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High-entropy alloys (HEAs) present unique advantages in surface modification due to their stable mixed-state
structures and resistance to intermetallic compound formation. This study investigates the surface modifica-
tion behavior of equiatomic TiNbHfZnZr HEA components in Ti6Al4V alloy using friction stir processing (FSP).
The aim is to enhance the mechanical properties and structural stability of Ti6Al4V by incorporating HEA ele-
ments. It was found that the introduction of high-entropy alloys forms shear bands with distinctive micro and
nano gradient structures on the surface of the Ti6Al4V alloy. These shear bands not only significantly refine the
grains but also promote f§ phase and f twin formation. The HEA-induced shear bands enhance the strength and

stability of the alloy by creating bec twins and dislocation networks that suppress martensitic transformation and
maintain superelasticity. Concurrently, the introduction of HEA components leads to the formation of stable
dual-phase (a + bee) microstructures within the o matrix, significantly improving hardness and modulus.

1. Introduction

The evolution of materials science has been significantly propelled
by the discovery and development of novel alloy systems that can
withstand the exigencies of diverse applications, particularly in the
realm of aerospace, biomedical implants, and extreme environment
engineering. Titanium alloys, and in particular Ti6Al14V, have long been
favored for their high strength-to-weight ratio, corrosion resistance, and
biocompatibility, making them ideal candidates for applications ranging
from aerospace components to orthopedic implants [1-5]. However, the
relentless demands of these applications have necessitated the continual
enhancement of the alloy’s surface properties, particularly in terms of
hardness, wear resistance, and fatigue life. Surface modification tech-
niques have emerged as a pivotal strategy to augment the performance
of materials without compromising their bulk characteristics [6-10].
Among these, the introduction of nanoscale shear banding and twinning
has been shown to significantly enhance the mechanical properties of
alloys [11-15]. These nanostructures act as barriers to dislocation
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motion, thereby increasing the material’s strength and ductility. How-
ever, the formation of such nanostructures through traditional methods
often requires complex and costly processes.

Existing techniques such as chemical etching, physical vapor depo-
sition, and laser surface melting, while improving the surface properties
of Ti6Al4V alloys to some extent, still have some limitations. Zhou et al.
CoCrMoNDbTi alloy coating was fabricated on Ti-6Al-4V substrate by
laser cladding technology to produce coating showing BCC solid solution
phase [16]. The addition of niobium to the coating results in the for-
mation of a solid solution, which significantly increases its hardness and
wear resistance. However, due to the thin coating thickness and the
dilution effect of matrix elements, the composition of the area near the
matrix is uneven and the hardness is reduced. Ma et al. studied the
synergistic effect of Ti and Zr elements in AlICoCrFeNiTi(1-x)Zrx HEA
coating of steel, noting that with the increase of Zr content, the structure
evolved from double BCC phase to FCC + BCC phase, which led to grain
refining, microhardness and wear resistance enhancement [17].
Although excessive Zr content can lead to defects, reduced corrosion and
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oxidation resistance. Friction stir processing (FSP) is a solid-state pro-
cessing technique known for its ability to refine grain structures and
induce phase transformations in various alloys [18-23]. By using the
friction stirring process, the production process of nano-composites on
the surface of metal materials with particle-reinforced materials is
effectively realized. This approach has been shown to be successful in
creating highly functional materials with desired properties [24-28].
FSP technology, by its very nature, is capable of producing a
fine-grained microstructure in the metal matrix [29-32]. Additionally,
the incorporation of reinforcement particles into the matrix further re-
fines the microstructure and enhances the surface properties of the final
product [33-36]. However, the commonly used reinforcement is mainly
ceramic, which makes the surface poor in toughness despite high
hardness [37-42].

High entropy alloys (HEAs) have been demonstrated to possess a
range of unique properties, including high strength, excellent ductility,
and superior resistance to deformation due to their sluggish diffusion
kinetics and the formation of solid solutions [43-46]. The introduction
of high entropy components (HECs) into traditional alloys presents a
novel avenue for the formation of nanoscale shear bands and twins,
potentially offering a simple and effective means to enhance the surface
properties of alloys such as Ti6A14V [47-50]. The incorporation of HECs
into Ti6Al4V via FSP is a groundbreaking approach that harnesses the
unique characteristics of HEAs to induce nanoscale shear banding and
twinning at the alloy’s surface [51,52]. Elements with excellent
biocompatibility such as Ti, Nb, Hf, Zr, and Zn have been widely used in
the development of bio-high entropy alloys [53-55]. Consequently,
these bio-high entropy components are well-suited for use as surface
modification layers. However, the potential of FSP to systematically
introduce HECs and investigate the resulting nanoscale shear banding
and twinning phenomena has been largely unexplored.

To bridge this gap, it is imperative to examine the effects of HEC-
induced nanoscale shear banding and twinning on the surface proper-
ties of Ti6Al4V alloy [56,57]. Our findings reveal that the introduction
of HECs via FSP not only refines the microstructure but also induces the
formation of a complex network of nanoscale shear bands and twins at
the surface. These nanostructures act as efficient barriers to dislocation
movement, thereby significantly enhancing the alloy’s strength and
hardness. Furthermore, the high-entropy components contribute to the
stabilization of a unique dual-phase microstructure, which further
augments the material’s resistance to deformation and wear.

This study presents a comprehensive investigation into the surface
modification behavior of Ti6Al4V alloy induced by high-entropy com-
ponents. The results highlight the synergistic effects of nanoscale shear
banding and twinning on the mechanical properties of the alloy, offering
a novel strategy for the design and fabrication of advanced materials
with superior performance for critical applications where surface
properties are paramount.

2. Experimental methods
2.1. Preparation of samples

The rolled Ti6Al4V plate, with a thickness of 5 mm, was processed
via FSP using a W-Re alloy tool in an argon atmosphere. Prior to pro-
cessing, a groove measuring 1 mm in width and 0.5 mm in depth was
machined along the FSP direction on the sample surface. Equiatomic
TiNbHfZnZr powders, with a particle size of 50 nm, were mixed for 4 h
using a YXQM-4L planetary ball mill, at a powder weight ratio of 5:1 and
a rounding speed of 200 rpm. The mixed powder was then placed into
the pre-cut groove. Previous research has demonstrated that the rota-
tional speed of the FSP stirring probe directly affects the microstructure
and performance. The two main processing parameters in FSP, namely
the rotational speed and the number of passes, have a significant effect
on the microstructure of the machined material. Due to the severe plastic
deformation and severe stirring effect experienced in the stirred zone,
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increasing the number of passes during the FSP process can fine the
grains, thus significantly optimizing the surface properties. In light of
our previous research, we selected the stirring probe speeds of 375 rpm
and 225 rpm [58-60]. The FSP was conducted with a probe diameter of
12 mm and a probe plunge depth of 1.7 mm, at rotation speeds of 375
rpm and 225 rpm, and a travel speed of 50 mm/min. During the process,
the powders were effectively dispersed and made full contact with the
matrix. Only one pass was performed to prevent the powder from
spilling. The schematic of this process is depicted in Fig. 1.

Referring to our previous studies and existing literature reports, heat
treatment at high temperature (600 °C) for half an hour is required for
further diffusion and homogenization of high-entropy alloying ele-
ments. Subsequent to FSP, heat treatment was applied at 600 °C for
either 30 min or 3 h to promote further diffusion of the added elements.
The various specimens subjected to different FSP durations are detailed
in Table 1.

2.2. Microstructural observations

The microstructure of the FSPed specimen was characterized using
optical microscopy (OM), scanning electron microscopy (SEM, FEI Nova
400), and transmission electron microscopy (TEM, JEOL JEM-2100EX,
200 kV). SEM specimens were prepared by cutting the material into
pieces of 10 mm x 10 mm x 5 mm. These pieces were then ground up to
3000+# grit and polished before being etched in a mixed acid solution
(HF:HNO3:H20 = 1:3:10 by volume) for 10 s. TEM specimens were
thinned to a thickness of 50 pm and then punched into 3 mm diameter
disks. These disks underwent twin-jet electropolishing in a mixed acid
alcohol solution (HCIO4:CH30H:C4H9OH = 6:64:30 by volume) at 35V
and —40 °C.

2.3. Nanoindentation tests

Nanoindentation tests were carried out using a NANO Indenter G200
Tester, which employs a lock-in technique to determine indentation
depth-dependent mechanical properties at the same position on the
sample during a single loading-unloading cycle. The indentation depth
was limited to 2000 nm. The loading rate was maintained at 1 mN/s,
with a holding time of 5 s at the maximum depth. To minimize the in-
fluence of the stress field, indentations were spaced 30 pm apart. Mea-
surements were taken 100 pm from the processed surface.

Ti . .
Nb Equiatomic
H

n Ball mill
r

995600

N N

Unprocessed groove

Processing direction

Fig. 1. Schematic diagram of the friction stir process with modification of high-
entropy components.



D. Jiang et al.

Table 1
Rotation rate and corresponding specimen.

Specimen name Rotation rate Heat treatment

375 375 rpm /

375um1 375 rpm 600 °C/30 min
375ur2 375 rpm 600 °C/3 h
225 225 rpm /

22541 225 rpm 600 °C/30 min
225uT2 225 rpm 600 °C/3 h
TC4 225 rpm /

3. Results

The OM and SEM images of the specimens without heat treatment
are displayed in Figs. 2 and 3. In Specimen 375, an 800 pm deep stir zone
is observed, characterized by equiaxed grains. Distinct stripes are visible
near the deformed surface, while only faint stripes are noticeable in the
deeper regions. Both the dark and fuzzy fringes have an almost equal
atomic TiNbHfZnZr composition, corresponding to a high entropy
component. In contrast, Specimen 225 also exhibits an 800 pm deep stir
zone, but the stripes are confined to the near-surface area. Notably, no
faint stripes are detected in the deeper regions. Additionally, equiaxed
grains are present only in the near-surface region, unlike in the deeper
part of the stir zone. The differences in stripe distribution and grain
structure between Specimen 375 and Specimen 225 suggest incomplete
element diffusion and recrystallization in Specimen 225 [61,62]. This
observation highlights the variability in microstructural evolution
depending on the processing parameters.

To further investigate the stripes composed of high-entropy compo-
nents, TEM analysis was conducted. Fig. 4a reveals several parallel dark
shear bands within the a matrix. These bands are less than 1 pm in length
and under 100 nm in width, with non-uniform spacing between them.
The region between adjacent shear bands contains a lower density of
dislocations (Fig. 4b), while the area between separated bands exhibits a
distinct dislocation network (Fig. 4d). Notably, even isolated shear
bands do not show dislocation networks near them. The dislocations
surrounding these bands are oriented perpendicular to the shear band
boundary, which demarcates the shear band from the distant dislocation
network. Furthermore, these perpendicular dislocations extend into the
interior of the dislocation network, indicating interactions between
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different regions [63].

The diffraction spot analysis, shown in Fig. 4¢, indicates that the dark
shear bands are primarily composed of the bcc phase. However, the
short length and distribution of these bands within the a grains suggest
that they are not the typical p phase. In contrast, Fig. 4e depicts
deformed o grains without shear bands, with diffraction patterns
(Fig. 4f) showing only the o phase and no bec phase. In these grains, the
dislocation network fills the interior, and no areas of unidirectional
dislocations are found. This difference highlights that the distribution of
dislocations is related to the presence of shear bands.

In Fig. 5a, an incomplete shear band is observed. Restricted by the
phase boundary, this band extends across the a phase and measures
approximately 300 nm in length. Within the shear band, parallel acic-
ular needles emerge from the phase boundaries and extend across the
band. These needles vary in width, and their ends are indistinct. The
diffraction pattern of the shear band, shown in Fig. 5b, reveals spots
corresponding to different bec lattices, but no bright line is observed.
This indicates that the lattice in this region is metastable due to the
presence of various bce-stable elements, and the structure is not a result
of stacking faults [64,65].

Fig. 6 illustrates the internal structure of a fully formed shear band.
Perpendicular stacking faults are found outside the shear band, while
acicular structures are present inside it. However, the substructure
varies in form. According to the Fast Fourier Transform (FFT) in Fig. 6c,
the shear band comprises both a and bcc phases. A distinct boundary
between the o phase of the matrix and the « phase within the shear band
suggests that the o phase in the shear band and the bcc phase together
form a unique dual-phase structure [66-68]. The angle between the
growth direction of the bec needles and the shear band boundary is 33°.
The lengths of the becc needles differ, and a twin structure is evident in
the larger needles, indicating the asynchronous formation of needles and
twins [69].

Outside the shear band, stacking faults are connected to the a phase
rather than to the bcc needles within the shear band, highlighting a
special relationship between phase distribution and stacking faults. In
Fig. 6d, bee acicular needles traverse the shear band and form clear twin
structures. The varying thicknesses on both sides of the twin boundary
indicate heterogeneously distributed nucleation sites for the twins.
Notably, no o phase is observed in this shear band, suggesting a higher
concentration of bce-stable elements within the shear band, as depicted

Fig. 2. Microstructure of Specimen 375: (a) OM image of the stir zone; (b) OM image of the shallow stir zone at higher magnification; (c) OM image of the deep stir
zone at higher magnification; (d) SEM image of the shallow stir zone; and (e) SEM image of the deep stir zone.
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Fig. 3. Microstructure of Specimen 225: (a) OM image of the stir zone; (b) OM image of the shallow stir zone at higher magnification; (c) OM image of the deep stir
zone at higher magnification; (d) SEM image of the shallow stir zone; and (e) SEM image of the deep stir zone.

Fig. 4. TEM images of the stir zone of Specimen 375: (a) bright field image of a stripe composed of high-entropy components; (b, d) images of nanoscale shear bands
and surrounding regions at higher magnification; (c) diffraction pattern of the nanoscale shear band in (b); (e) image of a deformed « grain without a nanoscale shear

band; and (f) diffraction pattern in (e).

in Fig. 6d [70].

The structural configuration at the junction of the shear band and the
B phase is illustrated in Fig. 7. It can be observed that no bcc needle is
directly connected to the p phase; instead, the o phase serves as an
intermediary. This arrangement suggests a high-stress level in the shear
band [71]. Additionally, a stacking fault is observed at the connection
point, which positively influences shear band formation [72]. Diffrac-
tion analysis in Fig. 7c confirms the presence of o and f§ phases near the
connecting position. In comparison to the results presented in Fig. 7d,
the lattice constant of the bee phase within the shear band is observed to
be larger than that of the typical p phase. This indicates a distinct
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elemental composition between the § phase and bcc needles. Moreover,
no significant change in the lattice constant of the o phase is observed.
The stability of the o phase lattice constant suggests that modifying el-
ements primarily affect the bcc phase structure.

The shear band near the o twin is shown in Fig. 8a. This shear band is
smaller, approximately 100 nm in length, compared to those in Fig. 6.
The high-resolution image in Fig. 8b reveals a bec twin structure within
the shear band, with no a phase present in this region. The boundary of
the bee twin extends from the o twin boundary, indicating that the becc
twin originates from the o twin. Unlike the results in Fig. 6, the bce twin
boundary in this shear band is parallel to the phase boundary rather than
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Fig. 5. TEM images of incompletely formed nanoscale shear bands with substructures: (a) bright-field image and (b) diffraction patterns of the nanoscale shear band

in (a).

Fig. 6. TEM images of complete shear bands with substructures in the stir zone of Specimen 375:(a) bright-field image; (b) bright-field image at higher magnifi-

cation; (c-d) high-resolution images of the shear bands in (b).

at an angle of 33°. Vague characteristics near the twin boundary suggest
an incompletely transformed stacking fault structure [73]. In addition to
the twin boundary in the central area, a twin structure is also observed
near the phase boundary. These outer twins are approximately three
atomic layers thick and exhibit distinct twin boundaries.

Along the bcc band, no stacking faults are observed in the sur-
rounding a grains, similar to the findings in Fig. 6. One side of the band
is connected to the o twin, while the other side shows a vague phase
boundary, indicating the growth direction of the bcc twins [74].
Furthermore, shear bands composed of o and bcc phases are found
nearby. The coexistence of these two types of bands and their similar
short lengths (100 nm) reflect the fragmentation of the bcc bands.
Bce-stable elements diffuse in different directions when they encounter
the twin structure of the matrix. As a result, the content of bcc-stable
elements decreases in one direction, leading to a reduction in the
length of the bands.

The mechanical properties are shown in Fig. 9. As shown in Fig. 9a,
concerning a given load-displacement curve, necessary parameters are
achieved, unloading (h,), elastic recovery (he;) and superelastic recovery
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(hgy). her and hg, are determined by tangent and vertical lines from the
end of the upper platform, respectively. To calculate the values of the
modulus and hardness, the contact depth (h,) and contact area (A.) need
to be obtained in advance:

hc:(her+hsr+hr) - 5(%) (@)
A, =24.56h% + 793h, + 4238/h, 2

For the pyramidal indenter, ¢ is 0.75. The reduced modulus (Ey and
modulus (E) are then determined by:

T S
E,:_fx > ©)
1 1—-12 1-02
E E B @

v (0.34) is Poisson’s ratio of TC4. E; (1140 GPa) and v; (0.07) are the



D. Jiang et al.

Journal of Materials Research and Technology 32 (2024) 1062-1073

Fig. 7. TEM images of shear bands with substructures in the stir zone of Specimen 375: (a) bright-field image; (b) image of the connecting region at higher
magnification; (c) diffraction patterns of theconnecting region in (a); (d) diffraction patterns of the shear bands and surrounding region in the o matrix.

Fig. 8. TEM images of the shear band near the o twin and the surrounding region: (a) bright field image and (b) high-resolution image of the shear band near the a

twin in (a).

modulus and Poisson’s ratio of the indenter, respectively. The hardness
value (H) can be calculated as follows:
P,

H=-"

A )

Finally, the superelastic strain recovery ng, which measures the
superelasticity of the specimen, is obtained by:

hsr

5= ey + iy ) ©

A detailed comparison of the modulus and hardness among the
specimens is shown in Fig. 9b. Specimens processed at a high rotation
rate (375 rpm) exhibit a typical softening phenomenon during heat
treatment. The modulus decreases from 109.5 GPa to 102.6 GPa, and the
hardness decreases from 4.43 GPa to 3.88 GPa. These similar decreases
in modulus and hardness indicate that no significant reaction or diffu-
sion of high-entropy components occurs during heat treatment. Recov-
ery softening appears to be the main mechanism during heat treatment
[80]. In contrast, specimens processed at a moderate rotation rate (225
rpm) display an atypical softening phenomenon. The modulus initially
increases from 109.0 GPa to a peak value of 113.0 GPa, before rapidly
decreasing to 101.8 GPa. The hardness remains stable at 4.39 GPa
during the first 30 min, then decreases rapidly to 3.85 GPa over the next
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2.5 h. The different trends in mechanical properties compared to those
processed at a higher rotation rate suggest that the diffusion of
high-entropy components is incomplete. Heat treatment promotes
further diffusion and reactions of high-entropy components [81].

The initial increase in modulus and stable hardness during the first
30 min can be attributed to a combination of high-entropy component
strengthening and recovery softening. Compared to the FSPed TC4
specimen without additional modifying elements (modulus of 101.2 GPa
and hardness of 4.00 GPa), the high-entropy element-modified speci-
mens show significant strengthening effects and maintain advantages
during short heat treatments. This indicates the relative stability of the
microstructure induced by high-entropy components. Moreover, the
modified specimens generally retain the high hardness and low modulus
characteristics of the TC4 alloy (Fig. 9c), which are essential for medical
implant applications. The statistics of superelastic strain recovery are
displayed in Fig. 9d. Despite varying rotation rates and heat treatment
durations, the values of superelastic strain recovery are similar. This
stability in superelasticity suggests that the effects of heat treatment and
diffusion of high-entropy components on martensitic transformation are
negligible.
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Fig. 9. Nanoindentation results for the modified specimens: (a) schematic diagram of the nanoindentation curve; (b) detailed comparison of the modulus and
hardness among the specimens in Table 1; (c¢) comparison of the modulus versus hardness calculation results for the FSPed TC4 alloy and previously reported

modified Ti alloys [75-79]; (d) superelastic strain recovery rates of the specimens in Table 1.

4. Discussion

4.1. Formation of high-entropy nanoscale shear bands

4.1.1. Stability of the high-entropy dual-phase structure

Compared to bulk high-entropy alloys, high-entropy component-
modified alloys exhibit different elemental compositions, which affect
the high entropy characteristics and resulting structure. In this study, the
bcec phase induced by high-entropy components is primarily distributed
within the a matrix. Consequently, the change in elemental composition
is reflected by the dilution of Ti and Al. According to Pavel Kovacocy’s
findings, the atomic ratio of Ti to Al is approximately 0.874:0.126 [82].
Various empirical formulas and phase formation criteria based on
thermodynamic physical characteristics have been published and widely
applied to analyze the microstructure of HEAs [83]. The atomic size
mismatch (8r) can be calculated as follows [84]:

n

Table 2

Radius of the elements.
element Ti Nb Hf Zn Zr Al
Radius (pm) 146 143 158 140 160 143

For the equiatomic TiNbHfZnZr alloy, the average atomic radius (7)
is 149.4 p.m., which corresponds to a larger lattice constant as
confirmed by diffraction analysis shown in Fig. 7. The atomic size
mismatch (8r) is 5.41%, which exceeds the 4.3% threshold typically
associated with a dual-phase microstructure [85,86]. It is reasonable to
infer that the dual-phase microstructure of the TiNbHfZnZr system
consists of bec and hep phases.

As the dilution of Ti and Al continues, the changes in the average
atomic radius and atomic size mismatch are illustrated in Fig. 10a and b.
Compared with the § phase, which is primarily composed of Ti atoms,
the high-entropy bcc phase maintains a larger lattice constant during

"= 121: i 7 element diffusion. Initially, the atomic size mismatch decreases slowly.
- However, the rate of decrease becomes significant as the total content of

n Nb, Hf, Zn, and Zr drops below 50%. Consequently, the dual-phase

® structure rapidly transitions into an hcp structure after reaching a

where ¢; and r; are the atomic fraction and the atomic radius of the ith
element, respectively.  is the average atomic radius, and n is the number
of principal components. The radius of the critical elements are listed in

Table 2.

certain degree of dilution. Under these conditions, the dual-phase shear
band tends to dissolve directly into the a matrix rather than separating
into high-entropy nanoparticles. This observation aligns with the small
quantity of nanoparticles shown in Figs. 2 and 3.

Moreover, the presence of high-entropy stripes at different depths
(Figs. 2 and 3) indicates that the dilution of the o matrix is not entirely
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Fig. 10. Stability of the high-entropy region as dilution of the a matrix proceeds: (a) average atomic radius; (b) atomic size mismatch.

uniform. Some stripes dissolve first, while other regions retain the dual-
phase structure. During subsequent heat treatment, no additional
deformation occurs, and the dilution process continues at a slower rate
compared to the initial FSP. As a result, the shear band stabilizes, and
heat treatment can be used to further enhance the degree of the high-
entropy structure.

4.1.2. Diffusion of high-entropy components

As shown in Figs. 2a and 3a, in addition to the stripe regions, high-
entropy components also exist as particles. The presence of these two
forms indicates the diffusion of high-entropy components. During FSP,
the aggregation of powder is suppressed, and high-entropy components
are distributed over a larger region near the Ti alloy surface. There are
two primary diffusion routes for these components.

The first route involves the initial § phase of the Ti alloy. Due to the
bece structure of the p phase, the addition of bee-stable elements leads to
lattice distortion, forming a solid solution with high stress concentra-
tion. However, diffraction analysis revealed the typical lattice of the f
phase in the FSPed Ti alloy, suggesting that most high-entropy compo-
nents are distributed away from the p phase, influenced by sluggish
diffusion.

The second route is distribution within the « matrix. The a matrix has
an hcp structure, different from the high-entropy component-induced
phase, resulting in the formation of a new phase boundary. Defects and
stresses tend to localize at these phase boundaries, and new phases
induced by high-entropy components are minimally affected by the a
matrix [87]. Thus, the lattice of the new phase is primarily determined
by the diffused bcc-stable elements. According to Fig. 5, diffusion of
high-entropy elements occurs in two stages on different scales. The first
stage involves diffusion into the o matrix, leading to the formation of
nanoscale shear bands. Different diffusion rates of each element cause a
heterogeneous distribution, resulting in the separate formation of bcc
needles with varying lattice constants [88]. The second stage involves
diffusion among the high-entropy components, leading to a uniform
distribution within the shear band and the transformation of the meta-
stable bcc lattice into a stable structure, as shown in Fig. 7d.

4.1.3. Growth of the shear band and surrounding nanostructure

In the FSP-treated TC4 alloy, p laths, dislocations, and twins are the
primary nanostructures in the stir zone. The length of the shear band is
determined by the spacing between the p laths. As shown in Fig. 4, B
laths with different spacings are observed. Shear bands connect adjacent
B laths rather than crossing them. The start and end points of these shear
bands are within the f laths rather than at their boundaries. In Fig. 7, bce
needles induced by high-entropy components are distributed outside the
B lath, while the band extends into the p lath and connects to § twins.
These f twins are induced by increased stress from lattice distortion. In
regions away from the shear bands, stress remains low, and f§ twins are
not observed. Thus, the length of p twins is limited by the width of the
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shear bands, extending the f twins into the shear bands. Due to uneven
stress distribution,  twin-induced shear bands exhibit different thick-
nesses, corresponding to different depths of shear bands extending into
the f laths. The p twin boundary is parallel to (112) and (0001), but not
to (112)pec. Therefore, the generation of twins induced by high-entropy
components is obstructed near the § phase, necessitating the o phase as a
connecting area.

Moreover, the shear bands in Fig. 4, which have similar widths but
different lengths, indicate that the width of the shear band is influenced
primarily by the diffusion of high-entropy components rather than by §
laths. During FSP, the movement of dislocations to the high-entropy
region is continuous. As shown in Figs. 6 and 7, shear bands are
obstructed by p twins and connect to stacking faults in the a matrix [89,
90]. Both twins and stacking faults can absorb and hinder dislocations.
Given the high temperature during FSP, some dislocation blockage is
relieved, making dislocation absorption the primary mechanism near
stacking faults. During shear band formation, dislocations contribute to
the formation of stacking faults in both the § phase and the o matrix.
Dislocation movement is easier in the bcc structure than in the hcp
structure, causing stacking faults in the p phase to absorb dislocations
and transform into wider twins. In contrast, stacking faults in the «
matrix are less likely to develop. During deformation, dislocations move
to shear band boundaries and are partially absorbed in the (10-10)4
plane. Movement in the <0001>, direction is difficult, so remaining
dislocations form initial stacking faults in the o matrix. Several close
stacking faults form nearly simultaneously, each with a limited source of
dislocation, resulting in narrower stacking faults early on. No hetero-
geneous particles are observed between stacking faults to generate new
dislocations, so the development of stacking faults relies on dislocations
outside the affected region. However, dislocation movement to shear
bands is blocked by stacking faults, and dislocation absorption in the
(10-10) plane cannot be achieved. These dislocations subsequently
entangle and form dislocation networks, suppressing the development of
stacking faults and eventually stopping the process. Additionally, the
migration of the shear band boundary parallel to the bee twin boundary
occurs only over a small distance, indicating a stable width of the shear
band. As shown in Fig. 6, the shear band boundary is nearly straight,
confirming limited migration.

4.2. Evolution of the substructure in the shear band

4.2.1. Nanotwinning in the shear band across the a matrix

The formation of substructures within the shear band is a complex
process influenced by stacking faults and the content of high-entropy
components. After the shear band forms, bce-stable elements tend to
further aggregate, forming the bcc phase. Meanwhile, the remaining
elements aggregate to form an o phase within the shear band. Although
an identical o lattice is observed in both the shear band and the o matrix,
the a phase in different regions exhibits mismatches indicative of
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stacking faults.

As shown in Fig. 6c¢, the close-packed (0001), plane is staggered and
perpendicular to the shear band boundary, while the (10-10)a plane is
parallel to it. The lowest surface energy of the (0001), plane determines
the primary type of stacking fault. The similarity in the o lattice results in
stacking faults directly connecting to the o phase rather than the bcc
phase within the shear band. Under these conditions, the shear band
boundary between stacking faults, where stress is concentrated, serves
as an ideal nucleation site for bce needles. All bee needles grow at an
angle of 33° from the boundary, a direction parallel to (112)p.. and
(10-11),. Due to differences in interplanar spacings of (112)p. and
(10-11),, the bcc phase tends to form thin structures to minimize lattice
distortion in the shear band [91,92].

Furthermore, an incomplete twin structure is observed near the shear
band boundary, with the twin boundary parallel to (112)p,., consistent
with the bce needle tip. The twinning process occurs concurrently with
the growth of the bce phase, aiding in stress reduction [93]. As the
content of bce-stable elements increases in the shear band, the newly
formed bcc structure thickens and eventually occupies the entire shear
band. The twinning process follows suit, with the twin becoming the
dominant structure. Bcc needles of varying lengths indicate that the bcc
growth process is asynchronous. As the bce phase continuously gener-
ates and grows, newly formed bcc structures contact and compress
previously formed bcc phases. To alleviate internal stress, twinning
occurs at the contact points near the bec generation boundary, while the
opposite side is less affected, forming an acicular structure with one fine
and one thick tip. As shown in Fig. 6d, thin acicular tips are on the left,
while thicker tips are on the right. The uniform orientation of the
acicular structure suggests that the bce phase is generated at only one
shear band boundary. This inconsistency results from significant stress
concentration at the nucleating boundary. The right boundary of the
shear band is significantly influenced by dislocation absorption, exhib-
iting a twisted shape, while the left side remains relatively straight.

In the shear band, the spacing between bcc needles is determined by
their density, corresponding to the content of high-entropy components.
When the entropy content is low, as in Fig. 6¢, the spacing between bcc
needles is large, allowing lattice distortion to be easily relieved. Ac-
cording to Mu et al., stacking faults can generate and grow in new di-
rections between previously formed stacking faults [94]. As shown in
Fig. 7b, twins form in two directions corresponding to (112)pe.. The
amounts and thicknesses of twins in each direction differ significantly,
indicating asynchronous twin generation due to the limited diffusion
speed of high-entropy components. During shear band formation and
substructure development, the diffusion of bcc-stable elements is
incomplete. Following the initial formation of twins, remaining
bce-stable elements continue to form additional twins, resulting in
thinner twins in the second stage due to lower remaining bcc-stable
element content. Under these conditions, bcc-stable elements with
high content tend to distribute along the shear band boundary, with no
preferential twin generation position observed, differing from Fig. 6c¢.

4.2.2. Influence of the a twin on nanotwinning in the shear band

The a twin also affects shear band formation. Since the twinning
process in the a matrix occurs without element diffusion during FSP, the
a twin forms earlier than the shear band. Due to lattice distortion and
higher stress, the twin boundary becomes the nucleation site for sur-
rounding high-entropy components. As shown in Fig. 8b, a new bcc
phase forms on both sides of the twin boundary. Considering the
mismatch between the bce and o phases, additional lattice distortion
occurs, making the twin boundary an irregular elongated area with
several layers of twins. Dislocation accumulation occurs near the
connection area between the « twin and bcc phases, forming a small bee
twin at the boundary. The bcc twin boundary is parallel to (112)p,.. and
(10-11),, consistent with Fig. 6, confirming the bcc twin’s preferential
orientation unaffected by size or shape. Furthermore, the bcc twin
boundary is also parallel to the a twin boundary.
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As the bcc twinning process continues, high-entropy components
tend to diffuse along the initial a twin boundary, forming a bcc lattice.
Consequently, a bec twin connected by an o twin displays a complete
lath rather than several needles. However, the growth of bec twins is
restricted by the sluggish diffusion of high-entropy components. As
shown in Fig. 8a, surrounding bcc-stable elements can form additional
shear bands before the bcc laths reach longer lengths. Without sufficient
element sources, the bec lath is shorter than typical shear bands. The
different twinning processes in the shear bands are illustrated in Fig. 11.

4.3. Influence of the modified microstructure on mechanical properties

Shear bands induced by high-entropy components play a crucial role
in modifying mechanical properties, rather than acting as isolated
reinforcement. These bands, along with p twins at their ends, stacking
faults perpendicular to the shear band boundaries, and surrounding
dislocation networks, develop extensive nanoscale regions that signifi-
cantly affect the surface area and result in notable modifications.

4.3.1. Strengthening effect of shear bands and dislocations

According to K. Tsai et al., the high interaction energy of high-
entropy elements leads to sluggish diffusion, necessitating higher ther-
mal energy to break up metallic bonds in HEAs compared to conven-
tional alloys [43]. Resistance to shear localization in HEAs is promoted
but difficult to further develop [95]. As illustrated in Fig. 6, bcc twins
induced by high-entropy elements occupy the majority of the shear
band. The shear band boundary struggles to move parallel to (112)pcc,
maintaining the shear band’s size stability post-FSP. Consequently,
shearing deformation is minimal after FSP, with the strengthening effect
predominating over softening.

Strengthening effects arise from two factors in different regions. The
first factor is nanotwinning within the shear band. Deformation twin-
ning, by continuously introducing new interfaces and reducing the mean
free path of dislocations during deformation, leads to significant work
hardening [96]. As shown in Fig. 5a, incomplete diffusion of
high-entropy elements post-FSP allows twinning to continue during
subsequent deformation. Newly generated dislocations are blocked and
absorbed by twins and shear band boundaries, causing lattice distortion
(shown in Fig. 6) and localized strengthening. The second factor is the
entanglement of external dislocations in the o matrix. These disloca-
tions, generated during FSP, develop over a longer period than those in
the shear band. As shown in Fig. 4, the dislocation network, localized
and separated from the shear band by stacking faults, also contributes to
strengthening. Fig. 12 illustrates the movement and absorption of dis-
locations near the shear band. Additionally, shear bands based on o
twins (Fig. 8) positively influence strengthening, as tiny twins on the
shear band boundary obstruct and absorb dislocations.

Due to the sluggish diffusion of high-entropy components, the shear
band’s substructure remains relatively stable, with its formation deter-
mined by the FSP rotation speed. Consequently, specimen 375 exhibits
higher hardness and modulus than specimen 225. During subsequent
heat treatment, pre-existing defects begin to recover and disappear,
though recovery is asynchronous. Dislocations and thin stacking faults
in the a matrix recover quickly, whereas the shear band and surrounding
regions experience more difficult recovery. The mixed o and bcc phases
at the shear band boundary suppress dislocation migration as temper-
ature increases. The bcc twin, shear band boundary, and connected
stacking fault together form a defect lock, prolonging the lifespan of the
region affected by the shear band. Short heat treatment facilitates the
complete diffusion of high-entropy components and shear band forma-
tion, mitigating the softening effect of recovery and resulting in high
hardness and modulus values in specimen 225HT1. Over time, recovery
becomes the main mechanism, leading to a marked reduction in hard-
ness and modulus.
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4.3.2. Toughening effect of shear bands and stacking faults

The potential for plastic deformation is enhanced following modifi-
cation, with highly dispersed precipitation induced by shear bands
playing a crucial role. Due to the small size of the shear band, the bcc
phase generated inside the shear band does not aggregate into large
particles, avoiding the distribution of incoherent particles on grain
boundaries, which benefits the alloy’s toughness [97].

As discussed, dislocations in both the shear band and the surround-
ing a matrix have difficulty moving to the intermediate region (Fig. 4).
Additionally, no heterogeneous nucleation sites are produced (Fig. 6),
resulting in a relatively low density of dislocations between stacking
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faults. According to R. Liu et al., dislocations can traverse thin stacking
faults before narrowly spaced stacking fault networks form [98].
Therefore, the intermediate region tends to promote plastic deformation
early on, inducing a hardening effect after significant dislocation
stacking, further enhancing toughness.

4.3.3. Suppressing effect of shear bands on martensitic transformation
Notably, martensite, typically induced by severe deformation in the
TC4 alloy, is not detected in specimen 375. High-entropy stripes occupy
a large area in the stir zone, making the region affected by shear bands
influential on martensitic transformation. Dislocations in the o matrix
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are primarily obstructed, making it difficult for particles to migrate to
the p phase post-shear band formation. Dislocations in the p phase are
mainly absorbed by the B twin at the shear band’s end, preventing
dislocation aggregation in the f§ phase away from the shear band.
Consequently, stress remains relatively low, restricting martensite in-
duction. During subsequent heat treatment, although the shear band-
affected region gradually reduces, martensite formation remains chal-
lenging due to the absence of deformation. In specimens processed at a
lower rotation rate (225 rpm) with incomplete diffusion, the large area
affected by the shear band continues to suppress martensitic trans-
formation. Thus, the impact of rotation rate and heat treatment on
martensite formation is negligible, corresponding to similar super-
elasticity results across specimens with varying rotation rates and heat
treatments.

5. Conclusion

In this study, the high entropy element introduced by FSP signifi-
cantly improves the surface properties of Ti6Al4V alloy, which has
important practical application value for aerospace, biomedical im-
plants and extreme environment engineering. Especially in the
biomedical field, the modified alloy exhibits excellent superelasticity
and stability, which helps to improve the long-term service performance
and biocompatibility of the implant. The FSP technology is not only
suitable for Ti6Al4V alloy, but also can be extended to the surface
modification of other metal materials, such as titanium alloy, magne-
sium alloy, etc., to meet the needs of different engineering applications.

In summary, equiatomic TiNbHfZnZr high-entropy components were
introduced to reinforce Ti6Al4V alloy via friction stir processing. The
formation of shear bands and their effects on the surrounding micro-
structure and mechanical properties were analyzed. The main findings
are as follows.

. With the dilution of the o matrix, the atomic size mismatch of high-
entropy components remains relatively high, allowing the dual-
phase structure to be largely retained and stabilizing the shear band.

. Shear bands induced by high-entropy components form within the o
matrix and subsequently develop into the (a+bcc) sub-
microstructure. Due to low surface energy, (0001), stacking faults
perpendicular to the shear band boundary create a unidirectional
dislocation region, while bcc twins generated at the shear band
boundary grow at an angle of 33° to the shear band boundary.

. The absorption of dislocations leads to the generation of f§ twins
within the B lath, which serve as the termination points of the shear
bands. Consequently, the length of the shear band is determined by
the p lath. In contrast, the movement of dislocations within the o
matrix is blocked by stacking faults, resulting in the entanglement
and formation of dislocation networks. The development of stacking
faults is thereby suppressed and eventually halted.

. The a twin also influences the formation of shear bands. As the bcc
twinning process progresses, high-entropy components tend to
diffuse along the initial a twin boundary, forming a bec lattice. Thus,
a bee twin connected by an o twin presents a complete lath rather
than several needles.

. The bce twin, shear band boundary, associated stacking faults, and
dislocation network collectively contribute to a strengthening effect.
The modification by high-entropy components enhances both the
modulus and hardness. Additionally, the extensive region influenced
by shear bands suppresses martensitic transformation, leading to the
stable superelasticity of the modified alloy.
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