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A B S T R A C T   

Grain refinement is an effective approach to improve mechanical properties of conventionally-manufactured 
high entropy alloys (HEAs). Additive manufacturing of HEAs is a new materials challenge and increasing re-
ports are available for exploring the optimal processing parameters and post-manufacturing treatments to 
advance the physical and mechanical properties of additively-manufactured (AM) HEAs. At the current stage of 
the development of AM HEAs, it is necessary to investigate the significance of grain refinement on their me-
chanical properties and structures. In the present study, a CoCrFeNi HEA is manufactured by a laser powder-bed 
fusion technique using pre-alloyed HEA powders on which grain refinement was conducted by high-pressure 
torsion for up to 8 turns under 6 GPa at room temperature. The results from nanoindentation and Vickers 
microhardness testing demonstrate high strain hardening capability and increased plasticity, thus potentially 
high ductility, in the nanostructured AM CoCrFeNi HEA. X-ray diffraction analysis demonstrates the structural 
evolution with decreasing crystallite size, increasing microstrain and expanding lattice parameter with grain 
refinement in the HEA. The structural changes justify the estimation by nanoindentation of the rate-controlling 
mechanism of the grain boundary-mediated dislocation activity for the nanostructured AM HEA. This study 
provides advantages of nanostructuring for current developments in the AM technology of HEAs.   

1. Introduction 

A breakthrough of traditional alloy design involving a principle 
element with additions of minor elements was achieved by an intro-
duction of high-entropy alloys (HEAs) having multiple principle ele-
ments with equiatomic or near equiatomic configurations that often lead 
to a simple crystalline structure [1–3]. Numerous research studies in the 
last decade described the superior mechanical properties of HEAs and 
their structural changes at a wide range of temperatures, and these 
intensive studies yielded several reviews in literature. Specifically, 
several reviews placed their special focuses on physical properties 
including magnetic, electrical and thermal properties [4], structure and 

phase balance [5,6] and the thermodynamic concepts [7] of HEAs, while 
additional reviews focus more on general mechanical properties and 
deformation mechanisms [8,9] as well as fracture and magnetization 
[10] and corrosion resistance [11] of HEAs. Moreover, a recent report 
summarized the mechanical behavior of HEAs having heterogeneous 
microstructures [12]. 

Bulk HEAs have been produced by a conventionally-manufactured 
(CM) approach of melting and casting as well as solid-state techniques 
of mechanical alloying [13,14]. Thin film deposition and sputtering of 
HEAs are also developed for coating purposes [15,16]. Nevertheless, the 
majority of the research and applications use bulk HEAs and processing 
of nanocrystalline HEAs has become one of the major topics in the 
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society. Applications of severe plastic deformation is a well-recognized 
procedure for processing of bulk nanocrystalline metals and alloys 
[17], and it was utilized for nanocrystallization of bulk HEAs. Specif-
ically, as far as CM HEAs with an f.c.c. single phase or an f.c.c. major 
phase, equal-channel angular pressing (ECAP) was conducted on a 
CoCrFeNiMn alloy [18], and high-pressure torsion (HPT) was applied on 
CoCrFeNi alloy [19], CoCrFeNiMn alloys [20–28], Al0.1-0.3CoCrFeNi 
alloys [29,30] and a (CoCuFeNi)1-xTixAlx alloy [19]. Moreover, HPT was 
applied for sintering of mechanically-alloyed powders leading to an 
HPT-induced CoCrFeNiMn alloy [31]. Grain refinement at the surfaces 
of HEAs are reported by applying an ultrasonic surface mechanical 
attrition treatment (SMAT) on CM CoNiCrMn and FeCoNiCrMn–Al HEAs 
[32]. 

Additive manufacturing of HEAs is a new materials challenge and 
earlier representative studies were reported in 2015 [33,34]. Increasing 
reports are available in the last five years for exploring the optimal AM 
processing parameters to advance the physical and mechanical proper-
ties of additively-manufactured (AM) HEAs and the several summaries 
are published elsewhere [35–39]. Although advantages of high effi-
ciency of additive manufacturing in the metal production processes 
attracted much attentions to AM HEAs, the post-treatments for surface 
hardening by laser shock peening on an AM CoCrFeMnNi alloy [40] and 
aerosol deposition on an AM Fe40(CoCrMnNi)60 alloy [41] reveal the 
necessity of post-manufacturing treatments in the current AM HEAs as 
well as the feasibility of grain refinement on cultivating the existing 
good mechanical properties in the AM HEAs. 

Accordingly, at the current early stage of development in AM HEAs, 
it is indispensable to investigate the significance of grain refinement in 
bulk volume on mechanical properties and structural changes. The 
present study demonstrates an improved strain hardenability by Vickers 
microhardness and enhanced plasticity by nanoindentation, thereby a 
potential for exhibiting high ductilities, and the detailed structural 
changes at different processing stages of AM and grain refinement by X- 
ray diffraction analysis of an AM CoCrFeNi HEA prepared by a laser 
powder-bed fusion technique followed by HPT at room temperature. 
This study informs the importance of grain refinement in the current 
advancement for the AM technology of HEAs. 

2. Materials and experimental procedure 

The CoCrFeNi HEA powders with the atomic fractions of 24 at.% Co, 
26 at.% Cr, 25 at.% Fe, and 25 at.% Ni were produced by the atomization 
spraying method leading to powders with spherical morphology [38, 
42]. Additive manufacturing of the bulk CoCrFeNi HEA was conducted 
by the Powder Bed Fusion (PBF) technology with a laser heat source 
(PBF-L) using a metal 3D printer, Trumpf TruPrint 1000. The bar-shaped 
cylindrical samples were printed (or built), where the lengths of the bars 
of ~8.5 cm is along the build direction and a diameter of the 
cross-section is 12.0 mm. The applied parameters for the printing pro-
cess were set at a laser power of 150 W, a laser speed of 600 mm/s, a 
laser spot diameter of 55 μm, hatch spacing of 80 μm, and a layer 
thickness of 20 μm. The printing process was performed in an inert at-
mosphere (Ar) with a gas feed velocity of 2.5 m/s at a chamber pressure 
of 1 bar. The oxygen level was kept within 0.3 at.%. Detailed procedures 
of additive manufacturing for the HEA are described in an earlier study, 
where an average particle size of the HEA powders is 35–40 μm [43]. For 
comparison purposes, a conventionally-manufactured (CM) cast 
Co25Cr25Fe25Ni25 HEA was prepared in this study. A billet of the CM 
CoCrFeNi HEA was produced by vacuum induction melting of the alloy 
components having purity of >99.9 wt% followed by drop-casting. The 
cast ingot was subjected to hot-rolling at 1050 ◦C with a thickness 
reduction ratio of 64% and then annealing at 1100 ◦C for 1 h to achieve a 
homogenized microstructure. An earlier study showed that the sol-
utionized CM CoCrFeNi HEA has an average grain size of ~57 ± 20 μm 
[26]. 

The prepared bars of the AM CoCrFeNi HEA were machined to have a 

cross-section diameter of 10 mm and sliced into disks with thicknesses of 
~0.85 mm by wire-cut electrical discharge machining. A set of disks was 
polished down to have final parallel thicknesses of ~0.83 mm and 
processed by HPT under quasi-constrained conditions at room temper-
ature. The disks were processed under a compressive pressure of 6.0 GPa 
and a rotational speed of 1 rpm for total numbers of revolution, N, of 1/ 
2, 1, 2, 4 and 8 turns for the AM HEA samples. These HPT-processed 
disks were cut into halves along the diameters and these were mold 
for polishing their vertical cross-sections. The surfaces were mechani-
cally polished with 0.5 μm alumina powders with ethanol and 0.05 μm 
silica suspension to obtain mirror-like surfaces. Consistent sample 
preparations were applied for the CM HEA and the sample was pro-
cessed for 1/2 and 5 HPT turns. 

Vickers microhardness measurements were conducted to profile the 
hardness variations along the disk diameters on the polished vertical 
cross-sections of both CoCrFeNi HEA before and after HPT. The Vickers 
microhardness values, HV, were recorded using a Mitutoyo HM-200 with 
an applied load of 100 gf and a dwell time of 10 s. The structural evo-
lution of the AM HEA was examined at the conditions of initial powders, 
as-built without HPT and after HPT processing by X-ray powder 
diffraction (XRD) employing a Bruker D8 ADVANCE, using Cu Kα radi-
ation at an incremental time of 3.0 s and a step size of 0.005◦ on slightly 
polished disk surfaces. 

Microstructural examinations were conducted using scanning elec-
tron microscopy (SEM) for the AM HEA in an as-built condition and 
using transmission electron microscopy (TEM) after HPT processing. An 
as-built surface vertical to the building direction of the AM CoCrFeNi 
HEA was mechanically polished with 40 nm silica suspension followed 
by electrochemical polishing in an electrolyte of 900 ml of butanol 
C4H9OH + 100 ml of perchloric acid HClO4 at room temperature. SEM 
analysis was conducted using Carl Zeiss Supra 40. The TEM observations 
were conducted by high resolution TEM, HRTEM-Philips CM200 and 
Philips C2100, at an accelerating voltage of 200 kV. Conventional me-
chanical polishing was applied to prepare the TEM samples. The AM 
HEA after HPT was first cut and then ground to a thickness of lower than 
100 μm using grade 1000 abrasive paper. A series of 3 mm disks were 
punched out at r of ~3.5 mm in each disk sample, where r is the radius 
from the disk center. Using diamond paste, the punched samples were 
then polished and ion milled for thinning in the final step. 

The micro-mechanical properties were examined at the disk edges of 
the AM and CM CoCrFeNi HEA before after HPT using a nanoindentation 
facility, Nanoindenter-XP, with a three-sided pyramidal Berkovich 
indenter having a center-line-to-face angle of 65.3◦. More than 15 in-
dentations were conducted at each testing condition for all samples to 
achieve statistically valid data. All measurements were conducted under 
a predetermined maximum applied load of Pmax = 50 mN at constant 
indentation strain rates, ε̇i, of 0.0125, 0.025, 0.05, and 0.1 s-1, which are 
equivalent to general strain rates, ε̇, of 1.25 × 10-4, 2.5 × 10-4, 5.0 × 10- 

4, and 1.0 × 10-3 s-1, respectively, by taking account of the empirical 
relation of ε̇ ≈ 0.01ε̇i [44]. 

3. Experimental results 

3.1. Hardness development 

Fig. 1 shows the Vickers microhardness distributions along the radius 
of the disks of (a) AM HEA and (b) CM HEA before and after HPT pro-
cessing. The plots represent the hardness variations over the disk sur-
faces, since, as defined by the principles of HPT processing [45], the 
evolution of hardness is generally with radial symmetry in the 
HPT-processed disks. The dashed horizontal line in each plot denotes the 
initial average hardness value of HV ≈ 260 and ~160 for the AM and CM 
CoCrFeNi HEA, respectively. These measured hardness values in the 
present study are in a reasonable range with the reported values of HV =

238 and 118 for a CoCrFeNi HEA manufactured by a powder-bed AM 
technique and a CM technique by casting, respectively [34]. A higher 
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hardness of the AM HEA than the CM HEA is attributed to the different 
microstructures introduced by the different processing routes. The result 
is in good agreement with an earlier report demonstrating significantly 
higher yield strengths of ~500–510 MPa in an as-built CoCrFeNiMn 
alloy through selective laser melting with different laser scanning speeds 
than ~200 MPa for the as-cast CoCrFeNiMn alloy [46]. The high 
strength in the as-built alloy was attributed to the processing procedure 
enabling the formation of hierarchical cellular microstructure that led to 
a large contribution to dislocation strengthening. 

The AM HEA shows a significant hardness increase to HV = 400 at the 
center of the disk after 1/2 turn by HPT and the hardness gradually 
increases to ~510 towards the disk edge as shown in Fig. 1(a). 
Increasing numbers of HPT turns to 1 and 2, the central region of the 
disk having low hardness shrinks and the region with high hardness of 
HV = 525 extends at r>2.0 mm. Ultimately, the hardness value reaches 
saturation at HV = 525 throughout the disk diameter after 4 and 8 HPT 
turns of grain refinement. A consistent trend of hardness evolution was 
observed in the CM HEA after HPT for 1/2 turn as shown in Fig. 1(b), 
where the hardness value increases to HV = 375 at the disk center and 
further increases to 500 towards the disk edge. Homogeneously 
distributed high hardness of HV = 525 in saturation was observed across 
the disk radius after 5 HPT turns. The results suggest that the CoCrFeNi 
HEA manufactured by the different procedures enable the demonstra-
tion of a consistent upper hardness limit at HV = 525 after severe 
deformation by sufficient HPT turns of over 4–5. It should be noted that 
a hot-isostatic processed Al0.1CoCrFeNi alloy after mechanical alloying 
of powders processed by HPT for 2 turns showed a significant increase in 
hardness from HV = 135 to 482 [30]. Moreover, reasonably similar high 
hardness was proclaimed in several CM HEAs having an f.c.c. crystal 
structure after HPT: an Al0.3CoCrFeNi alloy (HV ≈ 530 after 8 turns 
[29]), CoCrNiFeMn alloys (HV ≈ 520 after 5 turns [20], 486 ± 15 at the 
disk edge after 2 turns [21], and 450 after 10 turns [22]), and a 
(FeNiCoCu)86Ti7Al7 alloy (HV = 525 after 10 turns [19]). 

3.2. Microstructural evolution 

Fig. 2 shows the XRD patterns measured at the overall mid-thickness 
disk surfaces of the AM CoCrFeNi HEA disks in the conditions of, from 
top, atomized powders, as-built, and after HPT for 1/2, 1, 2, 4, and 8 
turns. There are three notable features in Fig. 2. First, all major peaks in 
each sample condition are determined as a pure f.c.c. structure, such as 
111, 200, 220, 331, and 222 (indexed in red), thereby implying a 

presence of an f.c.c. primary phase. Second, two additional sets of weak 
f.c.c. peaks (noted in blue and green) are detected for the CoCrFeNi HEA 
in powders and an as-built condition, whereas there remains only the f.c. 
c. primary phase in the HEA after HPT processing. Due to the weak 
relative intensity of the additional sets of the f.c.c. peaks, it is estimated 
that the volume fractions of these minor f.c.c. phases are close to the 
detection limit of XRD of ~5 vol.%. Peak position analysis provided the 
lattice parameters of a = 3.572 Å for the primary f.c.c. phase and 3.729 Å 
and 3.954 Å for the two minor f.c.c. phases with peaks indexed in green 
and blue, respectively, for the HEA in a powder condition. The measured 
lattice parameters for the minor f.c.c. phases confirm these are neither 
the commonly observed phases, such as b.c.c. phase and σ phase 
involving Cr, for the f.c.c. CoCrFeNi-based HEAs manufactured by me-
chanical alloying and sintering at 600–900◦C [47,48] nor any possible 
oxides. A possibility of the additional f.c.c. phases may be attributed to 
the heterogeneous distributions of the HEA elements in powders and an 
as-built condition, where non-equimolar CoCrFeNi-based HEAs show 
variations in lattice parameter from a = 3.58 Å for equimolar 
CoCrFeNi-based HEAs [27,49,50]. Third, there is apparent peak 

Fig. 1. Vickers microhardness distributions along the radius of the disks of (a) AM CoCrFeNi HEA and (b) CM CoCrFeNi HEA before and after HPT processing.  

Fig. 2. XRD patterns taken at overall disk surfaces at the mid-thickness of the 
CoCrFeNi HEA disks in the conditions of, from the top, atomized powders, as- 
built, and after HPT for 1/2, 1, 2, 4, 8 turns. 
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broadening after HPT in each major f.c.c. peak in comparison with those 
for the powders and as-built HEA indicating a refined crystallite size 
with defects. The peak broadening becomes further augmented with 
increasing numbers of HPT turns. 

Fig. 3 shows representative backscattered electron (BSE) images in 
(a) low and (b) high magnifications of the as-built sample, and the TEM 
bright-field images of the AM CoCrFeNi alloy after HPT for (c) 1 turn and 
(d) 8 turns. These BSE micrographs were taken on the sample surfaces 
normal to the building direction. The TEM images include the corre-
sponding selected-area diffraction (SAED) patterns. It is apparent from 
Fig. 3(a) that there is a duplex microstructure consisting of the elongated 
phases with 50–55 μm lengths which are associated with the laser spot 
diameter. Between the neighboring tracks, nearly equiaxed micro-
structures having a phase size of <10 μm is observed and it is due to the 
overlaps of the neighboring laser tracks leading to re-melting and 
recrystallization of the as-built phase. A typical granular configuration 
in the as-built materials is displayed with cellular sizes of ~1.0 μm as 
shown in Fig. 3(b). The observed as-built microstructure is well 
consistent with that of the Cantor alloy manufactured by the laser ad-
ditive manufacturing methods [39]. 

The TEM micrographs describe the significant grain refinement in 
the microstructure of the AM HEA by severe plastic deformation. In 
practice, the grains are reasonably equiaxed even after 1 HPT turn in 
Fig. 3(c) and the ultrafine-grained microstructure continues through 8 
HPT turns in Fig. 3(d), while the severe deformation introduces many 
dislocations around grain boundaries. The estimated average spatial 
grain sizes of the HEA are d ≈ 105 nm and ~90 nm after 1 and 8 turns, 
respectively. The TEM observation was conducted at r ≈ 3.5 mm, and it 
is reasonable to conclude that the microstructure was severely refined 
and saturated at r ≈ 3.5 mm even after 1 HPT turn. The result is fully 
consistent with the saturated Vickers microhardness value after 1 turn at 
r ≈ 3.5 mm as shown in Fig. 1(a). The SAED patterns for both 1 and 8 
turns confirm the presence of a single f.c.c. phase within the inspected 
regions. It should be noted that the observed ultrafine grain sizes of the 

AM HEA are in good agreement with the earlier study showing d ≈ 77 ±
31, ~46 ± 16, and ~45 ± 15 nm after 1/4, 2 and 5 HPT turns, 
respectively, for the CM CoCrFeNi HEA [4], and the agreement in grain 
size is resulted in the consistent saturation hardness in the CoCrFeNi 
HEA as was shown in Fig. 1(a) and (b). It is worth noting that, while the 
current processing pressure of 6 GPa failed to show phase trans-
formation in the f.c.c. CoCrFeNi HEA, an f.c.c. CoCrFeNiMn HEA starts to 
demonstrate f.c.c.-to-h.c.p. transformations under a high pressure of 14 
GPa [51], while the f.c.c.-to-h.c.p. transition is sluggish in aluminum 
requiring ~50 GPa pressure [52]. 

3.3. Micro-mechanical properties of HEA 

Nanoindentation was applied to investigate the micro-mechanical 
properties at the disk edges of the AM HEA in an as-built condition 
and after HPT for 8 turns and of the CM HEA after HPT for 5 turns. 
Nanoindentation is an advantageous technique to acquire the mechan-
ical properties from small sample volumes, and it is beneficial to utilize 
the technique for small bulk samples including the HPT-processed disks 
[53]. Nanoindentation is even utilized for the advancement of CM HEAs 
[23,54]. Fig. 4 shows the representative load-displacement curves 
measured at four equivalent strain rates from 1.25× 10-4 to 1.0× 10-3 

s-1 at the disk edges of (a) the AM sample in an as-built condition and 
after HPT for 8 turns and (b) the CM HEA after HPT for 5 turns. Each 
curve is the average of at least 15 separate measurements. 

The AM HEA after HPT for 8 turns shows smaller displacements than 
the HEA in an as-built condition at all strain rates as shown in Fig. 4(a). 
Thus, the AM HEA after grain refinement demonstrated higher hardness 
than the as-built HEA. Closer observation shows that the displacements 
are reasonably similar for both AM and CM HEA after HPT at all strain 
rates. The result indicates the consistent strength at each indentation 
strain rate and it is in an excellent agreement with the results from 
Vickers microhardness testing. All samples in Fig. 4(a) and (b) show 
positive strain rate dependency before and after grain refinement. 

Fig. 3. Representative backscattered electron images in (a) low and (b) high magnifications of the as-built sample, and the TEM bright-field images of the AM 
CoCrFeNi alloy after HPT for (c) 1 turn and (d) 8 turns by HPT. 
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4. Discussion 

4.1. Strain hardening of an AM CoCrFeNi HEA 

A hardness increase in polycrystalline materials can be well defined 
by the Hall-Petch relationship [55,56], and the relationship between 
grain refinement and hardness was demonstrated earlier for a CM 
CoCrFeNiMn HEA after HPT up to 2 turns [21]. Specifically, severe 
torsion straining enabled the activation of atomic diffusion in the 
CoCrFeNiMn HEA leading to the significant microstructural evolution, 
while HEAs are well known for their sluggish diffusion [6,57]. Thus, it is 
anticipated that the microstructural refinement provides a major 
contribution to an increase in hardness of the present AM CoCrFeNi 
HEA. In order to understand the hardening behavior of the HEA during 
grain refinement processing, it is indispensable to apply an approach 
considering the equivalent strain introduced during HPT processing, εeq 

= 2πNr/(
̅̅̅
3

√
h) [45] where h is the thickness of the disk sample. In the 

present analysis, h = 0.7 mm was applied since a small volume of the 
material flows out under the quasi-constrained HPT set-up during 
compression and an early torsional stage, thereafter it remains reason-
ably constant up to 8 turns by HPT. 

Fig. 5 shows the relationship between Vickers microhardness and the 
equivalent strain for the AM HEA after HPT through 8 turns. It is 
apparent that the hardness drastically increases with increasing equiv-
alent strain in an early stage of HPT up to εeq ≈ 12, thereafter the 
hardness becomes saturated at the maximum hardness of HV = 525. 
Such hardness evolution with increasing equivalent strain is defined as a 
model of strain hardening without recovery during severe plastic 
deformation [58]. Although the plot is not shown, the CM HEA 
demonstrated the consistent hardness behavior. It should be emphasized 
that an equivalent strain of ~12 leading to the upper limit of the satu-
ration hardness is consistent in both AM and CM HEA, while these have 
different processing routes that cause different initial hardness before 
HPT. 

Further inspection of strain hardening behavior during deformation 
was conducted quantitatively by estimating the extent of strain hard-
ening through the computation of the hardenability exponent, η. Thus, a 
linear plot showing hardness versus equivalent strain in Fig. 5 was 
replotted into a double-natural logarithmic plot and it is shown in Fig. 6 
for (a) AM HEA and (b) CM HEA after HPT. The red and blue dotted 
trend lines describe two separate stages of the hardness developments 

during grain refinement, and the values of η represent the slopes of those 
trend lines in the double-natural logarithmic plots. The transitions of 
strain hardening behaviors where the red and blue dotted lines intersect 
occur at ln(εeq) ≈ 2.5, thus εeq ≈ 12, for both HEA. Considering the plots 
shown in Fig. 5, there is a significant hardness increase with high strain 
hardening up to εeq ≈ 12. 

The red dashed lines in Fig. 6(a) and (b) enable quantitative ex-
pressions of strain hardening in the early stage of deformation towards 
grain refinement. The present CoCrFeNi alloy demonstrated reasonably 
similar values of strain hardening exponent of η = 0.0859 and 0.0871 in 
the AM and CM conditions, respectively, indicating that the processing 
of the starting material is less relevant in this stage of deformation. It is 
reasonable to note that a limited number of earlier reports demonstrate 
the strain hardening exponents of η = 0.08 for an AZ31 Mg alloy [59], η 
= 0.07 for a ZK60 Mg alloy [60], η = 0.031 for an Ti–6Al–4V alloy [61], 
and η = 0.017 for a Zn–3Mg alloy [62] after HPT for εeq <20 that is 
equivalent to ln(εeq) <3.0. Thus, it is apparent with comparing these 
reference values that the present HEAs demonstrate significantly high η, 
thereby exhibiting the high hardenability in an early stage of 

Fig. 4. Representative load-displacement curves measured at four equivalent strain rates from 1.25 × 10-4 to 1.0 × 10-3 s-1 at the disk edges of (a) AM sample in an 
as-built condition and after HPT for 8 turns and (b) CM HEA after HPT for 5 turns. 

Fig. 5. Plot showing a relationship between Vickers microhardness and the 
equivalent strain for the AM HEA after HPT through 8 turns. 
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deformation. 
The hardness evolution tends to be stable beyond εeq ≈ 12 according 

to the hardness measurements in Figs. 1 and 5, but it is notable with this 
analysis that the AM HEA show a positive strain hardening exponent of 
η = 0.0087 at the stable hardness evolution stage, while the CM HEA 
shows a negative value of η = − 0.0042. It provides an excellent 
demonstration of the improved strain hardenability under plastic 
deformation with grain refinement in the AM CoCrFeNi HEA. 

4.2. Micro-mechanical properties of an AM CoCrFeNi HEA 

The load-displacement curves obtained through nanoindentation are 
used to analyze two important characteristics of materials, strain rate 
sensitivity, m, and the activation volume, V*. Although the measure-
ments were conducted at the disk edges, the hardness homogeneity was 
achieved after HPT for high numbers of turns as seen in Fig. 1 and it is 
reasonable to assume that the nanoindentation results represent the 
mechanical properties of the entire disk volumes of the HEA. 

The value of m is calculated at a given strain, ε, and absolute tem-
perature, T, by estimating the uniaxial flow stress, σf, by Tabor’s 
empirical relation of σf ≈ H/C where C is a constrain factor of ~3 for 
fully plastic deformation at constant strain rates, ε̇ [63] and H is the 
nanoindentation hardness estimated according to the Oliver-Pharr 
method [64], 

m=

(
∂lnσf

∂lnε̇

)

ε,T
=

(
∂ln(H/3)

∂lnε̇

)

ε,T
(1) 

Thus, the value of m is estimated from the slope of a double loga-
rithmic plot of H/3 vs. ε̇. The activation volume, V*, is calculated by the 
following equation, 

V* =
̅̅̅
3

√
kT

(
∂lnε̇
∂σf

)

ε,T
=

̅̅̅
3

√
kT

(
∂lnε̇

∂(H/3)

)

ε,T
(2)  

where k is Boltzmann’s constant. 
Fig. 7 shows a double logarithmic plot of H/3 vs. ε̇ for the AM HEA in 

an as-built condition and after HPT for 8 turns. The results for the CM 
HEA in an as-cast condition [26] and after HPT for 5 turns were shown 
together for comparison purposes. It is apparent that the m values 
improved from 0.046 to 0.058 by grain refinement in the AM HEA. The 
same trend is seen in the CM HEA with m values of 0.026 [26] and 0.031 
before and after HPT, respectively, while the values for the CM HEA are 

lower and the improvement in m is less apparent than the AM samples. 
The reason may be attributed to the different manufacturing routes 
leading to the divergent initial bulk structures of the HEA before grain 
refinement by HPT, and it requires further experiments to identify the 
reason. Nevertheless, the improved strain rate sensitivity as well as the 
improved strain hardening capability discussed in an earlier section 
imply the significant potential of demonstrating high ductility in the AM 
HEA after grain refinement via HPT, while the HEA exhibits excellent 
hardness and strength. 

It should be noted that the computed m values for both AM and CM 
CoCrFeNi HEA are valid according to the recent reports estimating the m 
values for CoCrFeNi alloys as m = 0.044 after production by induction 
melting having a grain size of 21.84 μm [65] and as m = 0.068 after 
manufacturing by magnetron sputtering having a crystallite size of ~7.8 
nm [66]. Moreover, several f.c.c. HEAs demonstrate the m values be-
tween 0.02 and 0.07 [67]. The present AM HEA alloy before grain 
refinement demonstrates over one order of magnitude higher m value 
than simple coarse-grained f.c.c. metals, such as pure Ni showing m ≈

Fig. 6. Double-natural logarithmic plots of hardness versus equivalent strain for (a) AM HEA and (b) CM HEA after HPT.  

Fig. 7. Double logarithmic plot of H/3 vs. ε̇ for the AM HEA in an as-built 
condition before HPT and after HPT for 8 turns. The results for the CM HEA 
in an as-cast condition [26] and after HPT for 5 turns were shown together. 
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0.0028 [68]. Nevertheless, these simple f.c.c. metals increases strain rate 
sensitivity significantly with grain refinement [52,69] and the present 
HEAs follow the trend of simple f.c.c. metals by increasing m values with 
grain refinement. 

The estimated activation volumes are V* = 7.64b3 and 3.20b3 for the 
AM HEA in an as-built condition and after HPT for 8 turns, respectively, 
where b is the Burgers vector and was calculated by b = a0×

̅̅̅
2

√
/ 2 ≈

2.25 × 10− 10 m with applying the lattice parameter, a0, of 3.57 Å for the 
present HEA powders measured by XRD as well as the reported value for 
a CoCrFeNi alloy [50,70]. The same way of calculation yielded V* =
20.0b3 and 6.22b3 for the CM CoCrFeNi alloy before and after processing 
for 5 HPT turns, respectively. Earlier reports discuss the values of V* 
vary by three orders of magnitude from ~1b3 to 1000b3 depending on 
the different rate-limiting deformation processes of crystalline materials 
[71–73]. There is a report discussing the chemical short-range ordering 
of Cr in the atomic structure of HEAs [74], and such ordering may 
further contribute to the high friction stress in the HEA leading to an 
influence on the thermal activated process, thereby lowering the V* 
value of the HEA in comparison with the defined values for the general f. 
c.c. metals. It is currently under debate in the estimation of V* and its 
correlation with m for HEAs [67]. Nevertheless, the V* values for the 
nanostructured HEA are in a vicinity of ~10b3 in the present study and it 
is anticipated that the deformation mechanism is by grain 
boundary-mediated dislocation activity. 

4.3. Structural evolution during grain refinement 

The XRD line profiles were analyzed by applying the Williamson-Hall 
method for evaluating the structural changes in the AM HEA during 
additive manufacturing and grain refinement. A Williamson-Hall plot is 
shown in Fig. 8 where the full width at half maximum (FWHM), ΔQ, of 
the XRD peak profiles are plotted against the scattering vector, Q. Thus, 
microstrain, ε = ΔQ/Q, and the crystallite size are calculated from the 
slope and the reciprocal of y-intercept at Q = 0 of the fitted line, 

respectively [75], for each sample condition. In this procedure, the 
selected X-ray diffraction data from the available close-packed family 
planes of 111 and 222 at Q = 3.05 and 6.09 Å-1 were selected for the 
samples after grain refinement, so that the coherent crystallite sizes can 
be estimated by ignoring the smaller coherent sizes yielding larger peak 
broadening at the out-of-close-packed-plane coordinates of 200, 220 and 
311 appearing at Q = 3.50, 4.97 and 5.82 Å-1. The latter reveal much 
wider peaks than the linear regression for the close-packed plane co-
ordinates in each sample condition, disclosing significantly reduced 
coherent crystal sizes and larger strain gradients in those directions. 
Moreover, the larger broadening of the 200, 220 and 311 peaks for the 
HPT-processed material testify to reduced coherent crystal sizes due to 
interception by dislocations and planar faulting, which is consistent with 
the postulate of large numbers of dislocations showing grain 
boundary-mediated dislocation activity as the deformation mechanism 
of the nanocrystalline AM HEA. Four plane coordinates of 111, 200, 220, 
and 311 are used for the powder and as-built samples. 

The estimated crystallite size and micro-strain are summarized in 
Table 1 for the AM CoCrFeNi in powders, as-built, and after HPT for up 
to 8 turns. The crystallite size of ~460 nm in powders increased to ~650 
nm after the AM process, and it is influenced by the manufacturing 

Fig. 8. A Williamson-Hall plot: the full width at half maximum (FWHM), ΔQ, of the XRD peak profiles against the scattering vector, Q, for the AM CoCrFeNi HEA the 
conditions of atomized powders, as-built, and after HPT for 1/2, 1, 2, 4 and 8 turns. 

Table 1 
Summary of estimated crystallite size, microstrain and lattice parameters for the 
AM CoCrFeNi HEA in the conditions of powders, and after additive 
manufacturing and HPT for up to 8 turns.   

Crystallite size (nm) Microstrain Lattice constant (Å) 

Powder 462.54 0.00495 3.5718 ± 0.0007 
As-built 652.27 0.00410 3.5744 ± 0.0009 
HPT: 1/2 turn 101.25 0.00810 3.5742 ± 0.0048 
HPT: 1 turn 116.11 0.00881 3.5728 ± 0.0051 
HPT: 2 turns 80.94 0.00858 3.5752 ± 0.0059 
HPT: 4 turns 89.65 0.00878 3.5745 ± 0.0059 
HPT: 8 turns 75.07 0.00834 3.5771 ± 0.0069  
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process involving lowered dislocation density through remelting, re-
covery and recrystallization at some local regions having the equiaxed 
phase structure as shown in Fig. 3(a) and (b). Such change in micro-
structure is consistent with the decreased microstrain from 0.00495 in 
powders to 0.00410 after printing. After grain refinement, there is a 
significant reduction in a crystallite size to ~100 nm by 1/2 HPT turn 
and it further decreased gradually to ~75 nm though 8 turns. With the 
grain refinement process, the microstrain significantly increased to 
~0.0081 after 1/2 turn and remained reasonably constant though 8 HPT 
turns. It should be noted that the crystallite size calculated by XRD is 
often smaller than the actual grain size after severe plastic deformation 
processes due to the high populations of subgrains and dislocation walls 
[24,25] and crystallographic direction, measuring the coherent crys-
tallite size. Nevertheless, the crystallite sizes computed using the XRD 
data are in good agreement with the grain sizes measured directly from 
the TEM micrographs as shown in Fig. 3(c) and (d) for the AM HEA after 
HPT. 

The changes in the lattice parameter of the CoCrFeNi alloy through 
printing followed by grain refinement were calculated based on the 
positions of the diffraction peaks for all five plane coordinates using the 
XRD profile. The estimated lattice parameters are listed in Table 1 for 
the HEA in different processing conditions. The pre-alloyed powders 
having a lattice parameter of 3.572 Å increases slightly after building, 
and grain refinement increased the value gradually towards 3.577 Å 
through 8 HPT turns. This increase in lattice parameter may be partly 
attributed to the dissolution of the minority phases having larger lattice 
parameters during grain refinement by HPT. The phenomenon is well 
supported by the recent reports documenting the strong influence of 
dissolutions and supersaturation of the minority phases into a matrix 
phase on the XRD peak shifts by compositional straining during a solid- 
state reaction of Al and Mg by HPT [76,77]. Such expansion in lattice 
parameter was also shown in a two-phase CoCrFeMnNi alloy produced 
by HPT-driven mechanically alloying for 1, 10 and 100 turns, where the 
observed peak shifting between 1 turn and 10 turns involves the disso-
lution of a b.c.c. phase in an f.c.c. matrix phase, while additional large 
shifting of the f.c.c. peaks without any phase transformation may be due 
to an increase of microstrain by grain refinement through 10 to 100 HPT 
turns [31]. Thus, it is reasonable to anticipate that, beside the me-
chanical dissolution of the minority phases, there is a contribution of 
grain refinement to an increase of microstrain and expansion of the 
lattice parameter in the present AM CoCrFeNi alloy through HPT for 8 
turns. The result is in good agreement with an earlier report evaluating 
theoretically the inherent correlation of microstrain and lattice param-
eter changes in nanocrystalline materials [78], where both microstrain 
and lattice parameter tend to increase exponentially with grain (crys-
tallite) refinement, while there are always scatters due to the different 
grain boundary structures depending on the processing methods. Sub-
sequently, the present study demonstrated the improvement in 
micro-mechanical properties and structural development in the AM 
CoCrFeNi HEA, and the results yield comprehensive knowledge of the 
advantages of grain refinement and structural changes for current 
development in the AM technology of HEAs. 

5. Summary and conclusions  

(1) The importance of grain refinement in the micro-mechanical 
properties and structures of an AM CoCrFeNi HEA was exam-
ined after HPT for up to 8 turns under 6 GPa, and the results were 
compared with those acquired in a CM CoCrFeNi HEA after HPT 
through 5 turns.  

(2) A significant hardness increase was observed up to εeq ≈ 12 and 
thereafter the hardness saturated at HV = 525 for both AM and 
CM HEA, while the initial hardness values before the grain 
refinement process were different due to the separate 
manufacturing preparations of the alloys. The AM HEA shows the 

high strain hardening capability with a tendency of continuous 
increase in hardness with grain refinement even at εeq >12.  

(3) Grain refinement improved the strain rate sensitivity of the 
CoCrFeNi HEA, but the AM HEA demonstrated higher strain rate 
sensitivity of m = 0.058, thus high plasticity, than the CM HEA. 
Together with the high capability of strain hardening, excellent 
ductility is anticipated in the AM CoCrFeNi HEA. The estimated 
activation volume suggested the grain boundary-mediated 
dislocation activities as the rate-controlling mechanism of the 
AM HEA and it is consistent with the general nanocrystalline f.c.c 
metals.  

(4) XRD analysis demonstrated grain refinement in the AM CoCrFeNi 
alloy reduced the crystallite size that is well correlated with an 
increase of microstrain and expansion of the lattice parameter by 
the combination of mechanical dissolution of the minority phases 
and severe grain refinement. The out-of-close-packed-plane re-
flections broaden overemphasized revealing smaller coherent 
crystal sizes due to interception by large numbers of dislocations 
and planar faulting that agrees with the estimated rate- 
controlling mechanism in the nanocrystalline AM HEA. 
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[35] S. Gorsse, C. Hutchinson, M. Gouné, R. Banerjee, Additive manufacturing of metals: 
a brief review of the characteristic microstructures and properties of steels, Ti-6Al- 
4V and high-entropy alloys, Sci. Technol. Adv. Mater. 18 (2017) 584–610. 

[36] X. Li, Additive manufacturing of advanced multi-component alloys: bulk metallic 
glasses and high entropy alloys, Adv. Eng. Mater. 20 (2018) 1700874. 

[37] S. Chen, Y. Tong, P.K. Liaw, Additive manufacturing of high-entropy alloys: a 
review, Entropy 20 (2018) 937. 

[38] C. Han, Q. Fang, Y. Shi, S.B. Tor, C.K. Chua, K. Zhou, Recent advances on high- 
entropy alloys for 3D printing, Adv. Mater. 32 (2020) 1903855. 

[39] J.M. Torralba, M. Campos, High entropy alloys manufactured by additive 
manufacturing, Metals 10 (2020) 639. 

[40] Z. Tong, H. Liu, J. Jiao, W. Zhou, Y. Yang, X. Ren, Microstructure, microhardness 
and residual stress of laser additive manufactured CoCrFeMnNi high-entropy alloy 
subjected to laser shock peening, J. Mater. Process. Technol. 285 (2020) 116806. 

[41] T.A. Listyawan, A. Kumar, W. Shin, H. Do, K.-H. Lee, J. Ryu, N. Park, Surface 
hardening treatment of Fe40(CoCrMnNi)60 medium entropy alloy via aerosol 
deposition technique: a new approach, Mater. Lett. 269 (2020) 127633. 

[42] P. Wang, P. Huang, F.L. Ng, W.J. Sin, S. Lu, M.L.S. Nai, Z.L. Dong, J. Wei, 
Additively manufactured CoCrFeNiMn high-entropy alloy via pre-alloyed powder, 
Mater. Des. 168 (2019) 107576. 

[43] Y. Kuzminova, D. Firsov, A. Dudin, S. Sergeev, A.P. Zhilyaev, A. Dyakov, 
A. Chupeeva, A. Alekseev, D. Martynov, I. Akhatov, S. Evlashin, The effect of the 
parameters of the powder bed fusion process on the microstructure and mechanical 
properties of CrFeCoNi medium-entropy alloys, Intermetallics 116 (2020) 106651. 

[44] C.L. Wang, Y.H. Lai, J.C. Huang, T.G. Nieh, Creep of nanocrystalline nickel: a direct 
comparison between uniaxial and nanoindentation creep, Scripta Mater. 62 (2010) 
175–178. 

[45] A.P. Zhilyaev, T.G. Langdon, Using high-pressure torsion for metal processing: 
fundamentals and applications, Prog. Mater. Sci. 53 (2008) 893–979. 

[46] Z.G. Zhu, Q.B. Nguyen, F.L. Ng, X.H. An, X.Z. Liao, P.K. Liaw, S.M.L. Nai, J. Wei, 
Hierarchical microstructure and strengthening mechanisms of a CoCrFeNiMn high 
entropy alloy additively manufactured by selective laser melting, Scripta Mater. 
154 (2018) 20–24. 

[47] S. Praveen, B.S. Murty, R.S. Kottada, Alloying behavior in multi-component 
AlCoCrCuFe and NiCoCrCuFe high entropy alloys, Mater. Sci. Eng. A. 534 (2012) 
83–89. 

[48] R.B. Mane, B.B. Panigrahi, Sintering mechanisms of mechanically alloyed 
CoCrFeNi high-entropy alloy powders, J. Mater. Res. 33 (2018) 3321–3329. 

[49] D. Ma, M. Yao, K.G. Pradeep, C.C. Tasan, H. Springer, D. Raabe, Phase stability of 
non-equiatomic CoCrFeMnNi high entropy alloys, Acta Mater. 98 (2015) 288–296. 

[50] Z. Wang, Q. Wu, W. Zhou, F. He, C. Yu, D. Lin, J. Wang, C.T. Liu, Quantitative 
determination of the lattice constant in high entropy alloys, Scripta Mater. 162 
(2019) 468–471. 

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

[52] Y. Akahama, M. Nishimura, K. Kinoshita, H. Kawamura, Y. Ohishi, Evidence of a 
fcc-hcp transition in aluminum at multimegabar pressure, Phys. Rev. Lett. 96 
(2006), 045505. 

[53] M. Kawasaki, B. Ahn, P. Kumar, J.-i. Jang, T.G. Langdon, Nano- and micro- 
mechanical properties of ultrafine-grained materials processed by severe plastic 
deformation techniques, Adv. Eng. Mater. 19 (2017) 1600578. 

[54] Y. Zou, Nanomechanical studies of high-entropy alloys, J. Mater. Res. 33 (2018) 
3035–3054. 

[55] E.O. Hall, The deformation and ageing of mild steel: II Characteristics of the Lüders 
deformation, Proc. Phys. Soc. Sect. B. 64 (1951) 742–747. 

[56] N.J. Petch, The cleavage strength of polycrystals, J. Iron Steel Inst. 174 (1953) 
25–28. 

[57] B.S. Murty, J.W. Yeh, S. Ranganathan, High Entropy Alloys, Elsevier Science & 
Tech., Butterworth-Heinemann Ltd, Oxford, 2014. 

[58] M. Kawasaki, Different models of hardness evolution in ultrafine-grained materials 
processed by high-pressure torsion, J. Mater. Sci. 49 (2014) 18–34. 

[59] M. Kawasaki, R.B. Figueiredo, Y. Huang, T.G. Langdon, Interpretation of hardness 
evolution in metals processed by high-pressure torsion, J. Mater. Sci. 49 (2014) 
6586–6596. 

[60] S.A. Torbati-Sarraf, S. Sabbaghianrad, R.B. Figueiredo, T.G. Langdon, Orientation 
imaging microscopy and microhardness in a ZK60 magnesium alloy processed by 
high-pressure torsion, J. Alloys Compd. 712 (2017) 185–193. 

[61] Y.C. Wang, T.G. Langdon, Effect of heat treatment on microstructure and 
microhardness evolution in a Ti-6Al-4V alloy processed by high-pressure torsion, 
J. Mater. Sci. 48 (2013) 4646–4652. 

[62] D. Hernández-Escobar, J. Marcus, J.-K. Han, R.R. Unocic, M. Kawasaki, C. 
J. Boehlert, Effect of post-deformation annealing on the microstructure and micro- 
mechanical behavior of Zn–Mg hybrids processed by high-pressure torsion, Mater. 
Sci. Eng. A. 771 (2020) 138578. 

[63] D. Tabor, Hardness of solids, Rev. Phys. Technol. 1 (1970) 145–179. 
[64] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and 

elastic modulus using load and displacement sensing indentation experiments, 
J. Mater. Res. 7 (1992) 1564–1583. 

[65] M. Shabani, J. Indeck, K. Hazeli, P.D. Jablonski, G.J. Pataky, Effect of strain rate on 
the tensile behavior of CoCrFeNi and CoCrFeMnNi high-entropy alloys, J. Mater. 
Eng. Perform. 28 (2019) 4348–4356. 

[66] W. Huo, F. Fang, X. Liu, S. Tan, Z. Xie, J. Jiang, Remarkable strain-rate sensitivity 
of nanotwinned CoCrFeNi alloys, Appl. Phys. Lett. 114 (2019) 101904. 

[67] J. Moon, S.I. Hong, J.B. Seol, J.W. Bae, J.M. Park, H.S. Kim, Strain-rate sensitivity 
of high-entropy alloys and its significance in deformation, Mater. Res. Lett. 7 
(2019) 503–509. 
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