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The CrCoNi medium-entropy alloy is found to exhibit higher incipient plastic strength by slow cooling after the
homogenization treatment. Compared with water quenching, this strengthening originates from the inconsis-
tency of the residual stress and short-range orderings (SROs). By deconvolution of the density distribution of the
critical shear stress for the first pop-in, two peaks corresponding to homogeneous and heterogeneous dislocation
nucleation, respectively, are suggested. Combining the mean, areal fraction, and activation volume of the two

peaks, the roles of residual stress and SROs were quantified. Here, for SRO that increases the critical shear stress
for heterogeneous and homogeneous nucleation by 22.4% and 39.9%, the residual stress is negligible for the
2.1% strengthening of both. As a result, slow cooling promotes the formation of SRO in CrCoNi, which is of
immense benefit to elevate its properties.

There has seen an ongoing rush worldwide in the studies on high-
entropy alloys (HEAs) and their distribution of alloy compositions
[1-10]. As a new class of metallic materials with equimolar multicom-
ponents, it is considered that HEAs are in a completely disordered state,
as well as their derivatives (e.g., medium-entropy alloys, MEAs). In the
light of the present studies, however, different types of atoms possess
various site preferences in different sublattice environments, which
drives the generation of short-range orderings (SROs) at nm length
scales [2,11-13]. Of special note is that these SROs are subjected to
processing conditions such as cooling rate which affects the time at
certain temperatures [1,14]. As the temperature goes down, the site
preferences of various atoms become apparent, compared to the weak
propensity for chemical ordering at elevated temperatures. To date,
several works involving experimental and theoretical findings on the
formation and characterization of SROs have been reported [2,15,16].
Furthermore, the presence of such nanoscale SROs in HEAs will increase
the activation energy barrier for dislocation-mediated plasticity [17],
which, in turn, will enhance the work-hardening ability and strain-rate
sensitivity of the alloys [18].

To detect the intensity contribution of the presence of chemical
inhomogeneous at nanometric scales, the dissection of deformation
mechanisms at considerable length scales is an optional breakthrough
[19,20]. As this is the case, the elastic-to-plastic transition examined by
an nanoindentation technique is ideally suited, which manifests as the
first displacement burst (or pop-in) on the load-displacement (P-h) curve
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when the load-controlled mode is implemented [19,21]. For an indenter
with a small tip radius, the deformed volume when the incipient plas-
ticity occurs can even reach a few nm®. Insight into the nature of the
pop-in events, dislocation nucleation and/or activation of existing dis-
locations is at the mercy of the local fluctuation of chemistry to some
extent [22]. Taking the bimodality of the cumulative distributions of
incipient strengths for metallic glasses (MGs) [23,24] as a reference,
Zhao et al. [22] examined the bimodality of statistical distributions in
HEAs, and two types of dislocation-nucleation mechanisms were pro-
posed and analyzed.

To investigate the vital effect of site preferences on the deformation
behavior of multi-principal elements alloys, CoCrNi MEAs with different
cooling methods after heat treatments were selected and studied. By
reason of inequal cooling rates will cause discrepant residual stresses in
the alloys, pure Ni is feasible as a reference. In the present work, Ni and
CoCrNi were prepared by arc-melting under an argon atmosphere. The
purity of raw materials is at least 99.9 wt percent. The ingots were
flipped and remelted at least four times to promote chemical homoge-
neity, followed by drop casting into a mold with a thickness of 6 mm. As-
cast Ni and CoCrNi were hot-rolled at 900 °C for a 50%-reduction ratio.
Afterwards, they were encapsulated in a quartz tube and filled with
high-purity argon after deeply vacuuming to 2 x 10”2 mbar, and then
homogenized at 1200 °C for 24 h, followed by water-quenching and
furnace-cooling, respectively. From here on, water-quenched and
furnace-cooled samples are described with the suffixes “-w” and “-f,”
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respectively. Before nanoindentation experiments, all the specimens
were mechanically polished first, followed by electropolishing (a solu-
tion of 70% methanol, 20% glycerol, 6.5% hydrochloric acid, and 3.5%
nitric acid in volume percent was applied to Ni; a solution of 70%
methanol, 20% glycerol, and 10% perchloric acid in volume percent was
applied to CoCrNi) to remove any work-hardened surface layer that may
affect the incipient plasticity [1].

The X-ray diffraction (XRD, PANalytical AERIS) and electron back
scattering diffraction (EBSD, JEOL JSM-7100F) were performed to
characterize the phase structure and grain orientation. A nano-
indentation instrument (Bruker, Minneapolis, MN, USA) with a Berko-
vich tip (radius of ~ 273 nm) was used to perform pop-in tests. Prior to
the experiments, the tip radius was calibrated on a reference fused
quartz sample. Pop-in behavior was studied with a maximum load of
200 pN and a fixed loading rate of 40 pN/s. More than 400 tests were
performed on each sample with a 5-pm interval. To avoid the lattice-
orientation interference, all tests were conducted on (001) planes.

The XRD patterns and EBSD images of Ni-w, Ni-f, CoCrNi-w, and
CoCrNi-f are displayed in Fig. 1, showing a single face-centered-cubic
(FCC) crystal structure, accompanied by equiaxed crystallites, and
their grain sizes are 190, 237, 198 and 210 pm. The lattice constants, a,
of Ni and CoCrNi are ~ 3.53 and ~ 3.56 A, respectively. According to the
Hertzian contact framework [25], the elastic segment before the first
pop-in on each P-h curve can be depicted by:

P:gEr\/ RR3 (€D)]

where E; is the reduced modulus, and R the tip radius of the indenter.
Statistics of P-h2 pairs at the first pop-in is displayed in Fig. 2a. After
linear fitting, the reduced moduli, E;, can be derived as ~ 182 and ~
218 GPa for Ni and CoCrNi, respectively. Combined with the Poisson’s
ratio, v, values measured by an ultrasonic pulse-echo technique, the
elastic moduli, E, and the shear moduli, G, are ~ 197 and ~ 76 GPa for
Ni, and ~ 243 and ~ 93 GPa for CoCrNi, respectively. From these re-
sults, the maximum shear stress, Ty, at the first pop-in can be calcu-
lated by Ref. [25]:
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Fig. 1. XRD patterns of Ni-w, Ni-f, CoCrNi-w, and CoCrNi-f samples. EBSD
images are marked with the same color border in the upper right corner. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Materials Science & Engineering A 854 (2022) 143890

The 7yax data of the incipient plasticity conducted on the (001)
surfaces, as a function of the cumulative probability, F, are plotted in
Fig. 2b. It is intuitive from this figure that the 7,55 values of Ni-w and Ni-
f possess an outstanding coincidence. However, there is a stark separa-
tion between CoCrNi-w and CoCrNi-f. The detailed cumulative distri-
bution of 7.y, including the maximum, minimum, mean, standard
deviation (SD), and CoV (defined as the ratio of the standard deviation
and the mean), is summarized in Table 1. All cumulative distributions
described by SD and CoV have similar distribution properties. Further-
more, the slow cooling, originating from furnace cooling, significantly
enhances the critical stress for the incipient plasticity of CoCrNi.
Referring to the temperature dependence of the site preferences of
atoms, furnace cooling offers the possibility of the local atomic rear-
rangement, that is, promotes the generation of SROs. The existence of
the SRO structure will strengthen the alloys [26].

Fig. 3 demonstrates the histograms of the density distributions of
Tmax for Ni-w, Ni-f, CoCrNi-w, and CoCrNi-f. There is a “shoulder” or
asymmetry in each density distribution [19,27]. Concomitantly, the
kernel density estimates (KDEs) are executed, as seen in Fig. 3 [22-24].
For the deconvolution of the density distributions, a Gaussian statistical
model [28,29] is employed, described as:

_ 1 (Tmax - m)z
f(’[max) = 72_71'“17 ( - 252> 3

where o represents standard deviation. Correspondingly, the deconvo-
lution results, which exhibit a bimodal distribution, are presented in
Fig. 3. Peaks 1 and 2 correspond to low-intensity and high-intensity
peaks, respectively. The Gaussian distribution deconvolution results,
including the mean (7Tmax), ratio to shear modulus (Tmax/G), and areal
fraction of each peak (AF), are listed in Table 2. Clearly, furnace cooling
promotes an increase in the proportion of low-intensity peaks, compared
to the case where high-intensity peaks dominate in the water-quenching
condition. In addition, slow cooling also drives each deconvoluted peak
to the right by an inconsistent offset.

With respect to each deconvoluted peak, the relationship between F
and 7max, to estimate the activation volume, V, of incipient plasticity, is
described as follows [20,30,31]:

In{In(1 = F) = s + @
where k is the Boltzmann constant, T is the absolute temperature, and
the parameter, f, is of weak P dependence. By plotting In[-In(1-F)]
Versus Tmax for each of the deconvoluted peaks in Fig. 4, V can be
calculated from the slope, and the results are annotated near each peak
in Fig. 3. Here, V is normalized to the value of the atomic volume, Q (=
0.25a° for the FCC structure). For Ni-w and Ni-f, V is less than 1 Q for
Peak 1 and greater than 1 Q for Peak 2. In this case, CoCrNi-w maintains
the same trend, while CoCrNi-f does the opposite.

For incipient plasticity, there are generally two dislocation behaviors
involved, dislocation nucleation or the slip of the pre-existing mobile
dislocations [32,33]. The latter can be excluded, since the small critical
resolved shear stress for dislocation slip and large dislocation spacing
[34,35] (it is about ~ 1 pm in a fully-annealed sample). Therefore,
dislocation nucleation is the only possible mechanism for the elasto-
plastic transition due to the low probability of encountering pre-existing
dislocations.

When it comes to the dislocation-nucleation mechanism, both ho-
mogeneous and heterogeneous modes need to be discussed. Considering
the homogeneous nucleation, the activation volume, V, is carried out on
the order of the atomic sizes and is usually smaller than 1 Q [35].
Meanwhile, the critical shear stress of the first pop-in is high, that is,
close to the theoretical shear strength [22]. Compared to other works,
what needs to be noticed here is the effect of loading rate on 7y, i.€., a
high loading rate leads to a high intensity value [18,36-38]. Considering
these factors, it is largely plausible that Peak 2 is inferred to be
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Fig. 2. (a) Statistics of at least 400 P-h%? pairs at first pop-ins and (b) cumulative probability distributions of 7.,y for the tests of Ni-w, Ni-f, CoCrNi-w, and CoCrNi-
f samples.
Table 1 60 —
Summary of minimum, maximum, range, mean (7max), standard deviation (SD), a 501 Ni-w Z b Original
and CoV values of Ty for each sample. - ===-Peak1
===-Peak2
Tmax(GPa)
Min. Max. Range Tmax SD CoV V~0.97Q
Ni-w 2.76 5.12 2.36 3.86 0.44 11%
Ni-f 2.55 5.29 2.74 3.68 0.52 14%
CoCrNi-w 3.61 6.73 312 5.15 0.51 10% = ==
CoCrNi-f 5.03 8.11 3.08 6.38 0.65 10% — Original
===-Peak 1
Y ====Peak 2
dominated by the homogeneous dislocation nucleation from a
defect-free zone. Correspondingly, Peak 1 is mainly caused by the het-
erogeneous dislocation nucleation from the pre-existing defects, such as
vacancies, vacancy clusters, and impurities.
0

On the above basis, we ascribe the heterogeneous nucleation to the
role of a definite type of defects. To reveal the defect type leading to the
heterogeneous nucleation of dislocations, the defect density is calcu-
lated here. First and foremost, it needs to be assumed that a pop-in will
occur if and only if there is at least one defect within a representative
volume, Vg, of the stressed material under the indenter. Then, Poisson’s
(or exponential) statistics are employed to estimate the probability for
the existence of such a defect, Pjow, as follows [23,39]:

Piow=1— exp<_plow v“) (5)

where pjow is the defect density per unit volume, and the Py, is taken as
the areal fraction of low intensity peaks (in Table 2). As for Vg, the
assumption of Mason et al. is adopted [21], thatis, Vs = na2, where a. is
the contact radius.

Due to the shallow depth of the first pop-in for the four samples, the
part of the indenter tip in contact with the sample surface can be
approximated as a spherical indenter with a radius of ~ 273 nm, over

1/3
the entire distribution range of h (h < 11 nm), so: a. = (%) [40]. By

inputting the experimental data into Eq. (5), pjow is estimated as ~
1.67-17.29 x 10% pm~3. In turn, the average spacings between defects,
1 =1/Yprow» are 84.3, 42.9, 83.3, and 45.4 nm for Ni-w, Ni-f, CoCrNi-w,
and CoCrNi-f, respectively. Meanwhile, the vacancy concentration is
estimated to be 107 in a thermal equilibrium at room temperature [19].
The average vacancy spacing, lyac, of Ni and CoCrNi is ~ 22 nm (=

(10° = atoms per unit cell)l/ 3% @), which is similar to the
above-mentioned [ value. From this trend, it can be speculated that
vacancies are most likely to dominate heterogeneous nucleation through
the monovacancy-mediated dislocation nucleation. The possible reasons
why [ and Ly, are not exactly equal are: (a) The relative positions of the
vacancy site and the indenter affect the critical resolved shear stress for
the nucleation of dislocations on different slip planes. (b) The uneven
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Fig. 3. Histograms, KDE curves and deconvolution results by Gaussian distri-
butions for the tests of Ni-w, Ni-f, CoCrNi-w, and CoCrNi-f samples. The V of
each peak is also given in terms of Q, and the dashed line marks the average
Tmax Value of each peak.

Tmax

distribution of forces within the Vs, which makes it difficult for the stress
values at the vacancies in the edge regions of the V to reach the critical
stress for dislocation nucleation. Both cases will lead to an underesti-
mation of the vacancy concentration.

As for the activation volume, V, of Ni and CoCrNi marked in Fig. 3,
Ni-w, Ni-f, and CoCrNi-w show the same trend, that is, the V of Peak 1
(heterogeneous nucleation) is greater than 1 Q, while that of Peak 2
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Table 2
The results of deconvolution by Gaussian distribution.
Peak Tmax (GP2) Tmax /G AF
Ni-w 1 3.32 1/23 0.08
2 3.90 1/19 0.92
Ni-f 1 3.38 1/22 0.49
2 3.98 1/19 0.51
CoCrNi-w 1 4.97 1/19 0.15
2 5.19 1/18 0.85
CoCrNi-f 1 6.19 1/15 0.86
2 7.37 1/13 0.14

(homogeneous nucleation) is less than 1 Q. For CoCrNi-f, unexpectedly,
the opposite trend appears in Fig. 3b. Based on the current theoretical
basis and detection methods, there are still obstacles to revealing this
opposite trend. After a detailed comparison, this opposite trend is
absolutely inseparable from the role of SRO, although no similar trend is
suggested.

Driven by the inequable cooling rates, the non-uniform residual-
stress distribution will be formed inside the samples. Compared with
furnace cooling, rapid cooling makes the residual stress in the material
more evident. In Fig. 3a, the discrepancy in density distributions of 7yax
of Ni-w and Ni-f provides an indispensable basis for the separation
treatment of residual-stress effects. Based on Ni-w, Peaks 1 and 2 for Ni-f
are shifted to the right by ~ 0.07 GPa, and the strength of the material
rises slightly. As a consequence, the residual stress induced by rapid
cooling reduces the 7,4 of dislocation nucleation, that is, the residual
stress can function as a booster for dislocation nucleation. When refer-
ring to the V, it is suggested that the release of the residual stress will
make the V smaller. Moreover, the proportion of Peak 1 of Ni-f (~ 0.49)
is larger than that of Ni-w (~ 0.08) with an increment of 0.41, which is
most likely due to the fact that the homogeneous dislocation nucleation
in Ni-f is harder to initiate after 7, is enhanced. For CoCrNi, the pro-
portion of Peak 1 increases from 0.15 to 0.86 with decreasing the cooling
rate. The more significant proportional increase comes from the com-
bined action of the residual stress and SROs. It is therefore of supreme

Materials Science & Engineering A 854 (2022) 143890

importance to point out the exact reinforcement effect of SROs.

From Fig. 3b, Peaks 1 and 2 of CoCrNi-f are noted to both shift to
higher stress values with larger increments due to the slow cooling rate.
Compared to the smaller strength increment in Ni induced by the
weakening of the residual stress, the strengthening effect of SROs has to
be highlighted. As is the case here, some related studies have also shown
that the presence of SROs in HEAs/MEAs induces higher overall lattice
frictional resistance to dislocation motion, which results in the improved
alloy strength [41,42]. According to the characterization of SROs in
other works [1,2,15], it is assumed that the degree of SRO in CoCrNi-f is
at a similar level, that is, its size is between ~ 0.60-1.13 nm, and its areal
fraction is between ~ 18% and 25%. From this trend, the density of SRO
(psro) is estimated to be ~ 1.79-8.84 x 10° pm’z, and its mean interval
(Isro =1/,/Psro) is ~ 1.06-2.36 nm. Understandably, high-density SRO
in the V; will bring a significant strengthening effect. With the
assumption that the residual stress has a comparable effect on the 7,4 of
different dislocation nucleation mechanisms in Ni and CoCrNi. Hence, it
is inferred that the 7, values of Peak 1 and 2 of CoCrNi increases by
22.4% and 39.9% due to SROs, respectively. Given the more remarkable
strengthening effect of SROs, the proportion of Peak 1 increases from
0.15 to 0.86 is fully explainable, stemming from the fact that dislocation
nucleation becomes more difficult to proceed as 7« increases.

To sum up, slow cooling after the homogenization treatment signif-
icantly improved the incipient plastic strength of CoCrNi due to SROs.
Compared with pure Ni, it is suggested that the residual stress induced
by rapid cooling play only a minor role. Furthermore, they are SROs in
CoCrNi that strengthen the alloy more prominently, which originates
from the effect of processing conditions such as cooling rate. Therefore,
adjusting the size and volume fraction of SROs, by changing the
annealing process and cooling method, is an effective way to strengthen
the multi-principal elements alloys.
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