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Abstracts

Nanoindentation is a critical technique to probe mechanical properties at the micrometer and sub-
micrometer scales, accompanied by challenges from indentation size effect, pile-up/sink-in effect,
and strain rate sensitivity. In this study, different nanoindentation techniques have been employed
to explore Ni-based concentrated solid solution alloys (CSAs) with the addition of 3d transition
metal elements including Co, Cr, Mn, and Fe, including unique single-crystal Ni, NiCo, NiFe,
NigoCrz0, and NiCoFeCr samples with (100) surfaces. A procedure of nanoindentation tests and
data analysis/correction have been developed, and a data set of hardness, elastic modulus, strain
rate sensitivity, and activation volume for Ni-based CSAs are provided, including the less explored
binary alloys such as NigoCr20 and NigopMnzo. The results show that the type of alloying elements
is more critical than the number of elements in strengthening: Co does not provide strengthening
in NiCo, while Cr, Mn, and Fe are effective strengthening elements. Cr is the most effective among
all the 3d transition metal elements. Furthermore, atomic-level lattice distortion is responsible for
the strengthening and the role of stacking fault energy is insignificant in Ni-based CSAs at room
temperature. In summary, nanoindentation shows increasing promise as a reliable and fast tool to
provide comprehensive mechanical information for new alloy design and development.
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1. Introduction

A new class of alloys containing multiple elements in near-equiatomic concentrations was reported
by two groups [1, 2] independently in 2004. In contrast to conventional alloys with a limited
number of possible element combinations because of the tendency to cluster around the corners or
edges of phase diagrams, these new alloys near the centers of phase diagrams provide significantly
more element combinations, especially in quaternary, quinary and higher-order systems. Yeh and
co-workers proposed a new name, high entropy alloys (HEAs), for this new class of alloys
containing five or more elements in relatively high concentrations (5-35 at.%). They reasoned that,
as the number of elements in an alloy increased, the entropic contribution to the total free energy
would overcome the enthalpic contribution and stabilize solid solutions. The concept of HEA has
created a wave of research to explore the extended materials design space for mechanical
properties [3-5] and radiation tolerance [6-8] that were hitherto thought to be unobtainable. Some
alternative names with extended concepts were also used in literature, such as multi-principal
element alloys (MPEAs), complex, concentrated alloys (CCAs) [9], and concentrated solid
solution alloys (CSAs) [8]. As discussed in [6], entropic stabilization is not predominant or is
overturned, nevertheless, the HEA concept has also inspired a re-evaluation of classical
thermodynamic concepts as they apply to CSAs [9]. In this study, the name of CSAs is adopted,
including binary and quaternary alloys.

The benchmark material, single-phase equiatomic CrMnFeCoNi “Cantor” alloy, demonstrates a
break-up of the strength-ductility trade-off. The investigation of this alloy laid the foundation for
the fundamental understanding of HEAs [3, 6, 10]. Later, it was discovered that besides
configurational entropy (i.e., the number of alloying elements), the nature of the constituent
elements also significantly affects mechanical properties [11]. For example, alloys with the same
number of elements may show different mechanical strengths [11]: Quaternary FeNiCoCr is much
stronger than FeNiCoMn; Ternary CrCoNi is much stronger than MnFeNi; Binary FeNi is much
stronger than NiCo. In addition, the ternary CrCoNi alloy has a higher strength than the quinary
CrMnFeCoNi alloy and quaternary FeNiCoCr, NiCoCrMn, and FeNiCoMn alloys [11]. These
surprising findings have triggered more generalized studies on CSAs with multiple principal
elements.

The unique feature of atomic-level complexity [12, 13] in CSAs results in lowered and varying
stacking fault energies (SFEs), atomic volume misfit and short-range order (SRO), which modify
dislocation behavior (e.g., friction stress) and twinning activities. The fundamental plasticity
mechanisms in CSAs such as dislocation nucleation/ propagation, dislocation-obstacle interaction,
phase transformation and twinning are similar to those in conventional alloys [3, 4]. Therefore,
many studies are devoted to incorporating the unique features of CSAs, such as lattice distortion,
SRO, entropy, and sluggish diffusion, to the classic theories used for conventional alloys with only
one principal element [3]. For instance, for high-entropy CrMnFeCoNi, a combination of high
strength, great work hardening, and excellent ductility was ascribed to a synergy of multiple
deformation mechanisms, including the easy motion of Shockley partial dislocations, dislocation
interactions to form stacking-fault parallelepipeds, and dislocation arrest at planar slip bands of
undissociated dislocations [14]; For medium-entropy CrCoNi, Laplanche et al. ascribed high
strength and good ductility to nanoscale twinning [15] and Zhang et al. ascribed strength-ductility
synergy of CrCoNi to localized face-centered cubic (FCC) — body-centered cubic (BCC) phase
transitions due to SRO prior to the ultimate stress [16]; Wu ef al. compared tensile properties of



single-phase binary, ternary and quaternary CSAs at different temperatures and emphasized the
critical role of constituent elements [11].

First-principles calculations have been used to study the origin of these unique features of CSAs.
The key to bridging local electronic structure features and mechanical behaviors is to understand
the behavior of deformation-associated defects in CSAs [17], such as dislocations and twins. For
example, Zhao et al. discovered that in FCC CSAs, the variation of SFE is related to the electronic
properties of the constituent elements, while its temperature dependence is governed by phonon
properties [18]. Recently, it was reported that solid solution strengthening in FCC CSAs is ascribed
to the configurational fluctuation of the atomic-level pressure originating from the charge transfer
between neighboring elements [12]. However, this strengthening model overestimates the strength
by a factor of four compared to the experimental results. Therefore, more delicate and robust
descriptors are still needed to quantitatively describe the mechanical behaviors of CSAs from the
perspective of the local electronic structure features [17, 19].

Hardness is widely used and technically relevant property of materials. As stated by Tabor [20],
“hardness implies the resistance to deformation” and “the indentation hardness of metals may in
general be expressed in terms of the plastic and, to a lesser extent, the elastic properties of the
metals concerned”. Since the Brinell test was invented in the 1900s, various macro-/ micro-
indentation tests and corresponding ASTM standards have been developed. For instance, ASTM
E10, E18 and E92 have been used for Brinell, Rockwell, and Vickers tests of metallic materials,
respectively.

To meet ever-increasing needs and interests in predicting material behaviors in the world of the
small, nanoindentation is a critical technique to probe mechanical properties at the micrometer and
sub-micrometer scales. It benefited from the development of instruments capable of continuously
measuring load and displacement throughout an indentation [21, 22]. Nanoindentation has the
advantage of easy sample preparation and statistically rich data sets [22, 23]. This technique is
especially important for thin films [24-26] and surface-modified materials (e.g., ion-irradiated
materials [27-31]), of which the mechanical property measurement cannot be achieved by
traditional mechanical tests (e.g., tensile tests) due to limited volume. The methods and
applications have been recently reviewed [32-34].

Hardness and elastic modulus are the two most common properties obtained from nanoindentation.
The hardness is usually defined as the ratio of the indentation load and either the surface or
projected area of residual indents, in which the indentation load underneath the tip depends on
elastic modulus, yield strength, Poisson’s ratio, work-hardening exponent, and indenter geometry
[35, 36]. Essentially, the hardness represents a flow state of materials underneath the indenter:
Tabor [37] pointed out that the hardness is approximately 3 times the yield strength (oy) for
materials without work-hardening behavior; For fully hardened materials, the hardness is
approximately 3 times the ultimate tensile strength (curs). Most metallic materials have hardness
values between 3oy and 3ocurs. Tabor [37] also noted that bulk indentation hardness is
approximately 3 times the flow stress at a representative strain of 8% - 10%. A detailed discussion
of different types of relationships between hardness and strength is reported elsewhere [35]. A
recent study showed that single-phase HEAs conform to the 3-times relation between Vickers
hardness and cuts [38]. However, size and scale effects for smaller sample dimension or volume
have been observed in numerous studies and are critical to not only understand the new phenomena
at the smaller scale but also quantitatively correlate materials behavior at this scale to that at a



larger scale, such as in micro/macro-indentation and uniaxial tension. The influence of factors such
as pile-ups/sink-ins and indentation size effects (ISE) needs to be considered [39].

More comprehensive material properties collected by nanoindentation techniques are required to
accelerate the screening/investigation of new advanced alloys. In this study, Ni-based CSAs with
the addition of 3d transition metal elements including Co, Cr, Mn, and Fe are the focus as these
elements have shown effective modification of electron band structure and promising property
improvement. The study is more comprehensive than previous studies on Ni-based CSAs for
several aspects: (a) it includes unique single-crystal Ni, NiCo, NiFe, NigoCr20, and NiCoFeCr
samples with the same crystallographic orientation that exclude microstructural and grain
orientation effects; (b) it investigates a broad spectrum of CSAs, including the less explored NiCr
and NiMn binary alloys. A direct comparison of Ni, NiCo, NiFe, NigoCr, NiggMnyo, and
NiCoFeCr is available for insights to future materials design; (c) it provides a thorough procedure
of nanoindentation data correction for indentation hardness and strain rate sensitivities of Ni-based
CSAs, which is important but not previously available in the literature [11].

The structure of this paper is as follows: First, hardness correction, including ISE and pile-ups in
various CSAs is performed and discussed (3.1); Then, two types of deformation related
dislocations that can assist in the understanding of deformation mechanisms under nanoindentation
are calculated and compared, i.e., geometrically necessary dislocations and statistically stored
dislocations (3.2); After that, the dislocation migration is discussed through the activation volume
of dislocations in CSAs, which is calculated through strain rate sensitivity from nanoindentation
strain rate jump tests with consideration of ISE (3.3); Finally, deformation mechanisms of CSAs
including solid solution strengthening and forest hardening are discussed (3.4).

2. Materials & Methods

Ni-based single-phase CSAs, including pure Ni, binary Ni-based alloys [40, 41] (NigoCrzo,
NigoMnzo NiCo, NiFe with 20 at.% Cr, 20 at.% Mn, 50 at.% Co and 50 at.% Fe, respectively), and
quaternary ~ Ni-based alloy (NiCoFeCr) [42], were prepared by arc-melting. The atomic
percentages were chosen based on phase stability to maintain an FCC crystal structure. For
instance, 20 at.% Cr was selected in NigoCr2o due to the fact that FCC phase is not stable at 500°C
once the Cr concentration exceeds 22 at.% [41, 43] according to the phase diagram. Similarly, 22%
is the maximum Mn concentration for alloying Ni and Mn to form a stable FCC phase [41]. The
purity of Ni, Fe, Cr, and Mn for arc melting is higher than 99.9%. The arc-melted buttons were
flipped and re-melted at least five times before drop casting to ensure homogeneous mixing. A
floating-zone directional solidification method was used for single-crystal growth.

The nanoindentation was performed on Agilent Nanolndenter G200 (MTS) with a Berkovich
diamond tip. The continuous stiffness measurement (CSM) based on the Oliver-Pharr method [22]
was chosen to record hardness and elastic modulus values as a function of penetration depth
continuously. The tip area function was corrected on a fused silica sample. Eight indents were
performed on each sample with a maximum penetration depth of 2 um. In addition to standard
hardness and elastic modulus measurement, strain rate sensitivity of samples was also obtained
using nanoindentation strain rate jump testing technique. Three strain rates were selected: 0.05/s,
0.007/s and 0.001/s. As hardness decreases along with the depth, strain rate sensitivity was
corrected to account for the hardness change rate (unit: Pa/s), which will be discussed later. To
evaluate the amount of pile-ups around indents, an Atomic Force Microscope (AFM, Veeco
Dimension 3100 Metrology AFM) was utilized to image indent topographies. AFM micrographs



were analyzed using Gwyddion software [44] and the correction method will be discussed later.
The region underneath the indenter was lifted out by Focus Ion beam (FIB, model: FEI Quanta 3D
workstation) and examined by Transmission Electron Microscopy (TEM, model: JEOL 2100).

3. Results and Discussion

Ni, NiCo, NiFe, NigoCrz, and NiCoFeCr were confirmed as single-crystal FCC structure with (100)
surfaces in our previous studies [40-42], and NigoMnzo has a polycrystalline FCC structure with an

average grain size of 100 — 200 um [41], in which the grain boundary effects are negligible. The

bright-field TEM micrographs of these materials are summarized in Fig. S1. After indentation, one

indented region in the NiCo sample was lifted out by FIB and subsequently examined by TEM.

The bright-field TEM micrograph (Fig. 1) of the indented region in NiCo shows the single-crystal

feature. Bend contours and dislocation loops from indentation and FIB damage can be observed.

The inset of the selected-area diffraction (SAD) pattern confirms that the NiCo sample has a single

crystal FCC structure with (100) surface. No obvious subgrains were discovered in this indented

region. Recently, electron backscatter diffraction and precession electron diffraction capable of
mapping high-resolution crystallographic orientation revealed local crystal rotation near the

indenter tip due to plasticity during nanoindentation [45, 46]. The orientation maps near the

indenter for different Ni-based CSAs will be interesting to explore in the future, as they might

suggest the difference in local plasticity in different Ni-based CSAs.

Figure 1. Bright-field TEM micrograph of the region underneath the indenter for NiCo. The inset
of the selected-area diffraction pattern confirms the single-crystal structure after indentation and
the surface normal of <100> crystallographic direction.

3.1 Nanoindentation hardness correction

Figure 2a compares hardness variation as a function of depth up to 2 um. At a depth of 2 um, Ni
and NiCo have close hardness values of about 1.2 GPa; NigoCr2o shows the highest hardness of 2.2
GPa; NigoMnyo, NiFe, NiCoFeCr show close hardness values of 1.8 GPa, 1.7 GPa, 1.9 GPa,
respectively. The elastic moduli of Ni, NiCo, NigoMnao, NigoCr20, NiFe, and NiCoFeCr are 184+4,
17446, 19145, 20543, 15345, and 186+2 GPa, respectively. ISE is obvious for all samples in Fig.
2a, i.e., an increase in hardness with decreasing penetration depth [47]. To understand the ISE, the
classic Nix-Gao model using the concept of geometrically necessary dislocations (GND) was
followed [48], which describes the relationship between nanoindentation hardness (H) and macro-
hardness (H,) as



H = H, /1+%* (1)

where h represents penetration depth and h*is defined as characteristic depth. Following Eqn. 1,
H versus h curves in Fig. 2a were replotted as H? versus 1/h in Fig. 2b, in which H, and h* can
be obtained from the linear fitting: the intercept is H5 and the slope is associated with the
characteristic depth, h*. The fitting range of 0.5 um to 2 um was selected to avoid the error from
the blunt tip area. The intercepts and slopes for CSAs are summarized in Fig. 2c. For H, NigoCr2o
is the hardest sample with a hardness value of 1.9 GPa, followed by NigoMn»o, NiFe and NiCoFeCr
with H, of 1.5-1.6 GPa. H, is lower for Ni (1.1 GPa) and NiCo (0.9 GPa) (Fig. 2a). NiCo has a
stronger ISE than Ni. For comparison, the hardness at 2 um without any correction is labeled as
Hir hereafter.
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Figure 2. (a) A comparison of nanoindentation hardness (H) evolution of Ni, NiCo, NigoMnyo,
NigoCr20, NiFe and NiCoFeCr as a function of displacement (4, penetration depth); (b) a plot of H?
vs. 1/ h with linear fitting on Ni and CSAs; (c) a summary of slopes and intercepts of fitting lines
in (b).

In addition to ISE, pile-up/sink-in is another issue that underestimates/overestimates the contact
area and therefore overestimates/underestimates the hardness. AFM micrographs (Fig. 3) of
indentation imprints for Ni and CSAs demonstrate that pile-ups are obvious: qualitatively, pile-
ups in Ni, NigoCrzo and NiFe are more obvious than those in NiggMn2o, NiCo and NiCoFeCr.
Quantitative pile-up corrections are discussed as follows.
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Figure 3. AFM micrographs of indentation imprints for Ni, NiCo, NiFe, NigoMnzo, NigoCr20, and
NiCoFeCr. Pile-ups exist in all samples.

There are several pile-up correction methods in the literature [49-51]. Kese’s semi-ellipse method
[52, 53] is employed in this study, as it is based on real surface morphology analysis near the
imprints. Fig. 4a demonstrates an AFM micrograph of one representative pile-up in NigoCrao.
Following Kese et al. [52], the corrected contact area (A ) is composed of geometrical contact area
(A) obtained from the Oliver and Pharr analysis of nanoindentation data and extra pile-up area
(Apy) as written as below,

Ac = A+ Apy (2)

In this study, A = 22.3852h? + 493.1381h. A, is calculated as the sum of projection area
along three edges following the work from Kese ef al. [52]:

b
Apu = TZ a; (3)

where b was the edge length of the residual imprint of the Berkovich indenter characterized by
AFM, q; is the horizontal distance from the edge of the indent to the actual contact periphery (Fig.
4b).

Although this method of measuring a; works well for high-strength and brittle materials, it
introduces uncertainty when the pile-up peak is extended and broadened. As schematically shown
in Fig. 4b, the usage of measured a; is ideal (labeled as ideal) for calculating A,, when the
indenter tip is in contact with the peak of the profile. In such a case, a; and h; are correlated by
a; = h; - tan65.3" and the selection of either measured a; or measured h; for Ap,y, calculation is
equivalent. However, if the pile-up extends further away, as schematically shown in Fig. 4b
(labeled as real), Ay, is overestimated using the measured a; for Eqn. 3. Surface profiles along
three lobes in NigoCrao (Fig. 4a) are shown in Fig. 4c and the pile-up region is magnified in Fig.



4d. When the Berkovich tip with three-fold rotational symmetry is in contact with (100) surface
with four-fold rotational symmetry, the deformation near three sides is not equivalent and the pile-
ups at three lobes are different: #1 (a1=2.42 um, h; = 0.26 um); #2 (a2=2.42 um, ho = 0.20 um)
and #3 (a2=4.68 um; hz = 0.08 um). It is noted that the selection of measured h; for calculating
Ap,, is more reasonable than the selection of a; based on three observations: (a) a1 and a; are both
equal to 2.42 um, but their pile-up profiles are different; (b) #2 has a plateau, instead of a peak,
and a; could vary from 2.42 um to 3.93 um (labeled as a,’ in Fig. 4d), which introduces a large
uncertainty of A, calculation; (¢) #3 has the largest a (a3 = 4.68 um), but the pile-up height
(h3=0.08 um) is small and the profile shows a minimum pile-up. Therefore, A, for all indents is

calculated using the measured /;, and a; is calculated by h; - tan65.3" for Eqn. 3.

With the calculated A./A (Ni: 1.1740.02; NiCo: 1.13 £0.02; NigoMnyo: 1.12 £0.02; NigoCrzo:
1.16 +£0.02; NiFe: 1.17 £0.01; NiCoFeCr: 1.13 £0.02), the hardness is corrected by:

Ac H

= ©

A He

The corrected hardness H;; and macro-hardness H, (calculated from Nix-Gao model) are labeled
as Hyr ¢ and Hy ¢, and summarized in Fig. 5. The comparison of Hyr, H;r ¢ and H, indicates that
ISE and pile-up effect are the two major factors that cause the overestimation of hardness. It is
interesting to note that whether ISE or pile-up effect is more dominant depends on the alloy
compositions: pile-up effect plays a more dominant role in NiCo and NiCoFeCr.

Before the correction, the hardness values (H;r) of Ni, NiCo, and NiFe are close to those reported
in the literature [54]. After correction of the ISE and pile-up effects, Hy ¢ is the true macro-
hardness values (Ni: 0.94 + 0.08 GPa; NiCo: 0.83 + 0.05 GPa; NigoMnzo: 1.45 + 0.01 GPa;
NigoCrz0: 1.65 £ 0.04 GPa; NiFe: 1.36 + 0.02 GPa; NiCoFeCr: 1.40 + 0.04 GPa). These alloys
can be divided into two groups: Ni and NiCo have lower hardness of less than 1 GPa, while
NigoCr20, NigoMnao, NiFe, NiCoFeCr have higher hardness of more than 1.35 GPa. NigoCrzo has the
highest hardness. This suggests that Co does not have a strengthening effect. Mn, Cr, and Fe are
effective elements in strengthening and Cr is the most effective, which will be discussed later.
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Figure 4. (a) An AFM image of an indentation imprint on NigoCrzo displays apparent pile-ups; (b)
The surface profiles of ideal and real pile-up profiles are schematically shown to determine the
contact periphery of the indenter (a;) and height of pile-up (%;); (c-d) The three surface profiles in
(a) show a; and h; (i=1-3).
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3.2 Geometrically necessary dislocations and statistically stored dislocations in CSAs

For ductile materials such as Ni and CSAs in this study, the plastic deformation during indentation
is carried by dislocations. The increase in dislocation density leads to higher flow stress of the
materials. During nanoindentation, two types of dislocations are considered: geometrically
necessary dislocations (GNDs) and statistically stored dislocations (SSDs) [55, 56]. The densities
of GNDs (p;) and SSDs (p) in Ni and CSAs are estimated to understand the different deformation
behaviors of CSAs. The GND density is related to the strain gradient by compatibility requirements.
The strain gradient has to be accommodated by a certain number of GNDs and Ma-Clarke model
estimates the GND density as [57, 58]

Pe = o 5)

where y refers to average shear strain, b represents Burgers vector, and h is indentation
penetration depth. Accordingly, combined with Taylor relation, hardness is approximated by p;
and Pe [5 9]a

H ~ pblps + pel'/? (6)

where u is shear modulus from nanoindentation; p, is estimated from corrected hardness by
(Ho_./ub)?, which is constant and depth independent. On the other hand, p; is depth dependent:
At the depth of 2 um, the corrected hardness, H;r - was used as H in Eqn. 6 and therefore p; can
be obtained at # = 2 um. py and p; are summarized in Fig. 6. p; is the largest in NiFe
(85 x 1015/m2 ), lower in NigoCryp (7.1 X 1015/m2 ), NigoMnyo ( 6.2 X 1015/m2 ), and
NiCoFeCr (6.1 x 10'°/m?), and lowest in Ni (2.9 X 10*°>/m?) and NiCo (2.4 X 10'5/m?). The
comparison of ps and p; shows that at the depth of 2 um, ps plays a more dominant contribution
to hardness.
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Figure 6. Densities of Statistically Stored Dislocations (SSD, ps) and Geometrically Necessary
Dislocations (GND, p;) for Ni and CSAs calculated from the Ma-Clarke model.

As shown in Eqn. 5, p; is depth dependent. With the known p; at & = 2 um, the only unknown
parameter, y in Eqn. 5 can be obtained for all CSAs. Therefore, the indentation depth dependent
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p¢ for all CSAs is compared in Fig. 7. p; decreases at a deeper penetration depth. p; is the highest
in NiCoFeCr, lower in NiFe and NigoCr2o, and the lowest in Ni. NiCo and NigoMnao have close p;;.
This interesting observation can be reasoned as follows. It is assumed in the Nix-Gao model that
the distribution of GNDs is constrained within the hemispherical shape underneath the indenter,
as schematically shown in the inset of Fig. 7. If it is assumed that the total number of GNDs
required to accommodate the compatibility requirements from indentation is the same for all
samples, a higher p; means a smaller volume accommodating GNDs. This implies that the
migration of GNDs is easier in Ni, which allows a longer migration distance, but it is more difficult
in CSAs. This is related to dislocation migration kinetics and SSD density. This assumption is
consistent with the discovery by molecular dynamics simulation that dislocations underneath the
indenter migrate slower in NiFe than in pure Ni [60]. More information on dislocation migration
can be reflected by the activation volume of dislocations, which will be studied by nanoindentation
strain rate jump tests in the following section.
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Figure 7. Depth dependence of GND density in Ni and CSAs. The inset schematically shows
GNDs distribute within a hemispherical volume underneath an indenter.

3.3 Strain rate sensitivity and activation volume in CSAs

Strain rate sensitivity (m) and activation volume (V') are two key parameters that are useful for
understanding the deformation kinetics [61, 62]. The activation volume is defined as the volume
of a material involved in the process of overcoming the energy barrier. Here, the activation volume
expresses the volume that is physically swept by a dislocation from a ground equilibrium state to
an activated state after the deformation [63].

Nanoindentation strain rate jump tests, which abruptly vary the strain rate during indentation, have
been demonstrated to be a reliable method for strain rate sensitivity by Maier ef al. [64]. The strain
rate for indentation (&;) was defined by Lucas and Oliver [65] as

R _ (P _H
gi_h_Z(P H) (7
where h and h are instantaneous displacement and displacement rate of the indenter, P and P are

the current load and loading rate, and H is the hardness change rate (unit: Pa/s). This method has
been successfully used for ultrafine-grained and nano-grained metals where H is constant with
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indentations depths larger than tens or hundreds of nanometers (i.e., H/H = 0) [64]. In our Ni and
CSAs, H keeps decreasing due to ISE and H/H is not negligible. Therefore, instead of using the
conventional assumption of H/H = 0 in literature, H/H is included in our calculation for
indentation strain rate (Eqn. 7). Subsequently, the strain rate sensitivity of materials can be
obtained with modified &;. This technique was modified from CSM standard method, and several
sudden changes in applied strain rates were conducted at several fixed indentation depths within
one single test. Figure 8a shows one example in our tests, in which the method to identify the
hardness before and after strain rate jumps is labeled. Three strain rates (¢ =0.05/s, 0.007/s, 0.001/s)
are selected for jump tests and the base strain rate is 0.05/s. The strain rate sensitivity, m can be
calculated by [64]

__d(InH)

d(iné) ®)
Also, the activation volume, V' can be calculated from m and H [64]
_ 3V3kT
T mH ©)

where k is the Boltzmann constant and T is the absolute temperature. Six indents were performed
on each sample for repeatability and the average was taken. The calculated m and corresponding
V are summarized in Fig. 8. m is highest in NiCoFeCr (0.0088) and lowest in NiCo (0.0065).
Overall, m increases with the increase in the number of elements. V" shows an opposite trend with
m. The pure Ni and NiCo show larger V of respective 162.5 and 173.1b3 (b is Burgers vector). V
in NigoMnyo, NigoCrzo, NiFe and NiCoFeCr are 96.7, 91.7, 91.3 and 82.4 b3, respectively. The
close value of V in Ni and NiCo suggests that the addition of Co into Ni doesn’t change the
dislocation kinetics significantly. In contrast, the addition of Fe, Cr and Mn affects dislocation
migration significantly. The activation volumes in the range of 82.4 -173 b indicate that the
mechanisms with a small 7 of ~ 1 b3, such as the kink-pair mechanism, are not dominant in our
study. As a reference, in conventional FCC metals with large grain sizes, the forest dislocation
interaction dominates the plastic deformation and the activation volume is ~100 -1000 b? [66, 67].

In CSAs, both multiple principal elements and forest dislocations contribute to activation volumes
of dislocations. Laplanche ef al. [68] have demonstrated that the inverse activation volumes of
solid solution strengthening and forest hardening are additive, i.e., 1/V=1/Vsst+1/V. For activation
volume for solid solution strengthening, a dislocation in the random alloy responds to the presence
of spatially varying concentrations by adopting a wavy shape characterized by wavelength and
amplitude. The selection of characteristic waviness is one that minimizes the total dislocation
energy by enabling the dislocation to reside in regions of favorable (energy-lowering) regions of
concentration fluctuations at the expense of the line tension cost of the wavy shape. The solid
solution strengthening effects will be discussed in the next section and here forest dislocations are
our focus. The activation volume for forest hardening is associated with the activation area, which
is defined by the area swept out by a dislocation segment with a length (/) over a distance (w) by
overcoming energy barriers. The activation area and activation volume can be related by V= bwl
[69, 70]. It is assumed that the dislocation segment is pinned by two dislocation junctions and
therefore the distance between two junctions (segment length /) is estimated by p~'/? for all CSAs
as follows: Ni: 17 nm; NiCo: 16 nm; NigoCrzo: 11 nm; NigoMnao: 11 nm; NiFe: 10 nm; NiCoFeCer,
11 nm. As a result, w is calculated as 7.5-11 nm, which is lower than / (10-17 nm). The lower w
might be related to the local varying concentrations, which is beyond our focus here but deserve
further investigations by atomistic simulations.
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Figure 8. (a) Determination of strain rate sensitivity by considering the hardness change rate (unit:
Pa/s) during nanoindentation strain rate jump tests. Nominal nanoindentation strain rates are 0.05/s,
0.007/s and 0.001/s. (b) The values of strain rate sensitivity and corresponding activation volume
for Ni and CSAs.

3.4 Deformation mechanisms of CSAs under indentation

As discussed in Section 1, the deformation in CSAs can be described under the framework of
conventional strengthening mechanisms. In our study on Ni-based CSAs, twinning isn’t significant
at room temperature, and grain boundary strengthening doesn’t exist. Therefore, our discussion
focuses on solid solution strengthening and forest hardening.

First, SFEs of Ni and CSAs are compared as SFE often determines the dislocation core structure
and corresponding migration kinetics. As summarized in Table 1, the addition of alloying elements
into Ni generally lowers SFE. The SFE decreases from 127 mJ/m? for pure Ni, to near or below
100 mJ/m? for CSAs. As chemical composition varies in CSAs beyond the dilute limit, SFE has a
large variation depending on the local atomic environment: The local SFE can be very small and
even negative at several sites even though the average SFE remains positive [71]. The negative
SFE in FCC CSAs is caused by the energetic preference of hexagonal closed-packed stacking.
Furthermore, SRO may also change SFE. For CrCoNi, first-principles calculation shows that
intrinsic SFE can be tuned from -42.9 to 30 mJ/m? by adjusting SRO [72], which has also been
confirmed by experiments [73]. In our study, SFE does not play a significant role in hardness. As
shown in Table 1, a significant reduction in SFE from 127 mJ/m? in Ni to -10 mJ/m? in NiCo does
not lead to a significant change in hardness; Also, NiFe and NiCoFeCr with distinct SFEs have a
close hardness. Therefore, there is no obvious correlation between SFE and hardness in Ni-based
CSAs at room temperature in this study. This observation is consistent with the finding that SFE
is less important in CSAs when it is below 100 mJ/m? because the separation of two partial
dislocations is larger than 10 b [74].

The hardness from nanoindentation reflects the flow stress, which includes solid solution
strengthening and work hardening in our study. It is worth noting that hardness alone cannot be
distinguished whether the strength is contributed by solid solution strengthening or work hardening.
CSAs containing multiple principal elements have serious lattice distortion caused by a large
atomic radius difference between different components, which is distinctive from that in pure
metal and conventional alloys. The lattice distortion would affect both work hardening and solid
solution strengthening.
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(a) Work hardening: To understand the work hardening of CSAs during nanoindentation, hardness
is compared to tensile properties (i.e., yield strength, oy, and ultimate tensile strength, o;r¢) of Ni,
NiCo, NiFe, and NiCoFeCer, available in literature [11], as summarized in Table 1. The strength of
CSAs, estimated by H/3 [38] lies in between oy and oyrg . Furthermore, strain during
nanoindentation is estimated based on the reported tensile stress-strain curves in literature [11] and
the strains to reach H/3 for Ni, NiCo, NiFe, and NiCoFeCr are estimated as 15%, 7%, 16%, and
7%, respectively (Table 1). The representative strains for Ni, and NiCoFeCr are close to the
representative strain range between 8% and 10% suggested by Tabor [20] for ductile and work-
hardenable metals. Ni and NiFe show higher representative strain of ~15%, indicating they are
more work hardenable during indentation. Note that tensile properties in [11] were obtained from
polycrystalline CSAs with a grain size of 24-85 um and the grain boundary strengthening is not
considered here.

Table 1. A summary of stacking fault energies (SFEs), yield and ultimate tensile strengths (oy and
oyrs) and estimated strain during nanoindentation for Ni and CSAs.

Estimated
Sample | SFE (mJ/m?) | g, (MPa) (1‘\’4”1{; ) a(;:;/)z,) S:;?ilel;?;f:;g
(using tensile
data in [11])
Ni 127 [18] 94 [11] 348 [11] 314 15%
NiCo -10 [18] 110 [11] | 542[11] 275 7%
NisoMn2o - - - 483 -
NigoCr20 101 [75] -- -- 550 --
NiFe 105 [18] 188 [11] | S512[11] 452 16%
NiCoFeCr [7_2]2’ 2148%’ [2707] 271 [11] | 711 [11] 467 7%

(b) Solid solution strengthening: Compared to work hardening, solid solution strengthening is the
main cause of the exceptional mechanical properties of HEAs [78] and many strengthening models
have been developed, considering dislocation interactions with the random local concentration
fluctuations. Starting from the solid solution strengthening models for binary systems by Fleischer
[79] and Labush [80], the theory has been extended to alloys with multiple principal elements [81,
82]. For FCC CSAs, Varvenne et al. [74] recently proposed a predictive model in which each
element in CSAs is considered as a solute embedded in an effective matrix of surrounding atoms.
One advantage of this model is that it does not include any adjustable parameters and allows all
model parameters to be computed by experiments or simulations. In addition, the predictive model
includes the temperature-, and strain-rate dependence of the strength of FCC CSAs, which
anticipates future studies on thermal and strain rate effects. The details of model implementations
are as follows.

In this model, lattice distortion plays a central role in strengthening in CSAs [83]. The average
misfit volume of n™ element (AV,) is calculated from AV, =V, — V, with V = ¥, C,,Vj, and V}, is
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atomic volume, measured from atomistic simulation or experiments. Since each element has its
specific atomic size, severe lattice distortion can occur in CSAs. The lattice distortion (&) (atomic-
size difference) can be estimated by [84]

= \/Zliv=ici(1 —n/Z, 16Gj 1)) (10)

where N is the number of the components in an alloy system, ¢; is the atomic percentage of the i
component, Y. j=1Cjj 1s the average atomic radius, and 7; is the atomic radius. To explicitly show
the influence of lattice distortion (&) in the solid solution strengthening, the key solute quantity
(X C,AV,?) in the model from Varvenne et al. was replaced by 9V 252 [74]. Therefore, the solid
solution strengthening can be calculated as [74]

05s(T, €) = Mtypexp (— O;Ak;bln%") (11)
where
1 2
AE, = 0.274a5ub* (223 f, (wo) x (2203 (12)
_z 52
7,0 = 0.051a su(—) fi(we) X (‘” % (13)

where M is Taylor factor, 3.06; € is strain rate, 0.05/s for nanoindentation; u is shear modulus,
estimated from nanoindentation by 4 = E /2(1 + v). The rest parameters are the same as [74]: a
is dislocation line tension parameter, 0.123; f;(w,) = 0.35; f,(w,) = 5.70; &, is the reference
strain rate, 10000/s; 7 = 293 K. Two different sets of atomic radii are selected for §: one is by
using Goldschmidt radius (6 ); The other is by using atomic radius in the relaxed structure from
atomistic simulation and experiments (J,,), which are summarized in Table 2. The atomic radii
for §,,, were calculated from the volume of components [74].

As shown in Table 2, The assumption that the atomic size is intrinsic to the element (e.g.,
Goldschmidt radius) is not applicable for CSAs in this study: §; and corresponding agg for
NigoMnyo are unrealistically high due to the distinct Goldschmidt radius for Mn, while agg for
NigoCr20, NiFe and NiCoFeCr are significantly lower than the experimental results. oss(6y1y)
demonstrates that NiCo has negligible o, similar to pure Ni. The hardness values of Ni and NiCo
are also close, which are obviously lower than the rest of the CSAs. From the ratio of ggg/0,
NiCoFeCr and NigoMnazo exhibit a higher portion of solid solution strengthening than the rest of
the CSAs. Results for NigoMn2o and NigoCrzo are not compared with literature as these two CSAs
are less explored. However, based on our study, they are promising as they demonstrated high
hardness (from nanoindentation) and ogg (Table 1). This suggests that the selection of component
elements in CSAs is critical, and more efforts should be devoted to understanding element-specific
deformation mechanisms in CSAs for better property combinations.

Table 2. Solid Solution Strengthening in Ni and CSAs.

o
E (GPa) =H/3 + | 0ss(8g s | Oss(Orix) | Oss(6rix)/
Sample Nanoindentation ( )| (MPa) Orix (MPa) o
(MPa)
Ni 184+4 314 | 0.0000 | 0.0 | 0.0000 0.0 0.00
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NiCo 174+6 275 | 0.0040 | 4.0 | 0.0027 1.2 0.00
NigoMn2o 191+£5 483 | 0.0425 | 457.2 | 0.0191 130.1 0.27
NisoCr20 205+3 550 | 0.0096 | 41.5 | 0.0155 98.5 0.18

NiFe 153+5 452 | 0.0119 | 33.5 | 0.0167 64.0 0.14

NiCoFeCr 18642 467 | 0.0102 | 47.7 | 0.0167 109.6 0.24

* Goldschmidt radius: Ni: 1.25 A; Co: 1.26 A; Mn: 1.12 A; Cr: 1.28 A; Fe: 1.28 A.

" Atomic radius calculated from atomistic simulations and experiments [74]: Ni: 1.25 A; Co: 1.25
A;Mn: 1.31 A; Cr: 1.29 A; Fe: 1.29 A

4. Conclusions

A procedure for nanoindentation and nanoindentation strain rate jump tests and data
analysis/correction has been developed for exploring Ni-based CSAs. Unique single-crystal FCC
Ni, NiCo, NigoCrz0, NiFe and NiCoFeCr, and coarse-grained NigoMnyo have been compared to
understand the strengthening mechanisms, especially for the less explored binary alloys such as
NigoCrz20 and NigoMnyo. A data set, including hardness, elastic modulus, strain rate sensitivity, and
activation volume, is provided for Ni-based CSAs. Major conclusions are listed as follows.

e The type of alloying elements is more critical than the number of elements in strengthening:
Co does not provide strengthening in Ni, while Cr, Mn, and Fe are effective strengthening
elements. Cr is the most effective among all the 3d transition metal elements. The alloying in
CSAs simultaneously increases the densities of statistically stored dislocations and
geometrically necessary dislocations.

e Pile-ups and indentation size effects are significant in Ni-based CSAs and a correction
procedure for accurate hardness was developed. It is suggested that the measured height, 4;
instead of contact periphery, a; should be used to estimate pile-ups for Ni-based CSAs.

e A data set of activation volumes of Ni-based CSA is provided from nanoindentation strain rate
jump tests: Ni and Co are similar with a low activation volume for dislocations, while the rest
have higher activation volumes. The data are consistent with hardness and dislocation analysis.
One special consideration of ISE is included in analysis, i.e., the hardness change rate (unit:
Pa/s) is not negligible for strain rate calculation for Ni-based CSAs with strong ISE.

e That lattice distortion from atomic-size difference plays a central role in strengthening,
including solid solution strengthening and work hardening, while the SFE is not critical in our
study. The utilization of the solid solution strengthening model developed by Varvenne et al.
shows that atomic-size difference should be calculated based on the appropriate atomic radius
in a relaxed structure from experiments/simulations, instead of the intrinsic Goldschmidt radius.
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