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a b s t r a c t 

A CrCoNi based medium entropy alloy with small additions of Ti, Al and Nb (denoted as 

(CrCoNi) 93 Al 4 Ti 2 Nb) in the as-quenched condition, exhibits tensile properties comparable to those of the 

equiatomic CrCoNi alloy at room temperature. Dark field transmission electron microscopy (TEM), atomic 

resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) to- 

gether with atom probe tomography (APT) show that spatially-localized long range ordering (LRO) L1 2 
domains exist in this alloy. The evolution of deformation substructure with plastic deformation in this al- 

loy was characterized using electron backscatter diffraction (EBSD), electron channeling contrast imaging 

(ECCI) and STEM based techniques including the recently developed weak beam dark field STEM imag- 

ing. Plastic deformation occurs by the slip of a/2 < 110 > dislocations, which are narrowly dissociated into 

Shockley partial dislocations on {111} slip planes. Their dissociation distances in the (CrCoNi) 93 Al 4 Ti 2 Nb 

alloy are much smaller than the widths of the corresponding partials in the equiatomic CrCoNi alloy due 

to one or more of the minor alloying elements (Al, Ti, Nb). Dislocation slip in this alloy has a pronounced 

planar character. The leading dislocations in slip bands glide as pairs due to the existence of LRO do- 

mains. Multipoles were formed through the slip of dislocations with opposite signs on adjacent {111} slip 

planes. Those multipoles serve as building blocks for the formation of subgrain structures consisting of 

fine slip bands. The distances between slip bands were continuously refined during plastic deformation 

and dynamic refinement of slip bands plays a crucial role in strain hardening. The effects of LRO domains 

on planar dislocation slip, the deactivation of deformation twinning and strain hardening of this alloy are 

discussed. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

High entropy alloys (HEAs) or multi-principal element alloys 

MPAs) have received increasing research interest for opening up 
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 new pathway to alloy design [1–6] . Among the different types 

f HEAs available, the face-centered cubic (FCC) equiatomic CrMn- 

eCoNi alloy has been subjected to extensive study due to its ex- 

ellent combination of strength, ductility and fracture toughness 

specially at cryogenic temperature [ 1 , 7 , 8 ].Twinning plays a crit- 

cal role in the deformation of the CrMnFeCoNi alloy [ 8 , 9 ]. Re-

ent studies show that the equiatomic CrCoNi medium entropy 

lloy has better work hardening capability, strength and ductil- 

ty as compared with CrMnFeCoNi alloy or its other quaternary 

r ternary variants, especially at cryogenic temperature [ 10 , 11 ]. A 

eason for its superior properties is that twinning occurs earlier 

uring the plastic deformation of CrCoNi [12] . Plastic deformation- 

nduced FCC-to-HCP transformation was revealed as an additional 

eason for the improved mechanical properties of CrCoNi with the 

elp of detailed deformation substructure characterization using 

dvanced scanning transmission electron microscopy (STEM) [13] . 

https://doi.org/10.1016/j.actamat.2021.116829
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eformation-induced FCC-HCP transformation has been widely 

sed in designing high entropy alloys with a superior combination 

f strength and ductility [14–16] . 

Previous studies showed that, in FCC Fe-Mn based steels, defor- 

ation mechanisms can change from dislocation-mediated plastic- 

ty to twinning-induced plasticity (TWIP), to phase transformation- 

nduced plasticity (TRIP) with decreasing stacking fault energies 

SFE) [17–21] . The SFE of CrMnFeCoNi alloy was experimentally 

easured to be ~30 mJ/m 
2 [22] , which is higher than that of the

rCoNi alloy (~18 mJ/m 
2 [23] and~22 mJ/m 

2 [12] ). Density func- 

ional theory (DFT) calculation shows that CrCoNi alloy has a neg- 

tive stacking fault energy at 0 K and thus the transition from FCC 

o HCP is energetically favorable, especially at cryogenic temper- 

ture [24] . Deformation twinning in CrCoNi alloy occurs through 

he slip of Shockley partial dislocations on adjacent {111} slip 

lanes, while the strain induced transformation from FCC phase to 

CP phase is realized through the slip of Shockley partial dislo- 

ations on every other {111} slip plane [13] . Lower stacking fault 

nergy favors dislocation dissociation, thus facilitating both defor- 

ation twinning and FCC-to-HCP transformation. DFT calculations 

how that stacking fault energy in CrMnFeCoNi [25] and CrCoNi 

26] fluctuate locally (that is, it varies from point to point), which 

ay affect solid solution strengthening and dislocation slip behav- 

or [27] . 

Dislocation slip may display either wavy or planar slip charac- 

er. In FCC metals, there are three main factors – stacking fault 

nergy, friction stress, and short-range ordering – that can affect 

he slip character [28–30] . Low stacking fault energy promotes dis- 

ocation dissociation and thus reduces the possibility of the cross 

lip of screw dislocations, leading to planar dislocation slip. In al- 

oys with high friction stress, collective dislocation slip can help 

o overcome high friction stress and thus planar slip is energeti- 

ally favored [31] . Planar dislocation slip was also observed in al- 

oys with high stacking fault energy but exhibiting short range or- 

er [ 28 , 30 ]. The planarity of dislocation slip in those alloys was

ttributed to glide plane softening [28] . Short range order or local 

hemical order has been reported in CrCoNi alloy [ 26 , 32–34 ]. How-

ver, so far, few studies have been devoted to understanding the 

ffects of ordering, especially long range ordering (LRO), on dislo- 

ation slip character and work hardening behavior in high entropy 

lloys and medium entropy alloys. 

The mechanical performance of the CrCoNi medium entropy 

lloy can be further tailored through micro-alloying [35–40] or 

ovel thermomechanical processing to generate heterogonous mi- 

rostructures [41–45] . The minor addition of Ti and Al in CrCoNi 

ased medium entropy [ 35 , 46 , 47 ] and CoCrFeNi based high en-

ropy alloy [48–50] will lead to the formation of ordered L1 2 pre- 

ipitation microstructure after aging treatment. Such MEAs and 

EAs strengthened by ordered L1 2 precipitate have great poten- 

ial for structural application due to their excellent combination 

f strengthen and ductility [ 51 , 52 ].A recent study shows that Cr-

oNi based medium entropy alloy with minor additions of Ti, Al 

nd Nb has a good combination of strength, ductility and strain 

ardening capability after solution treatment followed by water 

uenching, comparable to those of the equiatomic CrCoNi alloy 

53] , While the aging response of the former alloy, with its poten- 

ial to form L1 2 - γ ʹ precipitates, is of interest, that is not the cen-
ral subject of the present study. Rather, this paper will focus on 

he detailed dislocation features and their development when Ti, 

l, and Nb are in the “quenched” condition, to allow direct com- 

arison with previous studies of the equiatomic CrCoNi alloy [13] . 

revious work has indicated the absence of deformation twinning 

or (CrCoNi) 93 Al 4 Ti 2 Nb alloy in the quenched condition [53] ; how- 

ver, the underlying deformation substructure and its effects on 

ork hardening behavior remain unclear and require more detailed 

nalysis. In this work, the evolution of deformation substructure 
2 
ith plastic deformation was examined using electron backscatter 

iffraction (EBSD), electron channeling contrast imaging (ECCI) and 

dvanced scanning transmission electron microscopy based tech- 

iques, including a recently developed weak beam dark field STEM 

ethod [54] . The correlation between deformation substructures 

nd strain hardening behavior is analyzed in light of the role of 

RO L1 2 domains observed in this alloy. 

. Material and experimental methods 

The alloy with a nominal composition of 30.9Ni-30.5Cr-31.3Co- 

.1Al-2.3Ti-0.9Nb (at.%) (denoted as (CrCoNi) 93 Al 4 Ti 2 Nb in this pa- 

er) was fabricated using vacuum arc melting, homogenization, 

uenching and cold rolling. After cold rolling, the material was fur- 

her solution treated at 1050 °C (the alloy’s predicted solvus tem- 

erature is 1010 °C) followed by water quenching (the cooling rate 

nvolved in quenching is estimated to be around several hundred 

egrees Celsius per second).The formation of L1 2 γ ʹ-Ni 3 (Al,Ti) pre- 
ipitates is expected to be suppressed by this quenching process 

53] . To study the evolution of deformation substructure with in- 

reasing plastic deformation, tensile tests were interrupted at 0.6, 

 and 12% engineering strain. Details regarding material prepara- 

ion and mechanical testing can be found elsewhere [53] . 

Samples for scanning electron microscopy (SEM) based char- 

cterization, including electron backscatter diffraction (EBSD) and 

lectron channeling contrast imaging (ECCI), were mechanically 

round and polished followed by a final step of mechanical pol- 

shing using 0.05 μm colloidal silica. SEM characterization was car- 

ied out in a Thermo Scientific TM Apreo SEM equipped with an 

DAX Hikari OIM system. Lift-out TEM foils were prepared using 

 FEI Helios Nanolab TM dual beam system. Conventional transmis- 

ion electron microscopy (TEM) and scanning transmission elec- 

ron microscopy (STEM) imaging including weak beam dark field 

TEM imaging were conducted in a FEI Tecnai TF20 TEM/STEM mi- 

roscope operating at an acceleration voltage of 200 kV. Details 

bout the experimental method of weak beam dark field STEM 

maging of dislocations can be found in the previous publication 

54] . High resolution HAADF-STEM imaging was conducted using 

n aberration corrected Thermo Scientific TM Themis Z microscope 

perating at an acceleration voltage of 300 kV. Samples for atom 

robe tomography (APT) study were prepared using focused ion 

eam machining in a FEI Nova Nanolab 200 system. APT experi- 

ents were conducted using a CAMECA LEAP-50 0 0XS system in 

he laser evaporation mode with laser pulse energy of 50 nJ. Spec- 

mens were maintained at a constant temperature of 30 K during 

ata collection. A pulse rate of 200 KHz and detection rate 0.005- 

.01 ion/pulse were used for collecting data. CAMECA IVAS 3.8.4 

oftware was used in 3D APT data analyses and visualization. Clus- 

er analysis was performed on the APT datasets based on the ev- 

dence of clustering/ordering from frequency distribution analysis 

arried out in a volume of 30 × 30 × 40 nm 
3 . Maximum separa- 

ion method [ 55 , 56 ] was used to perform cluster analysis. 

. Results 

.1. Initial microstructure 

Fig. 1 a is an EBSD inverse pole figure (IPF) map showing the 

icrostructure of (CrCoNi) 93 Al 4 Ti 2 Nb after solution treatment at 

050 °C followed by water quenching, revealing a fully recrystal- 

ized microstructure. The microstructure consists of a high fraction 

f �3 twin boundaries with a length fraction of 0.47 (defined here 

s the total length of �3 boundaries divided by the total length of 

ll boundaries including general high-angle grain boundaries). The 

verage grain size was determined using EBSD results. Excluding 

win boundaries, the average grain size of the alloy is 26 μm. When 
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Fig. 1. EBSD characterization of the microstructure of (CrCoNi) 93 Al 4 Ti 2 Nb alloy: (a) inverse pole figure map; and (b) texture inverse pole figure map. 

Fig. 2. TEM characterization of LRO L1 2 domains in (CrCoNi) 93 Al 4 Ti 2 Nb alloy: (a) dark field TEM image; (b) corresponding selected area diffraction pattern along [011] zone 

axis of the FCC matrix phase; (c) intensity profile along the white dash line highlighted in (b); and (d) enlarged view of the intensity profile shown in (c). 
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hey are included, the average grain size is 11 μm. The texture IPF 

ap constructed for the crystal direction along the tensile direc- 

ion in Fig. 1 b indicates that there are weak < 111 > and < 100 >

ber textures in the test material, which are typical textures ob- 

erved in FCC alloys after cold rolling followed by annealing [57] . 

Fig. 2 a is a dark field TEM image revealing very fine L1 2 -type

ong range ordering (LRO) domains in the microstructure. Fig. 2 b 

hows the corresponding selected area diffraction pattern recorded 

long [011] zone axis of FCC matrix. Very faint superlattice re- 

ections can be seen in the pattern, indicating the formation of 

RO L1 2 domains. To more clearly view the superlattice reflections, 

he intensity profile across diffraction spots highlighted using the 

hite dash line in Fig. 2 b are given in Fig. 2 c. Fig. 2 d is an enlarged

iew of the intensity profile to reveal the weak superlattice diffrac- 

ion from LRO L1 2 domains. Fig. 3 a and d are atomic resolution 

AADF-STEM images along [001] and [011] zone axes of the FCC 
3 
atrix phase, respectively. The inset fast Fourier transform (FFT) 

atterns in Fig. 3 a and d clearly show the {001} and {011} superlat- 

ice intensities from L1 2 domains. To more clearly reveal these L1 2 
rdering domains in the HAADF STEM images, inverse FFT (IFFT) 

mages were obtained only using superlattice reflections, as shown 

n Fig. 3 b and e. Several methods for filtering these reflections (e.g. 

nnular masks versus aperture masks) were assessed, with similar 

esults obtained. As shown in Fig. 3 b and e, the spatially-localized 

RO L1 2 domains have an interconnected morphology, which is of- 

en observed in spinodal decomposition. The average size of LRO 

1 2 domains measured using IFFT images is about 3.1 nm. Cross- 

orrelation image processing [58] was conducted to better show 

he LRO L1 2 domains. The inverse FFT images in Fig. 3 b and 3 e

ere processed through cross-correlation using the motif of or- 

ered L1 2 unit cells. Fig. 3 c and f are corresponding images after 

ross-correlation processing. As compared with inverse FFT images 
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Fig. 3. Atomic resolution HAADF-STEM imaging of LRO L1 2 domains in (CrCoNi) 93 Al 4 Ti 2 Nb alloy: (a) HAADF-STEM image along [001] zone axis of the FCC matrix phase; (b) 

IFFT image of Fig. 3 a using {010} and {100} superlattice reflections of LRO L1 2 domains; (c) IFFT image after cross-correlation processing; (d) HAADF-STEM image along [011] 

zone axis of the FCC matrix phase; (e) IFFT image of Fig. 3 d using {100} and {011} superlattice reflections of LRO L1 2 domains; and (f) IFFT image after cross-correlation 

processing. 
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n Fig. 3 b and e, the inverse FFT images after cross-correlation pro- 

essing demonstrate some improvement in displaying the LRO L1 2 
omains in the microstructure. 

Previous studies show that under very high cooling rates such 

s during quenching or rapid solidification, ordered L1 2 - γ ʹ do- 
ains can be formed by spinodal decomposition [59–64] . This 

arly stage of LRO may form within compositional pockets created 

y a preceding phase separation via spinodal decomposition within 

he parent FCC solid solution. The distribution of alloying elements 

n the solution treated and quenched alloy was characterized using 

tom probe tomography (APT). Fig. 4 a shows the reconstructed 3D 

on maps of all elements in the alloy. Based on these ion maps it is

ifficult to discern any compositional clustering in this alloy. How- 

ver, based on the electron microscopy evidence of LRO L1 2 do- 

ains in the microstructure, the APT results were analyzed in de- 

ail to carefully investigate possible compositional heterogeneities 

t the nanometer scale. The Ti iso-concentration surface shown in 

ig. 4 b reveals the regions rich in Ti ( > 2.3 at%). These Ti-rich re-

ions appear to be interconnected in nature, in agreement with 

he HAADF-STEM characterization, and indicate the early stages 

f a spinodal decomposition [ 62 , 63 ]. The corresponding proxim- 

ty histograms (or compositional profiles), shown in Fig. 4 c, further 

eveal that these regions are also rich in Ni, Al and Nb, consis- 

ent with previously reported partitioning trends between γ and 

ʹ [65] . While these compositional partitioning trends can be as- 

essed using the proximity histograms, shown in Fig. 4 c, it is not 

ossible to get an accurate measurement of the Ni, Al, Ti enriched 

omains based on these profiles. Therefore, additional analysis of 

hese domains was carried out using cluster analysis specifically 

or the γ ʹ stabilizing elements (Ni, Al, Ti). Fig. 4 d shows an ex- 

mple of a typical 3D volume used for identifying ordering do- 

ains. Fig. 4 e shows the 3D reconstruction of domains enriched 

n Ni, Al and Ti calculated using the cluster searching algorithms 

vailable in IVAS 3.8.4. The method used was the maximum sep- 
(

4 
ration method [ 55 , 56 ]. The average composition of ordering do- 

ains is given in Table 1 . As compared with the nominal compo- 

itions of the alloy, the LRO L1 2 domains exhibit a higher concen- 

rations of γ ʹ forming elements (Ni, Al and Ti), and low concen- 

rations of γ forming elements (Cr and Co). The compositions of 

ʹ precipitates in this alloy at different equilibrium temperatures 

ere calculated using the Thermo-Calc TM software coupled with 

 TCNI 8.2 database. The calculated equilibrium compositions of 

ʹ precipitates at 10 0 0 °C and 20 °C are also listed in Table 1 for
omparison with the compositions of the LRO domains. It can be 

een that the compositions of the LRO L1 2 domains deviate from 

hose of γ ʹ precipitates at equilibrium compositions. The Thermo- 

alc TM TCNI 8.2 database used in the calculation may not be able 

o accurately predict the compositions of L1 2 precipitates because 

he composition of (CrCoNi) 93 Al 4 Ti 2 Nb alloy lies close to the cen- 

er of Ni-Co-Cr phase diagram. This may be one possible reason for 

he large difference between the measured composition of LRO do- 

ains and the equilibrium composition of γ ʹ precipitates. Another 
ossible reason is that the ordering process may be only partially 

ompleted due to the limited time for diffusion in water quench- 

ng. CALPHAD calculations only predict the equilibrium composi- 

ion of γ ʹ precipitates. This partial ordering process may also con- 

ribute to the large observed difference in compositions between 

RO domains and equilibrium L1 2 γ ʹ precipitates. The average size 
f the LRO L1 2 domains is about 4 nm based on APT results, which

s close to the average size measured using HAADF STEM imaging 

~3.1nm). The compositions of ordered γ ʹ domains formed in spin- 

dal decomposition can be quite different from the equilibrium γ ʹ
hase [ 62 , 63 ], consistent with the results shown in Table 1 . 

.2. Tensile response 

Fig. 5 a compares the engineering stress-strain curve of 

CrCoNi) Al Ti Nb alloy with that of CrCoNi alloy from an early 
93 4 2 
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Fig. 4. APT characterization of the microstructure of the test alloy: (a) 3D ion maps of all elements; (b) Ti 2.31 at.% iso-surface reveals the interconnected Ti-rich regions; 

(c) Proxigrams of all elements showing the enrichment of Ni, Al, Ti and Nb in L1 2 ordering domains; (d) 3D view of the volume searched for ordering or clustering; and (e) 

3D reconstructed volume showing the domains enriched with γ ʹ formers (Ni, Ti and Al). Colors represent identified clusters. 

Table 1 

Average compositions (at.%) of LRO L1 2 domains measured by APT as compared with the nominal composition of the alloy 

and the equilibrium compositions of γ ʹ phase at 10 0 0 °C and 20 °C calculated using Thermo-Calc software. 

Ni Co Cr Al Ti Nb 

Nominal alloy composition 31.0 31.3 30.6 4.1 2.3 0.9 

Measured composition of LRO L1 2 domains 51.3 19.42 19.1 6.4 3.41 0.37 

Equilibrium composition of γ ʹ precipitate at 1000 °C (CALPHAD) 58.46 14.47 2.57 10.92 11.52 2.04 

Equilibrium composition of γ ʹ precipitate at 20 °C (CALPHAD) 74.80 0.20 0.02 7.90 14.02 3.05 

5 
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Fig. 5. Tensile properties and strain hardening rate curve of (CrCoNi) 93 Al 4 Ti 2 Nb as compared with those of CrCoNi [53] : (a) engineering strain-stress curves; and (b) strain 

hardening rate curves and true stress-strain curves. 
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tudy [53] .The average grain size of the CrCoNi alloy is about 24 

m, which is close to that of (CrCoNi) 93 Al 4 Ti 2 Nb alloy (~26μm). 

t can be seen that (CrCoNi) 93 Al 4 Ti 2 Nb has a slightly higher yield

trength (about 70 MPa higher). Fig. 5 b show the strain hardening 

ate and true stress-strain curves of (CrCoNi) 93 Al 4 Ti 2 Nb as com- 

ared with those of CrCoNi. The strain hardening rate curve can 

e divided into two stages as indicated in Fig. 5 b. Small serrated 

eatures in the strain hardening rate curves of (CrCoNi) 93 Al 4 Ti 2 Nb 

nd CrCoNi are mainly due to experimental noises and they have 

o large effects on the overall trend of strain hardening rate curves. 

n stage A, up to plastic strains of about 8%, the strain hardening 

ate decreases rapidly with increasing deformation, which is nor- 

ally observed in FCC based alloys. In stage B, the strain harden- 

ng rate continues to decrease with increasing plastic deformation, 

ut less rapidly than in stage A. The strain hardening behavior of 

CrCoNi) 93 Al 4 Ti 2 Nb is similar to that of CrCoNi. Two alloys have 

imilar uniform elongation (ductility) as shown in Fig. 5 b. Detailed 

haracterization of deformation microstructures at different stages 

f strain hardening will be given in the following section. 

.3. Evolution of deformation substructures 

The evolution of deformation microstructure at different plastic 

train levels was characterized using EBSD. Figs. 6 a-d show the IPF 

aps of the microstructure after 0.6%, 3%, 12% and 62% engineering 

train. Figs. 6 e-h show the corresponding kernel average misorien- 

ation (KAM) maps. With increasing of strain, dislocation density 

ncrease within the grain as shown in the KAM maps. Fig. 6 i is an

mage quality map showing the microstructure after deformation 

o 62% engineering strain. Misorientation along the line highlighted 

n Fig. 6 i was analyzed and presented in Fig. 6 j. Both point-to-point

nd point-to-origin misorientation analysis reveal the formation of 

ow angle boundaries within grain interiors due to plastic defor- 

ation. EBSD characterization at all stages did not reveal the for- 

ation of deformation twins. 

ECCI images in Fig. 7 show the evolution of deformation sub- 

tructures at different stages of plastic deformation. Fig. 7 a shows 

ain features of dislocations after 0.6% strain. Dislocation slip has 

 strong planar character and dislocations are localized within in- 

ividual slip bands. Fig. 7 b shows that planar slip bands from dif- 

erent slip systems intercept each other. With further increase of 

lastic deformation, the spacing between slip bands continues de- 

reasing as shown in Fig. 7 c. Fig. 7 d shows the deformation sub-

tructures after testing up to 62% strain. High density of disloca- 

ions and very fine slip bands can be observed in Fig. 7 d. 
6 
To further study dislocation substructures and its evolution at 

ifferent stages of plastic deformation, TEM specimens were ex- 

racted from interrupted test specimens as well as from a ten- 

ile specimen tested to fracture. Scanning transmission electron 

icroscopy (STEM) coupled with conventional transmission elec- 

ron microscopy (TEM) was used to characterize the dislocation 

ubstructures. Zone axis bright field STEM images along the [101] 

one axis of the FCC matrix phase in Fig. 8 reveal the evolution 

f dislocation substructures at four different deformation levels. 

ig. 8 a shows the dislocation substructure after 0.6% plastic defor- 

ation. Dislocation slip has pronounced planar character and dis- 

ocations are mainly constrained within slip bands on {111} slip 

lanes. Upon further straining to 3% strain, the number of slip 

ands increases, and dislocation density increases rapidly, but most 

islocations are still constrained within planar slip bands as shown 

n Fig. 8 b.The interaction of slip bands from different slip systems 

ivides the grain into subgrain structures. One significant differ- 

nce between the dislocation substructure of (CrCoNi) 93 Al 4 Ti 2 Nb 

nd CrCoNi is that few extended dissociated dislocations are ob- 

erved in the former, while a high density of extended dissoci- 

ted dislocations is observed in CrCoNi after 6.3% strain [13] . Those 

xtended dissociated dislocations play a critical role in deforma- 

ion twinning and plasticity induced FCC-HCP transformation in Cr- 

oNi alloy [13] . With further increase of plastic deformation up 

o 12% strain ( Fig. 8 c), the density of slip bands increases and

rains are further refined by slip bands. Fig. 8 d shows the defor- 

ation microstructure after testing to rupture (62% strain). It can 

e seen that a very high density of dislocations is uniformly dis- 

ributed in the microstructure. A high density of slip bands is still 

bserved in the microstructure. Dislocations tend to lose the pla- 

ar slip character and form more tangled structures. The inset se- 

ected area diffraction pattern in Fig. 8 d shows the absence of ex- 

ra spots from deformation twins, indicating no deformation twins 

orm during tensile testing. This has been confirmed by observing 

ultiple grains since the occurrence of deformation twinning de- 

ends on grain orientations [66] .The main features of deformation 

ubstructure at different stages of deformation revealed by ECCI 

maging in Fig. 7 are consistent with those observed using STEM 

maging in Fig. 8 . 

To further understand the evolution of the deformation mi- 

rostructure, detailed characterization of dislocations was per- 

ormed on TEM specimens extracted from a specimen interrupted 

t 0.6% strain. To reveal the dissociated dislocations in the spec- 

men and measure dissociation distances, the recently developed 

eak beam dark field STEM imaging techniques were used [54] . 

he analysis was conducted on one TEM foil with the normal 
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Fig. 6. EBSD characterization of the evolution of deformation substructures with plastic deformation: (a)-(d) IPF map at different strain levels; and (e)-(h) corresponding 

KAM maps at different strain levels; (i) image quality map of the microstructure after 62% strain (red line highlights the location for misorientation analysis shown in (j); 

and (j) point-to-origin and point-to-point misorientation analysis along the line highlighted in Fig. 6 i. 

Fig. 7. ECCI characterization of deformation substructures at different stages of plastic deformation: (a) 0.6% strain; (b) 3% strain; (c) 12% strain; and (d) 62% strain. 

7 
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Fig. 8. Bright field [101] zone axis STEM images of deformation substructures at different stages of plastic deformation: (a) 0.6% strain; (b) 3% strain; (c) 12% strain; and (d) 

62% strain. 
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irection close to the [111] direction. In FCC alloys with low 

tacking fault energy, a full dislocation with a Burgers vector of 

/2 < 110 > will dissociate into two a/ 6 〈 ̄1 ̄1 2 〉 Shockley partial dislo-
ations bounding a stacking fault. Dislocation visibility and invis- 

bility based on g · b analysis was performed using WB DF STEM 

ethod to identify the Burgers vectors of partial dislocations and 

ull dislocations. Fig. 9 shows an example of WB DF STEM imag- 

ng of a dissociated dislocation using three different 3 g { 220 } types 
f diffraction conditions. The dissociated dislocation is on the (111) 

lip plane, which is also close to the foil plane in this case. Un-

er 3 g ( ̄2 02 ) diffraction condition, both partial dislocations are visi- 

le in Fig. 9 c, while the stacking fault contrast is invisible. Based 

n the g · b analysis, the Burgers vector of two partial dislocations 

nd the full dislocation were identified and labeled in Fig. 9 . This 

ortion of the full dislocation has near edge character. The dissoci- 

tion distance between two partial dislocations is about 9 nm. The 

igh magnification image in Fig. 9 d shows the details of the dis- 

ociated dislocation. Similar characterization and measurement of 

issociation distances were conducted on other dislocations. The 

esults are summarized in Fig. 10 . The dissociation distances of 

islocations in the equiatomic CrCoNi at room temperature were 

lso measured using the same weak beam dark field STEM tech- 

ique, and the results are included in Fig. 10 for comparison. It 

an be seen that the dissociation distances in the CrCoNi are much 

arger than those in (CrCoNi) 93 Al 4 Ti 2 Nb. Theoretical dissociation 

istances as a function of dislocation characteristic angles and SFE 

ere also calculated and are shown in Fig. 10 . The shear modu- 
8 
us of (CrCoNi) 93 Al 4 Ti 2 Nb is assumed to be equal to that of CrCoNi

n the calculation, which is 87 GPa [10] . Through fitting the ex- 

erimental measurements to the theoretical calculated results, the 

tacking fault energy of (CrCoNi) 93 Al 4 Ti 2 Nb alloy is estimated to 

e around 25 mJ/m 
2 which is higher than that of the CrCoNi alloy, 

hich is about 16 mJ/m 
2 . 

Zone axis bright field STEM images in Fig. 11 show the main 

eatures of dislocations in (CrCoNi) 93 Al 4 Ti 2 Nb alloy after 0.6% plas- 

ic strain. The primary [ 011 ]( 1 ̄1 1 ) slip system in the grain has the 

ighest Schmid factor of 0.49, while the slip system [ 01 ̄1 ]( 111 ) has 

 Schmid factor of 0.45. As shown in the figure, both slip systems 

perated under loading. Dislocation slip has a strongly planar char- 

cter. Most dislocations are localized within {111} slip bands. Two 

istinct dislocation configurations are observed in Fig. 11: paired 

islocations and dislocation multipoles. Fig. 11 b shows two slip 

ands consisting of paired dislocations on the same ( 1 ̄1 1 ) slip 

lane. The two slip bands originated from opposite directions. The 

istance between the leading dislocation pair is smallest and the 

istance between following paired dislocations increases. The for- 

ation of paired dislocations indicates the existence of short range 

rdering (SRO) or very fine-scale precipitates or ordering domains. 

aired dislocations have been frequently observed in the deforma- 

ion of nickel-based superalloys [67–71] and alloys with short - 

ange ordering or long range ordering [72–74] . Due to the LRO L1 2 
omains in the present alloy, slip occurring by the movement of 

 a/ 2 〈 110 〉 full FCC matrix dislocation through the ordered struc- 

ure will result in the formation of anti-phase boundaries, which 
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Fig. 9. Weak beam dark field STEM characterization of a dissociated dislocation using three different diffraction vectors: (a) image with a diffraction vector of 3 g ( 0 ̄2 2 ) ; (b) 

image with a diffraction vector of 3 g ( ̄2 20 ) ; (c) image with a diffraction vector of 3 g ( ̄2 02 ) ; and (d) high magnification image of the dissociated dislocation. 
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sociated dislocation lines. Previous atomistic simulation has shown 
re unfavorable high energy configurations. Full dislocations in the 

RO L1 2 domains have a Burgers vector of a 〈 110 〉 . Therefore, the
ovement of the second a/ 2 〈 110 〉 full FCC matrix dislocation will

estore the structure within the ordering regions. The distance 

etween nearby dislocations within the slip bands consisting of 

aired dislocations were measured. Fig. 12 shows the measure- 

ent results of four slip bands. The method used in measuring is 

llustrated and inserted in Fig. 12 . It reveals that the distances be- 

ween the first five paired dislocations have similar values in all 

our slip bands. The average distance between dislocations in the 

rst paired dislocation is about 19 nm. There is no large difference 

n distances between unpaired dislocations in four slip bands. The 

act that the pairing persists only for several sets of dislocations 

s indicative of a short-range ordered condition [ 34 , 72 , 75 ], or very

ne-scale long range ordered structures [ 19 , 67–71 ]. 

Fig. 11 c shows an example of the second type of dislocation 

onfiguration: a multipole within a slip band. The multipoles are 

ormed from dislocations with opposite signs on adjacent slip 

lanes. They represent a low energy dislocation configuration and 

an act as obstacles to slip for subsequent dislocations within the 

ame slip bands [76] , thus contributing to strain hardening [77] . 

ig. 11 d shows another example of the multipole structure. This 

ultipole was formed by dislocations on the ( 1 ̄1 1 ) slip plane. It 

nteracts with and blocks dislocation slip on the (111) slip plane as 

hown in Fig. 11 d. Those multipoles retard dislocation slip within 

rains, serving as building blocks for the formation of refined sub- 

rain structures observed in Fig. 8 c. 
9 
Fig. 13 shows weak beam dark field STEM images of disloca- 

ions in the slip bands shown in Fig. 11 b. The images were ac- 

uired using different diffraction vectors. Both slip bands (labeled 

 and 2) included in Fig 11 are on ( 1 ̄1 1 ) planes. In Fig. 13 a, un-

er a diffraction vector of 3 g ( 002 ) of the FCC matrix, only partial 

islocations with a Burger vector of a/ 6[ ̄1 12 ] are visible in the slip

ands. When imaging with a diffraction vector of 3 g ( 0 ̄2 ̄2 ) , both par- 

ial dislocations are visible as shown in Fig. 13 b. The dislocations 

ithin slip band 1 have a Burgers vector of a/ 2 [0 ̄1 1] , while the

islocation in the nearby slip band 2 has an opposite Burgers vec- 

or of a/ 2[ 011 ] as indicated in Fig. 13 c. The “sign” of the Burgers

ector can be deduced from the swapping of “strong” and “weak”

artial contrast in the two bands. This asymmetry in contrast is ex- 

ected under weak-beam conditions based on numerous previous 

tudies using conventional diffraction contrast imaging [ 21 , 22 , 78 ], 

nd also applies to the new weak beam dark field STEM condi- 

ions. Note that in slip band 1, the partial with “strong” contrast 

s the lower partial dislocation, while in slip band 2, the contrast 

f the upper partial dislocation appears “stronger”. The opposing 

ign of the dislocations in these two arrays is also consistent with 

he apparent distribution of dislocation spacings in the two bands, 

hich can be readily seen in Fig. 11 b. 

The higher magnification weak beam dark field STEM image in 

ig. 13 d shows the fine features of the dissociated dislocations. The 

ull dislocations are narrowly dissociated into two partial disloca- 

ions. The dissociation distances vary considerably along the dis- 
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Fig. 10. Measured dissociated distances in (CrCoNi) 93 Al 4 Ti 2 Nb alloy as compared with those in the equiatomic CrCoNi alloy. The curves show calculated results for the 

indicated stacking fault energies. 
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ocal ordering in CrCoNi alloy may lead to the variation of dissocia- 

ion distance [26] . In the case of (CrCoNi) 93 Al 4 Ti 2 Nb alloy, interac-

ion with local ordering regions may also accentuate the variation 

f dissociation distances, and in fact create potent pinning sites 

long the dislocations. The “leading” partial dislocation of each dis- 

ociated a/ 2[ 011 ] dislocation appears to have a more serrated ap- 

earance than does the trailing partial. It should also be noted that 

he dislocation shown in Fig. 9 and those included in the data 

hown in Fig. 10 were for dislocations in different grains/samples 

hat were isolated from other dislocations, that is, they were not 

art of dislocation arrays. This selection was intentional in order 

o measure dislocation dissociation without effects of dislocation 

nteractions. The dramatically different appearance of the partials 

ith respect to serrations in Fig. 9 versus Fig. 13 also suggest that 

he dislocation in Fig. 9 (and others contributing to the data in 

ig. 10 ) was not mobile during the tensile experiment and is per- 

aps a dissociated dislocation that was pre-existing after process- 

ng. 

The dissociation distances of paired dislocations and unpaired 

islocations within slip bands were measured and some examples 

f measurements are shown in Fig. 14 a and b. To reduce the effects

f serrated features of the partials on measurement, the dissocia- 

ion distance between partials were determined through dividing 

he dissociated area between two partials by the length of partials. 

he dissociated area between partials and length of partials were 

easured on weak beam dark field STEM images as illustrated in 

ig. 14 c and d respectively. The results in Fig. 14 a and b indicate

hat the dissociation distance between partials increases with in- 

reasing distance away from the leading paired dislocations. The 

issociation distance between the leading partials has a minimum 

alue of about 4 nm. The full dislocations in the slip bands are 

lose to edge character. The dissociation distances of weakly paired 

islocations or unpaired dislocations in the slip bands are close to 

hose measured in Fig. 10 . 
10 
Bright field zone axis STEM images in Fig. 15 shows the fine 

ubstructures after 3% strain. As shown in Fig. 15 a, with increas- 

ng plastic deformation, the dislocation density increases and the 

pacing between slip bands decreases relative to that shown in 

ig. 11 (0.6% strain).The slip bands on the ( 11 ̄1 ) slip plane which 

s edge-on in Fig. 15 , divide the grain into subgrains. Slip bands on 

he ( 1 ̄1 1 ) slip plane intercept slip bands on the ( 11 ̄1 ) slip plane,

eading to further partitioning of the grain. As shown in Fig. 15 b, 

 multipole on the ( 111 ) slip plane has formed within the narrow 

hannels of ( 11 ̄1 ) slip bands. A hexagonal dislocation network was 

lso observed on the ( 1 ̄1 1 ) slip plane as indicated in Fig. 15 b. All

hese dislocation configurations act as barriers for further slip of 

islocations, thus contributing to strain hardening and accumula- 

ion of plastic deformation within grain interior. Fig. 15 b shows 

hese slip bands have two fine features. Some slip bands consist 

f not just single slip bands but two narrowly spaced slip bands as 

hown in the inset image in Fig. 15 b. The spacing between the slip

ands ranges from a few nm to about 20 nm. Such planar subgrain 

tructures with narrowly spaced multiple slip bands may enhance 

ts resistance to dislocation slip, thus contributing to work harden- 

ng capability. Another fine feature is that the slip bands are not 

ompletely continuous through the whole grain and there are fre- 

uent gaps along the slip bands as marked in Fig. 15 b. The forma-

ion of those gaps is due to the heterogeneities in the dislocation 

ontent along the slip bands. Such gaps can allow slip bands from 

ther slip systems to penetrate through and form finer subgrain 

tructures. 

Fig. 16 shows zone axis bright field STEM images revealing 

ome fine deformation substructures after 12% strain. With in- 

reasing plastic deformation, more slip systems operate and the 

verage spacing between slip bands continues to decrease. Dislo- 

ation slip maintains planar character. In Fig. 16 a, the slip bands 

n the ( 111 ) slip plane and ( 11 ̄1 ) slip planes are edge-on. A dis- 

ocation multipole on the ( 1 ̄1 1 ) slip plane interacts with ( 111 ) slip 
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Fig. 11. [100] Zone axis bright field STEM micrographs revealing two distinct dislocation configurations: (a) low magnification image; (b) image showing paired dislocations 

within slip bands; (c) image showing a multipole within a slip band; and (d) image showing the interaction of a multipole on ( 1 ̄1 1 ) slip plane with a slip band on (111) slip 

plane. 
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ands and ( 11 ̄1 ) slip bands. They may form a kind of lock structure 

hich can further block the motion of other dislocations as indi- 

ated in Fig. 16 a. Fig. 16 b shows the ( 11 ̄1 ) slip bands retard the slip

f dislocations in a slip band on the ( ̄1 11 ) slip plane. The interac-

ions between different slip systems further partition the grain into 

hree dimensional subgrain structures. 

. Discussions 

.1. Ordering effects on dislocation slip characteristics 

In metals and alloys, dislocation slip can generally have two 

ifferent characters: planar slip and wavy slip. The present work 

hows that dislocation slip in (CrCoNi) 93 Al 4 Ti 2 Nb alloy has a 

trongly planar character. Two major factors are at play in creat- 

ng this slip mode: low stacking fault energy and LRO domains. 

he alloy has a relatively low stacking fault energy of about 25 

J/m 
2 . Consequently, full a/ 2 〈 110 〉 dislocations dissociate into two 

/ 6 〈 ̄1 12 〉 Shockley partial dislocations bounding a stacking fault. 
uch dissociated dislocation configurations will reduce the ten- 

ency for cross-slip and thus promote planar dislocation slip. 

The results of DF TEM and HAADF STEM imaging coupled with 

tom probe tomography indicated the existence of LRO L1 2 do- 

ains in the tested alloy. The LRO L1 2 domains are enriched in γ ʹ
orming elements (Ni, Al, Ti). The average composition of ordering 

omains is far from the composition of the equilibrium γ ʹ phase, 
11 
ndicating that these ordering domains are in the early stages of 

ormation through the process of spinodal decomposition [59–64] . 

ue to the high cooling rate and limited cooling time available dur- 

ng water quenching, the ordering process within LRO L1 2 domains 

ay be only partially completed. This possibility is also consistent 

ith very faint superlattice reflections in selected area diffraction 

atterns and the weak superlattice fringe contrast in the HAADF- 

TEM images. These LRO L1 2 domains may act as precursors for 

he formation of well-developed γ ʹ precipitates during subsequent 
sothermal annealing [63] . 

The increase of planar slip tendency in alloys with short range 

rdering (SRO) or fine-scale long range ordering (LRO) is mainly 

ttributed to the slip plane softening mechanism [28] . Ordered do- 

ains with different sizes act as obstacles to dislocation slip, and 

islocation pairing becomes energetically favorable [ 19 , 34 , 67–75 ]. 

ig. 17 schematically illustrates the slip plane softening involved in 

he deformation of (CrCoNi) 93 Al 4 Ti 2 Nb alloy. The lead dislocation 

n an array of dislocations emanating from a source on a {111} slip 

lane must cut through the distribution of LRO domains along the 

islocation’s length, as illustrated in Fig. 17 a. After the first disloca- 

ion shears through the ordered domains, the shearing process will 

reate high energy, unfavorable bonds on the slip plane ( Fig. 17 b). 

f the domains were fully ordered, then an anti-phase boundary 

APB) would be created. The formation of high energy bonding in 

he APB will increase the system energy. The entry of a second 

islocation with the same Burgers vector as the first dislocation 
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Fig. 12. Measurement of distances between the dislocations within four slip bands. 

Fig. 13. Weak beam dark field STEM characterization of paired dissociated dislocations in slip bands: (a) image showing that only one of the partial dislocations is visible 

under a diffraction of 3 g ( 002 ) ; (b) image revealing both partial dislocation using a diffraction vector of 3 g ( 0 ̄2 ̄2 ) ; (c) image showing dissociated dislocations within two nearby 

slip bands; and (d) high magnification image showing fine serrated features of dissociated dislocations in slip band 2. 

12 
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Fig. 14. Measurement of the dissociation distances of dislocations in slip bands: (a) and (b) weak beam dark field STEM images with measured dissociation distances labeled 

for each dislocation; (c) illustration of the measurement of the area between two dissociated partial dislocations; and (d) illustration of the measurement of the length of a 

partial dislocation. 

Fig. 15. Bright field [ 101 ] zone axis STEM image of deformation substructures after 3% plastic strain: (a) low magnification STEM image showing the interaction of slip bands 

on different {111} slip planes; and (b) STEM image showing the fine structures of slip bands (the gaps along the slip bands are highlighted using blue arrows in the figure). 
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s therefore energetically favorable as it will restore the bonding 

ithin the ordered region and thus reduce the system energy, as 

hown in Fig. 17 c. Such a shearing deformation process has been 

requently observed in nickel base superalloys strengthened by L1 2 
recipitates [ 79 , 80 ]. After several paired dislocations slip through 

he LRO domains, the ordering regions will be completely sheared 

hrough. As a result, the resistance offered by LRO domains to the 

ollowing dislocations will be greatly reduced and subsequent slip 

oes not need the movement of paired dislocations, as shown in 

ig. 17 d. The slip of successive paired dislocations on the same slip 

lane leads to slip plane softening, thus promoting planar disloca- 

ion slip. The size of ordering regions can thus be estimated using 
13 
he number of paired dislocations (n in Fig. 17 ) within one slip 

and multiplied by the length of the Burgers vector ( 
⇀ 

b in Fig. 17 )

f full dislocations in the FCC matrix, which is about 0.25 nm. Such 

ethod has been used to estimate the size of ordered precipitates 

n Fe-Mn-Al-C steel [19] . As shown in Fig. 12 , the number of paired

islocations within slip bands varies, indicating that there is a dis- 

ribution in the size of spatially-localized LRO domains. The num- 

er of strongly paired dislocations is around 10 as shown in Fig. 12 .

herefore, the size of LRO domains is estimated to be around 2.5 

m, which is close to the average size measured using APT (~4nm) 

nd HAADF STEM imaging (~ 3.1nm). 
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Fig. 16. Bright field [ ̄1 10 ] zone axis STEM images of the deformation substructure after 12% plastic deformation: (a) image showing the interaction between a multipole on 

( 1 ̄1 1 ) slip plane with two edge-on slip bands; and (b) image showing the interaction of a slip band on ( ̄1 11 ) slip plane with ( 11 ̄1 ) slip bands. 

Fig. 17. Illustration of the shearing process of paired dislocations through ordered γ ʹ domains. 
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Although dissociated dislocations and planar dislocation slip are 

bserved both in CrCoNi alloy and (CrCoNi) 93 Al 4 Ti 2 Nb, there are 

ignificant differences between their deformation mechanisms. As 

ompared with CrCoNi [13] , no largely extended dissociated dis- 

ocations are observed in (CrCoNi) 93 Al 4 Ti 2 Nb. Furthermore, unlike 

n CrCoNi, no deformation twinning or deformation induced FCC- 

CP transformation has been observed in (CrCoNi) 93 Al 4 Ti 2 Nb in 

he present study. Deformation twinning occurs through the slip 

f Shockley partial dislocations on adjacent {111} slip planes, while 

he transformation of FCC phase to HCP phase is achieved by 

he slip of partial dislocations on every other {111} slip planes 

13] . Both processes involve the glide movement of extended par- 

ial dislocations. The critical twinning stress for extending stacking 

aults ( τ crit ) can be estimated using the following equation [81] : 

crit = 

2 γ

b p 
(1) 

Where b p is the magnitude of the Burgers vector of Shockley 

artial dislocations, and γ is the stacking fault energy. For the 

quiatomic CrCoNi alloy, the critical twinning stress can be esti- 

ated to be 256 MPa using the measured stacking fault energy of 

6 mJ/m 
2 in current study, which is close to the experimentally 

easured result of 260 ±30 MPa [12] . In the (CrCoNi) Al Ti Nb al-
93 4 2 

14 
oy, extending of stacking faults to form twinning may involve the 

ormation of complex stacking fault (CSF)-like structures due to the 

xistence of LRO L1 2 domains. The critical twinning stress may be 

valuated using the following equation modified from Eq. 1 : 

crit = 

2 γm f m + 2 γord f ord 
b p 

(2) 

Where γm is the stacking fault energy of the FCC matrix, f m 

s the area fraction of the matrix in the dissociated area between 

wo partials, γ ord is the complex stacking fault energy in the or- 

ered domains, and the f ord is the area fraction of the ordering 

omains within the dissociated area. In current study, the com- 

lex stacking fault energy and the area fraction of ordering re- 

ions in the dissociated areas is unknown. It should be pointed 

ut that the measured stacking fault energy of (CrCoNi) 93 Al 4 Ti 2 Nb 

n this study may be treated as an average stacking fault energy 

hich takes into account both the contribution from the FCC ma- 

rix phase and ordering regions. The critical twinning stress for 

CrCoNi) 93 Al 4 Ti 2 Nb estimated using the measured stacking fault 

nergy of 25 mJ/m 
2 is about 400 MPa, which is much higher than 

hat of the equiatomic CrCoNi. The equivalent stress for twinning 

n (CrCoNi) 93 Al 4 Ti 2 Nb can be estimated to be 1240 MPa when a 

aylor factor of 3.1 (estimated using EBSD results) is used in the 
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Fig. 18. Evolution of dislocation substructures at different stages of strain hardening in (CrCoNi) 93 Al 4 Ti 2 Nb. 
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Fig. 19. (a) [100] Zone axis bright field STEM image with an inset image showing 

the step structure of a multipole; (b) weak beam dark field STEM image of a multi- 

pole consisting of less densely packed dislocations; and (c) conceptual explanation 

for the operation of two opposing, co-planar dislocation arrays and the sequential 

steps in formation of extended multipole structures. 
alculation. This equivalent stress for twinning is close to the al- 

oy’s ultimate tensile stress of 1346 MPa. This estimation indicates 

hat the increase of twinning stress may contribute to the deacti- 

ation of deformation twinning in (CrCoNi) 93 Al 4 Ti 2 Nb alloy. 

.2. Evolution of deformation substructure and strain hardening 

echanism 

As shown in the previous section, dislocation slip dominates 

lastic deformation of (CrCoNi) 93 Al 4 Ti 2 Nb. Deformation substruc- 

ures continuously evolve with increasing strain, which is illus- 

rated in Fig. 18 at different stages of strain hardening. As men- 

ioned before, the strain hardening curve can be roughly divided 

nto two stages. In stage A, the strain hardening rate monotonically 

ecreases with increasing strain, which is typical for engineering 

lloys. In this stage, dislocation arrays nucleate from sources at 

rain boundaries and within grains under the external loading. Due 

o slip planarity, dislocations are localized within slip bands. In 

rder to shear through LRO L1 2 domains, dislocations tend to be 

aired. Dislocation multipoles act as slip barriers for further dislo- 

ation slip within grain interiors. These multipoles are also build- 

ng blocks for the formation of subgrain structures in Stage B. 

The present results provide insights into the creation of these 

ultipole structures under co-planar deformation conditions in 

tage A. These insights have been enabled by the inspection of 

arge areas of grains made possible using the STEM-DCI technique, 

hich minimizes the rapidly changing contrast due to natural 

ending of thin foils that limit effective fields of view in CTEM-DCI. 

he bright field STEM image in Fig. 19 a shows another example of 

ultipoles after deformation up to 0.6% plastic strain. An inset im- 

ge in Fig. 19 a presents an enlarged view of the step like structures 

f the multipole, revealing that the multipole was formed through 

he slip of dislocations on two adjacent ( 1 ̄1 1 ) planes. Weak beam 

ark field STEM image in Fig. 19 b shows a multipole consisting 

f less densely packed dislocations. It reveals the multipole was 

ormed through the slip of dislocations with opposite signs as indi- 

ated by the contrast of dislocation 1 and dislocation 2 in the two 
15 
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rrays in the figure. Presented in Fig. 19 c is a conceptual model 

or the development of the multipoles that are characteristic of 

he observed substructures, such as those seen in Figs. 11 a, c and 

ig. 19 a. The multipoles sometime appear at the “tips” of isolated 

rrays. The pairing of dislocations at the tips of the arrays is ig- 

ored in the present discussion. It is hypothesized that these struc- 

ures occur as a result of the interaction of opposite-sign disloca- 

ion arrays on parallel {111} planes that are within a critical offset 

istance (Y) such that they cannot bypass one another. An example 

f bypass is believed to be seen in Fig. 13 . If Y is sufficiently small,

hen the stress fields of the leading dislocations in the two arrays 

nteract strongly such that they are mutually “trapped” [ 76 , 77 ]. The 

et Burgers vector of this first dipole is zero, and thus it is favor-

ble to form from a strain energy standpoint. Additional forward 

ovement of dislocations in the two opposing arrays can be ac- 

ommodated by breaking the first dipole, and creating a new set 

f two dipoles, as shown in step b in Fig. 19 c. Not only does this

urther reduce the elastic strain energy, but it also enables the two 

rrays to do work in response to the applied shear stress. Repeti- 

ion of this energetically favorable process will consume the dislo- 

ations in both arrays and create the extended multipole configura- 

ions observed experimentally and illustrated in step c in Fig. 19 c. 

f the number of dislocations generated in the two arrays is not 

he same, then the excess dislocations in the array with the larger 

otal number of dislocations (e.g. Array B in step d in Fig. 19 c will

emain with the multipole at the “tip” of the array. Note that the 

ultipoles appear at the “tips” of isolated arrays. Dislocation sim- 

lations by Olfe and Neuhauser [82] showed that these “asym- 

etric” multipoles occur when a significant friction stress, which 

ecreases as a function of shearing, is present. Since the multi- 

oles have zero net Burgers vector, they do not create a long-range 

tress field. However, the multipoles do create “sinks” that effec- 

ively trap mobile dislocations [ 75 , 76 ]. While the source generating 

rray A in Fig. 19 c could continue to operate, each dislocation pro- 

uced will eventually become trapped by the multipole. The source 

roducing Array B will be inhibited due to the back stress from 

he dislocations remaining in Array B. Nonetheless, previous analy- 

is has indicated that work hardening due to multipoles is limited 

 77 , 83 ]. 

In stage B of strain hardening, dislocations on different slip sys- 

ems operate extensively, resulting in the interaction of slip bands 

nd further partitioning of grains. With increasing plastic deforma- 

ion, the spacing between slip bands is continuously refined. Slip 

and refinement plays a crucial role in controlling strain hardening 

n the test alloy. The contribution to strength from different hard- 

ning mechanisms can be evaluated using the following equation 

 19 , 84 ]: 

total = σ0 + σss + σg + σordering + σs (3) 

Where σ 0 is the strength contribution from Peierls-Nabarro lat- 

ice friction stress, σ SS is the solid solution strengthening contribu- 

ion, σ g is the grain boundary strengthening, σ ordering is the con- 

ribution from both short range ordering and long range ordering, 

nd σ s is the contribution from dynamic grain refinement due to 

lip bands. Among those five strengthening contributions, the first 

hree contributions ( σ 0 , σ ss , and σ g ) can be regarded as indepen- 

ent of strain, while the last two continuously evolve with increas- 

ng plastic deformation. 

The increase of strength due to the existence of LRO L1 2 do- 

ains can be evaluated using the following equation [70] : 

ordering = M 

γAPB 

2 b 

( √ 

γAPB d s 

2 T L 

d s 

L s 
− π

4 

(
d s 

L 

)2 
) 

(4) 

Where M is Taylor factor, γAPB is anti-phase boundary energy, 

 is the magnitude of Burgers vector, d s is the average size of or-
16 
ered domains assuming that they are spherical, L s is the spacing 

etween LRO domains, T L is the dislocation line tension and L is 

he center-to-center spacing between LRO domains, which can be 

stimated using the following equation [85] 

 = 

√ 

8 

3 π f 
d s (5) 

here f is the volume fraction of ordered domains. 

L s can be given as [70] 

 s = 

√ 

8 

3 π f 
d s − d s (6) 

T L can be estimated using the following equation [86] : 

 L = 

(
G b 2 

2 

)
(7) 

The volume fraction of LRO L1 2 domains was measured to be 

round 0.25 based on APT results. The average size of LRO L1 2 
omains is about 3.2 nm by averaging the results measured us- 

ng HAADF imaging, APT and the number of paired dislocations. 

he average Taylor factor of the test alloy is around 3.1. Although 

he LRO L1 2 domains have an interconnected morphology, here we 

ssume that the LRO L1 2 domains present themselves to gliding 

islocations as discrete regions to estimate their contribution to 

trengthening. For an increase of yield strength of about 70MPa 

s compared with CrCoNi base alloy and assuming this increase 

f strength is mainly due to the contribution of LRO domains, the 

APB of LRO domains is estimated to be around 122 mJ/m 
2 using 

q. (4 ), which is much smaller than the APB energy of fully or- 

ered L1 2 γ ʹ precipitates in nickel-base superalloys (around 200 
J/m 

2 ) [70] or the APB energy of L1 2 ordered precipitates in high 

ntropy alloys (198mJ/m 
2 ) [ 87 , 88 ]. This estimation further shows 

hat the ordering process within LRO domains may only be par- 

ially completed. γAPB , b, T L and f can be treated as constants in 

q. (4 ) throughout deformation. Therefore, according to Eq. 4 , the 

trengthening contribution due to LRO L1 2 domains decrease with 

he decrease of the average size of LRO L1 2 domains ( d s ). 

As shown in Fig. 17 , after the shearing of LRO L1 2 domains 

ue to the slip of a train of paired dislocations, the sizes of LRO 

omains are reduced, while the volume fraction of LRO domains 

emains unchanged. Thus, according to Eq. 4 , the contribution of 

RO L1 2 domains to strengthening will continuously decrease with 

ncreasing plastic strain as more and more ordering domains are 

heared by planar dislocation slip. 

The contribution from dynamic slip band refinement to harden- 

ng can be evaluated using [19] : 

s = K · M · μ · b/D (8) 

Here, K is a geometrical factor, M is the Taylor factor, μ is the 

hear modulus, b is the magnitude of the Burgers vector, and D 

s the average spacing between slip bands. From this equation, we 

an see that the strengthening contribution from slip band refine- 

ent ( σ s ) will continue to increase with dynamic refinement of 

lip band spacing. 

Fig. 20 shows the measured mean spacing between slip bands 

s a function of plastic strain. With increasing plastic deforma- 

ion, the average slip band spacing continuously decreases, indi- 

ating the increasing role of slip band refinement in strain harden- 

ng as shown in Eq. (8 ). In stage B of strain hardening, the dy-

amic slip band refinement may dominate the strain hardening 

rocess. However, dynamic slip refinement has a detrimental effect 

n slip planarity. With continuous refinement of slip bands, LRO 
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Fig. 20. The evolution of mean slip band spacing as a function of plastic strain. 
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1 2 domains in the alloy will be increasingly refined or destroyed. 

AADF STEM images of different magnifications in Fig. 21 show 

he microstructure of (CrCoNi) 93 Al 4 Ti 2 Nb after testing to rupture 

62% strain). The inset FFT patterns in both STEM images show no 

uperlattice reflections from LRO L1 2 domains, indicating the de- 

truction of ordering domains due to plastic deformation. There- 

ore, the resistance that they pose to dislocation slip will gradually 

ecrease, and thus the strictly planar dislocation slip character also 

radually diminishes. Due to such effects, dislocation cross-slip and 

ynamic recovery become increasingly easier. Dislocation slip be- 

omes more uniform rather than localized. Fig. 20 also shows that 

he slip band refinement rate at strain less than 12% is much 

igher than in the later stages of plastic deformation, indicating 

he weakening role of dynamic slip band refinement in the later 

tage of plastic deformation. Therefore, the contributions from both 

rdering and dynamic slip band refinement to strain hardening 

ates decrease in the late stage of plastic deformation. 

Due to the existence of spatially-localized LRO L1 2 domains in 

CrCoNi) 93 Al 4 Ti 2 Nb medium entropy alloy, dislocation slip has a 

trongly planar character. Work hardening is mainly controlled by 

ynamic refinement of slip bands. This deformation mechanism 
ig. 21. HAADF-STEM images along [101] zone axis showing the microstructure of (CrCo

agnification image. 

17 
s different from that reported in equiatomic CrCoNi alloy [ 12 , 13 ]

nd Fe-Mn-Al-C alloys with high SFE. Microband-induced plastic- 

ty (MBIP) has been frequently observed in Fe-Mn-Al-C alloys with 

igh SFE [ 17 , 18 ]. Current study shows that the deformation mech- 

nisms in (CrCoNi) 93 Al 4 Ti 2 Nb medium entropy alloy are similar to 

hose observed in lightweight steel with ordered secondary phases 

19] . In both alloys, dislocation slip has strong planar character and 

ork hardening is controlled by the dynamic refinement of slip 

ands. 

As shown in Fig. 5 , in the regime A of strain hardening 

ates, when strain is less than 4%, the strain hardening rate of 

CrCoNi) 93 Al 4 Ti 2 Nb is higher than that of CrCoNi. In both alloys, 

lanar dislocation slip is the main deformation substructures as 

bserved in current study and previous work [13] . The higher 

train hardening rate observed in (CrCoNi) 93 Al 4 Ti 2 Nb may be due 

o the existence of LRO L1 2 domains in (CrCoNi) 93 Al 4 Ti 2 Nb. At 

round 4% strain, the strain hardening rates of both alloys are 

early equal. The deformation substructure in (CrCoNi) 93 Al 4 Ti 2 Nb 

s still dominated by planar dislocation slip and no extended stack- 

ng faults are observed, while in CrCoNi alloy, extended stacking 

aults have been frequently observed [13] . Those extended stacking 

aults act as precursors for the formation of deformation twinning 

nd HCP phase. They may also contribute to strain hardening. In 

he regime B of strain hardening rate, the work hardening capabil- 

ty of two alloys are similar, as shown in Fig. 5 But the underlining

echanisms are different in two alloys as shown in current study 

nd previous works [ 12 , 13 ]. Previous study shows that deformation 

winning starts to nucleate in the CrCoNi alloy at around 9.7% and 

2.9% strain at room temperature [12] . Deformation twinning be- 

omes the dominant deformation mechanisms and FCC-HCP trans- 

ormation further contribute to strain hardening in late stage of 

eformation in CrCoNi alloy [13] , while in (CrCoNi) 93 Al 4 Ti 2 Nb al- 

oy, as shown in current study, well-developed slip bands with fine 

pacing form at 12% strain and dynamic refinement within slip 

ands play a crucial role in controlling strain hardening. Although 

t is hard to decipher the respective contributions of each of these 

echanisms to the total work hardening, the findings presented in 

his work suggest that LRO-dynamic slip band refinements may of- 

er an alternative pathway as compared with TWIP-TRIP to improve 

train hardening capability and ductility of engineering alloys. Fur- 

her effort s are needed to better understand the role of such or- 

ering structures on strengthening and strain hardening behavior 

f medium entropy alloys and high entropy alloys. 
Ni) 93 Al 4 Ti 2 Nb after testing to rupture: (a) low magnification image; and (b) high 
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. Conclusions 

In this work, the evolution of the deformation substructure in 

CrCoNi) 93 Al 4 Ti 2 Nb was investigated using EBSD, ECCI and STEM 

ased imaging techniques including weak beam dark field STEM. 

he observed microstructures and strain hardening behavior were 

orrelated. Main findings are summarized as follows: 

1. DF TEM imaging, HAADF-STEM imaging together with atom 

probe tomography study show the existence of spatially- 

localized LRO L1 2 domains in this alloy. The compositions of 

these LRO domains deviate from the equilibrium composition 

of γ ʹ precipitates. The LRO domains may form through spin- 

odal decomposition rather than nucleation and growth during 

the water quenching process used here. 

2. Deformation in (CrCoNi) 93 Al 4 Ti 2 Nb occurs through the slip 

of narrowly dissociated a/ 2 〈 110 〉 dislocations. No largely ex- 
tended dissociated dislocations are observed. Dislocation slip 

has strongly planar character, which is mainly attributed to the 

relatively low stacking fault energy (~25 mJ/m 
2 ) and the exis- 

tence of LRO L1 2 domains. Due to such ordering domains, lead- 

ing dislocations in slip bands tend to form paired dislocation 

structures. Based on the average number of paired dislocations 

within planar slip bands, the size of LRO domains was esti- 

mated to be 2.5 nm, which is close to the average size mea- 

sured using HAADF STEM imaging (~3.1nm) and APT (~4nm). In 

the early stages of deformation, dislocation multipoles develop 

and act as obstacles to dislocation slip even under co-planar 

deformation conditions, and serve as building blocks for the 

formation of subgrain structures consisting of fine slip bands. 

Higher stacking fault energy (as compared with CrCoNi) and the 

existence of LRO L1 2 domains may contribute to the observed 

deactivation of deformation twinning in the (CrCoNi) 93 Al 4 Ti 2 Nb 

alloy 

3. Dislocation slip dominates the deformation of 

(CrCoNi) 93 Al 4 Ti 2 Nb. The spacing between slip bands de- 

creases with increasing plastic deformation. Such dynamic 

slip band refinement plays a crucial role in controlling strain 

hardening behavior of the alloy. Due to slip planarity and dy- 

namic slip band refinement, the role of the LRO L1 2 domains in 

strain hardening decreases with increasing plastic deformation. 

The planarity of dislocation slip gradually decreases due to 

reduction or destruction of spatially-localized LRO L1 2 domains 

through shearing by refined slip bands. Therefore, dislocation 

cross-slip and dynamic recovery become easier, which may be 

responsible for the decrease in strain hardening rates and more 

uniformly distributed dislocations observed at the late stage of 

plastic deformation. 
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