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A non-equiatomic FeNiCoAICrB (NCACB) high entropy alloy (HEA) with a heterogeneous lamella (HL) structure
is fabricated through conventional thermomechanical processing. In the HL microstructure, fine-grain regions re-
sult from inhibited grain growth due to Zener pinning of boundaries by NiAl (B2) precipitates, while coarse-
grained regions originate from grain growth within large deformation bands in the absence of precipitates. A

back-stress strengthening mechanism, unique to deformation of heterogeneous microstructures, is verified
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NCACB-HEA.

through mechanical behavior and electron backscatter diffraction enabled geometrically necessary dislocation
density analysis. This mechanism gives rise to the combination of both high strength and high ductility in HL-

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Owing to attractive engineering properties, high entropy alloys
(HEAs) have drawn great attention over the past decade [1-5]. During
this time of exploration, most studies have been focused on one of the
original concepts of HEAs for alloy design, which utilizes an equiatomic
ratio of multiple principal elements to obtain the maximum configura-
tional entropy [1]. However, this design concept limits the composi-
tional space and excludes non-equiatomic candidates with potentially
outstanding properties and more commercially viable. The concept of
non-equiatomic HEAs, first put forward by Raabe and his colleagues
[6-10], has greatly expanded the compositional space for HEA design,
and work on these compositions has achieved unparalleled mechanical
properties [6]. On the other hand, in the development of traditional
metals and alloys, modification of mechanical properties through con-
trolled microstructure design has succeeded in many studies. Heteroge-
neous lamella structures, bimodal structures, and gradient structures
have been fabricated in pure Ti/Cu, steels and aluminum alloys over a
wide range of length scales to overcome the strength-ductility trade-
off [11-22]. For the fabrication of these microstructures, powder metal-
lurgy with different size particles, surface mechanical attrition treat-
ment (SMAT) techniques and asymmetrical rolling with subsequent
annealing are typically employed [11-22]. Nevertheless, to these au-
thors' knowledge, an effective method for the fabrication of a heteroge-
neous lamella structure in non-equiatomic HEAs has never been
reported. In this study, a method using precipitation (NiAl) controlled
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development of non-equiatomic HEAs with heterogeneous lamella
structure has been devised. It is a reliable and reproducible method to
manufacture a novel, heterogeneous lamella, non-equiatomic,
FE34V95Ni27_5C017_5Al1]'5cr8_5B0_05 (at%) (NCACB) HEA with hlgh Strength
and high ductility. This composition can be regarded as a non-
equiatomic HEA because the composition is clearly non-equiatomic,
but has a Valence Electron Configuration (VEC) value of 8.0 (in the
range of FCC-HEA, 7.5 < VEC < 9.5) [23], has a mixing enthalpy (AH)
of —8.5 kJ/mol (in the range of HEA, —15 kJ/mol < AH < 5 kJ/mol)
[24], and has a configurational entropy (AS) value of 1.52R [1].

NCACB ingots were prepared through arc-melting under an argon
atmosphere with raw materials as follows: Fe (99.95%), Ni (99.9%), Co
(99.9%), Al (99.9%), Cr (99.9%), and NiyB (99%). Each ingot was flipped
and re-melted eight times to ensure homogeneity. Next, each NCACB
ingot with an original thickness of ~10 mm was processed through ho-
mogenization (1300 °C, 3 h), hot rolling (1250 °C, reduction in thickness
(RIT) of ~30%), cold rolling (RIT ~ 90%), annealing at 1000-1300 °C for
various times and water quenched. Depending on the annealing condi-
tions, distinct microstructures can be achieved, e.g. fine grain (FG),
coarse grain (CG) and heterogeneous lamella (HL) microstructures.

Microstructure characterization was performed in a Thermo-Fisher
(formerly FEI) Apreo FEG-SEM equipped with Oxford Instruments EDS
and EBSD-Symmetry detectors. Thin samples rolled to a RIT = 90%
were cut to standard dog-bone tensile shapes, and metallographic sam-
ples were ground and polished using standard metallographic tech-
niques, followed by vibratory polishing. Quasi-static tensile tests were
carried out at room temperature, with the tensile direction parallel to
the rolling direction [gauge dimensions: 20 x 2 x 0.5 (mm)]. After
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tensile tests, the geometrically necessary dislocation (GND) density in
the deformed HL NCACB was calculated from EBSD orientation data
using an in-house Matlab code developed by Zhu et al. [25,26].

Fig. 1(A) shows the large deformation bands found in NCACB after
cold rolling to a RIT of 90%. These deformation bands were previously
reported in cold rolling (RIT = 90%) of polycrystalline nickel with an ini-
tial average grain size of 500 um [27], but were not formed when the ini-
tial average grain size was between 80 and 100 um [28]. Hence, we
conclude that each observable deformation band corresponds to one
initial large grain in the NCACB sample prior to cold rolling (refer to Sup-
plementary Figs. S1 and S2 for the microstructure evolution prior to cold
rolling). Similar phenomena have been observed in aluminum alloys
with different grain sizes at large strains [29-31]. As for small grains,
microbands are found across the entire microstructure [28,29,31-33],
which leads to subdivision of grains instead of the formation of large de-
formation bands. Overall, highly heterogeneous deformation during
cold rolling leads to subdivision of small grains with NiAl particles
along sub-grain/grain boundaries, and elongation of large grains into
deformation bands. The unique heterogeneous microstructure for
NCACB over a large region is shown in Fig. 1(B) & (C) after annealing
at 1150 °C for 1 h after a RIT of 90% in the cold rolling step. At higher
magnifications, coarse and fine grains are present in bands as more
clearly shown in (Supplementary Figs. S3(A) & S5(B)). Fine grain and
coarse grain regions differ in size by almost three to four orders of mag-
nitude (Supplementary Fig. S3(B)), therefore this alloy is referred to as
HL (heterogeneous lamella microstructure)-HEA (type of alloy)-1150
(annealing temperature). This microstructure was reproduced consis-
tently under these processing conditions and is not a unique anomaly.

To understand the formation mechanism of the heterogeneous la-
mella (HL) structure, a microstructure evolution study of NCACB
through a series of heat-treatment conditions was undertaken. While
secondary phase precipitates are observed along the boundaries of
fine grains that are composed of Ni and Al according to EDS analysis
(Fig. 2(B)), no secondary phase is found along the grain boundaries in
the coarse-grained regions. Combined EDS mapping and XRD in Fig. 2
further confirm that these particles are NiAl (B2) 3 phase particles em-
bedded in a matrix of the y (FCC) phase. Therefore, NiAl precipitates are
formed prior to the heat treatment since no additional NiAl has precip-
itated out along coarse grain boundaries during the annealing step at
1150 °C. Consequently, large deformed bands preferably grow into a
coarse-grained region as grain boundaries quickly sweep across the de-
form band without resistance from particle pinning. SEM images of
NCACB (CR90, 1150 °C 60-min) at different magnifications are shown
in Supplementary Fig. S4(A), which clearly indicate the presence of
the HL structure. Small NiAl precipitates distributed outside the large
deformation bands not only act as the nuclei for the recrystallization
[34,35], but also suppress grain growth due to Zener pinning of the
boundaries (detailed calculation can be found in the Supplementary

material). As the temperature is further increased to 1200 °C, no NiAl
precipitates are observed along grain boundaries for an annealing time
of 10 min, (Supplementary Fig. S4(E3)), indicating that these B2 parti-
cles are completely dissolved into the v matrix. However, NCACB
annealed at 1000 °C for 1 h, as shown in Supplementary Fig. S2(F),
does not exhibit the HL structure. As NiAl particles precipitate out
within large deformation bands at 1000 °C, the pinning effect restricts
grain growth over the entire sample to produce a fine grain microstruc-
ture with an average grain size of 4.7 um, hence the term: FG-HEA-1000.
Based on the above study on annealing conditions, 1150 °C is a temper-
ature low enough to prevent NiAl outside deformation bands from dis-
solving into the matrix, and yet high enough to suppress precipitation
within large deformation bands. Consequently, this condition leads to
fast grain growth within the large deformation bands and suppression
of grain growth outside the large deformation bands, i.e. formation of
heterogeneous lamella structure in NCACB-HEA.

Fig. 3(A)-(C) shows tensile properties of four NCACB with distinct
microstructures, and the comparison between NCACB-HEA and other
existing materials. The microstructures of these four NCACB samples
are presented in Supplementary Fig. S5(A)-(D): FG-HEA-1000 with av-
erage grain size of 4.7 um, HL-HEA-1150, CG-HEA-1200 with average
grain size of 140 um, and CG-HEA-1300 with average grain size of 400
um. In Fig. 3(A), HL-HEA-1150 sample can achieve an ultimate tensile
strength (UTS) of 690 MPa with total elongation of 34%, which gives
the best combination of strength and ductility. The ultra-high ductility
in CG-HEA 1300 is due to the relatively large grain size (grain size/thick-
ness) and strong texture that lead to the formation of a bamboo-like or
oligocrystal structure, which effectively reduces the grain constraint
and the deformation mimics that of a single crystal [36-40]. On the
other hand, CG-HEA-1200 undergoes significant heterogeneous defor-
mation as misfit strains of differently orientated grain (random texture)
induce plastic strain gradients as well as residual stresses, hence lower
ductility. The ultra-high strength in FG-HEA 1000 can be attributed to
smaller grain size, i.e. Hall-Petch effect and presence of larger fraction
of precipitates, i.e. precipitation strengthening; the latter of which com-
promises the overall ductility of the material. In comparison with CG-
HEA-1200, whose grain size is close to those in the coarse-grained
bands of HL-HEA-1150, the HL sample shows nearly twice the UTS,
while maintaining the same ductility. When comparing with FG-HEA-
1000, the HL sample exhibits slightly lower strength, with significantly
enhanced ductility. Moreover, Fig. 3(B)-(C) includes true stress-strain
curves and strain hardening rate curves for these four NCACB samples,
which shows significant strain hardening in HL and FG samples. In
Fig. 3(D), some metals fabricated through microstructure design are
presented here for comparison to this work in the UTS versus total elon-
gation plot. Many of these materials compromise either ductility or
strength to achieve their target properties. By comparison, the mechan-
ical properties of NCACB-HEA can be better tuned through the

250

Fig. 1. (A) SEM (BSE) image for NCACB after cold rolling (RIT = 90%), RD-rolling direction, TD-transverse direction; (B) EBSD IPFX map for NCACB in the transverse direction after

annealing at 1150 °C for 1 h; (C) grain area map corresponding to (B).
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Fig. 2. (A) XRD pattern for NCACB after annealing at 1150 °C for 1 h; (B) EDS Mapping for NCACB after annealing at 1150 °C for 1 h.

microstructure design over the range (blue ellipse) of high strength and
high ductility, especially the HL-HEA sample. In the following part, a
study is carried out to specifically investigate deformation mechanisms
of the HL-HEA, which can help explain its exceptional properties.
Heterogeneous lamella structured materials overcome the strength-
ductility trade-off by means of enhancing the strain hardening ability
[41] to avert early necking [42]. At the onset of plasticity, coarse grained
lamellae yield first, while the fine grained lamellae remain mostly elas-
tic; this is effectively a local Hall-Petch phenomenon [43]. Since, due to
higher resolved shear stresses generated by more dislocation pile-ups
over a larger grain diameter [44], coarse-grained lamellae reach the crit-
ical resolved shear stress faster than the fine-grained regions. Thus,
coarse grains will eventually carry more plastic strain than fine grains
in the later deformation stages, i.e. strain partitioning. To maintain

1200
% (A) —— FG-HEA1000
= 1000 = HL-HEA1150
2 CG-HEA1200
o 800 m— CG-HEA1300
9 600
[®)]
£
5 400
(0]
[®)]
c
(] 0
0 0.2 04 0.6
Engineering Strain
’(—U\
o
= 4000 ] (C) = FG-HEA1000
o e HL-HEA1150
© CG-HEA1200
oz 3000 —— CG-HEA1300
()]
£
£ 2000
E
T 1000
£
g o
2 0 0.2 04 0.6
True Strain

compatibility across the CG-(soft)/FG-(hard) interface under the rigid
plastic material assumption, the coarse grains must deform heteroge-
neously to avoid formation of voids and material overlap [45], which
generates strain gradients [46]. Furthermore, accommodation of the
plastic strain gradient is through multiplication and storage of geomet-
rically necessary dislocations (GND) [47-49] instead of the more ran-
domly distributed statistically stored dislocations (SSD) [45]. Pile-ups
of GNDs across the microstructure are believed to be responsible for
generating long-range back-stresses that resists forward dislocation
motion and leads to the Bauschinger effect and pronounced strain hard-
ening [12]. Loading-unloading-reloading (LUR) cyclic tensile tests are
carried out to calculate the back-stress as shown in Fig. 4(C)-(D). All
the LUR cyclic tensile tests results can be found in Fig. S7. Details of
back-stress calculation can be referred to Ref. [12]. However, very few
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Fig. 3. Tensile behavior of NCACB with four different grain structures. (A) Tensile engineering stress-strain curves; (B) tensile true stress-strain curves; (C) strain hardening rate curves;
(D) comparison of mechanical properties between HL-NCACB-HEA and other materials with similar structures (harmonic Cu [55], bimodal Cu [21], gradient Fe [12], gradient Cu [20],
nanotwinned Cu [56] and hierarchical Al [22]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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HL-1150; (D) back-stress of HL-1150. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

studies have been carried out to measure the distribution of the GND
density and relate the distribution of GNDs to the heterogeneous micro-
structure. Hence, a quantitative analysis of the GND distribution will not
only provide insight into the failure of this material, but also experimen-
tally verify the local back-stress strengthening mechanism. Recent ad-
vances in EBSD allow fast and accurate characterization of many
aspects of materials, e.g. crystal orientation, texture, microstructure,
etc. [50,51]. Moreover, the EBSD-based GND density measurement is
established based on crystal orientation data [52,53]. By constructing
the Nye dislocation density tensor using measured disorientation gradi-
ents, dislocation density values related to a specific type of dislocation
are computed. In this study, the typical (110){111} dislocation configu-
rations in FCC are assumed: 6 screw and 12 edge dislocations [26,49].
Using the EBSD orientation data obtained from Supplementary Fig. S5
(E), the GND density map of a CG-FG interface near the point of failure
is plotted as shown in Supplementary Fig. S6(A). The logarithmic color
scale utilized in plotting the GND map reveals notable heterogeneity
of deformation across the CG-FG interface, particularly in the coarse-
grained lamella. GND hot spots are most commonly found near geomet-
ric constraints such as triple junctions and grain boundaries. The step
size of 0.8 um establishes a noise floor to be around 1.2 x 10'2 disloca-
tions/m?, which is below the majority of the data points, as shown by
the distribution plot in Supplementary Fig. S6(B). The area fraction dis-
tribution is a slightly left-skewed normal distribution due to the sam-
pling of very few large grains with large GND ‘cold-spots’ in the grain
interiors. To probe the dependence of the GND density on the size of
the individual grains, grains are first indexed using a misorientation
threshold of 5° to separate them from the deformation texture. Next,

the area of each grain is approximated by the number of pixels of a
given grain times the size of the pixel in square micrometers. The
grain average GND density is readily computed as the geometric mean
of the GND density values obtained from each pixel of a specified
grain. In Fig. 4(B), it can be found that the grain average GND density
versus grain area data is separated into two distinct regions above and
below ~2.3 x 10'* dislocations/m?. Then, each data point in Fig. 4
(B) has its grain average GND density value distributed over the corre-
sponding grain and produces a map as in Fig. 4(A). It can be found
that the high-density data (>2.3 x 10'* m™—2) lies primarily within the
FG region, whereas the low-density data (<2.3 x 10'* m™2) resides
mostly in the CG region. This means that the residual stresses are overall
higher in the FG region and on average lower in the CG region. There-
fore, potential failure is more likely to initiate from the FG region and
then traverse through the CG-FG interface, and eventually lead to failure
of the entire sample. Most interesting in this analysis is the discovery of
a layer of high-density grains immediately adjacent to the CG side of the
CG-FG interface, and a layer of low-density grains on the FG side of the
CG-FG interface. The high-density layer is the ‘compatibility layer’,
which restores compatibility in plastic strain near the CG-FG interface
through generating large amount of GNDs. In other words, the CG re-
gion homogenizes the otherwise highly heterogeneous plastic strain
distribution in the FG region by activating multi-slip along the interface
[54]. Since the ‘compatibility layer’ carries more plastic strain gradients
on the interface, this results in the formation of a low-density ‘transition
layer’ with relatively uniform plastic strain into the high residual stress
FG region. A more comprehensive study regarding generation of back-
stress would involve plastic strain analysis using DIC coupled with
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crystal plasticity finite element methods, which is the subject of future
work.

In summary, a precipitation-controlled method for tuning the mi-
crostructure of non-equiatomic FeNiCoAlCrB (NCACB) high entropy
alloy is proposed, which provides an opportunity to modify mechanical
properties within a strength and ductility window perhaps more effec-
tively than a large number of existing metals and alloys. In this study,
the heterogeneous lamella HEA has demonstrated better mechanical
properties over fine grained and coarse grained HEAs due to the back-
stress strengthening mechanism.
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