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Abstract: The mechanical behavior of a partially recrystallized fcc-CoCrFeNiTig, high entropy
alloys (HEA) is investigated. Temporal evolutions of the morphology, size, and volume fraction of
the nanoscaled L1,-(Ni,Co)3Ti precipitates at 800 °C with various aging time were quantitatively
evaluated. The ultimate tensile strength can be greatly improved to ~1200 MPa, accompanied
with a tensile elongation of ~20% after precipitation. The temporal exponents for the average
size and number density of precipitates reasonably conform the predictions by the PV model.
A composite model was proposed to describe the plastic strain of the current HEA. As a consequence,
the tensile strength and tensile elongation are well predicted, which is in accord with the experimental
results. The present experiment provides a theoretical reference for the strengthening of partially
recrystallized single-phase HEAs in the future.

Keywords: high entropy alloys; precipitation kinetics; strengthening mechanisms; elongation
prediction

1. Introduction

High entropy alloys (HEAs), a new class of structural materials, have attracted a great deal
of attention in recent years on account of their special intrinsic characteristics [1-9], such as high
configuration entropy [10], sluggish atomic diffusion [11], and large lattice distortion [12]. Nevertheless,
recent studies indicate that single-phase HEAs, especially single-phase fcc HEAs, the strength is
insufficiently for structural applications [13,14]. In other words, strengthening is badly needed so
that satisfactory mechanical properties can be achieved. Klimova et al. [15] reported that in the Al-
and C-containing CoCrFeNiMn-type high-entropy alloy, substructure strengthening was found to be
dominated at low rolling reductions (<40%), while grain (twin) boundary strengthening prevailed
at higher strains. Chemical short-range order also has an important influence on the mechanical
properties of FeCoNi(AlSi), high entropy alloys [16]. Among the numerous strengthening mechanisms,
Precipitation hardening is an effective technique widely used for strengthening high entropy
alloys [9,17-22]. For example, He et al. [17,23] reported nano-sized L1, coherent precipitates in a face
centered-cubic (fcc) NiCoFe alloy with minor additions of Al and Ti, specifically (NiCoFeCr)gsTip Aly,
which exhibits a strength increment of about 327 MPa. It is widely studied that these HEAs are all fully
recrystallized, and the grain/grain boundary is thermally stable. In contrast, the partial recrystallized
HEAs are rarely studied, the microstructure-property relationship and consequent strengthening
mechanism are lacking. In this study, we pay attention to the effect of the partially crystallized
microstructure on the mechanical properties. The grain growth mechanisms for the nanoscale
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precipitation and strengthening mechanisms are fully investigated. In addition, a quantitative model
for estimation of tensile ductility is established.

2. Materials and Methods

The mixture of Co, Cr, Fe, Ni, and Ti with purity of at least 99.9% (weight percent, wt.%)
was prepared by arc-melting. Under a Ti-gettered argon atmosphere, the sample was cast into an
85 x 10 x 2 mm?® copper mould and CoCrFeNiTiy, (atomic percent, at.%) alloy ingots were prepared.
A stable uniform structure was obtained at 1200 °C homogenized for 5 h. The sliced samples were
cold-rolled to 75% of the total reduction ratio, and then aged at 800 °C for 3h,5h, 8 h, 10 h, 24 h
and 48 h respectively, followed by water quenching. The phase identification was carried out by
X-ray diffraction (XRD) using Cu K« radiation. Then, optical microscopy (OM), scanning electron
microscopy (ZEISS SUPRA55 SEM) operated at 20 kV, with the working distance of 9.1 mm, energy
dispersive spectrometer (EDS), and JEM-2010 transmission electron microscopy (TEM) were used to
observe the surface microstructures. Dog-bone-like tensile specimens with a gauge length of 10 mm,
a gauge width of 2 mm and a thickness of 0.5 mm were prepared from aged specimens by electrical
discharge machining. Instron 5969 universal testing machine was used to carry out quasi-static tensile
tests at room temperature at a constant strain rate of 1 x 1073 s~! greater than or equal to five times.

3. Results and Discussion

3.1. Precipitation Kinetics

As can be seen from Figure 1a, the XRD diagrams of homogenized and aged alloys are displayed.
In each alloy, a series of fcc diffraction peaks can be found, which indicates that the matrix of the
four alloys is composed of the same fcc phase. In aged samples, an extra series of minor peaks,
named L1,-NizTi, can be detected, which indicates that there is a great probability of the existence
of a secondary phase. Figure 2a—e,g-h shows the corresponding SEM micrographs of these HEAs
in different statuses. It can be concluded that in Figure 2a, the homogenized alloy demonstrates a
single-phase structure, in accordance with the XRD pattern. There are only a few etch pits on the
surface probably introduced during electropolishing. After the homogenization process been carried
out, the grains are all transformed into equiaxed grains with an average grain size of ~198 um.
Figure 2b exhibits the microstructural feature of the cold-rolled CoCrFeNiTiyp, HEAs. Because
of the large CR reduction, there are serious deformation and elongation of grains in the rolling
direction, and a high-density of lamellar deformation bands can be dramatically observed after
electro-polishing. Similar microstructures have been reported in Fess95Niyy5C0175Al11 5Crg5Bg 05
HEAs [24]. Since the recrystallization temperature of the present HEA is above 800 °C, a large number
of slip lines (deformation bands) remain in the matrix. As a consequence, in the recrystallization
region, the precipitates spread along the grain boundaries, as shown in Figure 2c. Besides, some
plate-shaped precipitates are formed. Generally, upon aging, precipitates often preferentially form
at grain boundaries, which is the microstructural heterogeneous site. Moreover, when the aging
temperature is low, for instance 800 °C here, the diffusion along the grain boundary is much faster
than that in the lattice [23]. This is the main reason why the plate-shaped precipitates grow at grain
boundaries. Whereas in the area where the grains are not recrystallized, a great many precipitates
are uniformly distributed throughout the matrix, as evidenced in Figure 2d. The measured average
compositions of the precipitates and fcc matrix in the 800 °C/5 h aged alloy, as well as the composition
variation across a single precipitate is, as shown in Figure 1b. It indicates that the precipitates are
enriched with Ni and Ti, but depleted in Co, Cr, and Fe. Meanwhile a part of Ni is substituted by Co.
With the above EDS analysis, it is finally identified that the precipitates in the 800 °C/5 h aged alloy
is the (Ni,Co);Ti phase. Figure 2i shows the bright field TEM images of aged alloys at 800 °C/5 h.
Spheroidal and plate-shaped particles with an average size of 145 nm are found to disperse in a matrix.
From the illustration on the right side of Figure 2i, the selected area electron diffraction (SAED) pattern
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along Z = [011] taken from the precipitates are indexed. The main diffraction points can effectively
prove that the matrix does has an fcc structure, whilst additional weak spots observed in the image can
also scientifically prove the existence of precipitates with superlattice L1, structure. Han et al. have
identified that L1, phase as (Ni,Co)3Ti type v’ phase [25].
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Figure 1. The XRD patterns of the homogenized and the aged alloys (a), and EDS-measured
composition variation across a single precipitate in the 800 °C/5 h aged alloy(b).

Figure 2. SEM images of the homogenized (a), the cold rolled (b), the 800 °C/3 h aged (c-d) alloys
and the aged alloy of different aging time: 5 h (e), 10 h (g), and 48 h (h). The left insert in (e) is the
corresponding enlarged views of the slip lines in 800 °C/5 h aged alloy. (f) and (i) show the TEM
image of the L1, precipitates and the slip lines in 800 °C/5 h aged alloy, respectively.

As mentioned above, many slip lines remain in the matrix on account of partial recrystallization,
which is revealed in Figure 2e. In order to further examine the nature of these slip lines, an enlarged
area is selected as exhibited in the left inset of Figure 2e. A significant amount of slip lines along
different directions are clearly observed inside the grains. Although the directions of these slip lines
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are inconsistent, the value of the intersection angle between them is virtually constant as to be about
60°. Figure 2f is the corresponding TEM image of these slip lines in 800 °C/5 h aged alloy. The slip
lines are distributed along different directions, and the intersection angle between one another is about
60° as well, which are consistent with SEM images.

To unveil the evolution of precipitation with the time, SEM images for 800 °C/5, 10, and 48 h
aged alloys are carefully taken. The precipitates in Figure 2e are basically spheroidal and plate-shaped,
uniformly distributed throughout the fcc matrix, the volume fraction is about 15.6 %. As time goes on,
the shape of the precipitates turns to be droplet-like and plate-shaped. The average size of precipitates
is closely related to the aging time. The longer the aging time is, the larger the average size of
precipitates will be. For example, after three hours of aging, the average size of particles is 120 nm,
but the average value rises to 385 nm after aging for 48h. The size distributions of the two aged alloys
are plotted in Figure 3. Moreover, the precipitate number density #, is negatively correlated with the
aging time. A similar variation of the precipitate with aging time has been reported in many HEAs,
such as (NiCoFeCr)g4Tip Al [26] and (FeCoNiCr);g0-x-y TixAly [23] HEAs.
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Figure 3. The size distributions of the 800 °C/3 h aged alloy(a) and 800 °C/48 h aged alloy(b).

The precipitate number density n,, was determined from n, = n,/d, where n, is the areal
density of precipitates measured from SEM micrographs. The precipitate size was defined using
an area-equivalent diameter (i.e., diameter = 2,/ (arearn)) measured from SEM micrographs. The
average precipitate size d, was calculated according to precipitate size distributions. Dividing the areal
density by the precipitate diameter to get the number density in three-dimensional space. It should
be noted that many slip lines are clearly revealed in the matrix in 800 °C/3 h aged alloy, as shown in
Figure 2e. With the aging time, the amount of slip lines is gradually decreased. When the aging time is
reached to 48 h, the slip lines do not basically exist in the matrix. This indicates that although the alloy
does not fully recrystallize at 800 °C, the recrystallization has been going on with the extension of time.

It is very important to study the precipitates growth kinetics in order to further reveal the
microstructure-property relationship. The volume fraction (¢(f)), number density (1,(t)), and average
size (d(t)) are all varies with time, and the relationship is shown in Figure 4a,b, which is corresponding
to L1, precipitates in the CoCrFeNiTip, HEAs aged at different times in 800 °C. It can be seen from
Figure 4a that the value of ¢(t) remains constant when the aging time changed from 3 to 48 h. It is
pointed out that the nucleation stage of the precipitation process has been bypassed and entered the
coarsening stage directly, therefore ¢(t) remain stable on its equilibrium value (¢.;) [26]. The stored
energy is negatively correlated with the aging time, which is consistent with the theory. With the
increase of aging time, the stress concentration is caused by the growth of precipitates, leading to
the fracture of the alloy more easily, which is corresponding to the reduction of stored energy. The
precipitation number density n,(t) is a function of aging time, as demonstrated in Figure 4b, which
indicates the power-law relationship between the two variables at a given temperature. When the aging
time is increased from 3 to 48 h, the number density is accordingly decreased from (5.6 + 0.3) x 10%° to
(6.4 +0.2) x 101 m~3. Definitely, the power-law exponent for 71(t), namely the slope of the linear fitted
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curve is —0.78. Similar temporal exponents also appear in some Ni-Al-based ternary alloys [27-30].
The size of precipitates also depends on the aging time. It can be concluded from Figure 4b that the
average precipitation size d(t) also follows the power law relationship. The power law index is 0.41.

A model can be used to explain the power-law relationship among the number density, average
precipitation size and aging time scientifically and effectively. Philip and Voorhees established the PV
model for Ostwald ripening in multi-component systems [31]. According to the model, the coarsening
process of precipitates is in accordance with a similar power-law relationship. In other words, the size of
precipitates raised to a 1/3 power, due to the increasing aging time. To apply the PV model reasonably
to the CoCrFeNiTip, HEA, the first step is to concentrate the chemical composition. The baseline of
the alloy is fcc-CoCrFeNi. In addition, Ni is the only element with an fcc structure in the alloy, so it can
be treated substantially as a Ni-based alloy. Besides that, the lattice constant of CoCrFeNi (0.3572 nm)
is highly close to that of Ni (0.3517 nm) [30]. Hence, it seems logical to treat the CoCrFeNiTig; as a
Ni-based pseudo binary Ni-Ti alloy. Therefore, the PV model of stable coarsening reaction can be used
to calculate the coarsening behavior of L1, precipitation in CoCrFeNiTig, HEAs [32-35]:

d(t) — d>(tg) = K(t — to), 1

no(8) "L — mo(to) ! = 474 (1 1), @)
Peq

where K represents the coarsening rate constant, d(t), and n,(f) refer to the average size and number
density of precipitates at time t. Obviously, in Figure 3a,b, the time index for n,(t) is —0.78, and that
for d(t) is 0.41, which is basically consistent with the predicted values of —1 (Equation (3)) and 1/3
(Equation(2)) corresponding to the PV model. The main reason for the slight deviation is probably
caused by the fact that the aging time is within a limited duration, but in principle, the coarsening
stage of precipitates cannot reach a stable state [36-39].
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Figure 4. Temporal evolution of (a) volume fraction (P(t)) and stored energy (E(t)), (b) number density
(ny(t)), and average size (d(t)) of L1, precipitates in the CoCrFeNiTig, high entropy alloys (HEA).
Tensile stress-strain curves of the homogenized and the annealed alloys(c). Detailed tensile strength
and the elongation value are plotted in (d).
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3.2. Strengthening Mechanisms

In order to study the effect of microstructure on mechanical properties, uniaxial tensile tests were
carried out. As can be seen from Figure 4c, the tensile engineering stress-strain curves of the current
seven HEAs under room temperature are measured. The homogenized alloy exhibits high ductility,
which reaches 48%, but the yield and ultimate strengths of the alloy are low, which are only 315 and
609 MPa, respectively. A similar value of strength is obtained in CoCrFeMnNi HEAs [1]. Compared
to the homogenized alloy, the aged alloys (3 h) exhibit a striking improvement in the mechanical
performances, the yield and ultimate strength can reach about ~800 and ~1200 MPa respectively,
accompanied by ~20% homogeneous elongation. Detailed tensile strength and the elongation of the
aged alloys are plotted in Figure 4d. It is noteworthy that both the tensile strength and elongation
are gradually decreased with the aging time. The results can be ascribed to the growing up of the
second-phase precipitates with the increasing aging time, which can pin the dislocation movement
and accordingly promote the dislocation accumulation, leading to stress concentration, which in turn
reduce both the strength and ductility [23].

In precipitation hardening alloys, the particles morphological distribution is the main factor
of strength, which covers particle size, particle shape and spacing between particles. The classical
Orowan bowing/looping and particles shearing are the main models used to describe the precipitation
hardening, which mainly includes. Orowan looping often occurs when the radius of the coherent
particles exceeds the critical value or when the particles are incoherent with the matrix. Whereas when
the precipitates are small and coherent, the shear mechanism takes place. For the current HEA, the sizes
of the precipitates are all more than 100 nm, and the particles are not easily plastically deformed.
Therefore, it is concluded that L1, particles strengthen the alloy via Orowan mechanism. The critical
stress o or can be expressed in the following [40]:

®)

where M = 3.06 is the Taylor factor, G = 87.5 GPa is the shear modulus, v = 0.31 is the Poisson ratio,
and b = /2/2 x ACoCrFeNiTiy, = 0.255 nm represents the burger vector for an fcc structure. d=+/2/3d
represents the average precipitate diameter on the slip planes. A = d(,/7t/(4f)—1) represents the
average interparticle spacing. Orowan stresses for precipitates in the six aged HEA with different
volume fractions and sizes are calculated respectively.

As mentioned above, a large number of slip lines exist in the alloys along various directions,
due to partial recrystallization. These slip lines can be regarded as sub-grain boundaries. Generally
speaking, grain refinement can greatly improve the strength of the alloy. The volume fraction of the
grain-boundaries is negatively correlated with the grain size. Smaller grain size offers a higher volume
fraction of grain-boundaries, which will hinder the movement of dislocations. So here the extensive
slip lines can improve the strength by grain-boundary strengthening. To apply the mechanism to the
current CoCrFeNiTig, HEA, let us consider its equivalent grain size. Figure 5a-b is the corresponding
schematic illustration. The slip lines within a grain are selected as the statistical target. Draw twelve
lines passing through the center of the grain at 30-degree intervals and measure the length of each
line, as Figure 5a shows. Then, it is counted how many segments the 12 lines are divided by the slip
lines within a grain and how many segments each slip line within a grain are divided by the 12 lines.
Accordingly, it is obtained the length of each line being cut off and the average length. From the
two dimensions, the equivalent length of the spacing can be obtained between the slip lines, that is,
the average grain diameter. In the statistics at least 50 grains were used for counting in different aging
times. In this way, the distance between slip lines within the grains is transformed into the average
grain diameter of sub-grain boundaries (Figure 5b). Consequently, the strength increment provided by
grain-size refinement can be theoretically predicted.
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Hall-Petch equation can explain the relationship between yield strength and grain size
scientifically [41]:

oy = oy + ky/d?, @

where 0y represents the yield stress, 0 represents the lattice friction stress, k, represents the
strengthening coefficient, and d represents the average grain diameter. We can express the increase of
yield strength caused by grain size difference (Acg) as:

Aaczky(dﬁ—dA-%). )

In the formula, dp denotes the grain size of the thermo-mechanically processed alloys, and d4
represents the grain size of the homogenized alloy.

In order to show the conclusion more intuitively and clearly, the histogram, as shown in Figure 5c,
is summarized to explain the strength contribution of the above two strengthening mechanisms. The
black part represents the intrinsic strength of the alloy, or the so-called lattice friction strength, according
to Moon et al [42], the calculated value is 156 MPa. It can be seen from the diagram that the contribution
of precipitation strengthening to strength increment is much greater than that of grain-boundary
strengthening. However, with the growth of precipitated particles size, the contribution of precipitation
strengthening is gradually decreased, similar to the (FeCoNiCr)1p.x-, TixAly HEAs reported before [23].
Moreover, with the aging time, the number of slip lines is decreased, leading to the increased distance
between slip lines, thus causing gradually weakened contribution of grain boundary strengthening,
which is consistent with the experimental results in Figure 4c.
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(b). Strengthening contributions from precipitation hardening and grain-boundary hardening in all
the aged alloys (c). The elongation displayed as a function of the volume fraction and mean particle
diameter of L1, phase in the current HEA (d).
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3.3. Prediction of Elongation

Compared with the strength which is relatively easy to evaluate in the existing models, it is quite
challenging to quantitatively evaluate the tensile ductility. Aging time is one of the important reasons
for the variation of tensile ductility in current HEA. It is due to that with the increase of aging time,
the L1, particles grow up gradually, leading to stress concentration, which will lead to a significant
reduction in ductility. Here, the present HEAs containing L1, particles can be regarded as ceramic
particles-reinforced metal-matrix composites (MMCs) [43]. In discontinuous reinforced metal matrix
composites, when the size of the reinforcing phase is micron order and the volume fraction reaches
about 20%, the most balanced strength-ductility properties are expected to be exhibited. Similar
to metal-based composite alloys, the L1, particles in existing alloys are about 0.1-0.4 um and the
volume fraction is 15.6-19.8%, which appears to be consistent with the model. In order to estimate the
elongation of HEAs accurately, a model based on MMCS phenomenologically is adopted [44]:

ec/em = (1_f)(1+€cuv)(1_fcon)/ (6)

where e represents the failure strain of the composites, ¢, represents the failure strain of the
unreinforced matrix, and f represents the volume fraction of particles. In the equation mentioned
above, gy = f 4/3 /g [44] is the contribution to the failure strain from the cavity formation, and s
represents the aspect ratio of the particles. The parameter f.,, in Equation (6) represents the ratio of the
constrained to the matrix volume, and can be expressed as [44]:

foon =25/ [5(f*1 - 1)} @)

Combining Equations (6) and (7), it is readily obtained

4/3
ec/sm:(lf)<1+fs )(15(f215—1)>:F' ®)

At present, ¢; can be plotted as a function of F, and the result is demonstrated in Figure 4d. It is
pointed out that there is a good linear relationship with the slope of the curve to be about 0.43. It can be
concluded from the Equation (8) that the slope is predicted to be the fracture strain of the unreinforced
alloy matrix, &,,. Compared with the elongation value of homogenized alloy (~0.49), the value of 0.43 is
close to the experimental value. The main reason for the slight offset in Figure 4f is the inhomogeneous
distribution of L1, particles with non-random orientation. Nevertheless, it can be concluded from
Figure 5d that the tensile ductility in HEA is determined by the volume fraction and morphology of
L1, precipitates.

4. Conclusions

In this study, a systematic study of the aging behavior of the CoCrFeNiTip, HEA is conducted. L1,
particles are readily precipitated after annealing at 800 °C for a different time. The temporal exponents
for the average size and number density of precipitates are in reasonable accord with the predictions by
the PV model for particle coarsening in the current alloys. The ultimate tensile strength can be greatly
improved to ~1200 MPa, accompanied with a tensile elongation of ~20% after precipitation. Both grain
boundary and precipitates can contribute to strengthening. The tensile strength and tensile elongation
are well predicted, which is consistent with the experimental results. The present experiment provides
a theoretical reference for the strengthening of partially recrystallized single-phase HEAs in the future.

Author Contributions: Conceptualization, ].Q.; Data curation, P.L.; Project administration, Y.W.; Software, ].H.;
Writing-original draft, H.Z.; Writing-review and editing, H.Z.

Funding: This work was financially supported by the financial support from National Key Laboratory for
Remanufacturing, Academy of Armored Forces Engineering (No. 61420050204).



Entropy 2019, 21, 389 9of 11

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Gludovatz, B.; Hohenwarter, A.; Catoor, D.; Chang, E.H.; George, E.P.; Ritchie, R.O. A fracture-resistant
high-entropy alloy for cryogenic applications. Science 2014, 345, 1153-1158. [CrossRef] [PubMed]

Li, Z.; Pradeep, K.G.; Deng, Y.; Raabe, D.; Tasan, C.C. Metastable high-entropy dual-phase alloys overcome
the strength-ductility trade-off. Nature 2016, 534, 227-230. [CrossRef] [PubMed]

Zhang, Z.; Sheng, H.; Wang, Z.; Gludovatz, B.; Zhang, Z.; George, E.P,; Yu, Q.; Mao, S.X.; Ritchie, R.O.
Dislocation mechanisms and 3D twin architectures generate exceptional strength-ductility-toughness
combination in CrCoNi medium-entropy alloy. Nat. Commun. 2017, 8, 14390. [CrossRef] [PubMed]

Tracy, C.L.; Park, S.; Rittman, D.R.; Zinkle, S.J.; Bei, H.; Lang, M.; Ewing, R.C.; Mao, W.L. High pressure
synthesis of a hexagonal close-packed phase of the high-entropy alloy CrMnFeCoNi. Nat. Commun. 2017, 8,
15634. [CrossRef]

Jo, YH.; Jung, S; Choi, WM.,; Sohn, S.S.; Kim, H.S.; Lee, BJ; Kim, NJ; Lee, S. Cryogenic
strength improvement by utilizing room-temperature deformation twinning in a partially recrystallized
VCrMnFeCoNi high-entropy alloy. Nat. Commun. 2017, 8, 15719. [CrossRef] [PubMed]

Huang, H.; Wu, Y.; He, J.; Wang, H.; Liu, X.; An, K.; Wu, W,; Lu, Z. Phase-Transformation Ductilization of
Brittle High-Entropy Alloys via Metastability Engineering. Adv. Mater. 2017, 29, 1701678.

Otto, F; Dlouhy, A.; Somsen, C.; Bei, H.; Eggeler, G.; George, E.P. The influences of temperature and
microstructure on the tensile properties of a CoCrFeMnNi high-entropy alloy. Acta Mater. 2013, 61, 5743-5755.
[CrossRef]

He, E; Wang, Z.; Wu, Q.; Li, J.; Wang, J.; Liu, C.T. Phase separation of metastable CoCrFeNi high entropy
alloy at intermediate temperatures. Scr. Mater. 2017, 126, 15-19. [CrossRef]

Rao, J.C.; Diao, H.Y.; Ocelik, V.; Vainchtein, D.; Zhang, C.; Kuo, C.; Tang, Z.; Guo, W.; Poplawsky, J.D.;
Zhou, Y.; Liaw, PK.; De Hosson, ].T.M. Secondary phases in Al x CoCrFeNi high-entropy alloys: An in-situ
TEM heating study and thermodynamic appraisal. Acta Mater. 2017, 131, 206-220. [CrossRef]

Yeh, J.-W. Alloy Design Strategies and Future Trends in High-Entropy Alloys. Jom 2013, 65, 1759-1771.
[CrossRef]

Tsai, K.Y,; Tsai, M.H.; Yeh, J.W. Sluggish diffusion in Co-Cr—Fe-Mn-Ni high-entropy alloys. Acta Mater. 2013,
61, 4887-4897. [CrossRef]

Yeh, ].-W.; Chang, S.-Y.; Hong, Y.-D.; Chen, S.-K; Lin, S.-J. Anomalous decrease in X-ray diffraction intensities
of Cu-Ni-Al-Co—Cr-Fe-Si alloy systems with multi-principal elements. Mater. Chem. Phys. 2007, 103, 41-46.
[CrossRef]

Wang, W.-R,; Wang, W.-L.; Wang, S.-C.; Tsai, Y.-C.; Lai, C.-H.; Yeh, J.-W. Effects of Al addition on the
microstructure and mechanical property of AlxCoCrFeNi high-entropy alloys. Intermetallics 2012, 26, 44-51.
[CrossRef]

He, J.Y,; Liu, WH.; Wang, H.; Wu, Y,; Liu, X.J.; Nieh, T.G.; Lu, Z.P. Effects of Al addition on structural
evolution and tensile properties of the FeCoNiCrMn high-entropy alloy system. Acta Mater. 2014, 62,
105-113. [CrossRef]

Klimova, M.; Stepanov, N.; Shaysultanov, D.; Chernichenko, R.; Yurchenko, N.; Sanin, V.; Zherebtsov, S.
Microstructure and Mechanical Properties Evolution of the Al, C-Containing CoCrFeNiMn-Type
High-Entropy Alloy during Cold Rolling. Materials 2018, 11, 53. [CrossRef] [PubMed]

Feng, W.; Qi, Y.; Wang, S. Effects of Short-Range Order on the Magnetic and Mechanical Properties of
FeCoNi(AlSi)x High Entropy Alloys. Metals 2017, 7, 482. [CrossRef]

He, ].Y,; Wang, H.; Huang, H.L.; Xu, X.D.; Chen, M.\W.; Wu, Y,; Liu, X.J.; Nieh, T.G.; An, K,; Lu, ZP. A
precipitation-hardened high-entropy alloy with outstanding tensile properties. Acta Mater. 2016, 102, 187-196.
[CrossRef]

Ma, Y.; Wang, Q.; Jiang, B.B.; Li, C.L.; Hao, ].M.; Li, X.N.; Dong, C.; Nieh, T.G. Controlled formation of
coherent cuboidal nanoprecipitates in body-centered cubic high-entropy alloys based on Al 2 (Ni,Co,Fe,Cr)
14 compositions. Acta Mater. 2018, 147, 213-225. [CrossRef]


http://dx.doi.org/10.1126/science.1254581
http://www.ncbi.nlm.nih.gov/pubmed/25190791
http://dx.doi.org/10.1038/nature17981
http://www.ncbi.nlm.nih.gov/pubmed/27279217
http://dx.doi.org/10.1038/ncomms14390
http://www.ncbi.nlm.nih.gov/pubmed/28218267
http://dx.doi.org/10.1038/ncomms15634
http://dx.doi.org/10.1038/ncomms15719
http://www.ncbi.nlm.nih.gov/pubmed/28604656
http://dx.doi.org/10.1016/j.actamat.2013.06.018
http://dx.doi.org/10.1016/j.scriptamat.2016.08.008
http://dx.doi.org/10.1016/j.actamat.2017.03.066
http://dx.doi.org/10.1007/s11837-013-0761-6
http://dx.doi.org/10.1016/j.actamat.2013.04.058
http://dx.doi.org/10.1016/j.matchemphys.2007.01.003
http://dx.doi.org/10.1016/j.intermet.2012.03.005
http://dx.doi.org/10.1016/j.actamat.2013.09.037
http://dx.doi.org/10.3390/ma11010053
http://www.ncbi.nlm.nih.gov/pubmed/29286328
http://dx.doi.org/10.3390/met7110482
http://dx.doi.org/10.1016/j.actamat.2015.08.076
http://dx.doi.org/10.1016/j.actamat.2018.01.050

Entropy 2019, 21, 389 10 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Zhao, Y.L.; Yang, T.; Tong, Y.; Wang, J.; Luan, J.H.; Jiao, Z.B.; Chen, D.; Yang, Y,; Hu, A.; Liu, C.T;
Kai, J.J. Heterogeneous precipitation behavior and stacking-fault-mediated deformation in a CoCrNi-based
medium-entropy alloy. Acta Mater. 2017, 138, 72-82. [CrossRef]

Gwalani, B.; Soni, V.; Choudhuri, D.; Lee, M.; Hwang, ].Y.; Nam, S.J.; Ryu, H.; Hong, S.H.; Banerjee, R.
Stability of ordered L1 2 and B 2 precipitates in face centered cubic based high entropy alloys—Al 0.3
CoFeCrNi and Al 0.3 CuFeCrNi 2. Scr. Mater. 2016, 123, 130-134. [CrossRef]

Gwalani, B.; Choudhuri, D.; Soni, V.; Ren, Y.; Styles, M.; Hwang, J.Y.; Nam, S.J.; Ryu, H.; Hong, S.H.;
Banerjee, R. Cu assisted stabilization and nucleation of L1 2 precipitates in Al 0.3 CuFeCrNi 2 fcc-based high
entropy alloy. Acta Mater. 2017, 129, 170-182. [CrossRef]

Tsao, T.K,; Chang, Y.J.; Chang, K.C.; Yeh, ].W,; Chiou, M.S,; Jian, S.R.; Kuo, C.M.; Wang, W.R.; Murakami, H.
Developing New Type of High Temperature Alloys-High Entropy Superalloys. Int. J. Metall. Mater. Eng.
2015, 1. [CrossRef]

He, ].Y,; Wang, H.; Wu, Y,; Liu, X.J.; Mao, H.H.; Nieh, T.G.; Lu, Z.P. Precipitation behavior and its effects on
tensile properties of FeCoNiCr high-entropy alloys. Intermetallics 2016, 79, 41-52. [CrossRef]

Zhang, C.; Zhu, C.; Harrington, T.; Vecchio, K. Design of non-equiatomic high entropy alloys with
heterogeneous lamella structure towards strength-ductility synergy. Scr. Mater. 2018, 154, 78-82. [CrossRef]
Han, B.; Wei, ].; Tong, Y.; Chen, D.; Zhao, Y.; Wang, J.; He, F; Yang, T.; Zhao, C.; Shimizu, Y.; Inoue, K,;
Nagai, Y.; Hu, A.; Liu, C.T; Kai, J.J. Composition evolution of gamma prime nanoparticles in the Ti-doped
CoFeCrNi high entropy alloy. Scr. Mater. 2018, 148, 42—46. [CrossRef]

Zhao, Y.Y.; Chen, HW.,; Lu, Z.P; Nieh, T.G. Thermal stability and coarsening of coherent particles in a
precipitation-hardened (NiCoFeCr) 94 Ti 2 Al 4 high-entropy alloy. Acta Mater. 2018, 147, 184-194. [CrossRef]
Schmuck, C.; Caron, P; Hauet, A ; Blavette, D. Ordering and precipitation of Y’ phase in low supersaturated
Ni-Cr-Al model alloy: An atomic scale investigation. Philos. Mag. A 1997, 76, 527-542. [CrossRef]

Davies, C.K.; Nash, P,; Stevens, R.N. Precipitation in Ni-Co-Al alloys. J. Mater. Sci. 1980, 15, 1521-1532.
[CrossRef]

Hein, W. Nucleation, growth and coarsening of y-precipitates in Ni-5.0 at.% Al-5.8 at.% Ti. Acta Metall. 1989,
37,2145-2152. [CrossRef]

Sudbrack, C.K.; Ziebell, T.D.; Noebe, R.D.; Seidman, D.N. Effects of a tungsten addition on the morphological
evolution, spatial correlations and temporal evolution of a model Ni-Al-Cr superalloy. Acta Mater. 2008, 56,
448-463. [CrossRef]

Zhao, Y.Y;; Nieh, T.G. Correlation between lattice distortion and friction stress in Ni-based equiatomic alloys.
Intermetallics 2017, 86, 45-50. [CrossRef]

Philippe, T.; Voorhees, PW. Ostwald ripening in multicomponent alloys. Acta Mater. 2013, 61, 4237-4244.
[CrossRef]

Booth-Morrison, C.; Weninger, J.; Sudbrack, C.K.; Mao, Z.; Noebe, R.D.; Seidman, D.N. Effects of solute
concentrations on kinetic pathways in Ni-Al-Cr alloys. Acta Mater. 2008, 56, 3422-3438. [CrossRef]
Karnesky, R.A.; Dunand, D.C.; Seidman, D.N. Evolution of nanoscale precipitates in Al microalloyed with Sc
and Er. Acta Mater. 2009, 57, 4022-4031. [CrossRef]

van Dalen, M.E.; Gyger, T.; Dunand, D.C.; Seidman, D.N. Effects of Yb and Zr microalloying additions on the
microstructure and mechanical properties of dilute Al-Sc alloys. Acta Mater. 2011, 59, 7615-7626. [CrossRef]
Voorhees, PW. The Theory of Ostwald Ripening. J. Stat. Phys. 1985, 38, 231-252. [CrossRef]

Snyder, V.A.; Alkemper, J.; Voorhees, PW. Transient ostwald ripening and the disagreement between
steady-state coarsening theory and experiment. Acta Mater. 2001, 49, 699-709. [CrossRef]
Hadjiapostolidou, D.; Shollock, B.A. Long term coarsening in Rene 80 Ni-base superalloy. Superalloy 2008,
2008, 733-739.

Chen, M.K,; Voorhees, PW. The dynamics of transient Ostwald ripening. Model. Simul. Mater. Sci. Eng. 1993,
1, 591. [CrossRef]

Brown, L.M.; Ham, R.K. Dislocation-particle interactions. In Strengthening Methods in Crystals; Applied
Science Publishers: London, UK, 1971; p. 9.

Hall, E.O. The Deformation and Ageing of Mild Steel: III Discussion of Results. Proc. Phys. Soc. Sect. B 1951,
64,747. [CrossRef]


http://dx.doi.org/10.1016/j.actamat.2017.07.029
http://dx.doi.org/10.1016/j.scriptamat.2016.06.019
http://dx.doi.org/10.1016/j.actamat.2017.02.053
http://dx.doi.org/10.15344/2455-2372/2015/107
http://dx.doi.org/10.1016/j.intermet.2016.09.005
http://dx.doi.org/10.1016/j.scriptamat.2018.05.020
http://dx.doi.org/10.1016/j.scriptamat.2018.01.025
http://dx.doi.org/10.1016/j.actamat.2018.01.049
http://dx.doi.org/10.1080/01418619708214021
http://dx.doi.org/10.1007/BF00752134
http://dx.doi.org/10.1016/0001-6160(89)90140-5
http://dx.doi.org/10.1016/j.actamat.2007.09.042
http://dx.doi.org/10.1016/j.intermet.2017.03.011
http://dx.doi.org/10.1016/j.actamat.2013.03.049
http://dx.doi.org/10.1016/j.actamat.2008.03.016
http://dx.doi.org/10.1016/j.actamat.2009.04.034
http://dx.doi.org/10.1016/j.actamat.2011.09.019
http://dx.doi.org/10.1007/BF01017860
http://dx.doi.org/10.1016/S1359-6454(00)00342-6
http://dx.doi.org/10.1088/0965-0393/1/5/002
http://dx.doi.org/10.1088/0370-1301/64/9/303

Entropy 2019, 21, 389 11 of 11

42. Moon, ].; Jang, M.].; Bae, ].W.; Yim, D.; Park, ] M.; Lee, J.; Kim, H.S. Mechanical behavior and solid solution
strengthening model for face-centered cubic single crystalline and polycrystalline high-entropy alloys.
Intermetallics 2018, 98, 89-94. [CrossRef]

43. Nieh, T.G.; Chellman, D.J. Modulus measurements in discontinuous reinforced aluminum composites.
Scr. Metall. 1984, 18, 925-928. [CrossRef]

44. Whitehouse, A.E; Clyne, T.W. Cavity formation during tensile straining of particulate and short fibre metal
matrix composites. Acta Metall. Mater. 1993, 41, 1701-1711. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.intermet.2018.04.022
http://dx.doi.org/10.1016/0036-9748(84)90262-X
http://dx.doi.org/10.1016/0956-7151(93)90189-Y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Precipitation Kinetics 
	Strengthening Mechanisms 
	Prediction of Elongation 

	Conclusions 
	References

