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A B S T R A C T

The feasibility of engineering bimodal grain size distributions to achieve superior mechanical properties was
explored in two face-centered cubic compositionally complex alloys, namely CrMnFeCoNi and its high-perfor-
mance subvariant CrCoNi. Therefore both alloys were processed down to the nanocrystalline grain size regime
by utilizing high-pressure torsion and subsequently annealed at intermediate temperatures. Especially the
CrCoNi alloy is prone to formation of bimodal microstructures and for an annealing treatment at 500 °C for 100 h
an excellent combination of ultra-high tensile strength, exceeding 1500MPa, and decent ductility with elon-
gations to failure of 10% could be achieved.

1. Introduction

High-entropy alloys (HEAs) and compositionally complex alloys
(CCAs) are a new class of multi-component metallic materials that have
shown outstanding properties, sometimes surpassing conventional al-
loys and therefore sparking huge interest in the research community
[1–6]. Among the most promising candidates are two face-centered-
cubic (fcc) alloys with equiatomic compositions, CrMnFeCoNi and
CrCoNi. Both alloys exhibit excellent mechanical properties [1,2,7–9],
especially at cryogenic temperatures showing high ductility and frac-
ture toughness, as well as yield strengths comparable to many TWIP
steels [10,11]. In recent years extensive research has gone into further
improving the mechanical strength of these fcc HEAs [12–15]. One
feasible approach is granted by extensive grain-refinement, for example
achieved by high-pressure torsion (HPT) which commonly produces
high-strength materials [16–20]. However, a majority of nanocrystal-
line (NC) materials, irrespective of the used synthesis process, suffer
from a fundamental problem – limited ductility. According to Ma et al.
ductility in NC materials is heavily influenced by two aspects [21]: I) A
tendency towards a cracking instability/brittle failure, often influenced
by sample quality. II) Excessive localized deformation and plastic in-
stabilities due to a low capacity for strain hardening leading to low
uniform elongations in uniaxial tensile tests.

Several strategies have been proposed to counteract the problem of
low uniform elongation during tensile testing in NC materials, which
otherwise could hinder the practical application of such materials in

future. The common denominator of these strategies is to raise the low
strain hardening rate and therefore delay the onset of necking [22–24].
One straight-forward approach is annealing the material in order to
achieve a slightly larger grain size – However, this often results in a
considerable loss of strength to gain ductility (“strength-ductility trade
off”). Another idea, to achieve better ductility and high strength at the
same time, is to tailor a bimodal grain size distribution [22–25]. An
example of this can be found in Reference [26]. Wang et al. could
impressively increase the strength of coarse-grained copper specimens
while retaining elongations to failure of more than 60%, by combining
ultrafine grains with a volume fraction of about 25% of larger grains.
These results could partly be attributed to the fact that larger grains
preferentially accommodate deformation. Another aspect is that the
confined grains are under a complex stress state, which is beneficial for
dislocation storage and hence strain hardening. Since the CrCoNi alloy
is prone to abnormal grain growth, the tailoring of such bi- or multi-
modal microstructures can be achieved by annealing treatments after
HPT processing [27]. In order to explore if the bimodal grain size dis-
tribution approach for ductility enhancement in NC CCAs is a feasible
approach, the present study was initiated. In the center of interest was
the aforementioned ternary equiatomic CrCoNi alloy as well as the
CrMnFeCoNi alloy for comparative purposes.

2. Material and methods

Both materials were produced from high-purity elements using arc
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melting and drop casting into copper molds and afterwards subjected to
a 24–48 h homogenization treatment at 1200 °C. The ingots were then
cold forged and cross rolled with a thickness reduction of approxi-
mately 60% at room temperature and subsequently subjected to an
annealing treatment at 800 °C for 1 h – for processing details see
[1,2,8]. Disks of 8mm in diameter and 0.8 mm in thickness were ma-
chined out of the ingots and deformed via quasi-constrained HPT. 5
rotations were applied for each disk at room-temperature with a pres-
sure of 7.8 GPa. This led to a saturation in grain size within large parts
of the disk with a steady state grain size of about 50 nm in both ma-
terials [27,28]. Subsequently, both alloys underwent heat treatments at
intermediate temperatures in order to achieve bimodal grain size dis-
tributions. Microstructural as well as fractographic investigations were
performed utilizing a scanning electron microscope (SEM, Zeiss 1525)
equipped with an Electron Back Scatter Diffraction (EBSD) system form
EDAX. In the bimodal structures the grain size of the coarse-grains
(CGs) was determined by EBSD-measurements. Scans were performed
with a step size of 70 nm. For the analysis the OIM Analysis 5 software
package was used and only data points with a confidence index higher
than 0.1 were taken into account [29]. In order to evaluate the size of
the coarse grains, only grains larger than 500 nm were considered. High
angle grain boundaries were defined as having a minimum mis-
orientation of 15° and Σ3 recrystallization twins were excluded from
the analysis. The volume fraction of coarse and nanocrystalline grains
was determined by performing a systematic point count method on
back-scattered electron micrographs.

In order to evaluate the tensile properties at least 3 samples per
microstructural state were tested. Two samples were prepared from
each HPT disk with the gauge length of the tensile sample located at a
radius of 2mm and therefore well within the microstructural homo-
genous saturation area of the HPT disk. Tensile samples had a nominal
cross sectional diameter of 500 μm and a gauge length of 2.5mm and.
Tests then were performed utilizing a tensile testing machine from
Kammrath and Weiss, at room temperature with a 2 kN load cell and a
cross head speed of 2.5 µm/s. For data analysis a MatLab [30] software
package was used for automated digital image correlation. All further
details on specimen preparation, testing and data evaluation can be
found elsewhere [31].

3. Results and discussion

3.1. Investigated microstructures

In the CrCoNi alloy 3 different bimodal grain size distribution were
introduced via annealing treatments, see Fig. 1a)-c). In Fig. 1a) it can be
seen that an annealing treatment at 550 °C for 10min resulted in a
microstructure consisting of a volume fraction of CGs of 10–20%, which
are relatively homogenously embedded in the NC-matrix. Heat treat-
ments at 500 °C for 15 h on the other hand produced a microstructure
that consisted of about 70–80% of CGs, see Fig. 1b). Lastly, at 500 °C for
100 h a microstructure consisting predominantly of CGs with small is-
lands of NC grains in between was achieved, Fig. 1c). Considering the
results obtained in reference [27], the presence of a minority phase is to
be expected for these microstructural states. However, it was demon-
strated that this minority phase has a negligible impact on the me-
chanical properties. This can be interfered from tests of the CrCoNi
alloy showing a very similar behavior as a comparable structural ma-
terial, austenitic 316 L steel, which is a single-phase fcc material with
low stacking fault energy (SFE) [27]. Obtaining bi- or multimodal grain
size distributions via annealing in the CrMnFeCoNi alloy on the other
hand is experimentally more challenging due to its phase instability at
intermediate annealing temperatures [28,32–34]. The CrMnFeCoNi
alloy only remains a single-phase alloy for annealing temperatures of
approximately higher than 800 °C, however pre-experiments showed
that at such elevated temperatures even short time anneals (in the range
of minutes) led to fully recrystallized, homogenous microstructures.

Thus, tailoring bimodal grain size distributions can only be attempted
in the temperature range where second phases are formed upon an-
nealing as well. Since long term annealing treatments at intermediate
temperatures, such as performed for the CrCoNi alloy, would lead to the
formation of a substantial amount of embrittling precipitates in the
CrMnFeCoNi alloy, a different annealing procedure was used
[28,32,34]. In Fig. 1d) it can be seen that an annealing treatment at
600 °C for 2min resulted in a very low fraction of CG as well as pre-
cipitation of second phases. At 700 °C it is already difficult to achieve
bimodal grain size distributions, the fcc-matrix is homogenous and the
bimodality is only caused by the precipitation of smaller second phase
particles at the grain boundaries. According to the literature the second
phases that are formed both at 600 °C and 700 °C should be a Cr-rich
tetragonal σ-phase, while additionally at 600 °C a Cr-rich bcc phase can
sometimes be found as well [32,34,35]. In Table 1 a brief summary of
the volume fraction of the CG portion (fV,CG) and the approximate size
of the NC grains as well as of the CGs is given. Further microstructural
images of various heat treatments performed in a pre-study can be
found in the Supplementary Information to demonstrate the difficulty
of achieving bimodal grain size microstructures in the CrMnFeCoNi
alloy

3.2. Correlation between microstructure and mechanical response

Representative stress-strain curves obtained from tensile testing can
be found in Fig. 2 for the CrCoNi alloy and in Fig. 4 for the CrMnFeCoNi
alloy. All mechanical properties are summarized in Table 2, where also
the reduction of area as an additional measure of ductility was added.
In Figs. 2 and 4 as well as Table 2 the mechanical properties of the HPT
deformed states and a CG state, with an average grain size of 5–6 µm for
both alloys, were added. More information on the mechanical proper-
ties and the microstructure of these samples can be found in References
[1,2,27,28].

In the 550 °C, 10min sample the increase in ultimate tensile
strength (UTS) from approximately 2067MPa for the HPT processed
state to about 2170MPa for the heat treated state is accompanied by a
decrease in tensile ductility. The total elongation to failure is already
low for the HPT processed samples, about 3.9%, and after the heat
treatment the total elongation to failure is only 1.4%, with some sam-
ples even fracturing in the elastic regime of the test. The fraction of CGs
to NC grains is much higher in the 500 °C, 15 h state, as can be seen in
Fig. 1b), leading to significantly different mechanical behavior. The
UTS is reduced to approximately 1616MPa, the elongation to failure is
increased to about 5.2%. A further increase in the fraction of CG, as
seen for an annealing treatment at 500 °C for 100 h (Fig. 1c)) leads to a
small decrease in UTS, however, the tensile ductility almost doubles
and reaches values of 10%. In brief, two microstructural states show an
improved ductility compared to the HPT processed state. However, this
increase in tensile ductility is mostly owed to a much more pronounced
non-uniform elongation, since in all bimodal samples necking still oc-
curs at considerably low values of uniform elongation similar to the full
NC-state (HPT-deformed). Nonetheless, this result is promising for two
reasons. Firstly, it demonstrates the feasibility and transferability of
bimodal grain size structuring in/to HEAs. Secondly, in a recent review
Miracle et al. [3] remarked that if HEAs/CCAs based on 3d-transition
elements are to be used as structural material they have to compete
with stainless steels. As an example for the excellent mechanical
properties HEAs have to overcome he named properties of precipita-
tion-strengthened stainless steels with yield strengths ranging from
1000 to 1400MPa and a tensile ductility between 2% and 10%. These
criteria are met in the 500 °C, 100 h annealing state of the CrCoNi alloy,
hence demonstrating that 3d-transition element CCAs can be competi-
tive, given the appropriate microstructure optimization.

While plenty of reports of the beneficial nature of bi- or multi-modal
microstructures regarding the mechanical properties exist in the lit-
erature, the influence of many microstructural parameters, such as ratio
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of large to small grains, grain shape and distribution is still con-
troversially discussed [26,36–38]. An in-depth study on bimodal Cu
revealed that, both, yield strength and uniform elongation follow the
rule-of-mixtures [37], which can be supported by simulation and
modelling approaches [39,40]. However, Zhao et al. also noted that
positive and negative deviations from the rule-of-mixtures, are fre-
quently reported, which may be attributed to size-ratio differences
between small and large grains but also the spatial distribution [37].
For instance, Wang et al. [26] reported a strength-ductility combination
much superior to what is suggested by the rule-of-mixtures at a volume
fraction of CG of about 25%. Another study on bimodal aluminum al-
loys on the other hand shows diminishing returns when increasing the
fraction of CG beyond a certain point – This was explained by the fact
that when a certain threshold volume fraction of CG areas is reached,
where they start to coalesce, their ability to act as crack arrestors sa-
turates [41].

Ideally, in bimodal structures the largest grains are constrained by

the surrounding finer grains and yield first during loading. As the load
further rises, the stress concentration caused by dislocation pile-ups in
the CGs increases as well, until a critical value is reached and slip
systems in the NC grains are activated, causing a load transfer between
the CG/NC interface and plastic deformation in the NC grains [42].
Hence, while the mechanical behavior of bimodal structures is often
only discussed with respect to the significance of the CG volume

Fig. 1. Back-scattered electron images of the microstructures after annealing treatments of the CrCoNi alloy, a) to c), and the CrMnFeCoNi alloy, d) and e). a) An
annealing treatment at 550 °C for 10min leads to a small fraction of coarse grains (CGs) embedded in a NC grain matrix. b) 15 h of annealing at 500 °C increases the
fraction of CGs and CG regions start to coalesce. c) At 500 °C, 100 h only small islands of NC grains remain. For both microstructural states of the CrMnFeCoNi alloy d)
and e) the formation of second phases can be observed, in e) they are marked by white circles due to their poor visibility. While a 600 °C, 2min heat treatment leads
to a pronounced bimodal grain size distribution, at 700 °C for 1min the microstructure is already quite homogenous.

Table 1
Summary of microstructural parameters, fV,CG is the volume fraction of CGs.

Sample fV,CG (%) CG NC

CrCoNi 550 °C, 10min 16.3 ± 7.5 1.2 ± 0.4 µm < 100 nm
500 °C, 15 h 76.3 ± 3.1 1.8 ± 0.6 µm < 100 nm
500 °C, 100 h 97.6 ± 0.8 2.0 ± 0.5 µm < 100 nm

CrMnFeCoNi 600 °C, 2 min 2.5 ± 0.2 < 300 nm < 100 nm
700 °C, 1 min No bimodality - Grain size of ∼ 400 nm

Fig. 2. Representative tensile stress-strain curves of different microstructural
states of the CrCoNi alloy.
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fraction, it is clear that grain size has an equally important impact. In
consideration how bimodal structures are deforming, the further de-
crease in yield strength observed between the CrCoNi systems for the
annealing states of 500 °C for 15 h and 100 h should therefore primarily
be caused by the difference in their CG sizes and not the difference in
their volume fractions. This is substantiated by the findings of Magee
et al. who reported a saturation effect of the CG volume fraction re-
garding the yield strength once the CG areas start to coalesce. Trans-
ferred to the current case, this means that the further increase in CG
volume fraction between the 500 °C for 15 h and 100 h annealing state
would no longer lead to a significant change in strength, since even in
the 15 h state CG regions are already strongly interconnected [41].

The reason for the observed phenomena in the 550 °C, 10 min,
where higher mechanical strengths are achieved despite the presence of
CGs cannot yet be fully explained and future investigations are needed.
The main cause most likely lies in the strong intersection of CGs by
recrystallization twins, leading to significantly smaller substructures
than the overall grain size suggests, see Fig. 3. Additional strengthening
could be provided by a “hardening by annealing” phenomenon fre-
quently observed in NC metals [43,44] including the CrCoNi and the
CrMnFeCoNi alloy [27,28]. The cause of such “hardening by annealing”
phenomena is still controversially discussed in the literature, but they
seem to be linked to a certain threshold grain size [44]. A popular ex-
planation is that annealing treatment of NC structures lead to a rapid
dislocation annihilation at the readily available grain boundaries,
which results in a depletion of mobile dislocations in the grain interior.
If subsequently plastic deformation is to be realized, dislocation

emission from grain boundary sources is necessary. However, according
to Ma et al. such an annealing treatment should also cause a relaxation
of the grain boundaries, which makes dislocation emission more diffi-
cult [45]. Another explanation for the phenomenon might be related to
grain boundary segregation and a more difficult dislocation emission
caused by solute-drag effects [46].

Besides distinctive changes in the strength levels of the differently
heat-treated CrCoNi samples, the ductility is clearly affected as well.
Focusing only on the uniform elongation, the samples with bimodal
microstructures show relatively low values compared to the CG re-
ference state with grain sizes around 6 µm. This is a result of a low
strain hardening rate which leads to a quick damage localization. This
low strain hardening rate despite the presence of CG likely originates
from the fact that mechanical twinning is not very pronounced in the
CG regions of the bimodal structures with grain sizes around 1 µm (see
Table 1). In low SFE metals, such as both, the CrCoNi and CrMnFeCoNi
alloy, the twinning propensity is strongly dependent on the grain size
[47]. This is well exemplified by a study on a MP35N (35% Co 35% Ni
20% Cr 10% Mo) alloy, where a high twin density was observed in
microstructures with a grain size of about 40 µm but no twinning oc-
cured after deformation for an average grain size of 1 µm [47]. Another
example proving that bimodal microstructures do not necessarily lead
to beneficial properties is exemplified by another low SFE alloy, 316 L
steel [48]. Given the average grain size of the CG in the CrCoNi alloy in
this investigation (in the range of 1 µm), it is reasonable to assume that
the propensity for mechanical twinning and hence the strain hardening
rate is strongly reduced in comparison to studies performed on coarser-
grained CrCoNi samples (grain-size ~ 6 µm) [2]. While the strain
hardening rate is too low to sustain uniform elongation, the larger
substructures in the CG still provide better capabilities for dislocation
storage compared to the NC state, which is one factor leading to an
improved non-uniform elongation and area reduction especially ob-
served in the 500 °C, 100 h annealing state. In addition, the damage
accumulation is postponed by the CG-fraction as it can be partly in-
ferred from fractographic investigation (see later).

The results of the annealing treatments of the CrMnFeCoNi alloy are
presented in Fig. 4. After annealing samples at 600 °C for 2min usually
fail prematurely in the elastic regime of the tensile test, similarly to
what has been reported in the literature for 1 h annealed samples [28].
However, for the 700 °C, 1min heat treatment some ductility is restored
at the cost of a considerable loss of strength. Due to the thermodynamic
instability of the alloy the formation of additional phases during heat-
treatments is unavoidable. Therefore, the results for the 600 °C state
show a deterioration of the deformation behavior compared to the HPT-
state. Only for the 700 °C, 1 min annealing state an improvement in
ductility was found, as the presence of second phase particles is strongly
reduced, Fig. 1e). The negative effect of additional phases could be
circumvented by using other processing routes which could have the
potential to achieve bimodal microstructures without the formation of
the second phases, for instance via consolidation of both CG and NC
powder blends [42,49,50]. Additionally, another way to achieve

Table 2
Summarized mechanical properties of the tested microstructural states of the CrCoNi and CrMnFeCoNi alloy.

Microstructural state Ultimate tensile strength (MPa) Elongation to failure (%) Yield strength σ0.2 (MPa) Area reduction (%)

CrCoNi CG 784 ± 42 30 ± 2 402 ± 21 84 ± 11
HPT 2067 ± 153 3.9 ± 1.5 1901 ± 114 22 ± 8
550 °C, 10min 2170 ± 98 1.4 ± 0.3 * *
500 °C, 15 h 1616 ± 38 5.2 ± 0.2 1530 ± 83 46 ± 13
500 °C, 100 h 1520 ± 15 10 ± 0.2 1452 ± 35 58 ± 2

CrMnFeCoNi CG 641 ± 10 25 ± 2 329 ± 30 76 ± 6
HPT 1924 ± 124 3.2 ± 1.3 1787 ± 200 30 ± 13
600 °C, 2min 1669 ± 266 1.5 ± 0.3 * *
700 °C, 1min 1216 ± 148 5.4 ± 1.5 1207 ± 151 53 ± 5

*Not all specimens yielded before fracture.

Fig. 3. Recrystallization twins leading to a strong intersection of the CG in the
CrCoNi alloy.
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excellent strength-ductility combinations in homogenous single-phase
materials was demonstrated recently. Tian et al. [51] subjected HPT-
processed Cu to post annealing treatments and while for grain sizes of
approximately 300 nm a yield drop phenomenon and a quick damage
localization and subsequent failure was observed, for slightly larger
grains of about 500 nm excellent mechanical properties were reported.
The main difference is that, while the 500 nm microstructural state also
showed a yield drop phenomenon, the strain hardening capability is
high enough that the Lüders band can propagate throughout the ma-
terial, leading to a very large Lüders strain. Similarly, the 700 °C, 1min
CrCoFeMnNi alloy also shows a yield drop phenomenon, see Fig. 4. This
yield phenomenon likely originates in the formation of a Lüders band
that is not propagating throughout the sample due to an insufficient
work hardening rate and leads to instant localization. Hence, it would
be interesting to attempt if such an extensive Lüders strain could be
reached in the CrCoFeMnNi alloy by tailoring slightly larger grain sizes
as well.

3.3. Fractography

In Fig. 5a) to c) representative fracture images of the CrCoNi alloy
annealed at 550 °C for 10min and at 500 °C for 15 h and 100 h, re-
spectively, can be seen. Despite the fact that all microstructural states
show ductile fractures with dimple formation the amount of ductility is
very different. In detail, especially in b) and c) large and deep dimples
formed around intermetallic inclusions can be observed. From

microstructurally uniform samples it is known that the failure me-
chanism typical for CG-structures involves the void initiation and for-
mation from inclusions leading to these pronounced deep dimples
during failure as presented in Fig. 5b) (macrodimples). In NC-materials
void formation is controlled by triple junctions and grain boundaries
acting as initiation points leading to shallow dimples in the range of the
grain size or somewhat larger (micro- or nano-dimples) [52]. As espe-
cially Fig. 5b) shows, the final fracture of the sample is controlled by
the coalescence of the macrovoids forming large and deep dimples
stemming from the CG-fraction. This requires more plastic deformation
than the formation of the micro/nanovoids and delays final failure of
the sample. As a result, while the as processed and 550 °C, 10 min
sample fractures with little macroscopic plasticity, the 500 °C, 15 h and
100 h sample with high CG-fractions show much higher values for the
elongation to failure. On the macroscopic level for the brittle case
(550 °C, 10min) shear fracture is typical, whereas in the more ductile
case (500 °C 15 and 100 h) a cup-and-cone fracture prevails, see Fig. 6.

Fig. 7 Depicts SEM fractographs of the CrMnFeCoNi alloy that un-
derwent annealing treatments at 600 °C for 2min, a), and 700 °C for
1min, b). Despite the precipitation of brittle second phases mainly on
the grain boundaries, both materials fail at first sight again in a ductile
fracture mode with dimple formation. In Fig. 7a) the dimples are small
and shallow, whereas in Fig. 7b) it can be clearly observed that dimples
form around the second phase precipitates that are larger and therefore
consume considerably more plastic deformation, which is also well
reflected when comparing the maximum elongation before failure be-
tween the two annealing states. Since the number of the precipitates is
very large compared to the CoCrNi-alloy after 100 h heat-treatments,
they coalesce earlier and lead to a lower total elongation before failure.
The macroscopic behavior is the same as in the CrCoNi alloy: In the
brittle case (600 °C, 2min), shear fracture occurs whereas in the more
ductile specimen (700 °C, 1min) a cup and cone fracture was found.

4. Conclusions

In this study bimodal grain size distributions were induced via heat-
treatments in two nanocrystalline compositionally complex alloys,
CrMnFeCoNi and CrCoNi, with the aim to enhance their ductility. In
case of the CrMnFeCoNi alloy it was found that tailoring bimodal grain
size distributions is experimentally very challenging to achieve due to
the thermodynamic instability of the alloy, leading to multiphase
structures with embrittling phases in a large temperature window.
Therefore, the combination of SPD-processing and annealing does not
seem to be a feasible way to achieve supreme tensile properties in this
alloy.

In contrast, in the CrCoNi alloy a twofold increase in ductility was

Fig. 4. Representative tensile stress-strain curves of different microstructural
states of the CrMnFeCoNi alloy.

Fig. 5. In a) to c) the fracture images of CrCoNi tensile samples annealed at 550 °C for 10min and at 500 °C for 15 h and 100 h can be seen. All of them feature a
ductile fracture surface with dimple formation.

B. Schuh et al. Materials Science & Engineering A 748 (2019) 379–385

383



achieved via grain size engineering. Further optimization of the heat
treatment might yield microstructural states with both high tensile
strength and a high strain hardening rate so that uniform elongation
can be sustained for large strains during deformation. A feasible way to
achieve this might be by increasing the size of the CG grains. While this
could provoke somewhat lower yield strengths, larger grains should
promote a better strain hardening rate through a higher mechanical
twinning propensity.
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