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strengthening mechanism.

The possibility of further enhancing the strength of a (CoCrFeNi)o4Ti>Al4 high-entropy alloy (HEA), which is al-
ready strengthened by Nis(Ti,Al) second-phase particles, by grain refinement through high-pressure torsion
(HPT) is examined. Concomitant with nanograin formation, HPT was found to induce particle dissolution and
structural transformation of the remnant particles. Nanoindentation experiments of nanocrystalline HEA, with
and without particles in the pre-HPT microstructure, suggests that grain boundary strengthening is the dominant

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

High-entropy alloys (HEAs) are of significant current research
interest due to their unique single or two phases microstructures
and interesting sets of mechanical properties [1-6]. HEAs with the
face-centered cubic (fcc) single phase microstructure are often not
strong enough for practical structural applications. For example, the
most widely studied HEA, CoCrFeMnNi [7,8], has a relatively low yield
strength of ~200 MPa at ambient temperature. Therefore, efforts are
directed towards enhancing the strength via the exploitation of various
mechanisms such as grain boundary (GB) strengthening [9,10] and
interstitial solid solution strengthening [11,12], among others. In the
grain refinement method of fcc HEAs, the Hall-Petch (HP) strengthening
coefficient, which is the slope of the strength vs. 1/v/d plot where d is the
grain size, was found to be significantly higher than that of conventional
fcc metals, and was attributed to the enhanced lattice friction
[9,10,13,14] for dislocation motion in HEAs due to high concentrations
of the solutes and a severely distorted lattice. Thus, reducing d to
below ~100 nm, i.e., nanocrystalline (nc) regime, is a viable option
for strengthening fcc HEAs [15-17]. Indeed, it was demonstrated
that severe plastic deformation (SPD) via high-pressure torsion (HPT)
process [18,19] can markedly enhance their strength [20-25].

The possibility of synergizing the above with an additional strength-
ening mechanism, namely particle or second phase strengthening, is
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examined in this study. Recently, He et al. [26] reported that the tensile
strength of FeCoNiCr HEA doubles-while remaining ductile-upon the
introduction of L1,- structured Niz(ALTi) phase (with the size range of
20-100 nm) that is coherent with the fcc matrix. However, SPD pro-
cesses can cause the dissolution of the second phase particles, which
is widely reported for a number of metallic systems [27-29]. If HEAs
are also be susceptible for such dissolution during, and if yes, the
trade-offs between the two strengthening mechanisms is investigated
in this study.

The (CoCrFeNi)g,TioAly (at.%) HEA was prepared by arc-melting a
mixture of pure metals (purity >99.9%), re-melting at least four times,
and then drop-casting into a copper mold. The ingots were subse-
quently tube-sealed and homogenized at 1473 K for 4 h. The homoge-
nized alloy was first cold rolled (~30% reduction in thickness) and
then annealed at 1273 K for 2 h followed by 18 h at 1073 K before
water quenching. For comparison, we also examined a homogenized
sample without any second-phase particles. Hereafter, the HEA with
and without the second-phase particles are referred to as two phase
(TP) and single phase (SP) alloys, respectively. Both types of HEA
were machined into disks having a radius of 5 mm and a thickness of
0.83 mm. The discs were subjected to HPT processing at room temper-
ature for 1/4, 1/2, 1, and 2 turns (N) under a pressure of 6 GPa.

The microstructures were examined by scanning electron micros-
copy (SEM; Nova NanoSEM 450, FEI Co., Hillsboro, OR) and TEM
(Talos F200X, FEI Co., Hillsboro, OR). During the latter, element mapping
using energy dispersive X-ray spectroscopy (EDS) was performed. In
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Fig. 1. Changes in nanoindentation hardness value with number of turns and indentation
strain rates. Inset shows representative P-h curves obtained at different rates (for N = 0
and 2).

order to obtain TEM samples, focused ion beam (FIB; Nova 200
NanoLab, FEI Co, Hillsboro, OR) milling was performed.

For the nanoindentation experiments, surfaces were mechanically
polished and then vibration-polished (VibroMet 2, Buehler, Lake Bluff,
IL) with 0.02 um colloidal silica for 10 h. Nanoindentation tests were
conducted at the edge regions of the HPT disks using a Nanoindenter-
XP (formerly MTS; now KLA-Tencor, Milpitas, CA) with a Berkovich
indenter. The specimens were loaded to Py,,x = 100 mN at constant
indentation strain rates &(=h""(dh/dt) = 0.5P~'(dP/dt) [30]) of 0.01,
0.025,0.05and 0.1s™ .

Representative nanoindentation load-displacement (P-h) curves
(for the extreme cases of N = 0 and 2) are displayed in the inset of
Fig. 1. From the curves, the nanoindentation hardness, H, values of the
disk edges were estimated according to the Oliver-Pharr method [31].
The variations in H as a function of N at four different &; are plotted
in Fig. 1. Two important features in Fig. 1 are noteworthy. First, it is
apparent that H of all HPT processed disks are much higher than that

T

of alloys before HPT (N = 0). This alloy experiences a high rate of hard-
ening in the early stages of HPT; the rate of increase tapers off at higher
N. Second, as expected from the P-h curves in the inset, the estimated H
for each HEA specimen is rate-sensitive and increases with &;.

Representative results of the microstructural characterization of the
TP alloys for (N = 0, 1/4, and 2) are summarized in Fig. 2. For each alloy,
in addition to the main SEM or TEM images used for grain size evalua-
tion, scanning transmission electron microscopy (STEM) images, ele-
mental maps for “Fe, Co, Cr” and “Ni, Al, Ti” (from EDS mapping), and
the selected area electron diffraction (SAED) pattern (of the same area
on which STEM was performed) are also displayed. Fig. 2a shows the
typical microstructure of the TP alloy before HPT (i.e., N = 0), exhibiting
that it is coarse-grained in nature with an average d of ~57 um and has a
significant amount of fine second-phase particles. In the SAED pattern,
the bright spots are from the fcc matrix, and the additional weak spots
correspond to the second-phase with the superlattice L1, structure.
They reveal particles, whose size is in tens of nm, enriched with “Ni,
Al, Ti” embedded in a compositionally homogeneous matrix. Table 1
lists the average chemical compositions of both the particles and ma-
trix; these were obtained via EDS on more than three different locations.
The composition of the particles is similar to that reported previously by
He et al. [26]. From these results, we conclude that the L1, phases is a Ni3
(Ti, Al) type ¥’ phase.

Representative microstructures, obtained from the edge regions of
the HPT disks through TEM, are displayed in Fig. 2b and c for N = 1/4
and 2, respectively. These bright-field (BF) images reveal that d reduced
to ~62 and ~24 nm for N = 1/4 and 2, respectively. SAED data for both
samples exhibit ring patterns indicating to significant grain refinement
during HPT without any perceptible texture. On the basis of these
observations, we conclude that a nano-grain structure readily develops
during HPT, even as early as N = 1/4; d decreases further-but more
gradually-with increasing N. In the EDS maps and the STEM images
for N = 1/4 and 2, while the “Ni, Al, Ti” enriched particles observed
in the alloy before HPT (N = 0) can still be seen even after HPT,
both their size and volume fraction decrease with N (see Table 2). This
observation suggests that SPD, which the alloy is subjected to via HPT,
leads to the gradual dissolution of second-phase particles, which is
similar to that reported in other metallic systems [27-29]. A substantial
increase in the matrix-particle interface energy due to the dislocation

Fig. 2. Typical microstructure of TP alloys (a) before HPT (N = 0), and (b) after 1/4 and (c) 2 turns. In addition to SEM or TEM image, each set includes STEM image, elemental distribution

map, and SAED pattern.
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Table 1
Chemical compositions (at.%) of the phases in TP alloy.
Phase Process Co Cr Fe Ni Al Ti
[at.%] [at.%] [at.%] [at.%] [at.%] [at.%]
Matrix AR 253 £ 0.2 225+ 0.2 248 £ 0.1 249 £+ 0.1 19401 0.8 +£ 0.1
N=1/4 253 £ 0.6 23.0 £ 0.2 253 4+ 0.2 231+ 1.1 2.6 +£0.1 0.7 +£ 0.1
N=2 23.0+14 213+ 15 239+ 1.1 264 +39 29+0.1 1.6 £ 0.1
NiAlTi-rich phase AR 11.7+ 04 1.8+ 04 44406 663 + 1.3 6.0 +£0.2 9.8 +£0.1
N=1/4 163 £ 0.1 6.9+ 0.5 106 £ 1.2 50.7 £ 2.1 72+0.8 84403
N=2 169+ 0.8 10.0 £ 0.7 123 +25 471+ 18 7.7+0.7 6.0+ 1.6

accumulation during plastic deformation was suggested as the main
driving force for this phenomenon. It appears, however, that the disso-
lution is incomplete, as some particles could still be seen in the HPT-
processed TP alloys (Fig. 2). Interestingly, the near-complete disappear-
ance of the superlattice reflections corresponding to L1, structure in the
SAED pattern suggests that the structure of remnant particles changes
from ordered L1, to disordered fcc.

The above results suggest that the marked increase in H of TP HEA
upon HPT is mainly due to grain refinement. To assess the contribution
of the remnant particles on H of nc TP alloy, if any, we performed HPT on
SP samples (having the same composition, but without particles) and
probed them via nanoindentation and TEM (see Figs. S1 and S2 of
Supplementary Material). Microstructural analysis (Fig. S2) reveals that
HPT leads to a substantial grain refinement in this case too (d ~ 71 and
~39 nm for N = 1/4 and 2, respectively). A homogeneous distribution of
constituent elements without any obvious segregation or clustering is
maintained as well.

The empirical relation that relates H to the flow stress s, suggested by
Tabor [32]: H = Co where C is the constraint factor (often = 3) is uti-
lized to convert the HP relation in terms H as H = Ho + kyp /%> where
Hy is the ‘intrinsic hardness’ and kyp is the HP coefficient (or locking
parameter). Fig. 3 shows the variation of H as a function of d** for
both the examined alloys. A good linear fit between H and d 2% follow-
ing the HP relation is noted for the SP alloy (black solid line) with a kyp
of ~28.6 MPa-mm'/2. This kyp is in good agreement with that reported
for other single fcc phase HEA (~27.7 MPa-mm'/2 [21]), leading us to
conclude that the significant hardening of SP alloy by HPT is mainly
due to grain refinement (and not work hardening).

According to a previous study [26], the yield strength (YS) increment
that accrues due to second-phase particles, Aop, in TP alloy is
~326.7 MPa, which translates to ~980 MPa in terms of H as per the
Tabor's relation [33]. The latter is close to the difference of ~1100 MPa
in H of TP and SP alloys (at N = 0), confirming that the higher H of
the TP alloy is indeed due to particle strengthening. If this were to
occur simultaneously with strengthening associated with the grain
size reduction in the HPT processed TP alloys, the variation in its H
with d should follow the dashed red line in Fig. 3, which was drawn as-
suming that the contributions of the two mechanisms to strength of
HEA can be linearly superposed according to the relation: H = Hq +
kupd ~"2 + AH,, (where AH, is the H increment due to the particles).
However, the experimental H values of the HPT processed TP alloys
are significantly lower; in fact they appear to follow the black HP line
drawn for the SP alloy. This observation implies that the hardening in
the HPT processed HEA arises mainly as a consequence of substantial
grain refinement. It further implies that the second phase particles
cease to contribute to the strength of the TP alloy once it undergoes

Table 2
Size and volume fractions of second-phase particles in TP alloy.

Condition Particle size [nm] Volume fraction [%]
AR <40 [26] ~23.3[26]
N=1/4 ~204 ~25.2

N=2 ~12.8 ~14.2

HPT. (For N = 2, one may note that H of TP HEA is higher than that of
SP HEA, which is possibly due to the difference in d (~24 and ~39 nm
for TP and SP alloys, respectively). Accelerated grain refinement in TP
alloys could be aided by the development of local deformation zones,
which contain high dislocation density, around the second-phase
particles during deformation, [34-37].)

The above result clearly demonstrates that the remnant particles'
contribution to strength is insignificant. Since their structure changes
from ordered L1, to disordered fcc, it is conceivable that the resistance
offered by these transformed particles is similar to that of the matrix
(recall that the matrix is itself highly solid solution strengthened).
Hence, they may It is worth noting that HPT has indeed been reported
to cause a polycrystalline NisAl intermetallic alloy with L1, structure
to a disordered nc structure [38-41]. The destruction of the ordered
structure during HPT can take place by different mechanisms such as
antiphase boundary (APB) tube formation, dislocation glide and annihi-
lation [40-42].

To understand the thermally activated plastic deformation mecha-
nisms in the HEAs under examination, we evaluated the strain-rate sensi-
tivity (SRS), m, and activation volume, V* [43-45] using the equations
m=(d In(H/C)/d In&),; and V* = \/3ksT(d In;/0(H/C)); 1 where
kg is Boltzmann constant and T is the absolute temperature. Representa-
tive double-logarithmic plots of H/C versus &; and logarithmic &; versus
linear H/C are displayed in the insets of Fig. 4 (for TP alloy). The values
of m and V* extracted from such plots are plotted as a function of N for
both TP and SP alloys in Figs. 4a and b, respectively. The magnitude of
the Burgers vector, b, used for computing V* was taken as ~0.253 nm
[26]. At N = 0, the values of m (~0.027 and ~0.024) are similar for both
TP and SP alloys, and the corresponding V* are ~17b and ~13b>. They
are also similar to those reported for coarse-grained single fcc phase
HEAs [21,46-48]. In those alloys, plastic deformation is governed by the
features that are intrinsic to HEA such as severely distorted lattice rather
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than by dislocation forest cutting that is typical in conventional metals
and alloys.

After HPT for N = 1/4, m of TP alloy increases significantly to ~0.039;
thereafter it remains nearly-invariant. Since a higher m generally
indicates to a larger capacity for plastic deformation, we infer that
the fine-grained HEA, obtained via HPT, would not only be strong
but also be able to accommodate plasticity, as compared to its coarse
grained counterpart. Note that the presence of second phase particles
in an alloy does not typically affect the thermally activated disloca-
tion processes [49], i.e., both m and V* are unlikely to be affected
whether the alloy is second phase strengthened or not. For this
reason, the trends observed in both these properties, observed in
Fig. 4, are similar.

It is well known for conventional fcc metals and alloys,
nanocrystallisation leads to a two orders of magnitude reduction in V*
for dislocation-mediated flow; from ~1000 b> to ~10 b* [45,50]. Such a
massive reduction is due to the onset of the critical roles that GBs
play in the plastic deformation by both interacting with and as sources
of dislocations [43,45]. Thus, a marked reduction V* upon HPT in both
the HEAs under investigation (see Fig. 4b), is expected. Since V* in the
nano-grained HEA, whether it contains secondary phases or not, is
well below ~10b>, it appears that the deformation mechanism is
similar to conventional nc metals as in GB-mediated dislocation activity
[17,44]. On this basis, we surmise that the predominant deformation
mechanism changes from the distorted lattice controlled one to that of
a GB-mediated one.

Finally, a comparison of some of the properties of the HEA measured
in this study with those of conventional nc metals might be instructive.
As already mentioned, kyp of the present HEA (~28 MPa-mm'/?) is
significantly higher (by ~55%) than even the upper bound value of kyp
reported for Ni, which was also probed into the nc regime. Note
that Hughes et al. [51] indicate that kyp for Ni lies within the range of
3.9 to 18 MPa-mm'/2 If one was to take the mean value of this range,
kyp of HEA would be ~150% higher. Since kyp is an indicator of the
resistance offered by the lattice to dislocation glide, a large value of it
indicates the high lattice friction offered by HEA [9,10,13,14]. With
regard to m, while m of nc HEA, measured in the present study, fall
within the range reported for nc Ni (see the literature summary in
[52,53]), direct comparisons and broad conclusions on that basis are dif-
ficult due to the fact that the range of m reported for nc Ni is very large,
and varies considerably with the testing method, applied range of strain
rate, and applied stress [52,53].
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search Foundation of Korea (NRF) grants funded by the Ministry of Sci-
ence and ICT (No. 2015R1A5A1037627 and No. 2017R1A2B4012255).
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Supplementary data to this article can be found online at https://doi.
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