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ABSTRACT

Despite having otherwise outstanding mechanical properties, many single-phase medium and high
entropy alloys are limited by modest yield strengths. Although grain refinement offers one opportunity
for additional strengthening, it requires significant and undesirable compromises to ductility. This work
therefore explores an alternative, simple processing route to achieve strength by cold-rolling and
annealing an equiatomic CrCoNi alloy to produce heterogeneous, partially recrystallized microstructures.
Tensile tests reveal that our approach dramatically increases the yield strength (to ~1100 MPa) while
retaining good ductility (total elongation ~23%) in the single-phase CrCoNi alloy. Scanning and trans-
mission electron microscopy indicate that the strengthening is due to the non-recrystallized grains
retaining their deformation-induced twins and very high dislocation densities. Load-unload-reload tests
and grain-scale digital image correlation are also used to study the accumulation of plastic deformation
in our highly heterogeneous microstructures.

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

1. Introduction

Certain multi-principal element (MPE) alloys such as equia-
tomic, single phase CrCoNi [1—3] and CrCoFeMnNi [4—6] are now
well-known for their outstanding combinations of high hardening
rates, large ductility, and excellent fracture toughness at ambient
and cryogenic temperatures. Despite their recent development
[7,8], these alloys already exhibit superior properties relative to
more conventional alloys, including many twinning induced plas-
ticity (TWIP) and transformation induced plasticity (TRIP) steels
[9,10]. The desirable mechanical properties noted above arise from
a complex set of deformation mechanisms at the nanoscale; how-
ever, one major limitation for these MPE alloys is a modest yield
strength, which benefits only from a solid solution effect and not
the extremely refined microstructures that develop in association
with large deformations [3]. One key challenge for these alloys (and
all structural materials) is therefore the development of a method
for increasing the yield strength while retaining substantial
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ductility. This work explores one possible route for achieving that
objective with a simple processing method that leads to tunable
combinations of ultra-high strength and ductility.

The tensile response and deformation mechanisms of single-
phase face-centered cubic (fcc) equiatomic alloys CrCoFeMnNi
[6,11—14], CrCoFeN:i [15,16], and CrCoN:i [3,5,15,17—19] have all been
thoroughly studied in the fully recrystallized state. These alloys
have relatively low stacking fault energies [20—22] that promote
dissociation of perfect dislocations into a/6<112> partial disloca-
tions at low strains; further deformation results in the development
of nanotwins that serve as potent barriers to dislocation motion,
generating the macroscopically observed high hardening rates. The
hardening is further enhanced in CrCoNi [3] and CrCoFeNi [16] by a
highly localized interfacial phase transformation that produces
hexagonal close-packed (hcp) regions along stacking faults and,
most prominently, deformation twins. The transformation has also
been observed in CrCoFeMnNi under high pressure [23,24], but not
after tensile deformation or rolling. Although the volume fraction of
this transformation product is very low, in contrast to other ma-
terials benefitting from the TRIP effect, slip transmission from the
fcc matrix across hcp-lined nano-twins is prohibitively difficult
[21]. This has recently been shown to enhance the hardening
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behavior beyond that in conventional TWIP materials [25].

Despite the confluence of desirable properties described above,
one limiting factor in the application of these materials is their
modest yield strength. For CrCoNi with grain sizes of 15—25 pm, the
room-temperature yield strength is ~375 MPa [2,25]. The other fcc
single-phase alloys described above have even lower yield
strengths [15]. Recently, progress has been made in enhancing the
yield strength of TWIP steels by rolling and annealing the material
at modest temperatures to induce recovery while preserving the
deformation twins [26—30]. It is proposed that the remaining twin
structures enhance the yield strength of the material on subse-
quent deformation while some ductility is restored by reducing the
total dislocation density. This processing strategy also tends to
produce partially recrystallized microstructures with spatial gra-
dients in grain size as well as stored deformation content. A similar
rolling and annealing process was recently employed in MPE alloys
to achieve good combinations of strength and ductility. For
example, a partially recrystallized VCrMnFeCoNi alloy was first
shown to exhibit a room-temperature yield strength of ~760 MPa
and ~28% elongation to failure [31] whereas a partially recrystal-
lized CrCoFeMnNi alloy was shown to exhibit a yield strength of
~600 MPa and ~27% ductility [32]. The same rolling and annealing
strategy was also recently utilized to produce ultra-high yield
strength of 1100 MPa and 30% ductility in a Ni—Cr—Co superalloy
containing precipitates, although deformation twinning was not
observed in that material [33].

Heavy deformation followed by annealing has also been studied
in equiatomic CrCoNi [34] and has very recently been shown to
produce dramatic improvements in the shear strength [35] and in
strength/ductility combinations during tensile deformation [36]
although questions remain about the underlying mechanisms.
Schuh et al. [34] used high-pressure torsion that, while useful for
probing fundamental behavior, often produces highly non-
equilibrium microstructures that are not attainable using conven-
tional processes like rolling. In the latter two studies [34,35], some
key results for the heterogeneous microstructures have not been
compared to results from the homogeneous, fully recrystallized
material. For example, the outstanding strength and ductility re-
ported for partially recrystallized CrCoNi in Ref. [36] was purported
to originate from large back-stresses developed in nanoscale
recrystallized grains based on the large hysteresis observed in load-
unload-reload tests. New results from the present study suggest
that explanation may be incomplete since it will be shown that
similar hysteresis is also observed in homogeneous fully recrys-
tallized material with larger, more conventional grain sizes. Addi-
tionally, although there are some preliminary indications that
heterogeneous microstructures obtained by partial recrystalliza-
tion may be beneficial for single-phase, concentrated solid solution
alloys, there are still many open questions regarding 1) the extent
of the strengthening effect, and the tradeoff with ductility; 2) the
relationship between processing parameters and the tensile prop-
erties; and 3) the mechanism by which improvements in strength
and ductility occur, when such an effect is observed. Note that for
any real improvement, the effect must be above and beyond what
could be achieved with grain refinement alone.

In this work, we examine the influence of a heterogeneous
microstructure on equiatomic CrCoNi alloy produced by cold-
rolling and annealing. The combination of a multi-modal grain
size distribution with residual deformation structures is shown to
produce a three-fold increase in yield strength to values exceeding
1 GPa while retaining good uniform elongation. In contrast to
previous studies, heterogeneous and homogeneous microstruc-
tures are thoroughly compared and the grain-scale distribution of
plastic strain is measured.

2. Experiments
2.1. Material

Ingots of equiatomic CrCoNi were produced by arc melting pure
(>99.9%) constituent metals under Ar atmosphere followed by
drop-casting into a copper mold. Prior to drop-casting, the buttons
were flipped and re-melted to ensure mixing. The cast ingots were
homogenized in vacuum for 24 h at 1200 °C (1473 K) before cold-
rolling to a reduction in thickness of approximately 70%. The
above processing steps are similar to those employed in previous
publications [3,8].

Rolled plates were cut by wire electrical discharge machining
(EDM) into cubes for hardness measurements or flat tensile spec-
imens with nominal gauge dimensions 5mm (length) x 2 mm
(width) x 1.2 mm (thickness) and grip widths of 3 mm. The longi-
tudinal (tensile) axes of the specimens were aligned with the
rolling direction of the original plate and the faces were parallel to
the plate. After fabrication by EDM, hardness and tensile specimens
were annealed in air at temperatures between 600 °C (873 K) and
900°C (1173 K) and times between 15 min and 12 h. The furnace
was pre-heated before sample insertion and heat treatments were
considered to start when the specimen temperature was within
3 °C of the target temperature, which typically took between 4 and
7 min. Specimens were air-cooled following annealing. Some
additional specimens were heated using slow temperature ramps
of 10 °C/minute up to 300°C followed by 3 °C/minute up to the
target temperature (e.g, 600 °C).

2.2. Hardness measurement and mechanical testing

Following heat treatment, specimens for hardness testing were
mechanically polished using 400-, 600-, 800-, and 1200-grit SiC
paper. Hardness measurements were made on a Leco LM-100AT
microhardness tester with a loading force of 100 g and dwell time
of 25 s. For each specimen, an array of 6 x 6 indents was made on
both ends of the specimen for a total of 72 measurements per
condition. The spacing between indents was 100 um and the typical
size of each indent on the surface was on the order of 20 um.

Tensile specimens were polished on the faces and sides of the
gauge section using 400-, 600-, and 800-grit SiC paper. Uniaxial
tensile testing was performed on an Instron Electrothermal Me-
chanical Tester (ETMT) with engineering strain rates of 5—10 - 10~4
s~ L Strain measurements were made using digital image correla-
tion (DIC) with paint patterns applied to the surface of the speci-
mens. Full-field strain maps were produced with Correlated
Solutions VIC2D software [37] using subset and step sizes of
approximately 0.65 mm and 0.01 mm, respectively. Engineering
strain was determined through conversion of the average
Lagrangian strain in the gauge section as calculated by VIC2D. True
stress and strain were calculated from engineering values assuming
a constant volume during plastic deformation. Load-unload-reload
(LUR) tensile tests were performed with the same conditions
described above and each unloading occurring over a fixed time of
10s.

2.3. Scanning and transmission electron microscopy

Pre- and post-deformation specimens were prepared for study
in the SEM using a parallel polisher and 400-, 600-, 800-, and 1200-
grit SiC papers. A final chemo-mechanical polish was performed
using 50nm colloidal silica. The nominally equiatomic alloy
composition was confirmed using semi-quantitative X-ray energy
dispersive spectroscopy (EDS).

Specimens were examined using a Thermofisher/FEI Apreo
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scanning electron microscope (SEM). Electron backscatter diffrac-
tion (EBSD) orientation mapping was performed using an EDAX
Hikari Super EBSD camera in conjunction with acquisition software
EDAX TSL DC7 and analysis software EDAX TSL OIM 8 [38]. Scans
were acquired using an accelerating voltage of 20 kV and a beam
current of 6.4 nA at a working distance of 20 mm; scans shown in
this work and used for calculating recrystallized area fractions and
grain sizes were 62 x 62 um with a step size of 100 nm.

Lift-out TEM specimens were prepared using a FEI Helios
Nanolab 600 dual beam system. All TEM foils were further cleaned
before observation in a Fischione Model 1040 nanomill system at
low voltages. Low magnification STEM images and selected area
diffraction patterns were obtained using a FEI Tecnai F20 S/TEM
microscope operating at 200 kV. STEM-EDS maps were collected
using a Super-X Energy Dispersive Spectrometry (Super-X EDS)
system in a FEI Titan G2 60-300 microscope at 300 kV. Atomic
resolution HAADF-STEM imaging was conducted in a probe-
corrected FEI Titan 80—300 S/TEM microscope at an accelerating
voltage of 300 kV. Scanning distortion and noise in STEM images
were further reduced via nonlinear drift distortion correction [39].

2.4. Local strain measurement by digital image correlation

Ex situ scanning electron microscopy digital image correlation
(SEM-DIC) was used to study strain localization in partially
recrystallized microstructures. Regions of interest for strain map-
ping were identified using a backscattered electron detector and
marked via in situ platinum deposition. Orientation maps of these
regions were generated using EBSD for later alignment with strain
maps. Following this initial characterization, patterns were applied
to the surface of the specimens with nominally 50 nm colloidal
alumina and acquired using the in-column T1 detector. A reference
pattern was also created on a separate specimen to measure the
distortions introduced by the ex situ measurement technique; since
the reference pattern would not experience any deformation, any
strain measured via DIC on that specimen was considered as error.
Following acquisition of images for the region of interest and the
reference pattern, specimens were removed from the SEM, tensile
tested on the ETMT with the same parameters described in the
previous section, and returned to the SEM for post-deformation
imaging.

The T1 detector, which produces signal from a combination of
secondary and backscattered electrons, was found to provide good
contrast between the pattern and the material while minimizing
unwanted background contrast from grain orientation or surface
topography. SEM images with dimensions of 3072 x 2048 pixels
were acquired using a 10 ps dwell time with a horizontal field
width of 207 um (corresponding to a magnification of 1000x in the
Thermofisher/FEI Apreo SEM used for this study). This produced an
image resolution of approximately 67 nm/pixel. Since sub-micron
realignment of the specimen in the SEM was not possible be-
tween each tensile experiment, images were later aligned manually
at their centers before implementation of the DIC algorithm in
Correlated Solutions’ VIC-2D 2009 software [37]. Subset and step
sizes for image correlation were 33 pixels (~2200 nm) and 5 pixels
(~340 nm), respectively.

3. Results
3.1. Microstructure following rolling and annealing

Following room temperature rolling to 70% reduction in thick-
ness and subsequent annealing at different temperatures and

times, the equiatomic CrCoNi alloy exhibited microstructures with
varying degrees of recrystallization. In our analysis, recrystallized

grains were defined as those with less than 1° of intragranular
misorientation. Fig. 1 shows EBSD grain orientation maps for three
different annealing conditions. The top row of images shows the
full microstructure and contains all points measured with confi-
dence index greater than 0.1. In contrast, the bottom row of images
shows the same regions but only contains points belonging to
recrystallized grains. This separation highlights the substantial in-
crease in the fraction of recrystallized grains over a relatively small
range of conditions. Segmentation of EBSD results showed
approximately 39 + 3% (standard error) of the volume was recrys-
tallized following annealing at 600 °C/1 h; 76 + 2% of the volume
was recrystallized following annealing at 600 °C/4 h; and a fully
recrystallized microstructure was produced following annealing at
700°C/1 h. Fig. S1 in the supplementary information also shows
microstructures corresponding to the rolling, transverse, and
normal directions for the 600 °C/1 h condition.

The microstructure after cold-rolling and annealing at 600 °C/
1 h was further examined via scanning transmission electron mi-
croscopy (STEM), as shown in Fig. 2. One important question
regarding this alloy was whether deformation twins produced
during rolling could be preserved at temperatures high enough to
promote dislocation annihilation and recovery. If so, a partially-
recovered microstructure could confer higher strength due to the
retained twins while restoring some ductility via recovery and
lower dislocation density. The low-magnification <101> zone axis
STEM image in Fig. 2a and the corresponding diffraction pattern in
Fig. 2b unambiguously confirm the presence of deformation twins
(fine, dark linear features) on {111}-type planes after annealing at
600 °C/1 h. The diffraction pattern also shows elevated intensity at
peaks corresponding to the hcp phase. Both deformation twinning
and hcp structure are explicitly observed via high-resolution
HAADF-STEM, Fig. 2c and d. As previously shown for this alloy,
hcp formation is limited to a few atomic layers and occurs at the
interfaces along deformation twins [25,40]. These results clearly
demonstrate that twin/hcp structures produced during rolling are
preserved even after annealing at elevated temperatures.

Energy dispersive x-ray spectroscopy (EDS) chemical mapping
did not show any evidence for elemental segregation or phase
decomposition at coarser SEM length scales (10'—10° um) or finer
TEM length scales (10'—10% nm). Fig. 3 shows results at finer length
scales from two regions in the rolled and annealed 600 °C/1h
condition. The first region in Fig. 3a shows both large dislocation
tangles and a network of deformation twins (bright linear features
noted by arrows). Fig. 3b shows a higher magnification image of a
single deformation twin. In both cases, the average composition
over the scanned region (Table 1) was in good agreement with bulk
composition measurements. Although no apparent elemental
segregation was observed at either magnification, the large dislo-
cation density and associated strain may obscure compositional
heterogeneities, particularly at very fine length scales. Further
study of this effect is in progress.

Grain size distributions were estimated based on EBSD data. As
previously noted, the step size used for EBSD measurements was
100 nm and regions were only classified as grains for measurement
purposes if they contained multiple rows and had diameters
greater than or equal to 500 nm (i.e, sampled by at least five points).
An area-weighted average was used to determine the representa-
tive grain size since weighting by area rather than number is more
robust against the number of points used in sampling each grain as
well as the effect of multi-modal grain size distributions [41—43].
The data were separated for recrystallized and non-recrystallized
grains and are shown in Fig. 4 for selected conditions. For the
recrystallized grains following annealing at 600 °C/1 h, the area-
weighted average grain diameter was approximately 1.6 + 0.0 um
(standard error) and had a distribution shifted towards smaller
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Fig. 1. EBSD from CrCoNi after rolling (70% thickness reduction) and annealing at (a) and (b), 600 °C/1hr; (c) and (d), 600 °C/4hr; and (e) and (f), 700 °C/1hr. The images in the top
row include all grains; the bottom row of images shows only recrystallized grains with intragranular misorientation <1°.

grains compared to the distributions of the 600°C/4h and the
700°C/1 h (fully recrystallized) conditions with average diameters
of 2.0+0.1 and 2.3 um, respectively. This suggests very modest
grain growth occurred for the latter two conditions. It is also
interesting to note that the 600°C/4h and 700°C/1 h conditions
had very similar size distributions for the recrystallized grains
despite having different volume fractions (about 76% in the 600 °C/
4 h condition compared to full recrystallization in the 700°C/1h
specimen). This feature was especially useful in comparing the
mechanical response of the different conditions, as will be dis-
cussed later. Annealing at 900 °C/1 h also produced a fully recrys-
tallized microstructure that experienced significant grain growth
resulting in an average grain size of approximately 24 pm.

3.2. Hardness and tensile response following rolling and annealing

After 70% reduction in thickness by room-temperature rolling,
the average hardness of the CrCoNi alloy was 468 HV with mini-
mum and maximum values of 445 HV and 495 HV. Conventional
recovery and recrystallization behavior were observed after expo-
sure to temperatures above 600 °C. Fig. 5a and b shows the change
in hardness as a function of annealing temperature and time,
respectively. Higher annealing temperatures expedited recovery
and recrystallization kinetics and produced a more pronounced
softening effect relative to the as-rolled material, which is also
shown for reference in Fig. 5. Following annealing at 900 °C/1 h,
which is a common heat treatment applied to this alloy to produce
a fully recrystallized microstructure after rolling, the hardness
decreased to 222 HV. Longer annealing treatments at 600 °C also

produced substantial softening although even after 12h the
average hardness remained at 352 HV. As shown in Fig. 5b, the
small change between the 4 h and 12 h heat treatments at 600 °C
suggests the remaining deformation structures were relatively
stable at this temperature.

The bars associated with each data point in Fig. 5a and b shows
the minimum and maximum hardness measured at each condition.
Annealing at temperatures below 700°C produced substantial
scatter in the hardness values as manifested by the large spread
around data points corresponding to 600 °C, 625 °C, and 650 °C in
Fig. 5a. Examination of the corresponding grain structures in Fig. 1
indicates that partial recrystallization occurred at temperatures
below 700°C, while annealing at that temperature and above
produced fully recrystallized microstructures. Scatter in the data is
therefore associated with sampling regions in various states of re-
covery or recrystallization. Individual indents (~20 pm) would also
be expected to sample many grains for heat treatments in the range
of 600—700 °C (grain sizes ~2 um) but only 1-3 grains for the 900 °C
heat treatment (grain sizes ~24 pm).

The hardness measurements corresponding to the 600 °C/
30min condition show a surprising increase relative to the as-rolled
condition (Fig. 5b). This anomalous hardening behavior also man-
ifests in the 600°C/1 h condition where the maximum value ex-
ceeds the maximum observation in the as-rolled material and the
average hardness is similar to the as-rolled condition despite some
recrystallization having occurred. These specimens were carefully
examined in both the scanning electron microscope and trans-
mission electron microscope and no precipitation or other
annealing-induced phase transformations were observed. Similar
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Fig. 2. Residual deformation structures following rolling and annealing at 600 °C/1 h: (a) low magnification BF-STEM image (zone axis close to <101>) with inset selected area
diffraction pattern; (b) 3D plot of the diffraction pattern from Fig. 2a confirming the presence of both deformation twins and the hcp phase; (c) and (d) high resolution HAADF-STEM
images showing deformation twins and the hcp phase.

/

Deformation twin

Fig. 3. STEM-EDS mapping indicates a homogeneous distribution of elements following rolling and annealing at 600 °C/1 h. Chemical maps were acquired from the same region as
shown in the corresponding HAADF images. (a) Coarser length scale showing multiple deformation twins and regions of high dislocation density; (b) finer length scale showing an
individual deformation twin.

observations have previously been made in hardness measure- being investigated in greater detail to understand the origin of the
ments following severe deformation and annealing in CrCoMnFeNi observed hardness increase.
[44—46] and very recently in CrCoNi [34]. This effect is currently The tensile response of the alloy for several selected conditions
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Table 1
Standard-less EDS results for the average composition in Fig. 3a and b.

Element Atomic Number [norm. wt.%] [norm. at.%] Error in wt.% (1 Sigma)
Fig. 3a Chromium 24 29.5 32.2 0.9

Cobalt 27 34.7 334 1.1

Nickel 28 35.7 34.5 1.1
Fig. 3b Chromium 24 29.5 32.1 0.9

Cobalt 27 34.7 334 1.1

Nickel 28 35.8 34.5 1.1

W600C 1hr (RX Grains)
®600C 4hr (RX Grains)

m700C 1hr

Area Fraction
(=]
>
co

000 65323557558 %5035 0.
Ry 02502525 25 05" R 05 25

Grain Diameter (um)

Fig. 4. Grain size distributions for (a) recrystallized grains, including the fully recrys-
tallized microstructure after annealing at 700C/1 h; and (b), non-recrystallized grains.

is indicated in Fig. 6. Additional conditions and the full set of curves
for each individual condition (between three and five tests) are
included in Fig. S2 of the supplementary information. The yield
strength was highest in the as-rolled condition and decreased with
longer annealing times and especially higher annealing tempera-
tures. The engineering stress-strain response after annealing at
900 °C/1 h represents that for the fully recrystallized alloy with a
grain size of 24 pm, and is similar to results published by Laplanche
et al. [2] and Miao et al. [3]. As noted previously in this work,

500 L As-Rolled |

400-'1 1

300 1

200 8

Vickers Microhardness

100 1
' 1h |
0 1 1 1 " 1 1
550 650 750 850 950
Annealing Temperature °C

annealing at a lower temperature of 700°C/1 h also produced a
fully recrystallized microstructure but with an order of magnitude
smaller grain size (2.2 pm compared to 24 um). Comparison of the
900°C/1 h and 700 °C/1 h conditions illustrates the severity of the
strength/ductility tradeoff introduced by a reduction in grain size;
for this alloy, that reduction increased the yield strength from
approximately 346 + 2 MPa to 597 + 1 MPa at the cost of a decrease
in ductility from 44% uniform elongation to 28% uniform elonga-
tion. These results, and new estimates based on figures from the
Hall-Petch study by Yoshida et al. [18], suggest that a fully recrys-
tallized microstructure with ultra-high yield strength of 1GPa
would have low uniform elongation of only around 2—-5% (see
Fig. S3 in the supplementary information).

In contrast, the partially recrystallized microstructures corre-
sponding to conditions of 600°C/1h and 600°C/4h produced
outstanding tensile properties. The average yield strengths of those
conditions were 1112+ 9MPa and 797 +8 MPa with uniform
elongations of 6% and 19% (total elongations of 23% and 34%),
respectively. The hardening behavior (do/de) for each condition is
shown in Fig. 6b with the curves marked to indicate the end of
uniform elongation, which was defined by the well-known Con-
sidere criterion [47]. Excepting the as-rolled material, the other
conditions exhibited similarly shaped hardening curves with two
distinct regions typical for this alloy. At low strains, the hardening
rate decreased rapidly (region I) followed by a change in slope
(region II) that has previously been linked to the occurrence of
deformation twinning in fully recrystallized high entropy alloys [6]
and TWIP steels [48]. These curves are explicitly compared to the
effect of grain size reduction in the supplementary information
(Fig. S3c¢).

It has very recently been argued that heterogeneous grain

(b) ' '
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0 5 10 15
Annealing Time (hrs)

Fig. 5. Vickers hardness as a function of (a) annealing temperature for a constant annealing time of 1 h; and (b) annealing time for a constant temperature of 600 °C. Data points
indicate average values and bars indicate the minimum and maximum hardness values to convey the spread in the data. Multiple data points for the same time indicate inde-

pendent annealing and measurement of multiple specimens.
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Fig. 6. Results of mechanical tests on CrCoNi in the as-rolled state and after varying degrees of partial and full recrystallization. Curves in (a) show the tensile response corre-
sponding to different heat treatments; (b) shows the strain hardening response for each condition. The end of uniform elongation (where dcye/de = Gye) is marked on each curve.

structures enhance the mechanical properties of CrCoNi through a
back-stress effect that can be clearly observed during load-unload-
reload (LUR) tensile testing [36]. LUR testing was also performed in
this study to compare behavior in the partially recrystallized
(heterogeneous) condition to the fully recrystallized (uniform grain
size) condition and the results for both are shown in Fig. 7. As
previously reported, a large hysteresis effect indicative of sub-
stantial back-stresses was observed in the partially recrystallized
material (blue curve in Fig. 7a). In comparison, the hysteresis loops
for the fully recrystallized material strained to the same levels were
much smaller (red curve in Fig. 7a). It is worth noting that, for the
strains in Fig. 7a, the stresses in the fully recrystallized material are
much lower than those in the partially recrystallized material
because of its lower flow strength, which is obvious from exami-
nation of the curves but has not been remarked upon in other
recent work. With increasing stress, the width of the loops
increased, even for the fully recrystallized state. When the two
microstructural conditions were compared at the same level of true
stress, as shown in Fig. 7b, the hysteresis effect was essentially

@
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0 0.02
True Strain

identical. Note that the level of true stress shown in Fig. 7b
(approximately 1040 MPa) is reached almost immediately in the
partially recrystallized material at a true strain of about 1%; in
contrast, it was only attainable in the fully recrystallized material
after substantial work hardening and corresponded to a true strain
of approximately 26%. The similarity of the hysteresis behavior at
similar stresses suggests that, contrary to what was implied in a
previous paper on this material, the large back-stress effect is not
unique to partially recrystallized microstructures and is more
broadly indicative of the large internal stresses that can be gener-
ated at dislocation obstacles in stronger materials. The evolutions of
the back-stress and anelastic strain, as a function of both true strain
and true stress, were measured for both conditions and are further
discussed in the supplementary information (Fig. S4).

To further understand the accumulation of plastic deformation
in the partially recrystallized microstructures, SEM-DIC was used to
produce full-field strain maps in conjunction with EBSD observa-
tions. Testing was performed on the slow-ramp 600 °C/4 h condi-
tion because approximately 50% of the surface area was
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Fig. 7. Hysteresis behavior during load-unload-reload (LUR) tensile tests for partially recrystallized (blue) and fully recrystallized (red) conditions. The curves in a) show that, at
similar strains, the hysteresis behavior is much less pronounced in the fully recrystallized condition; the curves in b) show that for similar stress levels, the hysteresis behavior is
essentially identical for the two microstructural states. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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recrystallized, which produced sufficiently large regions of both
recrystallized and non-recrystallized grains for facile measurement
of the strain response. Fig. 8a shows a BSE-SEM image of a region
containing both types of grains, where labels A and B denote
recrystallized regions and labels C and D denote non-recrystallized
regions. The white square at the top center of the image is a 2 pm
thick Pt deposit used for locating the same region on successive
tests and assisting in image registration. Details of the test
including the colloidal alumina pattern on the specimen surface
used for DIC (Fig. 8b) and a representative stress-strain curve
(Fig. 8c) are also shown. Fig. 8d shows a full-field strain map at an
average macroscopic strain of 3.2%, as determined by macro-scale
DIC over the entire region of uniform elongation in the gauge
section. Since macroscopic yielding for this specimen occurred at
884 MPa/0.6% DIC elongation, as defined by the conventional 0.2%
offset method, the expected plastic strain (total minus elastic)
across the whole region of interest after unloading was 2.6%. This
compared favorably to an average strain of 2.5% with standard
deviation 1.0%, as measured via SEM-DIC. To estimate the error
involved in the ex situ measurement method, images were also
acquired for a reference sample with the same type of pattern and
using the same beam conditions. The reference pattern was not
deformed or otherwise altered between image acquisitions so the
expected average strain was zero and any measured deformation
was therefore taken as error. As previously noted, these errors are
due to spatially-variable distortions introduced by the SEM. For the
reference pattern recorded concurrently with the post-deformation
pattern in Fig. 8d, the average erroneous strain parallel to the
tensile axis was 0.08% with a standard deviation of 0.24%. Thus, the
local strains displayed are well above this estimated error in the
measurement.

As shown in Fig. 8d, substantial variations in plastic strain were
observed across the region of interest. The overlaid grain boundary
map shows that recrystallized regions deformed much more than
non-recrystallized grains; for example, the local strains at recrys-
tallized regions A and B were 4.7% and 4.5%, respectively. In
contrast, the local strains in non-recrystallized regions C and D
were 0.4% and 0.6%, an order of magnitude smaller. This indicates
that non-recrystallized grains essentially behave as non-
deformable inclusions at low strains; presumably, these retain a
yield strength similar to the as-rolled material. Even within the
recrystallized grains, the strain distribution was not uniform. Many
grains showed strain values close to the macroscopic average; most
regions where strain was higher than the macroscopic average
(including regions A and B) were near or between non-
recrystallized grains. The lack of deformation in the latter likely
forces the adjacent recrystallized grains to undergo greater defor-
mation to maintain compatibility.

4. Discussion

There is a strong relationship between the tensile properties and
fraction of recrystallized material in the equiatomic CrCoNi alloy. As
noted earlier (Fig. 4), the grain size distribution of the fully
recrystallized 700 °C/1 h condition is very similar to the recrystal-
lized grains in the other heterogeneous conditions. Since the
smaller grains do not exhibit substantial growth, it is also therefore
expected that the size distribution of the non-recrystallized grains
does not appreciably change from the as-rolled state during
annealing. One important question is therefore whether the various
partially recrystallized conditions behave as interpolations of the
two bounding conditions (as-rolled and fully recrystallized),
assuming similar grain size distributions. While some recovery is
expected in the non-recrystallized grains, which would violate the
assumption of fixed bounding conditions, it is clear (e.g, from Fig. 2)

that deformation structures like nanotwin/hcp lamellae remain
and these structures are presumed to provide a majority of the
strengthening contribution.

Fig. 9 shows the variation in yield strength (YS), ultimate tensile
strength (UTS), uniform elongation (UE), and total elongation (TE)
as a function of recrystallized fraction. These quantities vary
monotonically but are not strictly linear, which may be in part the
result of the anomalous hardening behavior observed at 600 °C. For
example, it can be seen that the 600 °C/1 h condition (second point
from the left, recrystallized fraction ~0.39) has higher strength and
lower ductility than would be expected by a simple linear rule of
mixtures model.

This can be further demonstrated by modeling the mechanical
response of the partially recrystallized conditions as linear combi-
nations of the as-rolled and fully recrystallized conditions. Note
that this is only possible because of the similar grain size distri-
butions for recrystallized grains (despite different recrystallized
fractions). Rule-of-mixtures models were developed by interpo-
lating the engineering stress-strain data for the two bounding
conditions, weighting each according to the recrystallized fraction
for a given condition, then summing the results at each interpo-
lated point. For example, at 1% strain, the average interpolated
stress for the fully recrystallized 700 °C/1 h condition was 694 MPa
and the average interpolated stress for the as-rolled condition was
1284 MPa. Using the rule of mixtures model described above for the
600 °C/4 h condition, which had a recrystallized fraction of 76%, the
expected stress corresponding to 1% strain would be (694 MPa -
0.76) + (1284 MPa - [1-0.76]) = 838 MPa. This is somewhat lower
than the observed value of 893 MPa (the average of three tests). The
results for three different partially recrystallized conditions are
shown in Fig. 10 where the solid curves indicate experimental data
and the dashed curves are the predictions made by the rule-of-
mixtures model. This simple model successfully captures the flow
stress for the 650 °C/1 h but underestimates values for the 600 °C/
1h and 600°C/4h conditions. The results from Figs. 9 and 10
suggest that while the recrystallized fraction substantially affects
the yield strength and other mechanical properties, other factors
such as the anomalous hardening effect shown in Fig. 5 may also be
important. Although the rule of mixtures model is not intended to
be a rigorous predictive tool, it demonstrates that the response of
the partially recrystallized material can be reasonably treated as a
composite of the as-rolled material and fully recrystallized
material.

This interpretation is also supported by the DIC strain map re-
sults. Although further testing at larger strains will be required to
confirm the hypothesis, it presently appears that the behavior of
recrystallized and non-recrystallized grains in a composite, het-
erogeneous structure is fundamentally similar to that in homoge-
neous alloys after accounting for the level of deformation. There
does not appear to be a need to invoke long-range back-stresses or
other exotic phenomena to explain the composite response. This
does not suggest that long-range back-stresses are trivial; on the
contrary, the results of the load-unload-reload tests indicate that
very substantial back-stresses develop in CrCoNi even for initially
homogeneous material. This may be a result of deformation twin/
hcp lamellae that develop during testing and have previously been
shown to act as profound barriers to dislocation motion [21,25].
Since these obstacles can potentially sustain extraordinarily large
local shear stresses, they may also enable the development of very
large back-stresses associated with dislocation tangles and pile-
ups. Based on observations in the current work, these twin/hcp
structures are known to be present after rolling and annealing but
develop gradually during testing in the initially homogeneous
microstructure. If the twin/hcp lamellae control the back-stress
behavior, this may explain the initial difference in the hysteresis
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response followed by the similarity at higher stress.

Although there may be some benefit to having a structure with a
bimodal or multi-modal grain size distribution, independent of the
un-recovered deformation structure within some grains, that effect
does not clearly appear here. In the present study, it appears that
the outstanding mechanical properties can be explained in large
part by the fraction of recrystallized material, and to some degree
by the anomalous hardening response exhibited around 600 °C. It
is, however, critical to distinguish this from the effect of grain
refinement alone. Comparison of the mechanical properties from
this work to the Hall-Petch study of equiatomic CrCoNi by Yoshida
et al. [18] clearly demonstrates that these heterogeneous micro-
structures produce greater uniform elongation than homogeneous
ultra-fine grain microstructures having similar yield strengths. For
example, they reported a yield strength of approximately 1080 MPa
for a homogeneous grain size of 199 nm; based on the provided
plot, the estimated uniform elongation was less than 3% and the
total elongation was less than 20%. In the current work, the 600 °C/
1 h condition had an average yield strength of 1112 MPa with 6%
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Fig. 11. Comparison of results from the current work (red) to other recent structural
alloys. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

uniform elongation and 23% total elongation. The stress-strain
curves are directly compared in Fig. S3c in the supplementary
information.

The mechanical properties of the CrCoNi alloy, particularly with
partially recrystallized microstructures, compare very favorably to
other advanced structural materials. Fig. 11 shows a comparison of
the yield strength and total elongation (for a variety of partially-
recrystallized states) from the current work to several other high
entropy alloys, TWIP steels, and TRIP steels [49—55]. Further details
on the compositions and test geometries for the compared alloys
can be found in Table S1 in the supplementary information. Based
on the findings in this work, it is expected that other fcc medium/
high entropy alloys with similar deformation mechanisms could
also be capable of dramatic increases in strength through the same
rolling and annealing processing described here. This may be
especially potent in the CrCoFeNi system since it also exhibits a
nanoscale fcc-to-hcp transformation at large strains, and this
strengthening phase remains in the non-recrystallized grains after
annealing.

5. Conclusions

Despite having otherwise excellent mechanical properties,
single-phase medium/high entropy alloys are limited by modest
yield strengths. This work examined a simple processing route
consisting of rolling and annealing of an equiatomic CrCoNi alloy to
produce heterogeneous microstructures with very high yield
strengths and large uniform elongations. The key results of this
work were as follows:

1) Rolling and annealing produced partially recrystallized micro-
structures where non-recrystallized grains retained deforma-
tion twins and very high dislocation densities.

2) Hardness measurements and tensile testing of the partially
recrystallized heterogeneous microstructures showed substan-
tial improvements in the strength of the alloy with only modest
compromises to ductility. The uniform elongation is better than
in homogeneous microstructures with high yield strengths
achieved through grain refinement alone.

3) Load-unload-reload testing showed that although substantial
back-stresses, evidenced by large hysteresis loops, are present in
the partially recrystallized material, the hysteresis behavior is



506

4)

C.E. Slone et al. / Acta Materialia 165 (2019) 496—507

essentially identical to that in more conventional, fully recrys-
tallized material when the two microstructural states are
compared at similar stress levels. This suggests that high back-
stress is not a unique feature of the heterogeneous
microstructures.

Digital image correlation showed that recrystallized grains
(which initially have very low dislocation densities) deform
much more than non-recrystallized grains, which essentially act
as hard inclusions. The macroscopic mechanical response of the
heterogeneous microstructures can be reasonably treated as a
rule-of-mixtures composite of the as-rolled and fully recrystal-
lized material with a similar grain size.
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