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ABSTRACT
Bcc-ordered B2 and fcc phases manifest three different orientation relationships (ORs) in the
samemicrostructure: Kurdjumov–Sachs, Nishiyama–Wasserman and Pitsch. This uniquemicrostruc-
ture was developed via conventional cold-rolling and subsequent annealing of an fcc-based
Al0.3CoCrFeNi complex concentratedalloy (CCA). Thedegeneracy in crystallographicORswas caused
by {111}〈112〉twins, on multiple {111}, from the prior cold-rolling step. Annealing produced B2 pre-
cipitates on all themajor fcc slip-systems by heterogeneously nucleating B2 at twin-matrix interfaces
and twin–twin intersections. Such a precipitation-hardenablemicrostructure is expected to increase
the strength of fcc-based CCAs by effectively blocking 1/2〈110〉and 1/6〈112〉mobile dislocations.

IMPACT STATEMENT
Three different fcc-B2 orientation relationships (ORs) were observed for the first time in complex
concentrated alloys. Such degenerate ORs in B2 precipitation can potentially block dislocation on
multiple slip planes.

ARTICLE HISTORY
Received 26 October 2017

KEYWORDS
Complex concentrated alloys;
precipitation strengthening;
bcc-ordered b2; twinning;
phase transformations

Main text

Complex concentrated alloys (CCAs, also known as
high entropy alloys) with their ever-expanding compo-
sitional space [1] provide ample opportunities to engi-
neermicrostructures for structural applications. In recent
years, studies have shown that phase formation in a
large variety of CCAs is driven by enthalpy consider-
ations; rather than entropy [1,2]. Under the circum-
stances, several alloy compositions are susceptible to
secondary phase formation, thus allowing the design
of precipitation-hardenable CCA compositions [3–6]. In
most cases the strengthening precipitate nucleates homo-
geneously within the parent matrix, where nucleation
involves a complex interplay among chemical, elastic
(due to misfit strains) and interfacial energies [7,8].
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Precipitation strengthening can also be achieved by
pre-deforming, and, subsequent annealing, where dislo-
cations introduced from plastic deformation act as het-
erogeneous nucleation sites for secondary phase forma-
tion [9,10]. This approach predisposes the nucleation
of a select number of precipitate variants that are com-
mensurate with the crystallography of deformation fea-
tures, e.g. 〈110〉 and 〈112〉, and 〈112̄0〉directions in fcc
and hcp, respectively [9–11]; meaning potentially fewer
precipitate variants form compared to the undeformed
condition [9,11]. However, low stacking fault energy
fcc-based CCAs, like Alx–Co–Cr–Fe–Ni (x = 0–0.3),
are highly susceptible to {111}〈112〉twining on multiple
{111} planes [12,13]. These twins along with dislocations
can then act as triggers for precipitating secondary phases
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that cover the majority of the fcc slip systems and that
block mobile dislocations.

In the case of Al-containing CCAs, such precipitation
tendencies are expected to be amplified, because Al facil-
itates the formation of a number of ordered secondary
phases, e.g. bcc-ordered B2 and L21 and fcc-ordered L12
[1]. This notion was applied in this study to an fcc-
based Al0.3CoCrFeNi CCA which upon thermomechan-
ical processing produced hard bcc-ordered B2 precipi-
tates on multiple slip systems of the parent fcc matrix.
Such a microstructure was caused by the manifestation
of three different Bain transformation-related B2-fcc ori-
entation relationships in the same microstructure. The
processing conditions used in this study were guided by
the current thermodynamic assessment of AlxCoCrFeNi
CCAs [14–16], and the known mechanical properties of
Al0.3CoCrFeNi CCA [17].

CCA of composition 6.69%Al–23.14%C–23.36%Cr–
23.43%Fe–23.38%Ni (at.%) or Al0.3CoCrFeNi was obt-
ained from Sophisticated Alloys. The alloy was then
homogenized within a single fcc phase-field at a tem-
perature of 1150˚C for 1 h (see supplementary Figure
S1a), and subsequently cold-rolled (CR) to 50% and 85%
thickness reductions (greater than the tensile ductility of
the alloy [17]). The homogenized, and homogenized and
cold-rolled specimens were then annealed at 800˚C (B2
is stable, but L12 and sigma phases are unstable [14–16])

for the same length of time, i.e. 50 h. Microstructural
characterization of the annealed and thermomechani-
cally processed specimens was performed using scanning
electron (FEI Nova NanoLab 200TM) and transmission
electron (FEI Tecnai F20-FEGTM operating at 200 kV, and
outfitted with an EDAXmodel Tecnai 20 T/20ST energy-
dispersive X-ray spectroscopy or energy dispersive spec-
troscopy (EDS) detector) microscopy. Transmission elec-
tron microscope (TEM) foils were prepared via focused
ion beam (FIB) milling in an FEI Nova NanoLab 200TM

by plucking site-specific FIB-lift-outs.
The effects of cold-rolling (0%, 50% and 85%) and

subsequent annealing (at 800˚C/50 h) were compared via
backscattered electron (BSE) images (Figure 1 (a–c)).
Note Figure 1(d) shows a higher magnification region
than (b). Direct annealing (without cold-rolling: 0%CR-
800˚C/50 h (Figure 1(a)) produced only grain boundary
B2 precipitates (inset) consistent with our past stud-
ies [15]. However, as presented in Figure 1(b,c), prior
cold-rolling (50% and 85%) and subsequent anneal-
ing substantially altered the distribution of B2 precipi-
tates, their morphology and the distribution of recrys-
tallized fcc-grains. The microstructure in the 85%CR-
800˚C/50 h condition is comprised entirely of recrystal-
lized grains (∼5 μm dia.), while 50%CR-800˚C/50 h fea-
tures patchy recrystallized regionswithin the prior coarse
fcc grains (supplementary Figure S1b). Regardless, the

Figure 1. Backscattered secondary electron (BSE) micrographs showing the effect of prior cold-rolling (%CR) followed by subsequent
annealing at 800˚C/50h: (a) 0%, (b) 50% and (c) 85%. Insets in (a) and (c) show the high magnification view of grain boundary B2, and
fine-grained fcc and bcc-ordered B2 phases, respectively. (d) Highermagnification BSE of 50%CR-800˚C/50 h showing rod/plate-like and
globular B2 precipitates in within the coarse fcc grains and the recrystallized regions, respectively. (e) SADP from fcc-B2, and (f ) DFTEM
of globular B2 particles and the [011] microdiffraction pattern from grain boundary B2.
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BSE results demonstrate that prior plastic deformation
influences the evolution of differentmicrostructural enti-
ties in Al0.3CoCrFeNi CCA, and may impact the crys-
tallography of B2 precipitation. This matter was probed
next by comparing the 50%CR-800˚C/50 h and 85%CR-
800˚C/50 h microstructures.

A high magnification BSE of 50%CR-800˚C/50 h
(Figure 1(d)) shows that the B2 precipitates broadly
acquired two distinct morphologies. First, globular
B2 precipitates (0.2–1 μm) clustered in small pockets
(marked with the dotted square region in Figure 1(b)
and an irregular dotted area in (d)) within the recrys-
tallized regions; and second, rod/plate-like B2 precipi-
tates (shaded ‘X’ in Figure 1(d)). Worth pointing out
is that 30% CR and subsequently 800˚C/50 h annealed
microstructure contained rod/plate-like B2 precipitates
(not shown). In stark contrast, the 85%CR-800˚C/50 h
microstructure (Figure 1(c) and inset) is comprised of
larger B2 globules (0.5–2 μm) decorating the recrys-
tallized fcc grain boundaries, and the intragranular
regions (inset of Figure 1(c)). Furthermore, similarities
in 50%CR-800˚C/50 h and 85%CR-800˚C/50 h indicated
that globular B2 precipitation is linked with the recrys-
tallization phenomenon, and that 85%CR-800˚C/50H is
the extreme case of such microstructural manifestation.
The globular B2 precipitates were further examined with
a selected area diffraction pattern (SADP) (Figure 1(e)),

and were noted to have the [111]fcc and [011]B2 zone
axes nearly parallel (∼2 ˚ off); closest to the Kurdju-
mov–Sachs (KS) orientation relationship. A dark-field
TEM or DFTEM (Figure 1(f)), recorded by selecting the
superlattice [001]B2 reflection from a [011]fcc SADP, illu-
minated the B2 globules at the fcc grain boundaries (GB)
and within intragranular regions—consistent with BSE
observations.

In stark contrast, the crystallography of the rod/plate
B2 precipitates (shaded ‘X’ in Figure 1(d)) occupying
the coarse un-recrystallized grains of 50%CR-800˚C/50 h
(Figure 1(b)) is more complicated, because the grains
are present as multiple variants lying on different fcc
planes. This crystallographic complexity is shown in
Figure 2, containing a high-angle dark-field scanning
TEM (HAADF-STEM), where the B2 precipitates can be
categorized on the basis of morphology (ellipsoidal and
plate/rod like, ‘1’, ‘2/3’), and crystallographic orientation
(‘2’ and ‘3’). In the BSE images rod/plate-like B2 precip-
itates appear as monolithic entities, however the higher
magnification S/TEM indicated that each such entity is a
cluster of multiple variants. While the details of the crys-
tallographic orientations of the B2 precipitates marked
‘1’, ‘2’, and ‘3’ in Figure 2 (a) cannot be determined
based on this HAADF-STEM image, the distinctly differ-
ent two-dimensional projections of these three types of
precipitates are clearly visible. Furthermore, STEM-EDS

Figure 2. Elemental map of the rod/plate-like precipitates in the coarse grains of the 50%CR-800˚C/50 h microstructure. The number
marked ‘1’, ‘2’ and ‘3’marked in theHAADF image categorizes the B2precipitates in terms of crystallographic alignment andmorphology.
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maps indicated that Ni and Al heavily partitioned into
B2 precipitates (irrespective of their crystallographic ori-
entations and morphology), while the remaining fcc
matrix was richer in Fe and Cr. Multiple 1D concen-
tration profiles revealed that the B2 composition was
55.5%Ni–19.0%Al–14.3%Co–9.2%Fe–2.0%Cr (in at.%),
while the fcc matrix was 2.2%Al–28.0%Co–23.5%Cr–
25.1%Fe–21.2%Ni (at.%) similar to a Al0.1CoCrFeNi
CCA (supplementary Figure S2a). Similar compositional
partitioning was noted in the globular B2 precipitates

(supplementary Figure S2b). Therefore, the influence
of compositional partitioning on such B2 precipitation
could not be assessed from the given heat treatments, and
the remainder of the article will focus on the crystallog-
raphy of these complex B2 precipitates.

The crystallographic alignment and morphology of
B2 variants in 50%CR-800˚C/50 h condition were fur-
ther examined by recording SADPs along different
fcc zone axes (Figure 3(ac ande)), and correspond-
ing DFTEMs from the [001]B2 superlattice reflections

Figure 3. TEM results showing thedegeneracy in fcc-B2orientation relationships (ORs) inside the coarse grains of the 50%CR-800˚C/50 h
microstructure via SADP (a,c,e) and the corresponding DFTEMs (b,d,f ). (a) SADP recorded along the [011]fcc zone axis and depicts a
Kurdjumov–Sach (KS) ORbetween the (b) ellipsoidal and rod/plate-like (top-right inset) precipitates and the parent fccmatrix. (c) [011]fcc
SADP indicating Nishiyama–Wasserman (NW) OR between the fccmatrix and (d) rod/plate-like B2. (e) [001]fcc SADP indicating Pitsch OR
between the fcc matrix and (d) rod/plate-like B2, which had a different crystallographic alignment than NW-B2s. In all cases DFTEMwere
recorded by selecting the [001]B2 super lattice reflections. All DFTEMs were recorded by selecting the [001]B2 super lattice reflections.
(g) Schematic depicting the approximate crystallographic locations of B2 precipitates based on their ORs with fcc lattice. In (a) twins also
share a KS OR with B2 precipitates (marked with arrows in (a)).
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(Figure 3(bdf)). The SAPD in Figure 3(a), which was
recorded along [011]fcc was comprised of B2 (form-
ing a [111]B2 electron diffraction pattern), twin and
the primary fcc reflections. As expected, these B2 pre-
cipitates shared a KS OR with both parent matrix
and the twin, i.e. (011)B2//(111)fcc and [111̄]B2//[01̄1]fcc.
The corresponding DFTEM in Figure 3(b) shows
the crystallographic alignment of ellipsoidal (‘1’) and
rod/plate-like (‘2’) B2 precipitates with the parent fcc
matrix, which is oriented close to [011]fcc. Interest-
ingly, the rod/plate-like B2 precipitates also exhibited
different ORs (other than KS) in the same microstruc-
ture. Figure 3(c,d) shows B2 rod/plate (‘2’) depicting
Nishiyama–Wasserman or NW OR ((011)B2//(001)fcc
and [110]B2//[11̄1]fcc), while the ‘3’ variant (Figure 3(e,f))
shared Pitsch OR ((001)B2//(011)fcc and [1̄11̄]B2//
[110]fcc) with the parent matrix. The SADP in Figure 3(c)
also contains reflections from twins and double diffrac-
tion. Discussion regarding the effect of twins on B2 for-
mation will be discussed in a later section. In terms
of crystallographic alignment within the parent matrix,
the precipitates exhibiting KS and NW ORs appear to
lie approximately on {111}fcc and are extended along
〈112〉fcc (Figure 3(b,d)). In comparison, the rod/plates
displaying Pitsch ORwere oriented along 〈110〉fcc and lay
close to {110}fcc (Figure 3(f)). Based on TEM observa-
tions, Figure 3(g) schematically summarizes the ‘approx-
imate crystallographic locations’ of the different B2 vari-
ants (i.e. ‘1’, ‘2’, and ‘3’) on a pair of {110}fcc and
{111}fcc planes. Crucially, we find that significant crys-
tallographic degeneracy in precipitate/matrix orientation
relationships (KS, NW and Pitsch)— crystallographic
alignment (〈112〉fcc and 〈110〉fcc) and habit planes (near
{111}fcc and {110}fcc)—can be achieved by the same pre-
cipitate phase in a CCA.

To rationalize the crystallographic degeneracy in B2
formation, we carried out TEM examination of the
deformation features in 50% CR-800˚C/50 h processed
(Figure 4(a,b)), and only 50% cold-rolled (Figure 4(c-e))
microstructures. The bright-field TEM (BFTEM) image
in Figure 4(a) reveals the presence of twins on conju-
gate {111}fcc planes (shown with lines) and B2 precipi-
tates. The DFTEM in Figure 4(b) and the inset [011]fcc
SDAP confirm the presence of {111}fcc/〈112〉fcc twin in
the annealed microstructure. These twins are remnants
from the 50% cold-rolled microstructure in the DFTEMs
presented in Figure 4(c,d) and the BFTEM in Figure 4(e).
Note that two variants of twins in the 50%CRmicrostruc-
ture and, presumably, these variants, govern the crystal-
lography of the B2 precipitates in the 50%CR-800˚C/50H
microstructure.

Here, B2 precipitates decorate the twin broad-faces
(or twin-matrix interface) and are also present near

the twin–twin intersections (Figure 4(a)). Larger B2
rods/plates were also noted along the twin broad-faces in
other regions (BFTEM inset in Figure 4(a) and DFTEM
inset in Figure 3(b)). Further evidence of twin-mediated
B2 precipitation can be gleaned from the SADP in
Figure 3(a), where the B2 precipitates also share a KS
OR with twins. The NW (Figure 3(c,d)) and Pitsch
(Figure 3(e,f)) oriented B2 precipitates were well devel-
oped; consequently, in this case, a twin-precipitate rela-
tionship could not be established unambiguously. How-
ever, the NW and Pitsch crystallography provides some
guidance. In case of NW, the {011}B2 is parallel to
the {111}fcc—twin habit plane; meaning twins may be
associated with NW-B2 precipitation. However, such
twin–Pitsch B2 relationship is absent, since that OR
does not involve {111}fcc (Figure 3(c)). Thus, the TEM
observations indicated that prior twinning features can
be linked to B2 precipitation in the 50%CR-800˚C/50 h
microstructure.

Additional insights into B2 precipitation can be
obtained by examining the 50%CR microstructure
(Figure 4(c,e)). The DFTEM in Figure 4(c,d) shows
two variants of twins on the conjugate (separated by
∼70/109˚), which corresponds to the relative crystallo-
graphic alignments of the B2 precipitates and fcc matrix
(Figure 2, 3, and 4(a)). Note that the two twin vari-
ants also differed in their respective widths. The wider
variant (4(c)) appears to lie on the (111)fcc, while the sec-
ondary thinner variant (Figure 4(d)) in certain locations
‘curves’ away from the conjugate (111)fcc plane (indi-
cated with a straight line). The latter observation suggests
that the secondary twins have been intersected by other
deformation entities (e.g. dislocations, fine-scale tertiary
twins) during the cold-rolling process [18,19]. A care-
ful examination of the secondary twins (dotted rectangle
in Figure 4(d)) also implies that they have emanated
from a wider variant (#1). Such twin intersections denote
extensive strain-hardening [18,19], which locally alters
the matrix orientation. Evidence of such lattice misori-
entation can be seen in the ‘smearing/streaking’ of the
primary fcc and twin reciprocal lattice reflections (inset
Figure 4(e)). Under the circumstances, such regions with
presumably high local strain energy potentially act as
sites for B2 precipitation; e.g. ellipsoidal B2 at twin inter-
section (Figure 4(a)) or Pitsch-oriented B2 precipitates,
and recrystallized fcc grains during annealing at 800˚C
(Figure 1(b)). Further studies are in progress to resolve
this matter fully.

Finally, the detailed characterization of degenerate
B2 containing 50%CR-800˚C/50 h microstructure per-
mitted us to postulate its deformation mechanism. The
deformation behavior of the ductile fcc matrix will
be comparable to Al0.1CoCrFeNi CCA (STEM-EDS,
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Figure 4. TEM comparing the deformation features in the (a) and (b) 50%CR-800˚C/50 h (cold rolled and annealed), and (c)–(e) 50%CR
(only cold-rolled) microstructures. (a) Bright-field TEM (BFTEM) image recorded with beam close to [001]fcc shows B2 precipitates next
to two variants of twins, while (b) shows the corresponding DFTEM of one such twin. Note that B2 precipitates are decorating the twin
broad-faces (twin matrix interface) and twin–twin intersections in (a). The bottom-right insets in (a) and (b) show B2 adjacent to a twin
in another region and [001]fcc SADP containing the twin reflection. The straight lines in (a) and (b) are the conjugate (111) planes. (c) and
(d) show the DFTEMs of two different variants of deformation twins in the 50% cold-rolled microstructure. Inset in (c) shows the [011]fcc
SADPwith reflections from the two twin variants. (e) BFTEM recordedwith g = 02̄2 shows a region of intersection between the two twin
variants.

Figure 2 and supplementary Figure S2) or any other
single-phase fcc CCAs, i.e, involving ½ 〈110〉{111} pla-
nar slip, 1/6〈112〉{111} partials, stacking fault forma-
tion and deformation twinning [20–22]. The B2 pre-
cipitates will provide additional strength by virtue of
their placement on the {111}fcc planes and orientation
along the fcc Burgers vectors, i.e. 〈110〉fcc and 〈112〉fcc
(Figure 3(g)), which effectively blocks mobile disloca-
tions. The recrystallized regions containing inter- and
intragranular B2 precipitates (Figure 1(d)) are expected
to further enhance the strength of Al0.3CoCrFeNi. Pre-
liminary tensile responses revealed that, compared to the
single-phase fccmicrostructure, B2 precipitation caused a
fourfold increase in yield strength (∼700MPa), and high

ultimate tensile (∼1000MPa) strength while retaining
reasonable ductility (see supplementary Figure S3).

Summarizing, a unique B2 precipitate-strengthened,
fcc-based CCA microstructure was obtained by thermo-
mechanical processing Al0.3CoCrFeNi alloy, where the
precipitates were aligned along multiple crystallographic
orientations that correspond to the slip systems in the
fcc lattice. Such crystallographic/orientation degeneracy
is manifested due to three different B2-fcc orientation
relationships; i.e. Kurdjumov–Sachs, Nishiyama–Wasser
man, and Pitsch in the same microstructure. Prior defor-
mation twins were intimately linked with such crystal-
lographic degeneracy, and grain boundaries also facil-
itated B2 precipitation. Together, these microstructural
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entitles are expected to enhance strength while main-
taining reasonable ductility of thermomechanically pro-
cessed Al0.3CoCrFeNi.
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