized structure of the equiatomic HEA after annealing at 900 °C for 10 min. (c) Cold-rolled microstructure of the iHEA. (d) Partially 

recrystallized structure of the iHEA after annealing at 900 °C for 10 min. The insets in (a–d) are corresponding EBSD orientation maps. (e) Microstructure of the recrystallized 

region with spherical precipitates. (f) Microstructure of the nanotwinned region with elongated precipitates. (g) Nanoindentation hardness of the nanotwinned iHEAs in 

different states (e.g., cold-rolled, 800 °C/10 min, 800 °C/60 min, 800 °C/300 min, 900 °C/10 min and 900 °C/60 min annealed) compared with those of other existing 

nanotwinned metallic materials including nanotwinned FeMnCoCrNi HEA in different states (e.g., cold-rolled, 800 °C/10 min, 800 °C/30 min and 900 °C/10 min annealed), 

nanotwinned 316 L stainless steel (SS) (780 °C/20 min) [29] , nanotwinned Ag (23–800 °C/1 h) [30] and nanotwinned Cu (23–800 °C/1 h) [31] . Annealing temperature of 23 

°C refers to the cold-rolled state of the sample without annealing. The additional results showing the microstructure and high-temperature tensile properties of the iHEA 

and HEA after heat treatments for extended times can be found in Figs. 6 , 7 and 12 . (h) Comparison of mechanical properties of the nanotwinned iHEA with other materials. 

The inset in (h) is engineering stress-strain curves of the annealed HEA (curve 3), the cold-rolled (curve 1) and the annealed (curve 2) iHEAs. “RD” and “TD” refer to rolling 

and transverse directions, respectively. 
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microstructure ( Fig. 1 a) were completely removed by recrystalliza-

tion, leaving only coarse equiaxed grains (~4.4 μm) after annealing

( Fig. 1 b). No secondary phases were found in the fully recrys-

tallized HEA ( Fig. 1 b). Compared to the equiatomic FeMnCoCrNi

reference HEA ( Fig. 1 a), the cold-rolled iHEA presents a similar

microstructure containing dislocations ( > 10 15 m 

− 2 ), nanotwins

(~40 nm in thickness) and deformation bands (~12 vol.%) ( Fig. 1 c).

Unlike the annealed equiatomic FeMnCoCrNi HEA ( Fig. 1 b), the an-

nealed iHEA exhibits a heterogeneous microstructure consisting of

recrystallized (~40 vol.%) and non-recrystallized (~60 vol.%) regions

( Fig. 1 d). The non-recrystallized region contains a high number

density of nanotwins which are ~100 nm in width. ECCI reveals

that the recrystallized region with equiaxed grains of ~2 μm

contains spherically shaped precipitates with an average size of

~150 nm ( Fig. 1 e), whereas the nanotwinned non-recrystallized

region contains precipitate with elongated shape (~30 nm in
idth) arranged along the nanotwin interfaces ( Fig. 1 f). Such types

f heterogeneous microstructures usually enable balanced strength

nd ductility at room temperature [26] , which is often associated

ith a high density of interfaces [27] . 

We next analyze how the nanotwins can prevail in the iHEA

ven when exposed to high temperatures. Typical ECCI analysis

 Fig. 1 e and f) reveals two types of nano-precipitates in the iHEA

fter 900 °C/10 min annealing in terms of morphology and size.

maller elongated precipitate (~30 nm in width) have formed

long certain portions of the nanotwin boundaries in the nan-

twinned zones. In contrast, spherical precipitates with larger

ize (~150 nm) are distributed homogenously both, in the grain

nteriors and at the grain boundaries in the recrystallized regions.

e analyzed the elongated precipitates first by using a combina-

ion of TEM ( Fig. 2 a–c), HAADF-STEM ( Fig. 2 d) and EDS ( Fig. 2 e).

he results show that these elongated interfacial zones are face-
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Fig. 2. Typical TEM-STEM-APT analysis of the nanotwinned region of the iHEA after annealing. (a) Linear substructures in the nanotwinned region. The inset is a corre- 

sponding SAED pattern. (b) Dark-field TEM images taken by a twin reflection (red circle in (a)). (c) Dark-field TEM images taken by a superlattice reflection of the pre- 

cipitates (green circle in (a)). The inset SAED pattern shows a cube-on-cube orientation relationship between the elongated precipitate and the FCC γ matrix. (d) HAADF- 

STEM image of the elongated precipitate along nanotwin boundaries. (e) The corresponding STEM-EDS maps. (f) Atomic structure of the elongated M 23 C 6 (M: Fe, Mn, 

Co, Ni, Cr) by high-resolution STEM from the region marked in (d) revealing the orientation relationship between matrix and precipitate: < 110 > matrix // < 110 > precipitate and 

{111} matrix //{111} precipitate . (g) 3D atom maps of Fe, Mn, Co, Cr, Ni and C in a typical tip containing elongated precipitate. (h) Blue-to-red rainbow color density maps of Fe, 

Mn, Co, Cr, Ni and C, in which blue and red indicate the lowest and highest atomic densities, respectively. Planar features of the decreased Cr density indicate the positions 

of nanotwin boundaries (marked by black arrows). (i) 3D carbon atom map with isocomposition surface of 5 at.% C (yellow). (j) 1D compositional profile within the cylinder 

(5 × 5 × 35 nm) highlighted in (i) along the direction marked with the black arrow. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

Fig. 3. SAED analysis of the 9R structure. (a) Without nano-carbide; (b) With nano-carbide. 
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entered cubic (FCC) structured nano-carbides enriched in Cr [25] .

e probed them by high-resolution HAADF-STEM ( Fig. 2 f) and

ound an orientation relationship between these carbide regions

nd the adjacent nanotwinned matrix of < 110 > matrix // < 110 > carbide 

nd {111} matrix //{111} carbide [28 –30] ( Fig. 3 ). APT analysis ( Fig. 2 g-h)

onfirms that they are M 23 C 6 (M: Fe, Mn, Co, Ni, Cr) nano-carbides,

ith a C concentration of ~20.5 at.%. 

We next analyzed the spherical precipitates in the recrystal-

ized regions by TEM ( Fig. 4 a and c), SAED ( Fig. 4 b), HAADF-
TEM ( Fig. 4 d), TKD ( Fig. 4 d), and EDS ( Fig. 4 e). We found

hat they are also FCC structured nano-carbides enriched in

r [25] . The orientation relationship between these spherical

ano-carbides and the recrystallized matrix was determined

o be < 110 > matrix // < 110 > carbide and {111} matrix //{111} carbide 

28 –30] by high-resolution STEM ( Fig. 4 f). APT ( Fig. 4 g–j)

easurements further reveal that their chemical composi-

ion of (Cr 0.76 Co 0.09 Mn 0.07 Fe 0.05 Ni 0.03 ) 23 C 6 (at.%) also matches

hat of the M C prototype structure and is identical to that
23 6 
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Fig. 4. Typical TEM-STEM-APT analysis of the recrystallized region of the iHEA after annealing. Typical spherical precipitates are characterized by (a) bright-field TEM 

imaging, (b) selected area electron diffraction (SAED) generated from the region (blue dashed circle) marked in (a). (c) Dark-field TEM image taken by the diffraction reflection 

marked by the green circle in (b). (d) HAADF-STEM image with the corresponding inset TKD map. (e) STEM-EDS maps of the sample region in (d). (f) High-resolution STEM 

image of the squared region in the spherical precipitates in (d) confirming the orientation relationship between the matrix and the precipitate is < 110 > matrix // < 110 > precipitate 

and {111} matrix //{111} precipitate . (g) 3D atom maps of Fe, Mn, Co, Cr Ni and C in a typical tip containing a spherical precipitate. (h) Blue-to-red rainbow color density maps of 

Fe, Mn, Co, Cr Ni and C corresponding to the atom maps in (g); blue indicates the lowest atomic density and red presents the highest atomic density. (i) 3D carbon atom 

map with isocomposition surface of 5 at.% C (yellow). (j) 1D compositional profile within the cylinder (10 × 10 × 50 nm) highlighted in (i) along the direction marked with 

the black arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. In-situ heating conducted under HAADF-STEM mode illustrating the formation of M 23 C 6 carbides within the nanotwinned iHEA. (a) HAADF-STEM image and EDS 

maps for the cold-rolled iHEA prior to in-situ heating; (b) HAADF-STEM image and EDS maps for the iHEA after in-situ heating at 900 °C for 10 min. The insets are SAEDs 

showing the presence of the matrix, nanotwins, 9R structures and M 23 C 6 carbides. 
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Fig. 6. Thermal stability with extended annealing times. Typical EBSD inverse pole figure (IPF) maps and Kernel average misorientation (KAM) maps of samples annealed at 

high temperatures for various time periods. (a) HEAs annealed at 800 °C for 10 and 30 min. (b) iHEAs annealed at 800 °C for 10, 60 and 300 min. (c) iHEAs annealed at 900 

°C for 10, 60 and 300 min. 
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Fig. 7. Fractions of nanotwinned regions as a function of annealing time for both 

HEA and iHEA. 

i  

n  

a  
f the elongated nano-carbides analyzed in the nanotwinned

egions. 

We further utilized in-situ heating in HAADF-STEM mode in

onjunction with EDS to explore the formation of these precipi-

ates including the elongated and spherical carbides in the nan-

twinned iHEA, as displayed in Fig. 5 . We observe a high den-

ity of nanotwins in the cold-rolled iHEA prior to in-situ heating

 Fig. 5 a). Heating at 900 °C for 10 min leads to formation of spher-

cal M 23 C 6 carbides at the grain boundaries and precipitation of

longated M 23 C 6 carbides along the nanotwin boundaries ( Fig. 5 b).

e also find that the nanotwins can even be stabilized for ex-

ended time intervals at elevated temperatures as shown by data

btained after 800 °C/60 min, 800 °C/300 min and 900 °C/60 min

x-situ heating cycles ( Figs. 6 and 7 ), revealed by EBSD mapping

nd a corresponding kernel average misorientation (KAM) analysis.

.2. Nanoindentation analysis 

Fig. 1 g shows the hardness values of the nanotwin-containing

HEAs after annealing at 900 °C and 800 °C for various times. The

anoindentation hardness distribution map and the corresponding

icrostructure of the probed region for the sample exposed to a

00 °C/10 min annealing treatment are displayed in Figs. 8 and 9

s reference state. To correlate the microstructure differences with

ardness, systematic nanoindentation probing with 150 nanoin-

ents were conducted on an area (900 °C for 10 min) containing

oth the nanotwinned and the recrystallized regions, for obtain-
ng statistically representative data sets. As shown in Fig. 8 a–c, the

anoindents were placed with a spacing of ~12 μm in order to

void overlap of the associated plastic zones [31] . Fig. 8 d shows
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Fig. 8. Nanoindentation analysis of the iHEA annealed at 900 °C for 10 min. Typical EBSD maps of (a) grain boundaries, (b) inverse pole figure and (c) KAM for a mi- 

crostructure containing both the recrystallized and the nanotwinned regions. (d) is the corresponding hardness distribution map of the same area. (e) and (f) are statistical 

distribution of nanohardness and elastic modulus for both the recrystallized and nanotwinned regions. “�3” in (a) refers to twin boundaries. 
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a typical nanohardness distribution map of the same sample area

in Fig. 8 a–c. The nanohardness of the nanotwinned region is re-

markably higher compared to that of the recrystallized region. In

order to quantitatively compare the micromechanical properties of

the iHEA, both the nanohardness and the elastic modulus of the

nanotwinned and the recrystallized regions were analyzed accord-

ing to the Oliver-Pharr method [21] . As presented in Fig. 8 e, the

nanohardness of the nanotwinned region is in a range from ~5.0 to

~6.0 GPa, and the average value is 5.5 ± 0.4 GPa, which is ~1.3 GPa
igher than that of the recrystallized region (average value of

.2 ± 0.2 GPa). Unlike the nanohardness value, the average elastic

odulus of the nanotwinned region (238.2 ± 6.2 GPa) is almost

dentical to that of the recrystallized region (240.4 ± 10.9 GPa), as

isplayed in Fig. 8 f. This is due to the fact that nanotwins do not

ffect the elastic properties of the matrix grains [31] . 

Fig. 9 a shows the overview ECC image of the nanoindentation

rea. ECCI and EBSD analysis of two typical indents (positions 1

nd 2) from the recrystallized and nanotwinned regions were per-
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Fig. 9. Typical ECCI and STEM analysis of the sample region in the 900 °C/10 min annealed iHEA probed by nanoindentation. (a) The distribution of indents with a maximum 

displacement of 500 nm. (b) and (c) are the high-magnification ECCI and EBSD analysis results for positions 1 (the recrystallized region) and 2 (the nanotwinned region), 

respectively. (d) and (e) are the corresponding cross-sectional LAADF-STEM images for positions 1 and 2, respectively. (f) Two sets of load-displacement curves for the indents 

of positions 1 and 2. (g) Magnified view of load-displacement curves of (f) shows the “pop-in” behavior in the recrystallized region (position 1) and “continuous” behavior 

in the nanotwinned region (position 2) at the initial stage of nanoindentation measurement. 

f  

T  

w  

d  

d  

s  

m  

e  

l  

f  

t  

t  
ormed and the results are displayed in Fig. 9 b and c, espectively.

he nanoindent at position 1 only covered few grains ( Fig. 9 b),

hereas multiple twin boundaries were included by the nanoin-

ent at position 2 ( Fig. 9 c). The strain field (i.e., high dislocation

ensity area) caused by the nanoindent can be observed at po-

ition 1 (~400 nm, Fig. 9 b), revealed by the corresponding KAM
ap, but is hardly visible at position 2. This is because the pre-

xisting dislocation density at position 1 (recrystallized) is much

ower than that at position 2 (nanotwinned). To confirm this ef-

ect, cross-sectional LAADF-STEM analysis of the materials around

he two nanoindents from positions 1 and 2 was conducted and

he results are shown in Fig. 9 d and e, respectively. It is confirmed
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Fig. 10. Deformation microstructures in the nanotwinned iHEA after 900 °C/10 min annealing and tensile testing. Representative EBSD (a, d, g), and ECCI (b-c), (e-f), (h-i), 

analysis showing the microstructure evolution of both the recrystallized and the nanotwinned regions with increasing local strain: (a-c) local strain of 0%, (d-f) local strain 

of 10% and (g-i) local strain of 35%. 
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that the high dislocation density area induced by the nanoinden-

tation at position 1 (~330 nm in depth) was larger than that at

position 2 (~80 nm in depth). Prior to indentation, the recrystal-

lized region (e.g., position 1) has lower dislocation density, due to

recrystallization, while in the nanotwinned region (e.g., position

2) twin boundaries act as strong barriers for dislocation motion.

Also, two representative sets of load-displacement curves corre-

sponding to the indents at positions 1 and 2 are shown in Fig. 9 f

and g. The maximum loading force taken at position 1 was ~20

mN, i.e. significantly lower than that probed at position 2 (~26.5

mN) at the same maximum displacement, suggesting that the ma-

terial at position 2 is much harder. The load-displacement curve

at position 2 documents a “continuous” response while that at po-

sition 1 exhibits a “pop-in” feature at a displacement range of 7

to 12 nm ( Fig. 9 g). This effect was also reported in previous stud-

ies [31] , namely, that “pop-in” occurs in regions with low disloca-
ion density (e.g., the recrystallized region at position 1), due to

he abrupt formation of entirely new dislocation loops, whereas

continuous” deformation was observed in zones of high disloca-

ion density (e.g., the nanotwinned region of position 2), due to

onventional Frank-Read dislocation multiplication. 

Compared to the interstitial-free HEA with a hardness value of

3.2 GPa after 900 °C/10 min annealing, the nanotwinned iHEA ex-

ibits a 72% higher hardness under the same condition (~5.5 GPa)

 Fig. 1 g). This latter hardness value of the iHEA exceeds those re-

orted for other nanotwinned metals such as 316 L stainless steel

31] , Ag [32] and Cu [33] after annealing at 900 °C. This can be

ainly attributed to lattice friction (related to solid solution hard-

ning), nanotwins, elongated nano-M 23 C 6 (M: Fe, Mn, Co, Ni and

r) precipitates and dislocations [34] . The lattice friction stress

 σ 0 ) is estimated to be ~125 MPa [35] . After cold-rolling and an-

ealing, the associated change in lattice friction is assumed to be
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Fig. 11. XRD analysis of the annealed iHEA after tensile deformation. (a) XRD profiles of the deformed iHEA with different tensile straining. (b, c) The broadening of the 

{111} γ peak indicates an increased microstrains within the matrix after deformation, which is mainly due to the increase of dislocation density. 

Fig. 12. High temperature tensile data. (a) Engineering stress-strain curves of the nanotwinned iHEA (cold-rolled) at 60 0 °C and 70 0 °C. (b) Tensile yield strength as a 

function of testing temperature for high-temperature engineering alloys including nanotwinned iHEA, CoCrFeMnNi HEA, INCONEL 600, Al 0.5 CoCrCuFeNi, Al 0.5 CoCrCu 0.5 FeNi 2 , 

AlCoCrCuFeNi, and 316 stainless steel [47-50] . 
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Fig. 13. High-resolution STEM-TEM analysis revealing the formation of nanophases in the nanotwinned iHEA. (a) A representative HAADF-STEM image of the incoherent 

twin boundary with a 9R structure and PB 2 prior to annealing. (b) Representative STEM image of PB 1 and 9R structure taken from a different location in the specimen 

prior to annealing. (c) HRTEM view of the elongated M 23 C 6 nano-carbide at PB 1 of the 9R structure after annealing. The corresponding FFT images are displayed below 

the respective TEM graphs. (d1-d4) Schematic diagrams showing the corresponding sequence of the formation of nanophases: (d1) formation of incoherent twin boundary 

caused by de-twinning; (d2) formation of 9R structure by motion of b 1 partial dislocations from the incoherent twin boundary; (d3) diffusion process of the interstitial C 

atoms and the substitutional Cr atoms from the matrix to the newly formed 9R structure; (d4) nucleation of the elongated M 23 C 6 nano-carbide at the phase boundaries of 

the 9R structure parallel to {111}/{0 0 01} habit planes and adjacent to the nanotwin boundary. The coherent twin boundary, 9R phase boundary 1 and 9R phase boundary 2 

are labeled with “�3”, “PB 1 ” and “PB 2 ”, respectively. 
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of minor influence and hence ignored during the following estima-

tion. Other factors such as the presence of nanotwins ( σ nanotwin ),

nano-M 23 C 6 precipitates ( σ precipitation ) and dislocations ( σ dislocation )

significantly contribute to the increase of the total hardness value

after these processing steps. A simple assumption of the different

contributions to the total yield strength/hardness can be expressed

as: 

σNT = σ0 + σnanotwin + σprecipitation + σdislocation (1)

Nanotwin boundaries are an important class of planar and

highly coherent barriers that effectively resist dislocation motion

in the annealed iHEA [36] . The contribution of the nanotwins to

strength follows [4] : 

σ = k d −
1 
2 (2)
nanotwin 
here k is the strengthening coefficient (400–494 MPa μm 

1/2 )

35 , 37] and d is the average thickness of the nanotwins (~100 nm).

ccordingly, the contribution from nanotwins is estimated to be

265–1562 MPa. 

Based on Figs. 1 and 2 , a large amount of elongated M 23 C 6 car-

ides (~0.8 vol.%) with an average size of ~31 nm was heteroge-

eously distributed in the nanotwinned region, providing precipi-

ation strengthening. The precipitates are bypassed by dislocations

Orowan-type) when they are incoherent, and they are sheared

hen they are coherent such as the kappa carbides in the high-Mn

ightweight steels [38] . In this work, the Orowan-type precipitation

trengthening is expected to dominate since the interface between

he elongated M 23 C 6 carbide and the FCC matrix is incoherent [39] ,

s evidenced in Fig. 2 . According to the Ashby-Orowan model, the

recipitation strengthening of the elongated M 23 C 6 carbides can be
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Fig. 14. Schematic diagrams illustrating the de-twinning process. (a) The equiatomic FeMnCoCrNi HEA and (b) iHEA during annealing. The twin boundaries are labelled with 

“�3”. 
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xpressed as [34] : 

precpitation = 

(
0 . 538 G b f 

1 
2 

x 

)
ln 

(
x 

2 b 

)
(3) 

here G is the shear modulus for the iHEA, b is the magnitude of

he Burgers vector, f is the volume fraction of the elongated M 23 C 6 

arbides (~0.8 vol.%) and x is the average size of the M 23 C 6 car-

ides (~31 nm). The shear modulus G is estimated to be ~92 GPa

ased on the elastic modulus (~238 GPa) measured by nanoinden-

ation ( Fig. 8 ). From the TEM data ( Figs. 2 and 4 ), the Burgers vec-

or b is determined to be ~0.25 nm. Based on Eq. (3) , the precip-

tation hardening contributed by the elongated M 23 C 6 carbides is

147 MPa. 

The high dislocation density in the nanotwinned region of the

HEA ( Fig. 10 ) also contributes to the high hardness. Based on the

ailey-Hirsch formula [5 , 34 , 40 , 41] , the strength provided by a dis-

ocation forest follows: 

dislocation = MαGb ρ
1 
2 (4) 

here M is the Taylor factor for FCC materials with random tex-

ure (3.06), α is a geometry constant (0.2) and ρ is the total dis-

ocation density. The dislocation density can be roughly estimated

y the broadening of the XRD diffraction peaks ( Fig. 11 ) via the

illiamson-Hall method [40 , 41] : 

= 2 

√ 

3 

< ε 2 > 

1 
2 

db 
(5) 

here ɛ is the microstrain caused by dislocations (0.105%) and d

s the average grain size (~100 nm). According to Eqs. (4) and ( 5 ),

he strength contribution from dislocations is ~167 MPa. The to-

al hardness then is approximated to be 5.1–6.0 GPa, i.e., close

o the experimentally observed value (~5.5 GPa). This result sug-

ests that the stabilized nanotwins provide the primary contribu-

ion to the very high hardness of the iHEA after high-temperature

eat-treatment. It is important to note that these nanotwins in the

urrent iHEA can also be stabilized for extended time intervals at

levated temperatures, sustaining the high hardness correspond-

ngly, as shown for specimens heat treated at 800 °C for 60 min
~6.25 GPa), 800 °C for 300 min (~6 GPa) and 900 °C for 60 min

~4.46 GPa) ( Figs. 1 g, 6 and 7 ). 

.3. Tensile deformation at room and high temperatures 

Beyond its high hardness, the nanotwinned iHEA after expo-

ure to a 900 °C/10 min annealing treatment (curve 2) has also

n excellent combination of yield strength (~1.1 GPa) and ductil-

ty (~21%) compared to the as-cold-rolled iHEA (curve 1) (~1.4 GPa

nd ~1%) and the annealed interstitial-free HEA without nan-

twins (curve 3) when exposed to the same processing conditions

0.35 GPa and ~61%) ( Fig. 1 h). Fig. 1 h compares the mechanical

roperties of the nanotwinned iHEA with those of several key en-

ineering alloys including advanced steels [19] . The comparison

hows that the nanotwinned iHEA, when annealed at 900 °C for

0 min, has an excellent combination of ultimate tensile strength

~1.25 GPa) and ductility (~21%), exceeding the values of most

dvanced reference materials. Such optimized mechanical proper-

ies are related to the heterogeneous microstructure of the nan-

twinned iHEA ( Fig. 1 ) [26 , 42 , 43] . Fig. 10 a–c show that both the

anotwinned and recrystallized regions contain pre-existing dislo-

ations and primary twins prior to tensile testing. At local strains

p to 35%, secondary twins form within the primary twins in the

anotwinned regions ( Fig. 10 h). On the other hand, dislocation mo-

ion and multiplication prevail in the recrystallized zones ( Fig. 10 f

nd i). The increase in dislocation density in the bulk material af-

er tensile testing is confirmed by XRD peak broadening ( Fig. 11 ).

his suggests that dislocation plasticity in the twin confined re-

ions accommodates deformation and compensates for misfit in

he nanotwinned iHEA [44 , 45] . We further approximate the tensile

trength of the iHEA based on a linear rule-of-mixture [46] : 

T = σNT f NT + σR f R (6) 

here f NT is the volume fraction of the nanotwinned regions

~60 vol.%), σ NT is the strength of the nanotwinned regions

~170 0–20 0 0 MPa), f R is the volume fraction of the recrystallized

egions (~40 vol.%) and σ R is the strength of the recrystallized re-

ions. For the recrystallized regions, σ can be expressed as [34] :
R 
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Fig. 15. ECCI-STEM analysis of the boundary area between the nanotwinned and the recrystallized regions of the annealed iHEA. Typical spherical precipitates are char- 

acterized by (a) ECCI and (b) HAADF-STEM. The red arrows correspond to the spherical precipitates nucleated at the boundary region marked by red dashed line. (c) A 

high-resolution HAADF-STEM image of the squared region in (b) showing the spherical precipitate overlaid with the projected crystal of M 23 C 6 along < 001 > electron beam 

direction. (d) The corresponding fast Fourier transform of (c). (e) STEM-EDS mapping of the sample region in (b). (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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σR = σ0 + σcoarse grain + σround−precipitation (7)

where σ coarse grain is estimated to be 283–350 MPa through the

Hall-Petch effect and σround−precipitation is approximated as ~67 MPa,

using Eq. (3) . The total tensile strength ( σ T ) then amounts to 1.2–

1.4 GPa. The slight discrepancy between the values from this cal-

culation (1.2–1.4 GPa) and the experiments (~1.1 GPa) is attributed

to the orientation of the nanotwins inside the sample and the in-

herent approximations of the rule-of-mixture [46] . As the mechan-

ical response arising from the presence of nanotwins is sensitive to

their orientation relative to the loading axis, theoretical maximum

and minimum strength limits occur for cases of perpendicular and

45 ° alignment to the load axis, according to the respective Schmid

factors [46] . 

In addition to the excellent room temperature mechanical prop-

erties that are maintained after the described high-temperature

processes and service-related heat-treatments, the high thermal

stability of the nanotwins in the iHEA leads to a considerable yield

strength (670 MPa) and ductility (16%) even at temperatures as

high as 600 °C. These values are comparable or even superior to

those of some other high-temperature engineering alloys including

the INCONEL 600 Ni based superalloy ( Fig. 12 ) [47 –50] . 

3.4. Mechanisms for the formation of elongated carbides and the 

stabilization of nanotwins 

It is worth noting that the elongated precipitate-like regions

occur only along the twin boundaries in the nanotwinned re-

gions ( Fig. 2 a–f), which is essentially different from the spherical

carbides in the recrystallized regions ( Fig. 4 a–f) and the round-

shaped precipitates at coherent twin boundaries reported in liter-

ature [51–53] . Prior to this observation, M 23 C 6 nano-carbides were

not assumed to form at twin boundaries owing to their low so-

lute decoration and low interfacial energy [7 , 8] . Here, we instead
nterpret this phenomenon in terms of a nanoscale 9R phase as-

isted nano-carbide formation, i.e., an interface stabilized elon-

ated nano-carbide structure in an iHEA, which in turn stabilizes

he nanotwins, as will be outlined in detail below. 

Fig. 13 provides an overview of the evolution sequence of these

nterface-aligned nano-carbide zones. First, we observe the for-

ation of incoherent twin boundary portions with hexagonal 9R

tructure during cold-rolling [14 , 17 –19] . Subsequently, elongated

 23 C 6 nano-carbide zones form at the incoherent segments of

he twin interfaces upon annealing as captured by high-resolution

TEM/TEM analysis. Energetically, incoherent twin boundary por-

ions are less stable than coherent twin boundaries [54 , 55] . Upon

old-rolling, the 9R structure initially forms at {112} incoherent

win boundary segments and then grows along the {111} coherent

win boundary ( Fig. 13 a, b, d1 and d2), as confirmed by the fast

ourier transform (FFT) analysis shown in Fig. 13 a and b. Growth

f the 9R structure is promoted by the motion of b 1 edge partial

islocations [17 , 18] without chemical diffusion. Since the 9R struc-

ure with PB 1 (i.e., a set of b 1 partial dislocations, see Fig. 13 b)

s only formed at the incoherent parts of the nanotwin interfaces,

oth interstitial C and substitutional Cr can readily co-segregate to

hese regions. Through this structural-chemical interface stabiliza-

ion effect, elongated M 23 C 6 nano-carbide zones can form along

he {111} nanotwin //{0 0 01} 9R habit planes upon annealing ( Fig. 13 c,

3 and d4). This coupled allotropic transformation (FCC to 9R),

egregation (C 

–Cr enrichment at 9R zones) and precipitation (elon-

ated nano-carbides) sequence at the twin interfaces is driven by

he relatively high Gibbs free energy of the 9R structure (e.g., 357–

84 mJ ·m 

− 2 in Al and 590–714 mJ ·m 

− 2 in Cu) [17 –19] . In this

rocess the incoherent parts of the twin boundaries can promote

iffusion of Cr and C atoms during annealing [56 , 57] , as revealed

y APT analysis ( Fig. 2 h). It is also worth noting that PB 1 (a set of

 1 edge partial dislocations) of the 9R structure ( Fig. 13 d4) [17 , 18]

as higher tendency to promote the nucleation of nano-carbides

uring annealing compared to PB 2 (a set of b 2 and b 3 partial screw
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Fig. 16. Schematic diagrams showing the recrystallization process during annealing. (a) Equiatomic FeMnCoCrNi HEA; (b) iHEA. The spherical M 23 C 6 carbides which were 

observed between the recrystallized and nanotwinned regions in the iHEA can slow down the shrinkage of the nanotwinned region due to Zener pinning. The blue balls in 

(b) represent the spherical M 23 C 6 carbides. The twin boundaries are labelled with “�3”. (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). This is due to the fact that the edge dislocations

PB 1 ) have larger dislocation excess volume and higher intersection

nergy than the screw dislocations (PB 2 ) to promote solutes segre-

ation and sequent precipitation [58 , 59] . As the elongated M 23 C 6 

recipitates form over the 9R structure, the edge dislocations at

rior PB 1 vanish ( Fig. 13 c), preventing the growth of the 9R phase.

he formation mechanism of the elongated M 23 C 6 precipitates, re-

ealed above, is substantially different from that of other types

f round-shaped precipitates reported in literature, e.g., B2 pre-

ipitates at annealing twin boundaries [51 –53] . The previously ob-

erved precipitates (e.g., B2 and L1 2 ) usually form at dislocations in

oherent twin boundaries [51 –53] . However, in this work the elon-

ated M 23 C 6 carbides nucleate at the 9R structure, which formed

s a result of de-twinning at incoherent twin boundaries. These 9R

ssisted elongated carbides further hinder the de-twining process

nd thereby stabilize the nanotwins at high-temperatures ( Fig. 14 ).

These interfacial nanoscale 9R phases assisted nano-carbides act

s twin boundary pinning sites and thus affect their migration and

e-twinning, which stabilizes the nano-twins even up to tempera-

ures as high as 900 °C ( Fig. 14 ). Also, the spherical M 23 C 6 carbides

 Fig. 15 ) which were observed between the recrystallized and nan-

twinned regions, can slow down shrinkage of nanotwinned re-

ions due to Zener pinning [60 , 61] , as schematically illustrated in

ig. 16 . Both types of nano-carbides observed here in the iHEA do

ot exist in the equiatomic CoCrFeMnNi HEA ( Fig. 16 ). 

. Conclusions 

In summary, the interfacial nanophase design strategy – in-

olving the formation of 9R phases and elongated nano-carbides

n this work – leads to an unprecedented nanotwin stability,

hich significantly contributes to the high strength of the iHEA
aterial. This provides an approach for overcoming the trade-off

etween strength and thermal stability of nanotwinned materials.

e suggest that the same or related interfacial nanophases may

enerally serve to stabilize nano-twins in a wide range of alloys.

he interfacial nanophase design strategy we suggest is achieved

y co-segregation of Cr and C to nanoscale 9R structures adjacent

o incoherent nanotwin boundaries in the current material. This

pproach is enabled by simple C doping and it is amenable to con-

entional bulk metallurgical processing, suggesting that the mech-

nism can be readily generalized also in other interstitial alloys.

his might qualify interstitially alloyed materials with well-tuned

nterfacial nanophases as a promising pathway for developing

trong, ductile and thermally stable bulk nanotwinned materials.

e also suggest that interfacial nanophases other than 9R or

arbides can be utilized to stabilize nanotwins in other alloys. 
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