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Abstract In this study, CoCrFeMnNi high-entropy alloys
(HEAs) with a surface gradient nanostructure were pro-
duced using industrial shot blasting, which improved their
mechanical properties compared to the untreated alloy. The
severely plastically deformed (SPD) surface layer had a
multi-scale hierarchical structure with a high density of
stacking faults, deformation nanotwins, and amorphous
domains. The depth of the SPD layer steadily increased as
the shot-blasting time increased. The differences in the
microhardness and tensile strength before and after shot-
blasting demonstrated the significant effect of the SPD
layer on the mechanical performance. The microhardness
of the homogenized HEA was ~ 5 GPa. In comparison,
the maximum microhardness of the specimens after 20 min
of shot blasting was ~ 8.0 GPa at the surface. The yield
strength also improved by 178%, and a large ductility
of ~ 36% was retained. Additional nanograin boundary,
stacking fault, and twin strengthening within the gradient-
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nanostructured surface layer caused the strength to
increase. During tensile deformation, strain concentration
began at the surface of the specimen and gradually spread
to the interior. Thus, the gradient-nanostructured surface
layer with improved strain hardening can prevent early
necking and ensure steady plastic deformation so that high
toughness is achieved.

Keywords High-entropy alloy; Shot blasting; Gradient
structure; Mechanical property; Deformation mechanism

1 Introduction

High-entropy alloys (HEAs) with multiple principal ele-
ments occupy a substantial region of the multicomponent
phase space and have attracted considerable research
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interest [1-6]. In particular, face-centered cubic (fcc)
HEAs (such as the representative Cantor alloy CoCr-
FeMnNi) have been investigated extensively owing to their
outstanding mechanical properties [5, 6]. However, they
often exhibit insufficient yield strength (YS) and surplus
ductility [7]. Various methods have been considered to
improve the YS at the expense of ductility [8—10]. Notably,
the alloying element method [11-16] has been shown to
effectively increase the strength of Cantor HEAs. For
example, the introduction of Al and/or Ti can induce the
formation of body-centered cubic/B2 phases and L1,-type
or ¢ nanoprecipitates [14—16], which causes pronounced
solute solution hardening and precipitation hardening.
Alternatively, thermomechanical processing strategies
have been designed to promote desirable mechanical
properties [11-18]. For example, processing Cantor HEAs
with additional C via high-pressure torsion enhances the
strength and ductility synergy, and the ultimate strength
can reach 2141 MPa [15, 19].

Furthermore, appropriate surface treatments such as shot
peening, ultrasonic impact treatment, and deep rolling
[10, 20-23] can evade the strength—ductility trade-off.
When the surface layers experience severe plastic defor-
mation (SPD), the specimens are exposed to spatially
gradient plastic strains from the surface to the center,
which results in a multi-scaled hierarchical dislocation
structure [10, 20-23]. Moreover, SPD can induce com-
pressive residual stresses and work hardening in the surface
layers [22-24], improving mechanical performance.

However, most surface treatments based on SPD require
expensive systems, complicated processing routes, or large
workspaces, which are feasible for scientific research but
not industrial manufacturing. Traditional shot-blasting is a
low-cost technique widely used in industrial production.
Thus, it is desirable to develop a facile method of
improving the strength of HEAs by shot blasting for large-
scale and low-cost industrial applications. Few studies have
investigated the microstructural evolution and mechanical
properties of shot-blasted HEAs. Therefore, this study will
prepare and treat a representative Cantor HEA using shot
blasting with different holding time. Thus, the correlation
between the gradient microstructure and mechanical
properties will be clarified.

2 Experimental

Ingots with a nominal composition of Co,yCryq.
FeyoMnyoNiy, (at%) were prepared by arc-melting the
constituent elements (purity > 99.9%) in a Ti-gettered
high-purity Ar atmosphere. Specimens with dimensions of
50 mm x 20 mm x 1.4 mm were fabricated by custom
suction casting. The specimens were homogenized at
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1373 K for 24 h under an Ar atmosphere with furnace
cooling. Then, they were sent for surface treatment using a
Hook shot-blasting machine (Mingtai Jincheng Q377, cast
steel balls with a diameter of ~ 0.4 mm, shot blasting
quantity: 2 x 120 kg-min~"). Processing durations of 15
and 20 min were used, and the corresponding specimens
were named S1 and S2, respectively.

The phase formation and microstructure were charac-
terized using X-ray diffraction (XRD, Rigaku D/max-rB),
laser scanning confocal microscope (LSCM, VK-X1000/
X105), scanning electron microscope (SEM, ZEISS Sig-
ma500) equipped with an electron backscattered diffraction
(EBSD) system (Oxford Nordlys max3), and transmission
electron microscope (TEM, Talos F200S G2). The surface
roughness was measured using LSCM, and measurements
were repeated at least three times for each specimen. TEM
specimens were prepared using the focused ion beam (FIB,
TESCAN LYRA3) lift-out method. High-resolution TEM
(HRTEM) and selected area electron diffraction (SAED)
were also used to analyze the severely deformed region.

A nano-indenter (Anton Paar, CSM-NHTZ) was used to
examine cross-sectional hardness profiles of the specimens
from the top surface to the interior. The applied force
increased to 5 mN at a loading rate of 10 mN-min—"!, and
the holding time was 10 s. Uniaxial tensile tests were
performed using an electronic universal testing machine
(SUNS, UTMS5105) with a strain rate of 1 x 107> s™". The
dog-bone tensile specimen had gauge dimensions of
10 mm x 3 mm x 4 mm. The deformation strain distri-
bution was recorded as tension was applied using the stereo
digital image correlation (DIC, IMETRUM PCA1200)
technique. The residual stress was measured using an X-ray
stress analyzer (Rigaku, PSPC-MSF3M).

3 Results and discussion
3.1 Phase formation and microstructural features

LSCM images showing the surface morphologies of the
homogenized and shot-blasted specimens, and corre-
sponding cloud pictures describing the surface roughness
are presented in Fig. 1. The surface of the homogenized
specimen was smooth (Fig. 1a), whereas the surfaces of the
shot-blasted specimens showed many microscale dimples
caused by the high-velocity impacts of the steel balls
(Fig. 1b, ¢) [25]. Figure 1d—f shows that the surface
roughness increased after shot-blasting. The surface
roughnesses of the homogenized, S1 and S2 specimens
were approximately 1.45, 5.23 and 6.64 pum, respectively.
XRD observations (Fig. 2a) indicated that the as-cast and
homogenized specimens consisted of a single fcc solid
solution phase, which is consistent with previous reports
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Fig. 1 LSCM images of surface morphologies and corresponding cloud pictures related to surface roughness for a, d homogenized,

b, e S1, and ¢, f S2 samples

[1-6]. As shown in Fig. 2b, c, completely recrystallized
grains 40-500 pm in diameter were observed in the
homogenized specimen, and many straight-sided bands ran
across the grains (i.e., annealing twins). This is a prominent
microstructural feature of most annealed fcc metals and
alloys [26]. In general, a large grain boundary velocity
during long-term annealing favors the formation of
annealing twins owing to growth accidents [26]. Moreover,
the low stacking-fault energy (SFE) of Cantor alloys (i.e.,
26-30 mJ-m 2 [27, 28]) also encourages the formation of
annealing twins because growth accidents are more easily
tolerated.

After shot-blasting, no phase transformations were
detectable at the surface of the specimens. However, an
apparent peak intensity variation was observed, the full
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width at half maximum (FWHM) increased, and the
intensity of the crystalline peaks decreased. For example,
after shot blasting, the FWHM of the diffraction peak
corresponding to the (111) crystallographic plane increased
from (0.21 &£ 0.05) to (0.52 % 0.05) and the corresponding
intensity decreased from (457 &+ 25) to (231 £ 25)
(Fig. 2d). These changes may be caused by the formation
of residual stresses and/or nanocrystallization within the
surface layer. Figure 2e shows the residual stress distri-
bution over the depth of the shot-blasted S2 specimen. The
residual stress induced by shot-blasting is compressive, so
it has a negative value (Fig. 2e). The maximum compres-
sive residual stress was (372.3 & 10.5) MPa, and it
occurred 5 pm from the top surface. In general, the abso-
lute residual stress decreased as the depth increased.
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Fig. 2 a XRD patterns of all investigated samples together with cast samples; EBSD b inverse pole figure (IPF) map and ¢ phase map
of homogenized samples; d FWHM of diffraction peak related to (111) crystallographic plane and intensity with increasing shot-blasting
duration; e plot of residual stress vs. distance from surface to interior

However, nanocrystallization within the surface layers
of the shot-blasted specimens should not be ignored. This is
because repeated high-speed impacts on the surface of
metallic materials can produce severe compressive defor-
mation, transforming coarse grains near the surface to
micro- or even nanograins [29, 30]. The shot-blasted
specimens were analyzed using SEM, TEM, and HRTEM
(Figs. 3, 4, 5). As expected, the affected areas exhibited a
gradient microstructure as the impact energy from shot
blasting gradually decreased from the surface to the
interior.

Figure 3 shows the microstructures near the surface of
the shot-blasted specimens. In comparison to the homog-
enized specimen, they showed severe deformation. The
depth of the severely deformed surface was between 10 and
22 pum in S1 (double-headed arrows in Fig. 3a), and 90 and
310 pm in S2 (double-headed arrows in Fig. 3c). At higher
magnification (arrows in Fig. 3b, d), many slip bands were
observed. During shot blasting, steel balls struck the sur-
face of the specimens with different incident angles, which
caused dislocations and slip bands to propagate. Typical
fce structures have {111} < 110 > slip systems, i.e., there
are three < 110 > directions for each of the four {111}
slip planes [6]. However, the compression deformation

f
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during shot blasting was not uniaxial or continuous, so
subsequent impacts could crook previously formed slip
bands. The density of the slip bands decreased as the depth
from the surface increased. Therefore, the microstructures
in the interior were less affected, and a multi-scale hier-
archical dislocation structure was produced (Fig. 3e, f).
Furthermore, as the shot blasting duration increased from
15 to 20 min, the surface layer experienced more signifi-
cant strain. The deformation process propagated and
gradually affected the interior of the specimen. Thus, the
gradient nanograined structure became more apparent over
time. Furthermore, as shown in Fig. 3f, nanosized defor-
mation twins appeared during shot blasting. Hence, both
microscopic residual stress stored within the highly
deformed layer and grain refinement are believed to have
caused the broadening of the XRD peaks.

To verify the nanograined gradient structure and the
existence of twins and dislocations within the highly
deformed layer, TEM and SAED were used to examine
specimen S2 (Fig. 4). The bright- and dark-field TEM
images (Fig. 4a, b) showed strong evidence of nanograin
formation (e.g., dotted circles), and the SAED patterns
confirmed the development of nanoscale fcc-type struc-
tures with no other phases (Fig.4c). Furthermore,
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Fig. 4 a Bright-field and b dark-field TEM images and ¢ corresponding SAED patterns of surface regions for S2 samples

numerous dislocations (see arrows) appeared within the
nanograins around the grain boundaries. The evolution of
the gradient microstructure from the surface to the interior
of the highly deformed layer is shown in Fig. 5a. The grain
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size gradually decreased as the depth into the shot-blasted
specimen increased. A representative statistical analysis of
the grain size was performed for Regions A, B and C from
the top surface to the interior (Fig. 5b—d). The
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Fig. 5 a TEM images related to gradient microstructural evolution from surface to interior within highly deformed layer for S2 samples;
b—d amplified images of Regions A, B and C marked in a; e distribution statistics of grain sizes performed on different regions

corresponding grain size distributions are shown in Fig. Se.
Compared to the grain size of the homogenized specimen
(40-500 pum), extreme grain refinement was detected at the
surface of the specimen after 20 min of shot blasting. The
average grain sizes for Regions A, B and C were approx-
imately 98, 150 and 197 nm, respectively, which further
confirms the formation of a gradient nanograin
microstructure. The formation of nanocrystalline
microstructures through SPD of the surface layer during
shot blasting is similar to that occurs during surface
mechanical attrition treatment, for which the grain refine-
ment mechanisms have reported [29]. In general, the
Cantor CoCrFeMnNi alloy has a low SFE. This inhibits
dislocation cross-slipping, but facilitates the formation of
planar defect arrays, such as stacking faults (on the primary
{111} slip planes) and deformation twins [31-33].
Further characterization of the deformed microstructure
at the top surface of shot-blasted specimen S2 was con-
ducted using HRTEM. A high density of stacking faults
was observed (Fig. 6a). The applied strain and strain rate
accumulated during shot blasting, and intersecting stacking
faults within the homogenized grains transformed into sub-
grain boundaries that subdivided coarse grains into fine
ones. Moreover, twinning caused by the emission of
Shockley partial dislocations from grain boundaries was
identified, as shown in Fig. 6b, and the nanotwins were
very small, typically less than 10 nm. Twinning is believed
to be another crucial grain refinement mechanism for fcc
metallic alloys with low SFEs [29, 34, 35]. The introduced
twin boundaries (Fig. 6¢) and twin—twin intersections are

f
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high-angle boundaries that produce refined blocks within
coarse grains and act as strong barriers to dislocation
motion, thus, they provide Hall-Petch type strengthening
[29, 34, 35].

The low SFE favors strain-induced phase transforma-
tions, introducing phase boundaries as an additional grain-
refinement mechanism in HEAs [31-33]. Although no
phase transformations were detected in this study, nanos-
cale amorphous structures (Fig. 6d), randomly distributed
among crystalline nanograins, can be regarded as a second
phase that provides an additional interfacial barrier to resist
deformation. It is well established that amorphization in
metallic materials can occur through rapid solidification
[36] or by destabilization of a crystalline solid phase into a
disordered one [37]. It is common for crystal structures to
transform into an amorphous phase through SPD [38, 39].
Applying a high strain and strain rate increases the severity
of lattice distortion and promote the formation of amor-
phous structures [40]. For Cantor HEAs, SPD can induce
the formation of concentrated deformation regions, which
contain dislocations, stacking faults, and twins that serve as
precursors to amorphization [41, 42]. Considering dislo-
cations as an example, SPD usually introduces a high
density of dislocations (between 1 x 10" and
1 x 10" m™?), which act as precursors for amorphization
[37-39]. For Cantor HEAsS, the critical dislocation density
for crystalline-to-amorphous transformations is approxi-
mately 5.6 x 10"" m2 [43]. In this study, the dislocation
density was approximated using XRD patterns, which
yielded a value of 1.12 x 10'"® m™2. Thus, shot-blasting of
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Fig. 6 HRTEM images of a stacking faults, b nanotwins, ¢ twin boundary (TB) and grain boundary (GB), and d amorphous phase

within highly deformed layer for S2 samples

the CoCrFeMnNi HEA can introduce nanocrystalline
microstructures by subdivision of grains via dislocations,
stacking faults, and deformation twins. Moreover, it can
facilitate solid-state amorphization to create phase bound-
aries that enhance the matrix.

3.2 Mechanical properties and deformation
mechanisms

Miniaturized surface microstructures increase the free-
surface fraction such that it has a dominant effect on the
overall mechanical properties of the materials. The
nanoindentation hardness was measured before and after
shot blasting. Figure 7a shows the trends in the hardness
from the top surface to the interior of the specimens. The
hardness increased significantly as the shot-blasting time
increased. The maximum hardness was ~ 8.0 GPa, which
occurred at the surface and gradually decreased towards the
interior. At a depth of ~ 13 pum, the hardness decreased to
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5.5-6.2 GPa, which is comparable with the homogenized
specimen. The shot-blasting-induced hardening near the
surface can be attributed to the variation in deformation
twins and dislocations, whose gradient distribution is sub-
stantially affected by processing parameters such as the
blasting time.

Tensile experiments were conducted to further analyze
the mechanical properties of the shot-blasted Cantor HEA,
and the results are summarized in Table 1. Compared to the
homogenized specimen, the shot-blasted specimens
showed significant improvements in YS (o) and ultimate
tensile strength (UTS, oyrs) (Fig. 7b). The homogenized
specimen exhibited a plastic strain (g,) of approximately
53%, and the YS and UTS were (153 £ 15) MPa and
(477 £ 10) MPa, respectively. After 15 min of shot
blasting, the YS and UTS both increased to
(310 £ 15) MPa and (536 &+ 10) MPa, respectively, and
there was an insignificant decrease in ductility (g, ~
48%). When the shot-blasting time was increased to

a
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Fig. 7 a Hardness results before and after shot blasting treatments, b engineering stress—strain curves, ¢ true stress—strain curves,
and d strain hardening rate for investigated samples and inset being work-hardening rate vs. true strain curves for investigated

samples

Table 1 Yield strength, ultimate tensile strength, and plastic
strain of investigated samples

Sample go2 | MPa outs / MPa ep | %
Homogenized 153 + 15 477 + 10 53+ 3
S1 310 + 15 536 + 10 53 + 3
S2 426 + 15 577 £ 10 53+ 3

20 min, the YS increased substantially to (426 £ 15) MPa,
and the UTS increased to (577 4+ 10) MPa. Meanwhile, the
plastic strain decreased from approximately 53% to 36%.

The true stress—strain curves and corresponding strain
hardening rates for all the specimens are shown in Fig. 7c,
d, respectively. Both plots show three distinct stages: A, B,
and C. The plot of the strain-hardening rate (do/de) against
the effective true stress (0—0p,), commonly called a
Kocks—Mecking (KM) plot, can be used to characterize
differential variations of structures experiencing stress—
strain [44]. All the specimens exhibited a rapid decrease in
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the strain-hardening rate in Stage A, which was probably
caused by the transition from the elastic to the elastic—
plastic stage [45, 46]. Then, in Stage B, the strain-hard-
ening rate stabilized, and the plots show an extremely weak
bulge. This was probably caused by mutual competition
between dislocation pile-ups, twins, stack faults, and soft-
ening from slip bands [1, 7, 47]. Stage C was characterized
by a continuously decreasing strain-hardening rate, which
can be linked to damage processes such as void formation,
initiation, and microcrack propagation [44].

Figure 8 shows the fracture morphologies of the speci-
mens after tensile deformation. The cross-sectional fracture
images show many dimples, which confirms that all the
specimens exhibited ductile fracture behavior regardless of
their processing route (Fig. 8a—c). At higher magnification,
the homogenized specimens with the highest ductility
showed a lot of very large deep dimples and a few small
shallow dimples. After shot-blasting, the number, diameter,
and depth of the large deep dimples decreased (Fig. 8d—f).
In contrast, the number of small shallow dimples increased.
In general, the size of the dimples is highly dependent on
the ductility of the metallic alloy, i.e., specimens with
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Fig. 8 SEM images related to fracture morphologies and their corresponding amplified images for a, d homogenized, b, e S1, and c,

f S2 samples

better ductility exhibit larger dimples, which is in accord
with our tensile measurements.

In recent years, the deformation mechanisms of Cantor
HEAs have been investigated systematically [1, 3, 6, 7, 46].
During deformation, initial yielding occurs owing to simple
planar slipping of the 2 < 110 > dislocations, which are
often separated into Shockley partials, on the {111} slip
planes. Upon further deformation, dislocations build up at
the grain boundaries and induce secondary slipping. This
leads to dislocation intersections and increases the number
of obstacles to slipping. Thus, extensive dislocation tangles
and forest dislocations can be observed [1, 3, 6, 7, 46]. In
other words, during the deformation of Cantor HEAs at
room temperature, the dislocation substructure evolves
from planar slipping at minor strains to cross-slipped tan-
gled dislocations at intermediate strains and cell structures
at high strains [1, 3, 6, 7, 46]. Furthermore, deformation
twins occur alongside dislocation multiplication and
interactions. However, during plastic deformation at room
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temperature, deformation twins are only activated close to
the fracture strain because the relatively low YS of Cantor
HEAs means that higher strains are required to induce
twinning stress through work hardening [46, 47]. Hence,
twinning does not substantially affect tensile deformation
at room temperature [46, 47].

Shot-blasting surface treatment leads to the formation of
a gradient nanostructured surface layer that contains
nanoscale fcc grains, stacking faults, deformation twins,
and an amorphous phase. Thus, the deformation mecha-
nisms of treated specimens should differ from those of
homogenized specimens. The gradient microstructure
means that the interior should be deformed initially,
whereas the gradient surface layer remains elastic during
elastic—plastic deformation [48]. With further deformation,
the interior cannot deform freely owing to the limitations of
the elastic surface layer; thus, the interior and gradient
surface layer are subjected to lateral tensile and compres-
sive stresses, respectively [49]. Consequently, more slip
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systems are activated, which aggravates dislocation activ-
ities. The deformation mechanisms in the interior should be
similar to those of the cast specimens, but the resistance to
dislocation activities is different. However, during plastic
deformation, the plastic instability of the surface grains is
strongly affected by complicated stress states owing to the
constraints of the interior and residual stresses from shot
blasting [48, 50]. These complicated stress states can
induce different strain distributions during deformation.
Strain distribution maps for the homogenized and S2
specimens under tension are presented in Fig. 9. At an
applied strain of 15%, the homogenized specimen showed
no apparent strain concentration along the tensile direction
(Fig. 9a). At 20% strain, strain concentration occurred
simultaneously in the surface layer and interior. However,
for the S2 specimen, strain concentration began at the
surface (white arrows in Fig. 9b). When the applied strain
increased to 15%, the strain concentration at the surface
intensified and then propagated into the interior, which led
to the formation and propagation of catastrophic microc-
racks. Therefore, the strain maps of the specimens under
tension demonstrate that the gradient-structured surface
layer is responsible for the increased YS and UTS of the
shot-blasted specimens.

Based on the microstructural observations, the strength
can be approximated as [51]:

a:ao—&-L—l—och\/;_) (1)
Vi
where o is the strength, o is the friction stress, k is the
Hall-Petch constant, dg, is the mean free path for dislo-
cations, o is a constant, G is the shear modulus, b is the
Burgers vector, and p is dislocation density. In general,
conventional grain boundaries act as strong barriers to
dislocation motion, providing Hall-Petch type strengthen-
ing [35]. Furthermore, deformation twins induced by shot

a

15% 20% 25% 53%

b
i -«
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blasting offer new twin boundaries that strengthen the
material through the so-called “dynamic Hall-Petch
effect” [7]. A high density of nanograin boundaries,
stacking faults, and amorphous phase boundaries can also
impede dislocation movement during tensile deformation,
known as Taylor hardening [7]. For example, the interfaces
between deformation-induced amorphous bands and the fcc
matrix provide strong barriers to dislocation motion and
natural sinks for dislocations [42]. Therefore, the effects
induced by shot blasting drastically decrease dy, and
increase p, which significantly increases the overall
strength.

4 Conclusion

In this study, the CoCrFeMnNi HEA (Cantor alloy) was
subjected to shot blasting, and the resultant microstructure
and mechanical properties were investigated. The shot-
blasting treatment did not cause detectable phase trans-
formations, and only one fcc phase was detected in the SPD
surface layer and interior of the specimens. However, the
treatment did induce high strains at high strain rates and led
to the formation of gradient nanostructured surface layers
containing refined nanograins, a high density of stacking-
faults/dislocations, and deformation nanotwins as well as a
certain amount of nano-amorphous phase.

Microhardness and tensile tests showed that shot blast-
ing can substantially improve the mechanical performance
of CoCrFeMnNi HEA. Compared to the homogenized
HEA, the maximum microhardness after 20 min of shot
blasting was ~ 8.0 GPa, and the YS increased by 178%.
The gradient-nanostructured surface layer with strain
hardening can resist higher strain concentrations during the
initial stages of deformation, preventing early necking and
ensuring steady plastic deformation.

15% 20% 25% 36%

Fig. 9 Strain distribution maps of a homogenized and b S2 samples during tension
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