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Abstract: The new CoCrNi medium entropy alloy (MEA) has emerged to be one of the most
promising systems which provide extraordinary ductility and strength at cryogenic temperatures.
In this study, utilizing both polycrystalline and single crystal specimens, as well as advanced
optical strain measurements, the deformation mechanisms dictating the mechanical behavior at the
onset of plasticity were detected and precisely quantified. Independent of deformation temperature,
the accumulation of permanent strains at the microstructural level was attributed to plastic slip at
the onset of yielding and at low levels of deformation (< 10%). The resolved shear stress for slip
activation was measured to be 78MPa at 298K and between 140MPa and 160MPa at 77K. These
unique measurements were used to provide an estimate of the temperature dependent resolved
shear stress for slip at temperatures ranging from 77K to 575K. In addition, strain heterogeneities
at the grain-scale were measured to study the nucleation of slip at the micro-scale in polycrystalline
specimens. In summary, the present study aims to quantitatively assess the accumulation of plastic
strain and reveal the underlying deformation mechanisms (i.e., slip or/twinning) leading to the

buildup of plastic strains at the microstructural level.
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1. Introduction

Multicomponent high entropy alloys (HEA) alloys have attracted significant research interest
and opened new avenues to achieve superior properties through alloying with relatively large
number of base elements [1,2,11-13,3—10]. Initial efforts have focused on equiatomic HEAs
composed of 5 or more elements. To date, the most commonly studied composition is the
equiatomic FeCoCrNiMn alloy which is commonly referred to as the Cantor alloy [14]. This
single phase alloy exhibits superior mechanical properties, particularly at cryogenic temperatures
where simultaneous enhancement in strength and ductility were reported [1]. This phenomenon
has been a subject of intense investigation over the last decade, in particular to reveal the
underlying mechanisms which induce such a remarkable deviation from known trends in steels
and metallic alloys [15,16,25-27,17-24]. Many other compositions have also been proposed as
researchers started to explore the use of different elements and challenge the notion that HEAs
with 5 or more elements are essential for enhanced properties [28]. More recent studies have in
fact shown superior mechanical properties in CoCrNi, which is a medium-entropy alloy (MEA),
that surpasses that of the Cantor alloy [15,28-35]. This system exhibits higher strength and
hardening rate values and demonstrates exceptionally high fracture toughness especially at
cryogenic temperatures [15]. Various studies have attributed these desirable properties to the
activation of nano-twinning, particularly at low deformation temperatures, which induces
additional hardening and delays the onset of necking [29,36,37]. With such exceptional set of
properties over a wide temperature range, the CoCrNi system is expected to have significant
promise in temperature sensitive applications. This motivates further research to better
understand the source of these enhanced properties and the different microstructural aspects

which influence the response of this alloy system.



The equiatomic CoCrNi MEA has a single phase with face-centered cubic (fcc) structure.
The initial studies on this alloy system have reported high strength and ductility levels resulting
in fracture toughness values exceeding 200 MPaVm and a remarkable 275 MPaVm at cryogenic
temperatures [1,34]. The ductility enhancement has been typically associated with the activation
of nano-twinning as an additional deformation mechanism. In addition, twin boundaries act as
barriers for dislocation motion which consequently lead to higher work hardening rates resulting
in the extraordinary combination of ductility and strength [29,36-38]. Initial observations of
deformation twinning has been reported at strain as low 4% in single crystalline specimens [38]
while in polycrystalline form, Laplanche and coworkers found nano-twinning activation above
4.0% at 77K and above 9.7% at 293K [29]. At 77K, twinning was reported at lower strain levels
due to the increase in slip resistance at lower temperatures which allows the material to reach the
critical twinning stress earlier. In general, such fundamental observations have been made using
transmission electron microscopy (TEM) post deformation to different strains levels and at
different deformation temperatures. However, there is still limited insight into how the selective
activation of slip and twinning contributes to plastic strain localization at the microstructural
level. More specifically, full-field strain measurements focused on the deformation
heterogeneities in the vicinity of grain boundaries, in particular at cryogenic temperatures,
remains limited for CoCrNi MEA. A better understanding of the local buildup of plastic strains,
i.e., how much slip and twinning affect the strain localizations, would provide further insight into
the response of this alloy system and bridges the gap between macroscale bulk response

measurements and analysis conducted at the microstructural level using TEM.

The experimental approach presented in this study is based on detailed local strain maps

measured with full-field, high-resolution digital image correlation (DIC). Several studies have



shown the importance of quantifying sub-grain strains in detecting the active deformation
mechanisms which control the mechanical behavior of metallic alloys [24,39]. For example,
Carroll and coauthors measured the plastic strain accumulation with grain level resolution in the
proximity of a propagating crack in Hastelloy X [40] and for the same alloy, Abuzaid and
coworkers detected the origin of fatigue cracks at specific grain boundaries using high-resolution
DIC measurements [41]. Full-field DIC measurements have also been utilized to shed insight into
the orientation-dependence of slip for single and oligo-crystal microstructures and to compare with
numerical simulations [42]. These studies demonstrated how the local microstructure activates
specific deformation mechanisms which successively determine the level of strain localization and
deformation heterogeneity. The proper quantification of the strain heterogeneities is fundamental
to understand the role of the microstructure in the mechanical behavior of the considered alloy. In
this study, DIC was further enhanced for sub-grain strain measurements at 77K for the present
CoCrNi MEA. The strains were measured in specific experiments where the same microstructure
was deformed at cryogenic temperature and successively at room temperature. The local strains
were characterized for both deformation steps and analyzed in view of the grain orientation. This
specific experimental set-up, sometime referred to as the Cottrell-Stokes loading [43], enabled a
direct and unambiguous assessment of the effect of deformation temperature on the local

deformation mechanisms during the onset of plasticity for the same CoCrNi microstructure.

For both polycrystalline and single crystal specimens, DIC was also used to pinpoint the
onset of local plastic deformation. The high resolution experimental measurements, along with
Electron Back Scatter Diffraction (EBSD) grain orientation data were utilized to determine
fundamental material properties as, for example, the activated deformation mechanism (i.e., slip

or twinning) and the associated critical resolved shear stress. The determination of the tcrss for



slip and twinning is of fundamental importance to understand the mechanical behavior and to
pursue modelling efforts. In particular, the relative magnitudes of tcrss for slip and twinning, and
their temperature dependence, dictates how plastic deformation is accommodated at certain
deformation temperatures and strain/stress levels. This in turn affects the attained strain hardening
rates, strength, and ductility. Careful experimental determination of tcrss.siip for slip in the HEA
Cantor alloy has revealed a strong temperature dependence with an increase from 70 MPa to 175
MPa at 77 K [39]. It should be noted that although such a response is expected in bec alloys, it
unusual in fce structures. In the case of twinning, magnitudes between 153 and 235 MPa were
reported for Terss.win at 77K [24,29]. At room temperature (i.e, 298 K), Laplanche et al. concluded
that Tcrss-win 1S temperature independent and twinning would therefore only occur at very high
strains close to fracture [29]. A similar observation has been made in the case of CoCrNi reporting
a Tcrss-twin = 200 MPa, independent of temperature. As observed, twinning occurs at higher stresses
than slip and its detection is based on interrupted tests where TEM or/and high resolution EBSD
were carried out. It should be pointed out, however, that although such careful experimental efforts
provide deep insight into the microstructure and clear evidence of twinning and slip, the
pinpointing of the critical stress Tcrss-iip 1S generally performed by observing the deviation from
linearity of the single crystal stress-strain behavior. Therefore, this methodology can be used as a
first approximation. In this work we utilize in-situ local stress-strain curves measured by high-
resolution DIC to precisely detect the slip onset, and consequently Tcrss-siip» in both polycrystalline
and single crystal specimens. By using such experimental approach, on both single crystalline and
polycrystalline specimens, and across a wide range of temperatures, the work clearly identifies the
onset of slip and the corresponding CRSS, and demonstrates that the onset of plastic slip occurs

well below the macroscopic stress level at which deviation from linear elastic behavior is observed.



The results were also utilized to outline the fundamental temperature dependency of Tcrss-sip
across a wide temperature range (77 — 573K) which has not been established in the literature for

the CoCrNi MEA.

In summary, the mechanical behavior of coarse-grained and single crystal CoCrNi MEA
was investigated in this work with focus on the deformation mechanisms at the onset of plasticity
for temperatures ranging from 573K to cryogenic (77K) deformation temperature. The
microstructure of the CoCrNi alloy is presented in Section 2, while Section 3 focuses on the
experimental results. In particular, in Section 3.1 the mechanical properties at 298K and 77K are
briefly summarized. Successively, Section 3.2 illustrates the local strain heterogeneities quantified
using the combination of high-resolution DIC and EBSD grain orientations for both 298K and 77K
temperatures. The measurements of Tcrsssiip for both polycrystalline and single crystal are
described in Section 3.3, while in Section 3.4 we discuss the temperature-dependence of the yield

stress oy and Tcgrss-iip- Finally, the discussion of the results is included in the Section 4.

2. Materials and Methods

The CoCrNi equiatomic medium entropy alloy was arc-melted using pure elements (purity > 99.5
wt%). Following casting, the ingot was homogenized at 1200 °C for 24 hrs in an Ar atmosphere.
The nominal composition and homogeneity of the ingot was confirmed using EDX as shown in
Fig. 1. Tensile specimens were subsequently machined from the homogenized ingot using electric
wire EDM. The dog-bone samples had a 3 x 1.5mm cross section and 8mm gauge length. Prior to
loading, all specimens were solution heat treated at 1200 °C for 1hr followed by quenching in oil
to assure a single phase, face-centered cubic (fcc) structure. This was confirmed using X-Ray

diffraction (XRD) as shown in Fig. 2 and electron backscatter diffraction (EBSD) as will be shown



in the Results section. Based on the XRD peaks, the calculated lattice parameter was found to be

a = 3.55A.

Tensile experiments were conducted at various deformation temperatures, both in-situ and ex-
situ. In general, the in-situ strain measurements were collected using lower-resolution digital
image correlation (DIC) for room temperature (RT) and elevated deformation temperatures (up to
573K). For the sub-zero experiments, in-situ strain data was collected using a 5 mm gauge length
extensometer. In addition to in-situ measurements, high resolution (sub-micron strain
measurement resolution = 0.88 um/pixel) strain measurements were conducted on selected
samples to study the local deformation response in relation to the microstructure. In this case,
optical microscopy was used to collect reference and deformed images for high resolution DIC
following the procedure detailed in [44]. All ex-situ measurements were conducted following

unloading and at room temperature (note that deformation temperatures still vary).

An Instron load frame (for most specimens) and a micro-loading stage (for high-resolution in-
situ measurements) were used to apply the tensile loading. For experiments conducted at 77K, the
entire sample, loading grips, and extensometer were submerged in a liquid nitrogen (LN) bath prior
to loading and throughout the deformation cycle. For the experiments conducted at 193K, a low
temperature environmental chamber was used in conjunction with an external source of liquid
nitrogen. For the high temperature experiments, an environmental chamber was utilized for
heating. For all the experiments, loading was initiated after a 20 min soaking time at the desired
deformation temperature. In all cases, deformation was applied using displacement control with

an average strain rate of = 24 571,
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Fig. 1. (a) EDX maps of Co, Cr, and Ni confirming the ingot’s homogeneity. (b) The nominal composition in wt. %
and at. %.
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Fig. 2. XRD analysis of CoCrNi specimens following homogenization and solution heat treatments. The results point
to a single fcc phase with a lattice parameter a = 3.55 A.



Results and Analysis

3.1 Mechanical properties at cryogenic and room temperature

Figure 3a shows a comparison of the stress-strain response (up to 40% strain before unloading) for
the fully-recrystallized and coarse grained (CG) CoCrNi MEA considered in this work. The
representative curves clearly highlight the expected enhancement in strength, without scarifying
ductility, for this class of alloys at cryogenic temperatures. This macro-scale comparison of the
deformation behavior does not point to any major changes in the dominating deformation
mechanism due to the change in deformation temperature. The strain-hardening behavior
presented in Fig. 3b points to a slightly higher strain hardening rate at the early stages of
deformation for 77K deformation temperature. However, at higher strains, the strain hardening
rates are similar. The activation of deformation twinning, in addition to slip, has been reported for
this alloy system at 77K which can contribute to the slightly higher hardening rates at this
deformation temperature [29,36,37]. However, it is noted that after the sharp drop in strain
hardening rate in Stage I, the reduction rate decreased in Stage II, which is typical for slip mediated
plasticity. This suggests that the deformation up to this stage was still dominated by plastic slip
rather than twinning. In Stage 111, the hardening rate started to increase which can be triggered be
the activation of deformation twinning as an additional deformation mechanism. These effects

proceed up to Stage [V where saturation takes place and the hardening rate starts to drop.
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Fig. 3. (a) Representative stress-strain response of CoCrNi samples deformed at 77 and 298 K. (b) The corresponding
strain-hardening rate.

3.2 Active deformation mechanisms at the onset of plasticity

As explained earlier, this work is focused on investigating the global and local material response
at low levels of deformation in CoCrNi (i.e., <10% plastic strain). Using high resolution strain
measurements at the microstructural level, the localizations and accumulation of local plastic
strains were investigated at room (298K) and cryogenic temperatures (77K). To enable a direct
comparison between the local accumulation of plastic strains for the considered deformation
temperature, any differences induced by microstructural variation (i.e., grain orientation) has to be
eliminated. This was achieved by conducting high-resolution DIC strain measurements on single
specimens deformed plastically at both of the considered deformation temperatures. In the first
deformation cycle, the specimen was subjected to = 3% plastic strain at 77K. Following unloading,
another loading cycle was applied at the other temperature extreme (298K). For both deformation
increments, high-resolution DIC was utilized to quantify plastic strain accumulation in relation to

the local grain orientation which was determined using EBSD.
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Fig. 4. (a) Stress-strain curves for a CoCrNi specimen subjected to two loading increments at different deformation
temperatures 77 and 298 K. (b) The region in interest on the sample’s surface. (c¢) EBSD grain orientation map in the
region of interest outlined in (b). (d) — (e) High resolution strain contour plots showing the residual strain field in the
region of interest following deformation at 77 K and 298 K, respectively.

Figure 4a shows the global stress-strain curves obtained following the “temperature jump”
experiment described above. The microstructure in a roughly 2.4 x 2.2 mm? area on the sample’s
surface is shown in Figs. 4b-4c. The plastic strain field (effective plastic strain &) in relation to
the local microstructure (i.e., within grains and in the vicinity of grain boundaries) for the 77K
loading cycle is shown in Fig. 4d. Following the first deformation cycle, another EBSD scan was
collected in the region of interest. The collected results and grain orientation map were almost
identical to the EBSD data prior to deformation. No signs of any clear twinning activity were
detected which would therefore lead to the conclusion that the local buildup of permanent strains
in Fig.4d was induced by mainly plastic slip rather than deformation twinning. This was again

observed in the second deformation cycle which was conducted at 298K, as shown in Fig. 4e. The



local residual strain field was almost identical for both deformation temperatures (notice the
similarities in activated grains and localization in GB regions). Full statistical analysis of the
residual strain fields for the considered deformation temperatures is shown in Figs. 5a-5c. The
histograms in Fig.5a were determined by normalizing the local effective plastic strain
measurements with the average value calculated separately for the two deformation steps. The
experimental data were observed to follow a normal distribution as depicted in the normal
probability plots included in Fig. 5b. The results again support the visual observation of similar
deformation response from the strain contour plots presented in Figs. 4d-4e. However, it is noted
that the standard deviation decreased slightly in the second load step performed at 298K indicating
a slightly more uniform contribution to the deformation associated with each grain. From a
crystallographic point of view, the distribution of the maximum Schmid factors for slip and
twinning in the region of interest differs significantly as shown in Fig. 5c. Moreover, the maximum
Schmid factor histogram for slip shows that the values are all contained in the interval between 0.4
and 0.5. This indicates that all the grains possess at least one slip system with a minimum Schmid
factor of 0.4 suggesting that based on crystallographic analysis, slip is favored over twinning at
the onset of plasticity for the considered microstructure. At 77K, according the values reported in
literature for the critical resolved shear stress for twinning Tcrss-twin = 260+£30 MPa [29], twinning
should activate when the global stress is at least 520+60MPa (using a SFi, = 0.5). This stress
level was not achieved in the applied loading cycles and the DIC local strain measurements do not
point to any clear evidence of twin activation. If deformation twinning had a significant
contribution on the deformation response at 77K deformation temperature, then the contour plots
reported in Fig. 4 and strain distribution in Fig. 5 would differ significantly from the results

obtained at 298K where slip is known to dominate. However, such difference was not observed,



and the results support the observation that plastic slip dominated the deformation response at

these low levels of deformation, regardless of the deformation temperature.
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Fig. 5. (a) Histograms of the normalized effective plastic strains for the loading steps performed at 77K and
successively at 298K. (b) The associated normal probability plots indicate that the distribution of the normalized
effective plastic strains can be modelled with a normal distribution with an average value of 1 and standard deviation
equal to 0.403 at 77K and 0.274 at 298K. (c) Histograms of the maximum Schmid factors for slip and twinning
determined from the EBSD map showed in Fig. 4c.

To further confirm the observations made from the previous specimen, which was deformed at
77K first and then subjected to another loading cycle at 298K, another sample was investigated in
a reverse loading sequence (i.e., the first deformation cycle at 298K followed by another cycle at
77K). The stress-strain curves and the corresponding high-resolution residual strain fields are
presented in Fig. 6. Again, the local strain accumulation, activated grains, and localization in the

vicinity of GBs were observed to be similar despite the difference in deformation temperature. The



results support the previous observation of slip mediated plasticity at the deformation levels

considered in this work (i.e., < 10%).
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Fig. 6. (a) Stress-strain curves for a CoCrNi specimen subjected to two loading increments at different deformation
temperatures 298 and 77 K. (b) High resolution strain contour plots showing the residual strain field in the region of
interest following deformation at 298 K and 77 K. (c) Statistical analysis of the deformation strain fields showing the
field average strain and standard deviation.



3.3 Critical resolved shear stress for slip

As concluded from the previous section, slip dominates the deformation response of the medium
entropy alloy, CoCrNi, at low levels of deformation. It is therefore important to quantify the critical
resolved shear stress (tcrss) for the activation of slip. Accurate quantification of this fundamental
quantity is very important for material modeling efforts. In this work, the tcrss was determined
utilizing high resolution in-situ strain measurements. Both polycrystalline and single crystal
specimens were utilized to confirm the measured critical stress. Fig. 7a shows the stress-strain
curve of a polycrystalline sample deformed plastically to about 4% strain using a micro-loading
stage. An EBSD grain orientation map showing the microstructure in the region of interest is
shown in Fig. 7b. Reference and deformed images for DIC measurements were captured using an
optical microscope (0.44um/px). The loading was paused, without unloading, at several locations
(marked as A, B, C, and D as shown in Fig. 7a) to capture deformed images. To cover the entire
region of interest, 4 images were collected and stitched following the procedure detailed in [44].
The corresponding strain contour plots for the points marked in Fig. 7a are shown in Fig. 7c. At a
global/nominal stress level of = 100MPa (i.e., point A), the full-field deformation measurement
point to elastic response and no signs of slip activation. At point C, clear accumulation of plastic
strains and localizations in particular grains can be observed. However, earlier indications of
activation of slip can be traced back to point B which was captured at a nominal stress of
193.7MPa. It is noted that following this method, both the stress levels (i.e., 193.7MPa in this case)
and the activated grain/s can be determined, which is essential for the calculation of tcgss.
However, this requires knowledge of the activated slip system which can be determined using

either slip trace analysis or using the localized strain bands.
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Fig. 7. (a) Stress-strain curve for a CoCrNi specimen deformed plastically at 298 K using a micro-loading stage to
allow for high resolution in-situ strain measurements. (b) EBSD grain orientation map in the region of interest outlined
in the inset in (a). (c) High resolution strain contour plots of the effective plastic strain at different levels of deformation
A, B, C, and following unloading at D. The stress levels for each of the contour plots is marked on the stress-strain
curve shown in (a).

The early signs of slip activation were observed in Fig. 7c (state B). The activated region
is outlined with a dashed black line and encompasses several grains. The grain orientation map
and DIC strain contour plots in the activated region is enlarged and shown in Fig. 8. In addition,
an optical image in the same region following unloading is presented. The slip traces in the
plastically deformed region are clearly observed from the high resolution DIC map (seen as
localized strain bands) and the traces in the optical image. Utilizing the grain orientations of the
two largest grains in the outlined region (i.e, grains G1 and G2), the traces in both grains were

identified to match the (111) slip plane which is shared by 3 fcc slip systems. The slip system



having the highest Schmid factor was assumed to be active as shown in Fig. 8. Based on this slip
trace analysis, the activated slip systems were the (111)[011] in G1 which has a Schmid factor of
0.48 and the (111)[011] in G2 which has a Schmid factor of 0.45. Using the nominal stress level
of 193.7 MPa at point B, where slip was initially observed, the CRSS for slip activation can be
calculated as 93 and 87 MPa in Grains G1 and G2, respectively. The lower CRSS magnitude from
G1 and G2 (i.e., 87 MPa) was used to obtain an estimate of tcrsssiip- In addition, to account for
the possibility that slip activation took place slightly before the measurement point at B (i.e., at a
stress < 193.7 MPa), the critical stress for slip activation from this experiment is reported to be

Terss-stip < 87 MPa.
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Fig. 8. Grain orientation map, DIC strain fields at points B and D, and slip trace analysis for the region marked in
Fig. 7c. Initial slip activity was detected in grains G1 and G2. The value of the tcrss was determined using the
minimum resolved shear stress for the activated slip system in grain G2. Slip traces were used to determine the
activated slip plane. The system with the highest Schmid factor was assumed to be active. Grain orientations and
Schmid factor calculations are presented in the table.



In order to establish a more accurate measurement of the CRSS for slip, a single crystalline
specimen of CoCrNi was investigated. The sample was loaded plastically at 298K, in tension,
along the [001] crystallographic direction as shown in Fig. 9a. Two loading increments were
applied, the first up to 0.23% strain and then unloaded (point A in Fig. 9a). Subsequently, the
sample was subjected to a second loading cycle up to 5.5% strain and unloaded to point B. Full
field DIC strain measurements were collected in-situ during loading at a relatively low
magnification (2um/px) and ex-situ, at points A and B, at very high magnification (0.35um/px).
The high resolution strain contour plots, shown as insets in Fig. 9a, allow for clear and accurate
assessment of the activated slip system. Based on the observed slip bands, the activated slip was
determined as the (111)[110] which has a Schmid factor of 0.42. The in-situ, low magnification,
strain contour plots where collected throughout the loading cycle (representative cases at points A
and B are shown in Fig. 9¢) which allows for capturing the instance of slip activation during
loading. Figure 10a shows the stress-strain curve generated using the in-situ strain measurements.
The black curve represents the bulk sample response as shown also in Fig. 9a (first loading cycle
€ =0.23%). The red curve was extracted from local strain measurements in the region where slip
was activated as shown in Fig. 10b. As expected, the local strain magnitudes are significantly
higher than the bulk strain at the same stress level. Utilizing the local stress-strain curve and a
0.05% strain offset, the local yielding stress was determined to be 186 MPa. It’s noted that at this
point, marked with red circle in Fig. 10a, the bulk stress-strain curve is still in the linear elastic
region. Once both the nominal stress level at yield and the activated slip system were determined,
Terss-slip Was calculated to be 78.1 MPa. This magnitude of tcrsssiip Was less than the 87 MPa
magnitude which was estimated using the polycrystalline specimen and a discretized load step

sequence.
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Fig. 9. (a) Stress-strain curve of a single crystalline specimen loaded in tension. The sample was unloaded to point
A, reloaded, and unloaded to point B. The high-resolution strain contour plots shown as insets were collected following
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Fig. 10. (a) Stress-strain curve of a single crystalline specimen loaded in tension. The bulk strain across the entire
gauge section were used to construct the black curve. The localized strains in a small region where slip initially
initiated were used to construct the red curve. (b) A representative strain contour plot captured in-situ. The average
strain in the entire region represents the bulk strain while the strain the region highlighted with white box represents
the local strain. Initiation of slip was detected in the local region during loading.



A second single crystal specimen with loading direction along the [5 1 10] directions was tested at
77K. To enable the detection of slip initiation at this temperature, a stable speckle pattern was
applied on the specimen surface and the reference images were captured at room temperature under
an optical microscope with a resolution of 0.44um/px. The area analyzed with high-resolution DIC
is outlined with a black box in Fig. 11b. A total of four images were captured and successively
stitched to cover a region of interest sufficiently large to capture local strain bands. Prior to loading,
an EBSD scan was performed to measure the single crystal orientation. The grain orientation map

and stereographic triangle are shown in Fig. 11b.
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Fig. 11. Stress-strain curve of a single crystalline oriented along the [5 1 10] orientation and loaded at 77K. (a) High-
resolution DIC was performed ex-situ after loading the specimen at 280 MPa and 320 MPa stress levels; the contour
plot captured at 320MPa shows preferential slip bands oriented according the (111)[101] slip system with the largest
Schmid factor; (b) the EBSD map and the stereographic triangle of the specimen area under investigation; (c) detail
of the slip traces on the specimen surface.



The experiment was conducted initially in load control using a multi-step loading-
unloading procedure. At each interruption, the specimen was unmounted from the load frame and
the images for DIC were taken under the optical microscope. Prior to test, we considered an initial
analysis of the slip systems with the largest Schmid factor and we found the potential slip systems

to be (111)[101]gp =5 and (111)[101]gp = g47- Consequently, considering that the ratio

between the 0.2% yield stress at 298K and at 77K is approximately 0.5 (see next Section for further
details), we predicted the resolved shear stress at 77K to be approximately Tcrss-siip.77x=156.6MPa.
The corresponding nominal stress for slip activation for the single crystal under investigation is
then expected to be Tersssiip77x/(SF=0.5) = 313.2MPa. According to this preliminary analysis, as
shown in Fig. 11a, a nominal stress of 280MPa (point A) was initially applied. No plastic
deformation developed after this load step as shown from the strain contour plot. The second load
step (point B) was performed at a maximum stress of 320MPa. The DIC strain map clearly reveals
the nucleation of shear bands which correspond to the slip traces parallel to the slip system with

the largest Schmid factor (111)[101]gr = g.5- Since the experiment was performed to discrete

stress levels, we determined the resolved shear stress for slip nucleation at 77K to be in the interval

TCRSS-slip, 77K =140-160MPa.

3.4 Temperature dependence of Tcrss siip

As clearly shown in the previous section, the critical resolved shear stress has a paramount
influence on the temperature dependence of the yield stress. In order to better understand this
temperature dependence, additional tensile experiments were performed at various deformation
temperatures to quantify the temperature dependent yield strength across a wide range of

temperatures. Fig. 12 shows representative stress-strain curves determined for a maximum



deformation of 24%. The aim of the collected data in Fig. 12 is to utilize the yield strength
measurements and the previously determined Tcrss-siip at 298 and 77K to estimate the CRSS for

slip across a wide temperature range.
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Fig. 12. Representative stress-strain curves at various deformation temperatures ranging from 77 — 573 K.

Tensile tests were repeated 2-3 times for each deformation temperature, and the yield strength
values were determined using the 0.2% plastic strain offset. As shown by Wu and coauthors for
the same composition [28], the dominant factor for yield strength temperature dependence is the
Peierls stress. Other factors affecting the flow stress such as the initial dislocation density (Agy;)
and the precipitate hardening (Ao, can be disregarded as the present alloy is studied in the
solution-treated condition. The contribution coming from the solid solution (Agg) can be
incorporated in the friction stress term (og) which is considered the main contributor to the
temperature dependence. The additional strengthening introduced by the grain boundaries (Adgy)
is supposed to be temperature independent for the present coarse-grained microstructure.

According to these assumptions, two main terms contribute to the yield stress for this alloy in the

present solution treated state:



oy =0,+0, (1)

op is the a-thermal stress term while o, is the Peierls stress. Based on these considerations, Wu

and co-authors provided an exponential equation for the Peierls stress [28]:

2G - 2wy - 2nwy
oy = 1_vexp< 5 )exp( 5 aT) 2)

G is the shear modulus herein measured to be 67881 MPa, and the Poisson’s ratio v = 0.31 [28].
The ratio between the dislocation width at OK and the Burgers vector magnitude wy/b, and the
parameter a were calculated using a proper fitting of the yield stress versus temperature data

adopting a convenient fitting equation in the form of:

oy(1) = aqexp( ) + 05 ©)

- 2mwy
b

2G
Where 0, = 0,(0K) =1 vexp( ) and C = The resulting fitting of equation 3 is shown

2nwoa’

in Fig. 13a along with the 95% confidence bands. Based on provided results, the fitted material

parameters were obtained to be @ = 0.0007, % = 0.97 and 0}, = 68MPa.

CoCrNi - Polycrystal CoCrNi - Single Crystal
500 T T T T T T T T T T T T T T T
4564 = Yield stress ] 160 | T.:(77K)=156.6MPa o
95% Confidence Band of Yield stress ' Estimated
Iy

4004 g 1 140 4 L -
~ 350 4 ) § J \ v T 77K)
© % o
a s 120 4 \ Experimental
= 300 N - . = \
w Y 0y(T) = gaexp | — | + oy o N
& 250 L e = 100+ N .
‘U‘::: y = N
5 200 % g & N
o T, 4 80 S 4
> 150 . s b T.4(298K)=78.1MPa ~ -

100 4 e B 80 Experimental B s

~
50 ] 40 = 1
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600 0 100 200 300 400 500 600
Temperature (K) Temperature (K)

(a) (b)



Fig. 13. (a) Temperature dependence of the yield stress and fitting of the experimental values according an
exponential law (see text for more details). (b) Estimated temperature dependence of the CRSS according the value
obtained at 298K.

As shown in the previous section, the measured critical resolved shear stress for slip at
298K from the test on the [001] single crystal is Tcrss-siip20sk = 78.1MPa. The 0.2% yield stress at
the same temperature is 194.2MPa. To estimate the critical resolved shear stress in the 77K-575K
range, we assume that, as a first approximation, the ratio Tcrss/Oy g2 is constant and calculated to
be approximately 0.4 from the experimental data at 298K. Figure 13b shows the resulting
temperature dependent Tcgrss-giip- Interestingly, the estimated critical resolved shear stress at 77K is

then equal to 156.6MPa and falls in between the range provided according the experiment results

obtained from the single crystal experiments (Fig. 11a).

4 Discussion

In this work, an equiatomic CoCrNi medium entropy alloy was casted and successively
homogenized and solution-treated to obtain a coarse-grained microstructure (Fig. 4a). As observed
from the EDX analysis (Fig.1), a homogeneous chemical composition was achieved. X-ray
analysis shows clear diffraction peaks (Fig. 2) characterizing a cubic fcc single phase with lattice
parameter a = 3.55A. Through a series of experiments which included incremental loading at room
temperatures, as well as at cryogenic temperatures, the active deformation mechanisms at the onset
of plasticity was thoroughly investigated. High-resolution DIC strain measurements and EBSD
data were utilized to provide a clear and quantitative assessment of the buildup of plastic strains

post yielding across a relatively large area (= 2x2 mm), at both 298K and 77K temperatures.

At the macroscale, the measured room temperature (i.e., 298K) yield strength was slightly

lower compared to previously reported magnitudes in the literature. The deviation is induced by



the relatively large grain size in the considered coarse-grained microstructure. Yoshida and
coworkers provided the Hall-Petch relationship by studying re-crystallized microstructures of
CoCrNi subjected to severe plastic deformation (high-pressure torsion). The predicted yield stress
based on Yoshida’s work for very large grain size approaches the friction stress which was
estimated to be 218MPa [30]. In the present study, the yield strength was (194.9+ 19.7) MPa which
is within 10% of the referenced yield stress. In addition, the results of Wu and coauthors
demonstrate higher yield stress for the same composition which was achieved with a refined
microstructure and with the presence of annealing twins which imparts additional strengthening
[28]. For the coarse-grained microstructure considered in the present study, once the deformation
temperature was dropped to 77K, the expected amplification in yield strength was observed and
the ratio between the yield stresses at 77K and 298K reaches a value of 2. Wu et al. reported a ratio
of approximately 1.7 for CoCrNi with an average grain size of 41pum [28]. Laplanche and
coworkers investigated a microstructure having a 16pum average grain diameter which revealed a
ratio of 1.56 between the two yield stress values, 360MPa at 298K and 560MPa at 77K [29]. Based
on the available experimental observations in the literature and in the current work, the temperature
effect on the yield strength is dependent on the grain size, in particular for microstructures with
refined and relatively small grain diameters. However, as the grain size increases, the ratio
saturates since the resulting temperature dependence of the yield strength is purely dominated by
the friction stress. In the case of the present coarse-grained CoCrNi microstructure, this is expected
to be the case which would therefore support the conclusion that the temperature dependence in
the Terss-siip (Fig. 13b) follows the same trend as the yield strength magnitudes reported in Fig. 13a.
It should be pointed out that the ratio provided in this study is relatively high for equiatomic fcc

alloys and lower than what can be obtained with bee metals [28].



To further investigate the temperature-dependence of the yield strength and the active
deformation mechanisms at low deformation levels (< 10% strain), two incremental experiments
were conducted (see Figs. 4 and 6). The local strain heterogeneities were measured post-
deformation using high-resolution DIC with an optimized speckle pattern. The process ensured a
stable speckle pattern which was unaffected by submerging the specimen in liquid nitrogen for
the 77K deformation cycles. The strain maps were then linked to the underlying microstructure to
establish a precise correlation between strain data and grain orientation. Following this process,
the same microstructure was deformed at two different temperatures, 298K and 77K, to relatively
low levels of deformation (average strain < 4% each). The experiment was successively repeated
on a second microstructure with a reverse temperature sequence. In both cases it is clearly shown
that slip dominated the onset of plasticity and the initial accumulation of permanent plastic strains.
In fact, the grain orientations were used to calculate the Schmid factors of the potential slip systems
and trace analysis was used to identify the active slip system. Systematically, the shear bands
observed to nucleate in the first loading step were also observed to be active in the second load
step, independent of the deformation temperature, or sequence. A different deformation
mechanism activated due to changing the deformation temperature (i.e., the nucleation of twinning
at 77K) would have resulted in a different local strain distribution. This was not clearly observed
from the strain maps which show, instead, very similar increment of local strains for both load

steps.

In addition to the experiments on the polycrystalline samples, we also performed
experiments on two single crystal specimens with orientations conducive to plastic deformation
by slip (Figs. 9-11). Through the use of high resolution, full-field, and local strain measurements,

accurate assessment of the CRSS was conducted in-situ at 298K (tcrss-siip=78.1MPa). At 77K, as



in-situ DIC measurements are not possible with the specimen being submerged in LN, the CRSS
was determined though incremental loading steps and ex-situ DIC. Therefore, the CRSS is reported

as a range between two stress limits, before and after the activation of slip (140MPa < T¢gss - s1ip

< 160MPa). The ratio between the two Tcrssiip values at 77K and 298K gives a value of = 2,
which is similar to the results obtained from the macroscopic yield stress measurements. This
confirms that the onset of yielding (with no deformation history) is dominated by slip and that the
temperature dependence is fully dominated by the friction stress. Compared to other values from
literature, Uzer and coworkers found a slightly lower resolved shear stress for slip at 298K equal
to 69MPa [38], however the difference is limited (less than 13%) and the values are comparable.
A remarkable result presented herein is the confirmation of the Tcrss.sip at 298K from the
polycrystalline specimen. In particular, sub-grain DIC measurements were implemented to study
the local evolution of the deformation in the present coarse microstructure. Fig. 8 shows the results
of an incremental test where the polycrystalline specimen was loaded and high-resolution DIC was
employed to study the onset of plasticity in the local microstructures. The grains shown in the
figure display shear bands, successively indexed as active slip planes, activated under a shear stress
lower than 87MPa. This result confirms the measurements performed on the single crystal

specimens.

The enhanced ductility of CoCrNi has been typically related with the low stacking fault
energy that drives the alloy propensity to deform by twinning [45]. Multiple studies have been
dedicated to identify the CRSS for slip and twinning in the Cantor, CoCrNi, and derivatives of
these systems in order to better understand the local deformation mechanisms and their effects on
hardening rates and ductility levels. A summary of the available experimental data for the CoCrNi,

FeCoCrNi and FeCoCrNiMn alloys, with focus on the CRSS for slip and twinning, is shown in



Table 1 and Fig.14. Compared to slip, the twinning temperature-dependence was observed to be
almost negligible for CoCrNi, [29] while for other similar compositions, i.e., the FeCoCrNi, the
twinning stress was observed to change [46]. Laplanche reported a critical resolved shear stress
for twinning of 260+30MPa 30MPa at a nominal true strain between 4% and 6.7%. This value was
successively confirmed by Huang and coworkers through an extended twinning nucleation Peierls-
Nabarro model that provides for the present equiatomic CoCrNi alloy a value of 291MPa [47]. It
is however noteworthy to mention that Uzer and coworkers found a much lower values of tcgss.
win=78+5 MPa at nominal strain of 4% for the [110] orientation, and below 10% for the [111] and
[123] orientations at room temperature [38]. A large discrepancy in the reported stresses can be
observed which might suggest that twinning is favored in single crystals compared to polycrystals.
Aside from this discrepancy, the general trends for alloys discussed in Table 1 and summarized in
Fig. 14 point to the following conclusions: i) unlike slip, the twinning stress exhibits weak
temperature dependence between 77K and 298K ii) the twinning stress is significantly higher than
the slip stress with the difference being strongly temperature dependent due to strong influence
from temperature on the slip resistance; iii) the relatively lower slip stress compared to twinning,
at the considered temperatures, tends to favor initial deformation by slip, this result was further
confirmed in this study (Figs. 9 and 10) based on local strain measurements across a relatively
large area. However, with continued deformation and the associated hardening, twinning nucleates
once the stress reaches the CRSS for twin nucleation. This is obviously easier to occur at 77K due
the significantly higher slip stress which approaches the corresponding twinning stresses as shown
in Table 1. Nevertheless, and as discussed previously, the initial yielding and the prediction of the
onset of plasticity is dictated by slip with limited contribution from any other deformation

mechanisms.



Table 1. Summary of the available experimental measurements for the CRSS for slip and twinning with emphasis on
results obtained from single crystalline MEAs and HEAs.

Grain size Temperature Deformation TCRSS
Reference Material
(um) (K) Mechanism (MPa)
B. Uzer et al. Slip 69+3
CoCrNi Single Crystal 293
2018 [38] Twin 78 £5
G. Laplanche et al. 77
CoCrNi 16 Twin 260 + 30
2017 [29] 293
Z. Wuet al. 77 96+ 5
FeCoCrNi Single Crystal Slip
2015 [48] 293 41.4+2
Y. Wang et al. 77 207.5+9.8
FeCoCrNi 35 Twin
2018 [46] 293 238.7+9.8
L. Patriarca et al. 77 175
FeCoCrNiMn Single Crystal Slip
2016 [39] 293 70
G. Laplanche et al. 77
FeCoCrNiMn 17 Twin 235+ 10
2016 [19] 293
I. V. Kireeva et al. Slip 80.3+4
FeCoCrNiMn Single Crystal 293
2017 [23] Twin 125+ 15
Slip 155
W. Abuzaid et al. 77
FeCoCrNiMn Single Crystal Twin 153
2017 [24]
293 Slip 56
Y. Wu et al.
FeCoCrNiMn Single Crystal 77 Twin 164 + 4
2018 [27]

From the previous discussion, it is evident that the macroscopic yield strength and the
CRRS for slip were observed to obey the same temperature dependence as both display an increase

by a factor of 2 once the temperature is decreased from 298K to 77K. According to this important



result, we presented an analysis of the exponential relation between temperature and yield stress
(Fig. 13a) which was presented and validated over a range of high and medium entropy alloys by
Wu and coworkers [28]. The fitting of equation 3 indicates that the parameter a, which dictates the
temperature dependency, was found to be 0.0007 confirming the value obtained by Wu for the
same composition [28]. The a-thermal term o, was instead found to be lower in this study, 68MPa
versus 167MPa. This difference is considered to be related to the coarse-grained microstructure as
previously discussed. Moreover, the validity of the present analysis is further confirmed by the
fitted valued of the material constant my/b=0.97 which is very close to the reasonable assumption
that for equiatomic alloys the dislocation width at OK is equal to the magnitude of the Burgers
vector my=b (narrower dislocation width than pure fcc metals). The exponential equation 3, derived
for the yield stress, was then used to plot the temperature dependency of tcrss-siip It Was observed
that at the temperature of 298K, the ratio between Tcgrss-sip and the 0.2% yield stress is 0.4. The
same result is obtained at 77K where the yield stress is 391MPa and the tcrss-siip between 140 and
160MPa giving a ratio of (0.36-0.41). The final plot of temperature versus Tcrss.siip Was then
obtained by multiplying the yield stress equation by 0.4. Providing an estimate of the CRSS is of
great fundamental importance in modeling efforts, in particular to predict the onset of yielding.
We emphasize that the use of single crystalline specimens to establish accurate values of the CRSS,
and the use of coarse-grained specimens to establish the yield temperature dependence across a

wider range of temperatures, was essential in this study.



T T
O----=--=-=-=-=-=-- D
250 - g
o = . =B
U T = — — = CoCrNi Slip (SC), present study
200 \ % i @ CoCrNi Slip (SC), B. Uzer et al. 2018
5 L. ©C  CoCrNi Twin (SC), B. Uzer et al. 2018
N \ B, Twinning = 0= - CoCrNi Twin (poly), G. Laplanche et al. 2017
QT —&— FeCoCrNi Slip (SC), Z. Wu et al. 2015
= 150 - = = <O= : FeCoCrNi Twin (poly), Y. Wang et al. 2018
;,J' =2 g FeCoCrNiMn Slip (SC), L. Patriarca et al. 2016
% CoCrNi Slip - O~ - FeCoCrNiMn Twin (poly), G. Laplanche et al. 2018
o Present study & FeCoCrNiMn Slip (SC), I. V. Kireeva et al. 2017
100 | 7 7 & FeCoCrNiMn Twin (SC), I. V. Kireeva et al. 2017
/ ~=@- FeCoCrNiMn Slip (SC), W. Abuzaid et al. 2017
. ¥ 0O FeCoCrNiMn Twin (SC), W. Abuzaid et al. 2017
26,1 e . > FeCoCrNiMn Twin (SC), Y. Wu et al. 2018
0 L L 1 Il
0 100 200 300 400 500

Temperature (K)

Fig. 14. Trends in the CRSS for twinning and slip for various CoCrNi-based HEA and MEA for single crystal (SC)
and polycrystal (poly) specimens.

Conclusions

The work supports the following conclusions:

(1) The critical resolved shear stress for slip for the equiatomic CoCrNi MEA was measured
to be 78.1MPa at 298K and between 140MPa and 160MPa at 77K.

(2) The yield stress temperature dependence was correlated with the temperature-dependence
of the friction stress. This result, along with discrete CRSS stress measurements at
particular temperatures, was used to calculate the critical resolved shear stress for slip in
the range of temperatures from 77K to 575K.

(3) In-situ experiments on polycrystalline specimens further confirmed the critical resolved
shear stress for slip measured using single crystal specimens. At the deformation levels

considered in this work (<10%), the deformation was dominated by plastic slip in the



systems with the largest Schmid factors (at 298K as well as 77K). The corresponding CRSS
for slip was calculated to be lower than 90MPa which confirms the results observed from
single crystals in this work.

(4) A special experimental procedure was implemented to study the local strain heterogeneities
in coarse grained microstructures where two deformation steps were implemented at
different temperatures. The results demonstrated that slip dominates the early stages of
plastic deformation for both loading steps performed at 77K and 298K indicating also that,
despite the heterogeneous local deformations, all the grains display slip deformation which

contributes to the large ductility observed in the high entropy alloy.
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