
Journal of Materials Science & Technology 82 (2021) 122–134

Contents lists available at ScienceDirect

Journal  of  Materials  Science  &  Technology

jo ur na l homepage: www.jmst .org

Research  Article

Deformation  induced  hcp  nano-lamella  and  its  size  effect  on  the
strengthening  in  a  CoCrNi  medium-entropy  alloy

Yan  Maa,b,  Muxin  Yanga,  Fuping  Yuana,b,∗,  Xiaolei  Wua,b

a State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, No. 15, West Road, North 4th Ring, Beijing, 100190,
China
b School of Engineering Science, University of Chinese Academy of Sciences, No. 19(A) Yuquan Road, Shijingshan District, Beijing, 100049, China

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 15 October 2020
Received in revised form
17 November 2020
Accepted 1 December 2020
Available online 29 January 2021

Keywords:
Strengthening mechanisms
Phase transformation
Twinning
Medium entropy alloys

a  b  s  t  r  a  c  t

Deformation-induced  hcp  nano-lamellae  with  various  widths  and  interspacings  were  observed  in
the CoCrNi  medium-entropy  alloy  (MEA)  under  high  strain  rate  and  cryogenic  temperature  in the
present  study.  Higher  hardness  was  found  in  the  cryogenic-deformed  samples  compared  to  the  room
temperature-deformed  samples  without  hcp  phase.  Then,  size  effects  of  embedded  hcp  nano-lamellae
on  the  tensile  behaviors  in the fcc  CoCrNi  MEA  were  investigated  by molecular  dynamics  simulations.
The  overall  strengthening  was found  to  have two  components:  phase  strengthening  and  extra  inter-
face  strengthening,  and  the  interface  strengthening  was observed  to  be  always  stronger  than  the  phase
strengthening.  Both  overall  strengthening  and  interface  strengthening  were  found  to  increase  with
increasing  width  and  decreasing  interspacing  of  embedded  hcp  nano-lamellae.  The  samples  with  small
spaced  hcp  nano-lamellae  are  even  stronger  than the  pure hard  hcp  phase  due to the  extra  interface
strengthening.  The  samples  with  larger  width  of embedded  hcp  nano-lamellae  can  provide  stronger
Molecular dynamics simulations resistance  for  dislocation  slip  and  transmission.  Nanotwins  were  observed  to be formed  in  the  embedded
hcp  nano-lamellae.  Higher  density  of phase  boundaries  and newly  formed  twin  boundaries  can  provide
more  barriers  for dislocation  glide  in  the  other  slip  systems,  resulting  in  higher  strength  for  samples  with
smaller  interspacing.

©  2021  Published  by  Elsevier  Ltd  on behalf  of  The  editorial  office  of  Journal  of  Materials  Science  &
Technology.
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1. Introduction

High-entropy alloys (HEAs) [1–3] and medium-entropy alloys
(MEAs) [4–6], which consist of three or more elements typically
with equal molar fraction, have attracted great interests recently
due to their high strength, high ductility and exceptional fracture
toughness. HEAs and MEAs are solid-solution alloys and gener-
ally are single phase materials [7,8]. Moreover, recently reported
fcc CrMnCoNiFe HEA [9–12] and CoCrNi MEA  [13,14] were found
to have low stacking fault energy (SFE) and excellent mechanical
properties, and have even better mechanical properties at cryo-

genic temperature than at room temperature due to a transition of
the dominant deformation mechanism from dislocation activities
to deformation twins (DTs) [15–18]. The observed high strength in
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EAs and MEAs could be partly attributed to the lattice distortion
nd the solid solution strengthening. While, more recent advances
ave indicated that short range ordering [19–21], local chemical
rder [22,23], and local composition fluctuation [24], can also play
mportant roles on the strength of HEAs and MEAs.

Previous research [8,25,26] has suggested that the SFE of the
oCrNi MEA  could even be negative at 0 K, thus the CoCrNi MEA
as high propensity for twinning and phase transformation at low
emperatures. Previous work has also indicated that the SFE in
his kind of alloys could be non-uniform and tunable locally by
ailoring the local chemical short range order and the local com-
osition fluctuation [23], which may  promote twinning and phase
ransformation at positions with lower fluctuated SFE. Phase trans-
ormation from fcc phase to hcp phase has been widely observed
n HEAs/MEAs and other alloys, such as in the CoCrNi MEA  [27,28],
n the CoCrFeNiMo0.15 HEA [29], in the FeCoCrNi HEA [30], in the

o-27Cr-5Mo-0.05C alloy [31], in the CoCrWMo HEA [32], in the
e60Co15Ni15Cr10 HEA [33], in the Fe80-xMnxCo10Cr10 HEA [34],
n the FeNiCrCoAl0.36 HEA [35], and in the Cr20Mn6Fe34Co34Ni6
EA [36]. In these reports, the deformation modes and condi-
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Y. Ma et al. 

tions for the deformation-induced phase transformation (from fcc
to hcp) include quasi-static uniaxial tensile loading at both room
and cryogenic temperatures, cold rolling at both room and cryo-
genic temperatures, hard turning at both room and cryogenic
temperatures, dynamic shear testing at both room and cryogenic
temperatures, in-situ high energy X-ray diffraction (XRD) compres-
sion tests, in-situ transmission electron microscope (TEM) tensile
tests. These results [37–39] have indicated that the phase transfor-
mation can be promoted at lower temperatures, higher strain rates
and larger plastic strains. Moreover, these results [27,28,30] also
suggested that the formation of the thin hcp lamellae is generally
achieved by the glide of Shockley partial dislocations on every other
{111} planes.

The hcp lamellae with different widths and interspacings were
observed to be formed under various deformation conditions in
previous studies [32–34], and the phase transformation were
found to play important roles on the strengthening and strain
hardening in HEAs and MEAs [11,40–43] since the formed hcp
phase (ε martensite) was generally thought to be stronger than
the original fcc phase. Moreover, heterogeneous laminates have
attracted extensive interests recently due to the fact that excellent
mechanical properties can be achieved and optimized by tailoring
microstructures across interfaces and interface spacing in the lam-
inates [44–48]. Thus, in the HEAs and MEAs with transformed hcp
lamellae, the lamellar structure of the hcp lamellae and the straight
phase boundaries should be strong barriers for further dislocation
slip, and the extra interface strengthening should be considered
besides the phase strengthening.

However, how the width and interspacing of the hcp lamellae
affect the mechanical properties and the corresponding deforma-
tion mechanisms is still unclear. In this regard, dynamic shear
experiments have been conducted on the CoCrNi MEA  at both room
and cryogenic temperatures in the present study, and the hard-
ness and the microstructures after dynamic testing under both
conditions have been compared. Moreover, large-scale molecu-
lar dynamics (MD) simulations have also been performed in the
present study to investigate the effects of the width and interspac-
ing of the hcp lamellae on the strength, plastic flow behaviors and
corresponding atomistic deformation mechanisms in the CoCrNi
MEA. The applied strain rates were typically high (> 107 /s) in
the MD  simulations due to the inherent computation limitations
[49–52], thus much higher flow stress might be induced and
some deformation mechanisms (such as diffusion effects) might be
limited at such short times in the simulated cells. While, MD sim-
ulations were also proven to have advantages over experiments,
such as displaying the atomic transient microstructure evolution
and studying the ïn-situp̈lastic deformation mechanisms (disloca-
tion activities, grain boundary (GB) activities, twinning and phase
transformation) at the atomic scale in nanostructured metals with
carefully designed model systems [18,53,54]. For example, MD sim-
ulations have been indicated to be effective in investigating the
size effects on the flow stress and the deformation mechanisms
in nanocrystalline metals and nanotwinned metals in previous
research [55,56].

2. Materials, experimental procedures and simulation
techniques

The CoCrNi MEA  ingots were produced via electromag-
netic levitation melting in a high-purity argon atmosphere. The
actual chemical composition of the ingots was  determined to

be 35.34Ni–30.77Cr–33.81Co (in weight%) or 34.06Ni-33.48Cr-
32.46Co (in molar%), with small amount of other impurities. The
ingots were homogenized at 1473 K for 12 h first, and then
hot-forged into slabs with the thickness of 10 mm,  at starting tem-
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erature of 1323 K. The slabs were then cold rolled (CR) into 2.7 mm
hick sheets. The CR sheets were subsequently annealed at 1073 K
or 1 h and immediately water quenched.

The hat-shaped plate specimens have been machined from the
heets with the impact direction perpendicular to the rolling direc-
ion. The set-up for Hopkinson-bar experiments with hat-shaped
late specimens can be referred to our previous paper [28,47].
ynamic shear tests have been conducted under both cryogenic
nd room temperatures. Cryogenic temperature experiments (77
) were conducted by immerging the specimen into a packing

oam container with liquid nitrogen for 10 min before dynamic
hear tests. The impact velocities of the striker bar for the dynamic
hear experiments were set to be about 25 m/s  and the nominal
hear strain rates were estimated to be as high as 8 × 104 /s. The
icrostructures after dynamic shear testing have been character-

zed by transmission electron microscope (TEM, JEOL JEM-2100 F)
nd high resolution electron microscope (HREM). Thin foils were
ut for TEM observations, and then mechanically ground to about
0 �m thick and finally thinned by a twin-jet polishing facility using

 solution of 5 % perchloric acid and 95 % ethanol at −25 ◦C [28,47].
he micro-hardness measurements on the shear zone prior to and
fter testing were conducted on the well-polished specimens by a
ickers diamond indenter (Future-Tech FM800) under a load of 5

 for 15 s dwell time.
Large-scale Atomic/Molecular Massively Parallel Simulator

LAMMPS) code has been utilized to perform the MD  simulations
n the CoCrNi MEA. The EAM potential developed by Farkas [57]

as  applied to simulate the force reactions between atoms for the
oCrNi MEA. In this study, the 3D nanocrystalline fcc samples with
mbedded hcp nano-lamellae have been created using Voronoi
ethod, and 27 grains were created and the average grain size was

et to be 20 nm.  For comparison, the 3D nanocrystalline pure fcc
ample and pure hcp sample have also been created and investi-
ated in the similar way. In order to visualize the defects, the atoms
ere colored based on common neighbor analysis (CNA), in which
hite color is for fcc atoms, red color is for hcp atoms and green

olor is for GB, dislocation cores and other disordered atoms. A sin-
le line of hcp atoms represents a twin boundary (TB), two hcp lines
ith a fcc line in between stand for an extrinsic SF, two  adjacent
cp lines stand for an intrinsic SF (the thinnest hcp lamella), three
r more adjacent hcp lines represent hcp lamella. The same CNA
olor rule was used in all figures. The relaxed 3D nanocrystalline
ure fcc sample and pure hcp sample are displayed in Fig. 1(a) and
b). For fixed interspacing (7.34 nm), three widths of the hcp lamel-
ae (2 hcp atom layers, 6 hcp atom layers and 10 hcp atom layers)
ave been considered. The typical relaxed 3D nanocrystalline fcc
amples with the same interspacing (7.34 nm)  while with differ-
nt widths of hcp nano-lamellae (2 hcp atom layers and 10 hcp
tom layers) are shown in Fig. 1(c) and (d). For fixed width of the
cp lamellae (6 hcp atom layers), six different interspacings (1.84,
.45, 3.06, 3.67, 5.50, 7.34 nm)  have been considered. The typical
elaxed 3D nanocrystalline fcc samples with the same width of the
cp lamellae (6 hcp atom layers) while with different interspacings
1.84 and 5.50 nm)  are shown in Fig. 1(e) and (f). The dimensions of
he 3D nanocrystalline samples are 60 × 60 × 60 nm3, containing
pproximately 19600000 atoms. In the 3D nanocrystalline samples,
he Co, Cr and Ni atoms are randomly distributed. The same Voronoi
rain structure and the same crystallographic orientation for each
rain are retained as the width and interspacing of the hcp lamellae
hange.

Periodic boundary conditions were imposed for all three direc-
ions. Before tensile testing, the as-created cells were first subjected

o energy minimization by the conjugate gradient method, and then
as  gradually heated up to 77 K in a step-wise fashion, and then

elaxed using the Nose/Hoover isobaric-isothermal ensemble (NPT)
nder both the pressure 0 bar in all directions and the temperature
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Fig. 1. The relaxed 3D simulation cells for the nanocrystalline samples (a) with pure
nanocrystalline fcc samples with numerous embedded hcp nano-lamellae.

77 K for enough time to achieve equilibrium configuration. After
relaxation, the tensile loading was applied along x direction to a
strain of 10 % for each sample at a constant strain rate of 5 × 108 /s.
During the tensile loading, the temperature was kept to be constant
(77 K), and the pressures along the y and z directions were kept to
be zero for simulating the uniaxial stress loading.

3. Results and discussions

3.1. Deformation-induced hcp nano-lamella in dynamic shear
tests and its effect on the strengthening
The dynamic shear deformation under high strain rate (8 × 104

/s) has been applied to the CoCrNi MEA, and the uniform shear
strain before the onset of adiabatic shear band can be as high as
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tructure; (b) with pure hcp structure. (c)-(f) The relaxed 3D simulation cells for the

 6 [28]. The strong strain hardening and the exceptional ductility
pon impact loading under cryogenic temperature in the CoCrNi
EA  can be attributed to the formations of DTs, SFs, Lomer-Cottrell

ocks and hcp nano-lamellae [28]. The deformation-induced hcp
ano-lamellae with various widths and interspacings are shown in
ig. 2 for the CoCrNi MEA  tested under cryogenic temperature and
igh strain rate. It is well known that the dominant deformation
echanism can be switched between DTs and phase transforma-

ion, or a mixture of the two mechanisms by regulating the SFE and
he local stress/strain levels in metals and alloys [23,58,59]. Due to
he locally tunable SFE [23], a zone with mixture of DTs and hcp

ano-lamellae is shown by HREM image in Fig. 2(b), and a close-up
iew showing the stacking sequences of the fcc phase (ABCABC. . .)
nd the hcp phase (ABAB.  . .)  is displayed in Fig. 2(c). Our previous
esearch by MD simulations [58] has indicated that the formation of
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Fig. 2. Deformation-induced hcp nano-lamellae and nanotwins in the CoCrNi MEA  tested under cryogenic temperature and high strain rate. (a) Bright-field TEM image
showing hcp nano-lamellae; (b) HREM image showing hcp nano-lamellae and DTs; (c) HREM image showing the stacking sequences for a typical hcp nano-lamella in the fcc
matrix; (d)-(f) HREM images showing the structures with hcp nano-lamellae, and the hcp phase fractions are 52 %, 71 %, 93 % in the selected areas, respectively.
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Fig. 3. Deformation-induced DTs in the CoCrNi MEA  tested under room temperatur
rectangular area in (a) showing secondary nanotwins; (c) HREM image taken with t
image  showing the dislocations at the tip of TBs.

the hcp nano-lamellae can be induced by the glide of Shockley par-
tial dislocations on every other {111} planes. In Fig. 2(d)-(f), HREM
images, showing mixtures of hcp nano-lamellae and fcc matrix with
different widths/interspacings of hcp nano-lamellae and different
hcp phase fractions, are displayed.

In order to show the strengthening effect of the deformation-
induced hcp nano-lamellae, the TEM and HREM images for the

samples deformed under high strain rate (8 × 104 /s) and room
temperatures are also shown in Fig. 3, and then the hardness mea-
surements after dynamic testing under both cryogenic and room
temperatures have been compared in Fig. 4. It is indicated that

d
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igh strain rate. (a) Bright-field TEM image showing DTs; (b) Close-up views for the
10> zone axis, showing orientation relationship of fcc matrix and twins; (d) HREM

Ts and multiple twins have been induced under high strain rate
nd room temperature. Fig. 3(c) and (d) display the HREM images
aken with the <110> zone axis showing the orientation relation-
hip of fcc matrix and twins and the dislocations at the tip of TBs.
hese DTs and multiple twins have also observed for the sam-
les deformed under high strain rate and cryogenic temperature.
he main difference for the microstructures after dynamic shear

eformation under cryogenic temperature and room temperature

s that no deformation-induced hcp nano-lamella is formed after
ynamic shear deformation under room temperature. These obser-
ations can be generally attributed to the lower SFE under lower
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Fig. 4. Vickers microhardness of samples prior to and after dynamic deformation under both cryogenic and room temperatures. (a) Optical images of indentation arrays. (b)
Vickers hardness comparison.
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consider the average flow stress over a certain plastic strain interval
due to the overshoot phenomenon induced by the employed high
Fig. 5. (a) The simulated stress-strain curves for the nanocrystalline samples with 

fcc  and pure hcp samples are also included). (b) The effect of hcp layer width on the

temperature for metals and alloys. It is well known that the mul-
tiple twinning network can present more barriers for dislocation
motion to contribute higher strength [17], while the formed hcp
phase (ε martensite) was generally thought to be stronger than
the original fcc phase [27,36], thus the higher fraction of formed
hcp phase should also induce stronger strengthening. As shown in
Fig. 4, the microhardness increment after dynamic shear deforma-
tion under cryogenic temperature (0.69 GPa) is much higher than
that after dynamic shear deformation under room temperature
(0.42 GPa). It is qualitatively evidenced that deformation-induced
hcp nano-lamellae can have strong effect on the strengthening,
while the effects of the width and interspacing of hcp nano-lamellae
on the strengthening should be further studied. Moreover, the
mechanical properties in heterogeneous laminates [48,60] can be
improved by the high density of domain interfaces. Thus, extra
interface strengthening should be considered in the structures with
mixtures of hcp nano-lamellae and fcc matrix besides the phase
strengthening, and the effects of the width and interspacing of hcp

nano-lamellae on these two strengthening mechanisms should be
revealed.

s
s
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me interspacing (7.34 nm)  and the different hcp layer widths (the curves for pure
ge flow stress.

.2. Effect of width of hcp nano-lamellae on the strengthening

First, the effect of the width of hcp nano-lamellae on the tensile
roperties is considered by MD  simulations. In order to differenti-
te the interface strengthening from the phase strengthening, the
ensile properties of the pure fcc sample and the pure hcp sample
re also investigated. Fig. 5(a) shows the simulated stress-strain
urves for the nanocrystalline samples with different widths of hcp
ano-lamellae (the interspacing is fixed as 7.34 nm), in which the
urves for pure fcc and pure hcp samples are also included. After
he elastic stage, the simulated stress-strain curves start to deviate
rom the linear relationship for the onset of plastic deformation, and
isplay strong strain hardening until the maxim stress point, and
hen the flow stresses decrease gradually to a plateau value with
ome fluctuations. In order to study the size effects of hcp nano-
amellae on the strengthening, it is physically more meaningful to
train rate in MD simulations [55,56]. Thus, the average stress over a
train interval from 6 % to 10 % is calculated for the various samples
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Fig. 6. Snapshots for the pure fcc sample at various applied tensile strains: (a) 4 %; (b) 7 %: (c) 10 %. Snapshots for the pure hcp sample at various applied tensile strains: (d)
4  %; (e) 7 %: (f) 10 %.

Fig. 7. The detailed atomistic deformation mechanisms for the pure fcc sample at applied tensile strains of 10 % showing (a) deformation-induced nanotwins; (b) hcp phase
transformation; (c, d) The detailed atomistic deformation mechanisms for the pure hcp sample at applied tensile strains of 10 % showing basal SFs, reverse transformation
(from hcp phase to fcc phase) and < c + a > edge dislocations (1/6[2203]).

127
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dislocation line has an angle of 64◦ with the basal planes accord-
ing to our previous research [62]. These < c + a > dislocations
should contribute significantly to the enhanced strain hardening
Fig. 8. (a) The detailed atomistic deformation mechanisms for the pure hcp sample
for  the DTs in the hcp cobalt sample after SMAT: (b) The {1011} twins; (c) The second
sequences and orientations of the secondary {1011} twins inside the primary {1011

shown in Fig. 5(a), and is plotted in Fig. 5(b). As indicated in the pre-
vious research [31], the flow stress was observed to increase with
increasing amount of the hcp phase (ε martensite) in a Co-27Cr-
5Mo-0.05C alloy, and the hcp phase (ε martensite) was found to be
stronger than the fcc matrix. Our simulation results also show that
the pure hcp phase has a higher average flow stress than the pure
fcc phase, as indicated in Fig. 5(b).

In order to understand why the pure hcp sample is stronger than
the pure fcc sample, the detailed atomistic deformation mecha-
nisms for these two samples are revealed. The snapshots at various
applied tensile strains (4 %, 7 %, and 10 %) for these two  sam-
ples are displayed in Fig. 6. In the pure fcc sample, nanotwins
are formed and hcp transformation (as indicated in the close-up
views in Fig. 7(a) and (b)) is observed during the tensile deforma-
tion. Moreover, interactions between partial dislocations and SFs
at two different slip systems, interactions between partial disloca-
tions and TBs are also observed during the tensile deformation for
the pure fcc sample (as indicated in the insets of Fig. 6(c)). As indi-
cated in Figs. 6(d)-(f) and 7 (c), reverse phase transformation from
hcp phase to fcc phase occurs during the tensile deformation for
the pure hcp sample, and the fraction of fcc phase increases with
increasing tensile strains.

This reverse phase transformation is achieved by the glide of
basal edge dislocations on every other basal planes simultaneously
or one by one, leaving basal SFs behind for the formation of fcc
phase. Thus, the mechanism behind the reverse phase transforma-
tion is due to the glide of basal edge dislocations and the formation

of basal SFs at adjacent planes, which only requires low critical
resolved shear stress [61]. The basal edge dislocation has a Burgers
vector of 2/3[1100], and these formed basal SFs are mostly identi-
fied as I2 type intrinsic SFs, according to our previous research [61].

128
lied tensile strains of 10 % showing {1011} twins. Experimental TEM observations
011} twins generated inside the primary {1011} twins. (d) Schematic of formation

ns.

he formations of basal SFs and new fcc phase themselves in hcp
etals should contribute little to the strengthening due to the easy

lip and low critical resolved shear stress for basal planes, while
he interactions of basal SFs and formed new straight phase bound-
ries with other dislocations might contribute to the strengthening
61,62]. These other dislocations could be < c + a > dislocations, as
ndicated in Fig. 7(c) and (d). Much higher critical resolved shear
tress is required for nucleation of < c + a > dislocations due to
heir large Burges vector, which is identified as 1/6[2203] and the
Fig. 9. The effect of hcp layer width on the strengthening.
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Fig. 10. Snapshots at applied tensile strains of 4 % (a, c, e) and 7 % (b, d, f) for the nano
six  hcp atom layers; (e, f) with numerous embedded ten hcp atom layers. The inters

and strengthening during tensile deformation in hcp metals due to
their difficult nucleation and glide [62,63].

Besides the aforementioned deformation mechanisms, nucle-
ation and growth of {1011} twins are also observed during tensile
deformation for the pure hcp sample, as indicated in Fig. 8(a). The
newly formed TBs for {1011} twins are not straight and incoher-
ent, which are observed to deviate from {1011} twinning planes.
However, the misorientation angle between the newly formed
{1011} twins and the matrix is still close to the theoretical value
of 123.4◦ [64]. This non-classical twinning behavior has also been
observed by TEM after dynamic deformation in cobalt [64], and the

corresponding formation mechanism was proposed to be a homo-
geneous shear plus atomic shuffling. The formation of {1011} twins
has been indicated to play import roles on the strain hardening
and strengthening in hcp metals [65,66]. For example, the {1011}

c
s
b
o

129
lline samples (a, b) with numerous embedded SFs; (c, d) with numerous embedded
g is kept the same (7.34 nm)  for these three samples.

wins and the secondary {1011} twins generated inside the primary
1011} twins have been found to be formed in the surface layer of
he hcp cobalt sample after surface mechanical attrition treatment
SMAT), as indicated in Fig. 8(b) and (c). The schematic of forma-
ion sequences and orientations of the multiple twins is displayed in
ig. 8(d). The detailed experimental procedure for producing these
wins in the hcp cobalt sample can be found in our previous papers
62,65]. The hardness/strength of the surface layer is much higher
ompared to that for the untreated sample, which can be attributed
o the formation of these twins [62,65]. Thus, the higher flow stress
n the pure hcp sample compared to that for the pure fcc sample,

an be attributed to the aforementioned deformation mechanisms,
uch as the interactions of basal SFs and formed new straight phase
oundaries with 1/6[2203] <c + a > dislocations, and the formation
f twins.
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Fig. 11. The detailed atomistic deformation mechanisms for the nanocrystalline sam
atom  layers; (c1-c3) with numerous embedded ten hcp atom layers at the applied t

Without considering the extra interface strengthening, the aver-
age flow stress for two-phase materials can be estimated by the rule
of mixture (ROM) as following:

�ROM = �fccffcc + �hcpfhcp (1)

where �fcc, �hcp are the average flow stresses for the pure fcc sam-
ple and the pure hcp sample, respectively. ffcc, fhcp are the volume
fractions of the fcc phase and hcp phase in the dual-phase materials,
respectively.

The overall strengthening of various samples over the pure fcc
sample can be calculated as:

��overall = � − �fcc (2)

where � is the average flow stress for various samples.
Moreover, the phase strengthening can be calculated as:

��phase = �ROM − �fcc (3)

The deformation-induced hcp phase generally has a lamellar
structure, and the straight phase boundaries should be barriers for
further dislocation glide since either < c> or < c + a > dislocations
are required for the transmission of the edge dislocations into hcp
nano-lamellae and very high critical resolved shear stress is typi-
cally required for activation of these types of dislocations [28]. Thus,
besides the phase strengthening, the extra interface strengthen-
ing should be considered and can be calculated as the following
equation:

��interface = � − �ROM (4)

In this regard, the overall strengthening should have two
components: the phase strengthening and the extra interface

strengthening. And, the fraction of the extra interface strengthen-
ing in the overall strengthening can be calculated as following:

finterfacestrengthening = ��interface/��overall (5)

n
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 (a1-a3) with numerous embedded SFs; (b1-b3) with numerous embedded six hcp
 strain of 4 %. The fcc atoms are not shown in this figure for the more clarity.

The phase strengthening, the extra interface strengthening and
he fraction of interface strengthening are plotted as a function of
he width of nano-lamellae in Fig. 9. It is interesting to note that
oth the phase strengthening and the extra interface strengthen-

ng increase with increasing width of hcp nano-lamellae when the
nterspacing is fixed. With increasing width of hcp nano-lamellae,
he rising trend for the phase strengthening is straightforward due
o the increasing volume fraction of the harder hcp phase. While,
he extra interface strengthening (over 70 % of overall strengthen-
ng) is found to be much stronger than the phase strengthening,
nd also is observed to increase with increasing width of nano-
amellae. The corresponding atomistic deformation mechanisms

ill be provided next.
The snapshots at various applied tensile strains (4 % and 7

) for the nanocrystalline samples with different widths of hcp
ano-lamellae (embedded SFs; embedded six hcp atom layers and
mbedded ten hcp atom layers) are displayed in Fig. 10, in these
amples the interspacing is kept the same (7.34 nm) to investi-
ate the effect of the width of hcp nano-lamellae. The close-up
iews for Fig. 10 showing the interactions between partial dislo-
ations and phase boundaries are displayed in Fig. 11. In Fig. 11,
he original embedded two hcp layers (SFs), six hcp atom layers
nd ten hcp atom layers are marked, and the moving partial dislo-
ations interacting with these hcp nano-lamellae are also indicated
y solid or dash lines with arrows. The solid lines with arrows

ndicate that the partial dislocations are blocked by the embedded
Fs/hcp lamellae, while the dash lines with arrows represent that
he partial dislocations cut through the embedded SFs/hcp lamel-
ae. It has been reported that SFs can significantly strengthen the
anowires/nanorods by restricting dislocation activities between

anoscale neighboring SFs [67]. The strengthening by basal SFs
as also been reported in Mg  alloys [68–70], and the strengthen-

ng effect was found to increase linearly with the reciprocal of the
F interspacing due to the interactions between the basal SFs and
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Fig. 12. (a) The simulated stress-strain curves for the 3D nanocrystalline samples 

The  effect of interspacing on the average flow stress. (c) The effect of interspacing o

the < c + a > dislocations. As we know, SFs are the thinnest hcp
nano-lamellae (two atomic hcp layers), and the SFs were found to
have strengthening effect indeed in polycrystalline fcc materials, as
shown in Figs. 5 and 9. However, this strengthening effect becomes
more remarkable when the width of hcp nano-lamellae is larger
(Fig. 5(b)). Excluding the phase strengthening effect, the extra inter-
face strengthening was also found to increase with increasing width
of hcp nano-lamellae (Fig. 9). As indicated in Figs. 10(a) and 11 (a1)-
(a3), the partial dislocations can cut through most embedded SFs,
only a few dislocations are observed to be blocked by them at the
applied tensile strain of 4 %. While, most partial dislocations are
blocked by the embedded six hcp layers (Figs. 10(c) and 11 (b1)-
(b3)), and all partial dislocations are blocked by the embedded ten
hcp layers (Figs. 10(e) and 11 (c1)-(c3)). These observations indicate
that the embedded SFs/hcp nano-lamellae are barriers for disloca-
tion glide and the blocking ability becomes stronger as the width
of hcp nano-lamellae increases, resulting in larger extra interface
strengthening effect for the samples with larger width of hcp nano-
lamellae. It has been indicated that hetero-deformation-induced
(HDI) strengthening should play an important role in the materials
with different phases due to the difference in strength for differ-

ent phases [71], which is the extra strengthening beyond ROM. The
HDI strengthening is originated from the formation of geometri-
cally necessary dislocations at the interfaces, which is similar to
the interface strengthening mentioned in the present study.

a
t
e
n

131
he same hcp layer width (six hcp atom layers) and the different interspacings. (b)
strengthening.

.3. Effect of interspacing of hcp nano-lamellae on the
trengthening

Second, the effect of the interspacing of hcp nano-lamellae on
he tensile properties is investigated by MD  simulations as the
idth of hcp nano-lamellae is fixed as six hcp atom layers. Fig. 12(a)
isplays the simulated stress-strain curves for the nanocrystalline
amples with different interspacings (1.84, 2.48, 3.06, 3.67, 5.50,
.34 nm)  while with the same width of hcp nano-lamellae. Again,
he average stress over a strain interval from 6 % to 10% is calculated
or various samples shown in Fig. 12(a), and is plotted as a function
f interspacing in Fig. 12(b). Moreover, the average flow stress cal-
ulated by ROM (only considering the phase strengthening by Eq.
1)) is also plotted as a function of interspacing in Fig. 12(b). The
verage flow stresses for the pure fcc sample and the pure hcp sam-
le are also included in Fig. 12(b) as dash lines for comparison. It

s interesting to note that the average flow stresses for the three
amples with smaller interspacings (1.84, 2.45, 3.06 nm) are even
igher than that for the sample with pure hard hcp phase, due to the
xtra interface strengthening. The phase strengthening, the extra
nterface strengthening and the fraction of interface strengthening

re plotted as a function of interspacing in Fig. 12(c). It is observed
hat both the phase strengthening and the extra interface strength-
ning increase with decreasing interspacing when the width of hcp
ano-lamellae is fixed. The rising trend for the phase strengthen-
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Fig. 13. Snapshots at applied tensile strains of 4 % (a, c) and 7 % (b, d) for the nanocr
width  of hcp nano-lamellae is fixed (six hcp atom layers) for these two samples.

ing with decreasing interspacing can be easily understood since the
volume fraction of hcp phase becomes larger with decreasing inter-
spacing. While, the extra interface strengthening is always stronger
than the phase strengthening for all samples, and the fraction of the
interface strengthening is always over 50 % of overall strengthen-
ing although the fraction of the interface strengthening decreases
with decreasing interspacing.

The snapshots at various applied tensile strains (4 % and 7 %)
for the nanocrystalline samples with different interspacings (2.48
and 5.50 nm)  are displayed in Fig. 13, in these two  samples the
width of the hcp nano-lamellae is kept the same (embedded six
hcp atom layers) to investigate the effect of interspacing on the
deformation mechanisms. The close-up views for Fig. 13 showing
the details for the atomistic deformation mechanisms are displayed
in Fig. 14. Two dominant deformation mechanisms are observed for
these samples: (i) the interactions between partial dislocations and
phase boundaries (Fig. 14(a1)-(a2) and (b1)-(b2)); (ii) the nucle-
ation and glide of partial dislocations along/parallel to the phase
boundaries, some of them inducing reverse phase transformation
(from hcp phase to fcc phase) or DTs (formation of nanotwins
in hcp nano-lamellae, as shown in Fig. 14(a3) and (b3)). It has
been reported that the strength of nanotwinned fcc metals first
increases as twin boundary spacing (TBS) decreases, reaching a
maximum at a critical TBS, and then decreases as TBS becomes
even smaller [56]. The softening with decreasing TBS below the
critical TBS in the nanotwinned fcc metals has been attributed
to a transition of the dominant deformation mechanism from the

classical Hall-Petch type strengthening above the critical TBS due
to the interaction between dislocations and TBs to a dislocation-
nucleation-controlled softening mechanism below the critical TBS
with TB migration [56]. In the nanocrystalline fcc samples with
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ne samples: (a-b) The interspacing is 2.45 nm; (b) The interspacing is 5.50 nm. The

mbedded hcp nano-lamellae for the present study, it seems that
here is no such a transition for the dominant deformation mech-
nism. No matter the spacing is larger or small, both mechanisms,
.e. the interaction between partial dislocations from other slip sys-
ems with phase boundaries and the nucleation/glide of partial
islocations along/parallel to the phase boundaries, are impor-
ant and can’t be ignored. Moreover, the formed TBs (Fig. 14(a3)
nd (b3)) can also be strong barriers for dislocation slip even
hen the partial dislocations glide along/parallel to the phase

oundaries, resulting in strong strengthening [16,56]. As indicated,
he density of the phase boundaries and the newly formed TBs
s higher when the interspacing is smaller, thus providing more
arriers for dislocation glide in the other slip systems and result-

ng in stronger resistance for further dislocation slip and higher
trength.

. Concluding remarks

In the present study, dynamic shear testing has been conducted
n the CoCrNi MEA  under both cryogenic and room temperatures,
nd the deformation-induced hcp nano-lamellae with various
idths and interspacings were observed to be formed under

ryogenic temperature. Microhardness in the cryogenic-deformed
amples has been compared with the room temperature-deformed
amples without hcp phase. Moreover, a series of large-scale MD
imulations have been performed to reveal the effects of the width

nd interspacing of embedded hcp nano-lamellae on the tensile
lastic flow behaviors and the corresponding atomistic deforma-
ion mechanisms in the fcc CoCrNi MEA. The main findings can be
ummarized as follows:
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[11] B. Schuh, F. Mendez-Martin, B. Voelker, E.P. George, H. Clemens, R. Pippan, A.
Hohenwarter, Acta Mater. 96 (2015) 258–268.

[12] L.X. Yang, H.L. Ge, J. Zhang, T. Xiong, Q.Q. Jin, Y.T. Zhou, X.H. Shao,
B.  Zhang, Z.W. Zhu, S.J. Zheng, X.L. Ma,  J. Mater. Sci. Technol. 35 (2019)
300–305.
Fig. 14. The detailed atomistic deformation mechanisms for the nanocrystalline sam
are  snapshots at the applied tensile strain of 4 %; while (a2)(a3)(b2)(b3) are snapsh
more  clarity.

(1) The microhardness increment after dynamic shear deformation
under cryogenic temperature (0.69 GPa) is much higher than
that after dynamic shear deformation under room temperature
(0.42 GPa). This observation qualitatively shows the experi-
mental evidence that deformation-induced hcp nano-lamellae
can have strong effect on the strengthening.

(2) The pure hcp phase (ε martensite) was found to be stronger than
the pure fcc phase in the CoCrNi MEA, due to the formations of
the < c + a > dislocations and the {1011} twins. Thus, the overall
strengthening in the nanocrystalline fcc CoCrNi MEA  samples
with embedded hcp nano-lamellae was found to have two
components: the phase strengthening and the extra interface
strengthening. The extra interface strengthening was  observed
to be always stronger than the phase strengthening.

(3) Both the overall strengthening and the interface strengthen-
ing were observed to increase as the width of embedded hcp
nano-lamellae increases. The embedded hcp nano-lamellae
are barriers for dislocation glide in the other slip systems,
and the blocking ability becomes stronger as the width of
hcp nano-lamellae increases, resulting in larger extra interface
strengthening effect.

(4) Both the overall strengthening and the interface strengthen-
ing were also found to increase with decreasing interspacing
of embedded hcp nano-lamellae. The samples with small inter-
spaced hcp nano-lamellae are even stronger than the pure hard
hcp phase due to the extra interface strengthening. No matter
the interspacing is larger or small, both deformation mecha-
nisms are important and can’t be ignored: (i) the interactions
between partial dislocations and phase boundaries; (ii) the
nucleation and glide of partial dislocations along/parallel to the
phase boundaries, some of them inducing reverse phase trans-
formation or formation of nanotwins in hcp nano-lamellae.
The density of the phase boundaries and the newly formed
TBs is higher when the interspacing is smaller, thus provid-
ing more barriers for dislocation glide in the other slip systems
and resulting in higher strength. These results should provide
insights for tailoring microstructures to achieve better mechan-
ical properties.
133
 (a1-a3) The interspacing is 2.45 nm; (b1-b3) The interspacing is 5.50 nm. (a1)(b1)
 the applied tensile strain of 7 %. The fcc atoms are not shown in this figure for the
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