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Abstract: Incipient plasticity in multi-principal element alloys, CoCrNi, CoCrFeMnNi, and
Aly1CoCrFeNi was evaluated by nano-indentation and compared with pure Ni. The tests were
performed at a loading rate of 70 uN/s in the temperature range of 298 K to 473 K. The activation
energy and activation volume were determined using a statistical approach of analyzing the “pop-in”
load marking incipient plasticity. The CoCrFeMnNi and Alj;CoCrFeNi multi-principal element
alloys showed two times higher activation volume and energy compared to CoCrNi and pure Ni,
suggesting complex cooperative motion of atoms for deformation in the five component systems.
The small calculated values of activation energy and activation volume indicate heterogeneous
dislocation nucleation at point defects like vacancy and hot-spot.

Keywords: multi-principal element alloys; dislocation nucleation; activation volume; activation
energy; nano-indentation; high /medium entropy alloys

1. Introduction

Traditional alloy design employs the addition of alloying elements to a principal constituent
to enhance its properties via multi-phase complex microstructure. Multi-principal element alloys
(MPEAs) represent a new generation of material system consisting of several elements in equimolar
or near equimolar proportions. Despite the complex chemistry, high configurational entropy may
favor formation of a simple solid solution instead of complex intermetallic compounds in these
alloys, which are also referred to as high entropy alloys (HEAs) [1]. Certain range in atomic size
difference, electronegativity difference, and mixing entropy/enthalpy of the constituent elements
result in multiple concentrated phases in the microstructure [2-5].

The mechanical properties of MPEAs have been widely studied in recent years over a range
of temperatures for potential applications in nuclear and aerospace industries. These include
tensile/compressive properties, fatigue behavior, and fracture toughness [6-12]. It has been
hypothesized that MPEAs have a distorted lattice structure which makes dislocation movement
difficult and non-traditional in these alloy systems [1,6-8,13-18]. To understand dislocation nucleation
and the activation process, nano-indentation technique has been widely used. The displacement burst
(pop-in) in the nano-indentation load versus contact depth curve is attributed to dislocation nucleation.
The “pop-in” represents the transition from elastic to plastic deformation in materials and typically
happens at a small indentation depth of <100 nm [19-26]. The stress associated with the pop-in is
approximately equal to the theoretical strength of the material and happens in small indented volume
with a very low probability of having pre-existing dislocations. Therefore, many researchers have
attributed the pop-in event to dislocation nucleation [21,25,27-33], and others have proposed vacancy
assisted mechanisms [34]. It has been demonstrated that the pop-in during nano-indentation is time
and temperature dependent, a kinetically limiting process that requires activation energy. It occurs in
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thermally and mechanically favorable positions, which makes it a probabilistic event, i.e., the load at
which the pop-in takes place is distributed over a range rather than occurring at a fixed value each
time, and this distribution is temperature and time dependent.

Nano-indentation technique has been extensively used to study the local scale elastic-plastic
deformation behavior of metals/alloys and to determine the critical shear stress required for dislocation
nucleation [19-26]. However, there are few reports and limited understanding of the effect of intrinsic
length-scale and submicron plasticity in MPEAs. Wang et al. [35] and Zhu et al. [36] have investigated
the activation volume and energy for the onset of plastic deformation in two body centered cubic
(BCC) HEAs (of compositions NbTaTiZr and NbMoTaTiZr) and a face centered cubic (FCC) HEA
(of composition CoCrFeMnNi) by nano-indentation. They reported a larger activation volume for
HEAs compared to conventional metals, attributing it to complex nucleation mechanism. Still, there
is limited understanding of the dependence of dislocation nucleation on alloy composition and
microstructure, and there are multiple discrepancies in the published studies [2,36].

Here, incipient plasticity and dislocation nucleation were studied using nano-indentation for
three different multi-principal element alloys, CoCrNi, CoCrFeMnNi, and Aly;CoCrFeNi. All the three
alloys showed a single-phase FCC microstructure without any secondary phases. The three-component
CoCrNi alloy showed higher strength than five-component CoCrFeMnNi [7,37] and was chosen to
study the effect of the number of constituents. A comparison was made with a pure metal, Ni, to
understand solid solution strengthening effects. In addition, Aly1CoCrFeNi alloy was chosen because
it is a model FCC system for comparison with the results of CoCrFeMnNi. The present study paves
the way for a fundamental understanding of small-scale deformation mechanisms in multi-principal
element alloys as a function of alloy chemistry and microstructure.

2. Experimental

Alloys with nominal composition of CoCrNi, CoCrFeMnNi, and Al ;CoCrFeNi (in mole fractions)
were prepared by arc melting the constituent pure elements (purity > 99.99%) in Ti-gettered Ar
atmosphere. As-cast alloys were rolled up to a 70% reduction in thickness. After rolling, they were
annealed at 1173 K for 20 h to obtain equiaxed dislocation-free grains and to remove residual stress from
processing. The annealed samples were polished with SiC abrasive paper followed by microfiber cloth
with 1 pm diamond suspension. The polished samples were then put in vibromet with 0.04 pm colloidal
silica suspension to produce a surface finish equivalent in texture to an electro-polished sample.
Crystal structure and phase identification were done using Rigaku III Ultima X-ray diffractometer
(XRD Rigaku Corporation, Tokyo, Japan) with Cu-K« radiation with wavelength of 1.54 A. Scanning
electron microscopy (SEM) was done using FEI Quanta ESEM (FEI Company, Hillsboro, OR, USA) to
analyze the grain size and microstructure of the alloys.

Nano-indentation (Bruker, Minneapolis, MN, USA) was performed using a Berkovich diamond
probe. The pop-in behavior of alloys was evaluated with a maximum load of 350 uN at 298 K, 373 K,
and 473 K. One hundred indentations were made at each temperature with 10 um distance between
two indents to avoid overlap of their plastic zones. The indentations were done in load control
mode with a constant loading rate of 70 uN/s. Elevated temperature indentations were performed
using XSol600 heating stage with bottom and top heating to avoid any thermal gradients. To prevent
oxidation of the sample, a continuous flow of Ar + 5% H; gas mixture was maintained with a flow rate
of 1 lit/min.

3. Results and Discussion

Figure 1la—c show the XRD patterns for the three alloys studied, which confirmed that they formed
a simple FCC solid solution and were free of any secondary phases as reported previously [38—40].
The backscattered SEM images of the alloys are shown in Figure 2a—c. All three alloys showed equiaxed
microstructure with an average grain size of ~30-60 um. They also showed a significant number of
annealing twins, which indicates low stacking fault energy in these alloys.
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Figure 1. X-ray diffraction (XRD) patterns of multi-principal (a) CoCrNi, (b) CoCrFeMnNi, and
(c) Alp1CoCrFeNi alloys.

CoCrFeMnNi

Figure 2. Backscattered scanning electron microscopy (SEM) images of (a) CoCrNi, (b) CoCrFeMnNj,

and (c) Alp1CoCrFeNi show equiaxed grains after annealing with grain size ~30-60 pum.
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Deformation during nano-indentation is initially elastic and follows the Hertzian equation [34].
1.3
P =4/3E,R2h2 (1)

where, P is the load applied by the indenter, R is radius of the tip, and / is the indentation depth,
lfvlz

E, is the reduced modulus of the indenter-sample combination and is defined by: E% = 1_Evz +

E, v, E; = 1141 GPa, and v; = 0.07 are the Young’s modulus and Poisson’s ratio of the sample arzld
diamond indenter, respectively. Figure 3a shows the typical load-displacement curve obtained from
nano-indentation along with the Hertzian fit. The reduced modulus of the alloys was obtained from
the fitting coefficient of the elastic part and values are summarized in Table 1 and are similar to earlier
reports [41,42]. The initial part of the load-displacement curve followed Hertzian contact theory and
subsequently deviated due to plastic deformation or elastic-to-plastic transition [34]. The load and
displacement at the deviation point was determined for each indent. Figure 3b shows the temperature
dependence of the pop-in load for the CoCrFeMnNi alloy. The load at first pop-in was found to
decrease with increasing temperature; other alloys (CoCrNi and Alj ; CoCrFeNi) and pure Ni showed
a similar trend. This thermal softening has also been reported in several previous studies [34,36].

Table 1. Reduced modulus, activation volume, and activation energy of present face-centered cubic

(FCC) alloys.
Alloys E, (GPa) Activation Volume (A3)  Activation Energy (eV)
Ni 195+7 4.12 0.23 4 0.008
CoCrNi 195+ 6 4.69 0.27 + 0.01
CoCrFeMnNi 180 + 4 9.01 0.50 4+ 0.007
Al 1CoCrFeNi 190 +5 8.04 0.47 4 0.009
CoCrFeMnNi - CoCrFeMnNi
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Figure 3. (a) Representative load-displacement curve of CoCrFeMnNi alloy at room temperature along
with the Hertzian; (b) load-displacement curve of CoCrFeMnNi alloy at different temperatures along
with the Hertzian fitting for the elastic section.

Figure 4 shows the statistical distribution of the pop-in load at room temperature (298 K) and
473 K for Ni, CoCrNi, CoCrFeMnNi, and Aly;CoCrFeNi. The experimentally obtained data at 373 K
followed a similar trend and has not been included in the figure for clarity. It is also evident from
Figure 4 that the pop-in load decreased with increasing temperature. The temperature dependence of
displacement burst in multi-principal alloys indicates a stress-biased thermally activated mechanism
similar to pure metals [34]. The shear stress beneath the indenter at pop-in is evaluated using Hertzian

2\ 1/3
pm=<w5> @)

contact theory as [34]:

73 R?
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Ty = 031pm 3)

where, p;,; is the mean contact pressure and 7, is the maximum shear stress at pop-in, which was
in the range of ~{¢—{5 (Where p is the shear modulus) at room temperature for all alloys. As the
ideal shear strength of a metal also lies in a similar range (45—-%) [36], it may be concluded that the
pop-in event involves dislocation nucleation. Using the probabilistic distribution of pop-in stress,
an analytical solution has been proposed to evaluate the activation volume and activation energy
associated with the displacement burst [34]. Nucleation of dislocation involves an activation barrier
which may be overcome by mechanical work done by the indenter or by the combined effect of thermal

and mechanical work. The nucleation rate per unit volume, 7 is represented by [34]:

h—nexp<—£7{;V> (4)

where 1 is a pre-exponential frequency factor, € is the activation energy barrier for the process, and oV
represents the stress bias. In the present condition, the stress bias is the maximum shear stress beneath
the indenter. The activation volume of the process may be expressed as [34]:

n (3R \*?

where, « is a time-independent parameter and is obtained from the slope of In[In(1 — F)] versus P1/3
plot (as shown in Figure 5), and F is the cumulative probability of the event (as shown in Figure 4).
Figure 5 shows the In[—In(1 — F)] versus P'/3 for Ni and the three MPEAs at room temperature and
473 K. Using averaged « value obtained from the slope of the curves and Equation (5), the activation
volume was calculated. Activation volume for the three alloys and Ni are included in Table 1.
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Figure 4. Cumulative fraction of experiment loads at the pop-in events plotted at 298 K and 473 K for
(a) Ni, (b) CoCrNj, (¢) CoCrFeMnNi, and (d) Al ; CoCrFeNi alloys.
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Figure 5. Plot of In[—In(1 — F)] vs. P1/3 at 298 K and 473 K to determine the activation volume from
experimental data analysis for (a) Ni, (b) CoCrNi, (¢) CoCrFeMnNi, and (d) Alp; CoCrFeNi.

Equation (4) indicates that € also plays an important role in the nucleation process. The activation
enthalpy or € may be evaluated from the pop-in load and activation volume using the equation [34]:

1/3 n 3R\
pY/ _ykT+w(4ER> v (6)

Figure 6 shows the P1/3 vs. temperature (T) curves for pure Ni and the MPEAs at three different
cumulative frequencies (F). PY/3 ys. T shows a linear relation with slope vk and the intercept at 0 K in
y-axis representing the second part of Equation (6). With the obtained P!/ at 0 K and the activation
volume, € was evaluated. This represents the energy required for nucleation at 0 K, i.e., all the work
done is mechanical work, and there is no thermal work. The activation energy for pure Ni and the
MPEAs are summarized in Table 1.

The average activation volume for pop-in in Ni was determined to be 4.12 A3, which falls
within a similar range for FCC-Pt [34] and hexagonal close packed (HCP)-Mg [43]. The activation
volume and activation energy evaluated for MPEAs using first-order shear bias statistical model
were in the range of 4 to 9 A% and 0.23 to 0.50 eV, respectively. These values are much lower than
that required for homogenous dislocation nucleation which is higher than 1 eV. The discrepancy in
activation enthalpy between the experimentally measured value and that expected for homogenous
nucleation has been explained by the presence of subcritical loops and thermal fluctuations, while
other studies have ruled out these possibilities [44—46]. Vacancy migration during nano-indentation
has been proposed as another possible mechanism [2]. But the self-diffusion rate is very slow at
room temperature, and vacancy migration energy lies in the range of 1-2 eV. The obtained activation
enthalpy for the three MPEAs is much lower than the vacancy migration energy. In addition, due
to lower diffusivity in equi-atomic multi-component alloys than pure metals, vacancy migration is
more difficult in these alloys. Several simulation studies have shown that surface ledges may act
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as potential sites for heterogeneous dislocation nucleation by reducing the activation energy [47,48].
Another proposed mechanism for heterogeneous dislocation nucleation involves hot-spots. At high
temperatures, thermal vibrations generate asymmetry which create hot-spot defects below the surface
(in the bulk) and act as potential sites for dislocation nucleation, whereas at 0 K the dislocation
nucleates at surface defects [45,49]. In the current study, it was observed that the displacement at
pop-in decreased with increasing temperature. The average pop-in depth for CoCrFeMnNi alloy
corresponding to 298 K, 373 K, and 473 K was 8 nm, 5 nm, and 3 nm, respectively. A similar trend was
observed for the other two alloys, CoCrNi and Al ;CoCrFeNi. The decreasing trend of pop-in depth
with increasing temperature supports the hot-spot mechanism because with increasing temperature the
fraction of hot-spot defects increases. This leads to lowering of the depth and load for pop-in. Vacancy
clusters and impurity atoms have also been proposed as potential sites for dislocation nucleation [34].
Since the alloys were air cooled after annealing, there is a possibility of having vacancy concentration
higher than the equilibrium concentration.
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Figure 6. Plot of P13 ys. T to evaluate the activation enthalpy of the first burst for (a) Ni, (b) CoCrNi,
(c) CoCrFeMnNi, and (d) Alp ;CoCrFeNi alloys.

The activation volume and energy of incipient plasticity for CoCrFeMnNi and Alj1CoCrFeNi
were roughly two times that of pure Ni. This indicates that in the case of MPEAs, the cooperative
motion of several atoms is necessary for deformation in comparison with one to one atomic motion in
pure metals. The activation volume and energy of the three-component CoCrNi alloy was marginally
higher than pure Ni (14% higher) but significantly lower compared to the five-component alloys
(~50% lower). This suggests that the dislocation mechanism in this medium entropy alloy (CoCrNi)
may be similar to pure metals. The activation volume for dislocation nucleation in BCC TiZNbTa
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and TiZrNbTaMo HEAs were determined to be ~30 A3 [35] which is more than that of the current
studied MPEAs. It should also be noted that the obtained activation volume and activation energy for
CoCrFeMnNi in the current work is different compared to that earlier reported by Zhu et al. for the
same composition [36]. This may be attributed to the sample preparation conditions and the resulting
surface state.

4. Conclusions

Shallow depth nano-indentation was performed for multi-principal five-component
Alg1CoCrFeNi and CoCrFeMnNi alloys and three-component CoCrNi alloy to elucidate the
mechanism associated with the onset of plasticity in these alloys. Nano-indentation was performed
at three different temperatures of 298 K, 373 K, and 473 K. The experimentally obtained data were
analyzed within the framework of first-order shear bias statistical model, and the activation volume
and activation enthalpy of the process were calculated. The following can be concluded from the
obtained experimental and analytical results:

1. The pop-in load marking incipient plasticity was found to decrease with the increase of
temperature for each of the three alloys indicating a thermally activated event.

2. At all the temperatures, the pop-in shear stress was not constant but rather occurred over a
range of loads. At room temperature, the values of the pop-in shear stress ranged over {z—1; for
three alloys.

3.  Using a statistical approach, the evaluated activation volume and enthalpy for the five-component
multi-principal alloys were around 10 A% and 0.5 eV, respectively. The small values of activation
volume and energy suggest heterogeneous dislocation nucleation.

4. The CoCrFeMnNi and Al CoCrFeNi multi-principal alloys showed two times higher activation
volume and energy compared to CoCrNi medium entropy alloy and pure Ni suggesting complex
cooperative motion of atoms for deformation in these systems.

5. Vacancy migration was ruled out as a possible nucleation mechanism because of the small values
of activation volume and energy.

6.  Surface defects like ledges, vacancy clusters, and hot-spots created by asymmetry generated due
to thermal vibration could be potential sites for heterogeneous dislocation nucleation in these
alloys during nano-indentation.
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