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ABSTRACT

Unusual strain hardening response and ductility of NiCoCr equiatomic alloy were investigated
through microstructural analysis of [111], [110] and [123] single crystals deformed under tension.
Nano-twinning prevailed at, as early as, 4% strain along the [110] orientation, providing a steady
work hardening, and thereby a significant ductility. While single slip dominated in the [123] orienta-
tion at the early stages of deformation, multiple slip and nanotwinning was prominent in the [111]
orientation. Significant dislocation storage capability and resistance to necking due to nanotwinning
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provided unprecedented ductility to NiCoCr medium entropy alloys, making it superior than quinary
variants, and conventional low and medium stacking fault energy steels.

IMPACT STATEMENT

A comparison of the current results on the ternary medium entropy alloy single crystals and those
previously reported on the quinary and quaternary fcc equiatomic alloys demonstrates that a higher
configurational entropy does not necessarily warrant improved mechanical properties.

Introduction

Material systems with multiple components, so-called
high entropy alloys (HEAs) and medium entropy alloys
(MEAs), have attracted recent attention owing to their
high strength-ductility combination, and fracture tough-
ness [1-9]. Moreover, these alloys exhibit unprecedented
mechanical strength with high ductility levels, especially
at cryogenic temperatures [4,5,10,11]. This exceptional
mechanical behavior has been originally attributed to the
solid solution strengthening where randomly distributed
solid atoms exerts resistance to the dislocation glide,
proposed to be in the amount proportional to the aver-
aged mean-square atomic displacements [12]. However,
a more recent study reported using neutron scattering
experiments [13] that there is no direct indication of

anomalously large local lattice strains in HEAs, casting
some doubts on the earlier solid solution strengthening
arguments.

Equiatomic FeMnCrCoNi alloy is the first fcc HEA
investigated in detail, and the microstructural origins
of its mechanical response have recently been revealed
[3,5,14,15]. Since the discovery of this five element
HEA, many variations of other quinary, quaternary and
ternary equiatomic multi-component alloys, having fcc,
bee and hep structures, have been developed [7,8,10].
Among these, the studies on the various ternary and
quaternary variants of transition metal fcc HEAs and
MEAs showed that the NiCoCr MEA demonstrates the
best combination of mechanical strength and fracture
toughness among all fcc HEAs and MEAs investigated
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to date [4,16,17]. Its lower stacking fault energy (SFE)
(22 4 4 mJ/m?, 25% lower than that of the FeMnCrCoNi,
comparable to the SFE of Hadfield steel and 316 stain-
less steel) decreases the critical stress for twin formation
[4,16], such that the necking instability is postponed
and the ductility is enhanced. This is in good agree-
ment with the fact that low SFE materials are more prone
to deformation twinning [18], and thus, have increased
strain hardening rates, dislocation storage capacity and
ductility.

It has recently been shown that nanotwins form-
ing in NiCoCr at the early stages of deformation pro-
mote high work hardening rates (WHRs) [4,16] since
the twin boundaries hinder dislocation glide, similar
to twinning-induced plasticity (TWIP) steels [19-22].
However, despite the promising results obtained on the
polycrystalline NiCoCr, the underlying microstructural
evolution in individual grain orientations and the effects
of evolved microstructure on the mechanical properties
have not been clearly understood. In order to address this
issue, it is essential to distinguish the effects of grain and
twin boundaries on the plastic deformation evolution.
Therefore, the present study focused on the deformation
response and microstructural evolution of the NiCoCr
MEA in single crystalline form in order to examine the
mechanical behavior as a function of crystallographic
orientation, based on varying deformation mechanisms,
including deformation twinning, dictated by the spe-
cific orientations. With this motivation, single crystalline
NiCoCr samples oriented along the [110], [111] and
[123] directions were subjected to uniaxial tension up to
various strain levels, and microstructural evolution was
monitored at different strain levels.

The rationale for the selection of these particular crys-
tallographic orientations is to exemplify different regions
of the stereographic triangle, the desire to form different
number of slip and twinning systems at various stages of
deformation, and to monitor the orientation dependence
of the strain level at which twinning initiates and how
twinning evolves. While multiple slip/twining systems
are expected in the [110] and [111] orientations, only one
system should be activated in [123] at the early stages
of deformation [6,21]. Furthermore, the propensity of
twinning and slip with increasing deformation varies spe-
cific to crystallographic orientation. For instance, twin-
ning is most favorable in the [111] and [110] oriented
face-centered cubic (FCC) crystals since the Schmid fac-
tors for twinning (my, = 0.314 for [111] and 0.47 for
[110]) are larger than that for slip (mg = 0.27 for [111]
and 0.41 for [110]) [23]. Therefore, analysis of differ-
ently oriented samples can elucidate the effective mech-
anisms and their interactions governing the deformation
response.
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Experimental procedures

The equiatomic NiCoCr single crystals were grown using
the Bridgman method in an argon atmosphere using the
vacuum induction melted ingots. Dog-bone shaped ten-
sile samples with dimensions of 8 mm x 3 mm X 1.5 mm
in the gage section, and oriented along the [110], [111]
and [123] crystallographic directions were cut from
the bulk crystals by wire electric discharge machin-
ing. The samples were evacuated in quartz tubes, and
then homogenized at 1473 K for 24 h, followed by water
quenching.

Prior to experiments, X-ray diffraction (XRD) and
electron backscatter diffraction (EBSD) were employed
for phase identification and texture analysis. Elemental
composition of the samples was quantified with wave-
length dispersive X-ray spectroscopy (WDS). The sam-
ples analyzed with EBSD and WDS were final polished
with colloidal silica suspension. Three samples in each
orientation were subjected to tensile loading up to failure
ona servo-hydraulic MTS frame at strain rate of 5 x 10~*
s~! at room temperature. Additional experiments were
conducted by interrupting the tests at different strain
levels in order to better understand the microstructural
evolution at different stages of deformation. Surface relief
on the sample surfaces was investigated with optical
microscopy (OM), and the deformation activities were
analyzed with a FEI Tecnai 20ST transmission electron
microscope (TEM) operating at 200 kV. TEM samples
were prepared by grinding the samples down to 60 um
thickness and punching them into 3 mm diameter discs,
which were twin-jet electropolished at —20°C with an
electrolyte consisting of 75% of methanol and 25% of
nitric acid at 20 V.

The WDS analysis revealed that the samples contained
almost equal atomic concentrations (in at. %) of Ni,
Co and Cr: 33.42 £0.14, 33.60 - 0.68 and 32.98 +0.72,
respectively. In addition, XRD and EBSD analyses
demonstrated that the single crystalline samples were
shown to have a FCC structure with a lattice parameter
of 0.3575 nm, which aligns well with the values reported
in the literature [16,17,24].

Results and discussion

The stress—strain response of the samples deformed up
to failure is presented in Figure 1(a). From these exper-
iments and the results on the several companion sam-
ples for each orientation, the Young’s modulus of each
orientation is determined as: E[111] = 375+ 32 GPa,
E[110] = 300+ 28 GPa and E[123] = 280+ 35 GPa.

While the [110] and [123] orientations exhibit upper
and lower yield strengths, and Liider’s type propagation
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Figure 1. (a) True stress—true strain response of the NiCoCr medium entropy alloy single crystal samples oriented along the [110], [111]
and [123] orientations deformed to failure under uniaxial tensile loading. Evolution of strain hardening rate as a function of true strain in
the (b) [110], (c) [111]and (d) [123] orientations. The insets in (b), (c) and (d) exhibit the measured initial orientation of each crystal along

the tensile axis.

of localized deformation, the [111] orientation demon-
strates a linear hardening from the beginning of the
deformation. This is associated with the different types
and number of active deformation systems [25,26]: single
deformation system prevails early in the [123] orienta-
tion, while multiple deformation systems are promoted
in the [111] samples. Therefore, the [111] crystals do not
exhibit extended stage I hardening region. The easy glide
in the [123] samples leads to alow WHR in Stage I. In the
[111] orientation, two or more active deformation sys-
tems interact with each other, leading to the start of Stage
IT deformation almost at the onset of plastic deforma-
tion. In the [110] direction, twinning nucleation causes
Liider’s type propagation of deformation in Stage I.

The TEM images of the [110] sample deformed to 4%
strain show planar dislocations on a single slip system

(Figure 2(a)) and the formation of two twin systems with
a twin thickness of 1-2nm (Figure 2(b)) on the {111}
planes. Planar dislocation motion in this orientation is
associated with the difficulty of cross slip due to low SFE
and high resistance to cross slip imposed by the substitu-
tional atoms [3]. At the early stages, plasticity takes place
by the splitting of the 1/2(110) type perfect dislocations
into 1/6(112) type Shockley partials. As a result of the
coordinated glide of these partial dislocations on consec-
utive {111}-type planes, stacking faults are formed, which
interact with the dislocations [27]. It should be noted
that the formation of stacking faults in the early stages of
plasticity of low SFE alloys contribute to the nucleation of
twins by serving as precursors [26,28].

Activation of two different nanotwin systems, and
their interactions with dislocations and stacking faults
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Figure 2. Bright field TEM images and corresponding diffraction patterns of the [110] oriented samples deformed up to ((a) and (b)) 4%,

((c) and (d)) 18%, (e) 47% and (f) failure.

promote an increased WHR in this sample following
Stage I. Recently, nanotwin formation was reported to
take place between 4.0 and 6.7% true strain in poly-
crystalline NiCoCr MEA subjected to tensile loading at
77 K [16]; however, to the best of the authors’ knowl-
edge, the present work is the first reporting the evidence
of nanotwin formation at such small strains at room
temperature in this material.

The strain hardening response of the [110] orientation
in Stage II (Figure 1(b)) is primarily governed by multi-
twin systems shown in Figures 2(b,d). The sharp increase

in strain hardening curve in Stage IT in Figure 1(b) is asso-
ciated with twin boundaries where they act as barriers
to dislocation motion [21]. Moreover, TEM image of the
[110] sample deformed to 18% revealed a second slip sys-
tem interacting with the primary one (Figure 2(c)). The
interaction of the slip systems forms the carpet struc-
ture (Figure 2(c)), which is commonly observed in low
SFE materials [25], such as 316L stainless steel [28].
Increase of dislocation density concomitant with plastic
deformation gives rise to the rows of positive and neg-
ative edge dislocations, increasing the stress [25]. Once
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Figure 3. TEM images and diffraction patterns of the [111] oriented samples deformed up to (a)-(b) 10% and (c) failure.

a critical stress value is achieved, these dislocation mul-
tipoles, which block the initial slip plane, promote dis-
location activity on fresh slip planes in order to accom-
modate the imposed strain. The initiation of dislocation
glide on interacting systems creates these carpet struc-
tures [25], eventually leading to high density dislocation
walls (HDDW ) [29]. The twin density also increases in
Stage IT (Figure 2(d)), ultimately decreasing the mean free
path (MEP) of the dislocations and enhancing dislocation
storage [28]. Twin boundaries impede dislocation glide, a
phenomenon known as dynamic Hall-Petch effect, which
increases the WHR. Overall, the strain hardening in Stage
ITin the [011] orientation is strongly influenced by defor-
mation twinning and HDDWs since they act as a strong
obstacles to dislocation motion by reducing dislocation
MEFP.

An additional increase in Stage II hardening (max
WHR = G/45, where G is the shear modulus) is clear
at the later stage of the deformation in Figure 1(b),
the reason of which was investigated using TEM in
the [110] sample deformed to 47% of strain, As shown
in Figure 2(e), notable amount of stacking faults were
observed on multiple {111} planes, forming so-called
parallelepipeds [13]. The interaction of stacking faults
gives rise to the formation of these parallelepipeds, which
act as additional barriers to dislocation motion, and fur-
ther increase the strain hardening rate. Stage IT hardening
is followed by Stage III where dislocation recovery takes
place leading to reduction in strain hardening coeffi-
cient. Stage III is then interrupted by Stage IV hardening
where more twinning activity takes place. At Stage IV,
the thicknesses of the pre-existing and the newly formed
twins increase, facilitating interactions with each other
and existing dislocation substructure (Figure 2(f)). These
changes in the twin activity result in further increase in
ductility, since they supress deformation localization and
necking.

Similar to the [110] samples, stress—strain response of
[111] samples can be divided into clearly distinguishable

four stages (Figure 1(c)). In order to understand the gov-
erning mechanisms in the early stages of plastic defor-
mation, the sample was deformed to 10% strain. The
TEM image in Figure 3(a) shows the activation of twin-
ning and twin/slip interaction, which provides a high
WHR throughout Stage II (with a maximum of G/30).
Through the activation of multi-slip systems, dislocation
tangles and multipoles (Figure 3 (b)) are formed in the
early stages of deformation. The dislocations on primary
and conjugate slip systems form the Lomer-Cottrell
locks, which involves the sessile dislocation configuration
blocking slip [21]. Specifically, the interaction of par-
tial dislocations with the Lomer—Cottrell locks increases
local stress concentration, facilitating the formation of
additional deformation twins at the later stages of defor-
mation [27]. The mutual interaction of these mechanisms
promotes the strengthening of the material and provide
the high WHR in the deformation stage II.

In the [111] orientation, following Stage II, Stage
IIT deformation takes place where dislocation recovery
occurs causing a decrease in strain hardening rate from
G/30 to G/65. However, the decrease in WHR in Stage
III is terminated with the start of Stage IV due to the
well-known TWIP effect [29]. In order to elucidate the
dominant deformation mechanisms at later deformation
stages, the [111] orientation was deformed up to fail-
ure: two active twin systems with the average thicknesses
of 20 and 30 nm were observed and the thicker twins
block the propagation of the thinner ones (Figure 3(c)).
These nanotwins also interact with the stacking faults
and dislocations, delaying the onset of necking and
thereby increasing the ductility [4]. The above observa-
tions about the propensity of twins in this alloy are also
supported by a recent study, where the twinnability of
this alloy was reported to be higher than all pure FCC
metals and comparable to that of the Fe-Cr-Ni TWIP
steels [30].

Stage I deformation in the [123] orientation is gov-
erned by single planar slip system which leads to low
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Figure 4. TEM images and diffraction patterns of the [123] oriented samples deformed up to (a)-(c) 10% and (d)—(f) failure.

hardening. However, the nanotwins observed in the [123] stage similar to the behavior in the [110] and [111] ori-
samples deformed to 10% (see Figures 4(a-c)) bring  entations. This stage ended at WHR = G/80 due to the
about a sharp increase in WHR, similar to the [111] formation of new twin systems, similar to those observed
and the [110] oriented samples. In addition, twin-slip in TWIP steels [31], representing the onset of Stage IV
interaction causes an increase in strain hardening rate (Figure 1(d)). The activation of multiple twin systems
through Stage II. The transition from Stage II to Stage  in the Stage IV deformation of the [123] orientation
ITI (max WHR = G/40) represents dislocation recovery  creates a 3D twin network (Figure 4(e)), which offers
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and the present medium entropy NiCoCr alloy, indicating superior ductility and strength differential in the NiCoCr alloy.
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multiple pathways for the dislocation motion [30] and
more boundaries for dislocation storage, enhancing the
ductility of the material and delaying the onset of neck-
ing. Furthermore, formation of dislocation cells between
the twin lamellae (Figure 4(d)) in the [123] orientation
creates dislocation-free regions, promoting easy glide,
similar to what was observed in 316L stainless steel single
crystals [28].

Based on the above observations, we attempted to cal-
culate the critical resolved shear stresses (CRSS) for slip
and twinning in the NiCoCr MEA by assuming that in
all three orientations the onset of plastic deformation (i.e.
yield strength) occurred due to disloction slip, and twin-
ning has started in the [110] orientation at a strain level
around 4% and in the [111] and [123] orientations below
10%. Based on these assumptions, the CRSS for slip was
found to be 69 &= 3 MPa and the CRSS for twinning was
determined to be 78 £ 5 MPa.

It should be noted that the uniaxial tensile responses
of three orientations of equiatomic NiCoCr MEA sin-
gle crystals investigated here is quite similar to those
observed in 316L stainless steel [28] and Fe-12%Mn-
1%C Hadfield steel [21] single crystals, in terms of the
hardening response, stages of the deformation, and rel-
ative hardening rates. The main differences between this
MEA and the latter steels are that the steels exhibit higher
yield strengths (i.e. their CRSS are higher than that of
the NiCoCr MEA), however, the NiCoCr MEA crystals
demonstrate much higher ductility, i.e. more than 50%
higher (Figure 5). The main difference between NiCoCr
MEA and 316 stainless steel/Hadfield steel single crystals
is the extent of Stage IV hardening in the orientations
studied (i.e. [111], [123] and [110]). In NiCoCr single
crystals the total strain levels for combined stage III and
stage IV are significantly more than those in both 316
stainless steel and Hadfield steel (Figure 5). This indicates
that the secondary twinning and/or twin networks are
quite effective in Stage IV deformation of NiCoCr crys-
tals in suppressing necking and increasing the ductility.
One potential reason is that the twins in NiCoCr seem to
be thinner than 316 stainless steel and Hadfield steel in
Stage IV, probably providing more boundaries for slip to
interact. This indicates that dislocation storage capability
and resistance to necking instability of NiCoCr should
be better than these conventional low and medium SFE
steels.

Summary and conclusions

The findings presented herein demonstrate that the
superior mechanical properties of NiCoCr MEA are
strongly orientation dependent. More importantly, nan-
otwin formation was shown to start as early as 4% strain,

contributing to the significant ductility by promoting a
steady work hardening response and postponing neck-
ing. Multi-twin systems were observed in all three ori-
entations studied here at different strain levels. Further-
more, the current results also imply that a higher config-
urational entropy does not necessarily warrant improved
mechanical properties, as in the case of the NiCoCr MEA
as compared to its HEA counterparts. Overall, the cur-
rent findings shed light on the complicated microstruc-
tural evolution and strain hardening response of NiCoCr
MEAs.
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