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Abstract: The effects of gradient nanostructures induced by supersonic fine particle bombardment (SFPB) on the
surface integrity, microstructural evolution, and mechanical properties of a Ni-W—Co—Ta medium-heavy alloy (MHA)
were systematically investigated. The results show that gradient nanostructures are formed on the surface of
Ni—W—Co—Ta MHA after SFPB treatment. At a gas pressure of 1.0 MPa and an impact time of 60 s, the ultimate tensile
strength and yield strength of the alloy reached the maximum values of 1236 MPa and 758 MPa, respectively, which are
22.5% and 38.8% higher than those of the solid solution treated alloy, and the elongation (46.3%) is close to that of the
solid solution treated alloy, achieving the optimal strength—ductility synergy. However, microcracks appear on the
surface with excessive gas pressure and impact time, generating the relaxed residual stress and decreased strength. With
the increase of the impact time and gas pressure, the depth of the deformation layer and the surface microhardness
gradually increase, reaching the maximum values (29 um and HV 451) at 1.0 MPa and 120 s. The surface grain size is
refined to a minimum of 11.67 nm. Notably, SFPB treatment has no obvious effect on elongation, and the fracture mode
changes from the ductile fracture before treatment to ductile—brittle mixed fracture after treatment.

Key words: supersonic fine particle bombardment; gradient nanostructure; Ni—W—Co—Ta medium-heavy alloy;
microstructure; mechanical properties

properties include high density, superior mechanical

1 Introduction

Tungsten heavy alloys (WHAs) have a unique
combination of properties that make them ideal
for various applications, such as aerospace, drilling
tools, sports, and the nuclear industry. These

strength, excellent stiffness, and commendable
oxidation and corrosion resistance [1-3]. However, the
tungsten reserves in the world are only 3.7x10° t [4],
which restricts the mass production and the
popularization of WHAs. Therefore, YE et al [5]
abandoned the design concept of lightweight alloys
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with high W content (greater than 90%) and created
medium-heavy alloys (MHAs) with medium W
content (50%—75%) because the difference in
mechanical properties was negligible. Traditional
high-density alloys (WHAs and MHAs) are
fabricated by powder metallurgy, which have high
porosity and weak interface bonding between
the two phases, resulting in poor strength and
toughness.

Given these challenges, our research team has
transitioned from traditional powder metallurgy
preparation methods to an innovative approach
using melting, casting and forging processes to
synthesize the novel Ni-W—Co—Ta MHA [6]. The
high-density tungsten (p=19.35 g/cm®) is used as
the solid solution strengthening phase to improve
the density and strength of the alloy. Nickel with
typical face-centered cubic structure is selected as
the matrix. Due to the excellent solubility of
tungsten in nickel (up to 32% at 800 °C) and a large
number of slip systems in nickel, the problem
of being vulnerable to concentrated stress and
adiabatic shear bands can be avoided. In addition,
the addition of tantalum and cobalt promotes
the formation of precipitated phase and the
strengthening of fine grains in the alloy. Compared
with MHA and WHA prepared by powder
metallurgy, the MHA has higher strength and
impact toughness. Further studies have shown that
the strength of the alloy can be greatly improved by
pre-deformation and subsequent aging treatment [7].
However, the issue related to the strength—
toughness paradigm remains. Therefore, it is very
important to determine a robust process to improve
the comprehensive mechanical properties of MHA.

A large number of studies have shown that
heterogeneous architectural design can effectively
alleviate the strength—ductility tradeoff of the
conventional metallic materials [8]. Therefore,
materials scientists have developed various methods
for inducing heterostructures [9]. Among them,
the construction of gradient nanostructures has
become one of the most straightforward and
feasible methods [10—15]. This is because the
gradient nanostructures can effectively inhibit the
localization of strain, thus significantly increasing
the strength of the metals while maintaining a fairly
high ductility [12]. In addition, these nanostructures
have been shown to improve the fatigue life, wear
resistance and other key properties of materials.

Gradient nanostructures are usually prepared by
surface nanocrystallization technology, such as
the ultrasonic surface rolling process [16], laser
shock peening [17], high-energy shot blasting [18],
ultrasonic shock treatment [19], and surface
mechanical attrition treatment [20]. Although these
technologies are effective, they are often limited by
expensive infrastructure and operating costs, as well
as by the limitations of handling large size or
complex geometric parts, making them unsuitable
for industrial mass production [21,22].

In contrast, the supersonic fine particle
bombardment (SFPB) has emerged as a more
advanced and efficient technology that greatly
expands the capabilities of traditional shot peening.
SFPB is carried out with recyclable solid particles,
enabling cost-effective processing of large and
complex structural parts [23,24]. More importantly,
it has been widely applied to various materials
[25-28]. For example, MA et al [25] used SFPB
to achieve nanocrystallization on the surface of
1Cr—18Ni—9Ti austenitic stainless steel. At the
same time, martensitic transformation is induced by
the deformation of the surface structure, and the
wear resistance of the material is significantly
improved. LI et al [26] studied the effect of SFPB
gas pressure on the surface integrity of DZ2 steel
and found that SFPB induced nano-scale refinement
of surface grains. In addition, with the increase of
gas pressure, the surface roughness is gradually
stabilized, the deformation layer depth and
microhardness are also gradually increased. It is
worth mentioning that our previous research has
shown that the strength, corrosion resistance,
and fatigue properties of 300M steel [29], TC11
alloy [30], Ti80 alloy [31] and other materials
prepared by SFPB have been significantly improved.

However, the current research has mainly
concentrated on low-density metals and alloys,
with little attention devoted to WHAs and
their alternatives (MHAs). Therefore, the present
study aimed to apply SFPB treatment to the
Ni—W—Co—Ta MHA pioneered by our group. The
effects of the SFPB gas pressure and the impact
duration on the surface integrity, microstructure,
and mechanical properties of this newly developed
MHA were systematically investigated to provide
an empirical and theoretical basis for the robust
engineering of MHAs with optimized properties to
replace the costly WHAS in industrial settings.
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2 Experimental

The Ni-W—-Co—Ta MHA used in this study
had the following composition: 38.53 wt.% W,
5.09 wt.% Co, 0.97 wt.% Ta, with the remainder
being Ni. The MHA was homogenized at 1200 °C
for 24 h and forged into round rods with a diameter
of 70 mm and subsequently air-cooled to room
temperature. Then, the MHA billet underwent
solid-solution treatment at 1000 °C for 1.5 h, and
then oil-cooled to room temperature. Afterwards,
tensile specimens were machined from the billet.
The dimensions of the tensile specimens are
illustrated in Fig. 1. These specimens were
subjected to grinding and polishing before SFPB
treatment. The SFPB process was performed at
room temperature using spherical Al,Osz particles
with an average particle size of about 40 pm. The
carrier gas (air) pressure was 1.0 MPa, and the
impact time was 30, 60, 90, and 120s. For a
comparative analysis, the SFPB treatment was
additionally performed at gas pressures of 0.5 and
1.5 MPa for an impact time of 60 s. The treated area
was the black shaded area (both sides) in Fig. 1.
Specifically, the spray distance was 30 mm, and the
spraying angle was 90°.
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Fig. 1 Dimensions of tensile specimens (thickness of

1 mm) subjected to SFPB treatment (shaded area, both
sides) (unit: mm)

18.3

14

The surface topography and roughness (S.) of
the specimens, before and after the SFPB treatment,
were characterized using a Nanovea HS1000P
three-dimensional profiler. The corresponding
surface and cross-section morphologies were
observed through a JSM—IT100 scanning electron
microscope (SEM) with an electron acceleration
voltage of 20.0 kV. Electron backscatter diffraction
(EBSD) was also used to analyze the micro-
structural evolution of the MHA after SFPB
treatment. Transmission electron microscopy (TEM)
observations were conducted using a JEM—2100
microscope at an electron acceleration voltage of
200 kV to study the microstructure of the surface

and subsurface layers of samples subjected to
different SFPB treatments. X-ray diffraction (XRD)
was performed using a D8 ADVANCE X-ray
diffractometer with a Cu target (wavelength
A=0.154056 nm) at a scanning step of 0.02° and a
scanning range of 30°—100°.

For the residual stress measurements, an X-ray
stress analyzer (X—350AX) was used with a Cu K,
radiation tube source operating at a voltage of
27 kV and a current of 7 mA. The tube’s diameter
was 4 mm, and the tilt angles (y) were 0°, 15°, 30°,
and 45°. An MH—-3 microhardness tester was used
to characterize the gradient of hardness from the
surface to the matrix of the samples, using a loading
of 100 g and a dwell time of 10 s. The mechanical
properties were determined using an INSTRON
5587 tensile testing machine at a tensile speed of
0.5 mm/min. Finally, the fracture morphologies
were observed using a JSM—7800F SEM.

3 Results

3.1 Surface integrity

Figure 2 shows the SEM image and three-
dimensional topography of the Ni-W—Co—Ta MHA
surface, and the resulting surface roughness (S).
Prior to SFPB, this MHA has a relatively smooth
surface with S, of only 0.59 um, which is due to
residual traces of mechanically polished stripes
(Fig. 2(a)). In the SFPB process, the severe plastic
deformation occurs on the specimen surface under
the impact of ALOs; particles, resulting in
honeycomb impact pits and a substantial increase
in Sa (Figs. 2(b—g)). Specifically, when the gas
pressure is 1.0 MPa and the impact time is 30 s, the
originally smooth surface is covered by micro-pits
generated by the bombardment of Al,O; particles.
Due to deformation, the surrounding metal material
flows and accumulates around these pits, forming
local protrusions (Fig. 2(b)). This change causes S,
to rise sharply to 10.15 pm. When the impact time
is extended to 60 s, the surface becomes smooth
again (Fig. 2(c)) and the S, decreases to 6.25 pm.
This is due to the larger coverage of Al,Os particles
during bombardment, which helps to flatten the
initially formed protrusions, as shown in Fig. 2(b).
When SFPB duration is extended to 90 s, work
hardening occurs on the specimen surface, resulting
in micro-cracks caused by stress concentration at
grain boundaries (Fig. 2(d)) [24,32], and S increases
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Fig. 2 Two and three-dimensional surface topographies of Ni-W—Co—Ta MHAs before and after SFPB treatment under
different conditions: (a) Before SFPB treatment; (b) 1.0 MPa, 30 s; (c¢) 1.0 MPa, 60 s; (d) 1.0 MPa, 90 s; (e) 1.0 MPa,
120 s; () 0.5 MPa, 60 s; (g) 1.5 MPa, 60 s
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to 7.47 um accordingly. When the impact time is
extended to 120 s, the surface condition is further
deteriorated, the crack expands and widens, and S,
increases to 8.74 um (Fig. 2(e)).

Notably, S, demonstrates a similar trend as the
gas pressure increases during SFPB, within the
same impact duration. For example, at a gas
pressure of 0.5 MPa, a large number of micro-pits
and honeycomb-like pits appear on the specimen’s
surface, resulting in S, of 9.54 um (Fig. 2(f)). Sa
decreases to 6.25 pm at 1.0 MPa, and increase to
826 um at 1.5 MPa, due to the appearance of
microcracks at this high-impact kinetic energy
(Fig. 2(g)). These observations indicate that both
the impact time and gas pressure of SFPB are
crucial for manipulating the surface integrity of the
alloy. Therefore, it is very important to choose the
appropriate SFPB conditions.

3.2 Microstructures
Figure 3 shows the cross-sectional micro-
structures of the Ni-W—C—Ta MHAs. Before SFPB,

the grain boundaries of the alloy can be clearly
observed (Fig. 3(a)). In the SFPB process, due to
the bombardment of high-energy and high-speed
ALOs particles, the surface layer of the sample
undergoes severe plastic deformation. When the gas
pressure is 1.0 MPa and the impact time is 30 s, this
deformation causes the grain boundary to be unclear,
forming a deformation layer with a depth of
16 um (Fig. 3(b)). The degree of plastic deformation
increases with the increase of the impact time, thus
increasing the depth of the deformation layer (e.g.,
29 um at 120 s of impact) (Fig. 3(e)). At the same
impact time (60 s), the increase of gas pressure
significantly increases the kinetic energy transferred
by AlLOj; particles, and deepens the deformation
layer from 15 pm at 0.5 MPa (Fig. 3(f)) to 22 um
(Fig.3(c)) at 1.0MPa and 27 pm at 1.5 MPa
(Fig. 3(g)).

The representative EBSD analysis reveals a
holistic view of the cross-sectional microstructure
induced by SFPB in the Ni-W—Co—Ta MHA, as
shown in Fig. 4. After SFPB, the gradient structure

Fig. 3 Cross-sectional microstructures of Ni-W—C—Ta MHAs before and after SFPB treatments under different
conditions: (a) Before SFPB treatment; (b) 1.0 MPa, 30 s; (c) 1.0 MPa, 60 s; (d) 1.0 MPa, 90 s; (¢) 1.0 MPa, 120 s;

(f) 0.5 MPa, 60 s; (g) 1.5 MPa, 60 s
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II

I

Fig. 4 Representative EBSD maps of Ni-W—Co—Ta MHAs after SFPB treatment at 1.0 MPa and 60 s: (a) Grain
orientation map; (b) Map of differences in local orientation; (c) Distribution map of grain boundaries (Solid black and

green lines depict high-angle grain boundaries (HAGBs) and low-angle grain boundaries (LAGBs), respectively)

from the surface to the inside can be clearly seen
from the grain size (Fig. 4(a)). Deformation level
is represented by local orientation difference
(Fig. 4(b)) and grain boundary distribution (Fig. 4(c)).
The structure can be divided into three regions:
Region I is the nanocrystalline surface layer
dominated by high-angle grain boundaries (HAGBs);
Region II is composed of less deformed subsurface
layer and contains more low-angle grain boundaries
(LAGBs); Region III represents the undeformed
coarse-grained matrix. Regions I and II together
form the deformation layer shown in Fig. 3.

The microstructures of MHA surface (Region |
in Fig. 4) and subsurface (Region II in Fig. 4) after
SFPB treatment are further characterized by TEM,
and the resulting images are shown in Fig. 5. When
the gas pressure is 1.0 MPa and the impact time is
60 s, the surface grains are seen to have profound
fragmentation. This results in a selected area
electron diffraction pattern characterized by a
continuous ring (Fig. 5(a)), indicating a randomly
oriented nanocrystalline state in the surface layer
(Region I) of the MHA after SFPB [33]. Using the

Nano-Measurer software and truncation method,
the corresponding average grain size of
(13.44+2.08) nm is determined from the dark field
TEM image in Fig. 5(b) (insert Fig. 5(b)). On the
other hand, in the subsurface layer (Region II),
about 20 um below the top layer, tangled
dislocations and dislocation walls appear due to
dislocation diffusion and interaction [34], as shown
in Fig. 5(1). When the impact time is extended to
120 s, the degree of fragmentation between surface
particles increases significantly (Fig. 5(c)). This
reduces the grain size to (11.67£1.94) nm
(Fig. 5(d)), further highlighting the continuous
annular feature of the selected area electron
diffraction pattern in the inset of Fig. 5(c). However,
in the subsurface layer, dislocations accumulate,
forming dislocation cells (Fig. 5(j)).

Under the condition of constant impact time of
60 s, the influence of gas pressure is compared and
analyzed. As shown in Fig. 5(e), at a low pressure
of 0.5 MPa, the surface grain is relatively coarse,
with a grain size of (14.9742.35) nm. This results
in the formation of discrete diffraction points rather
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Fig. 5 Bright field (a, c, e, g) and corresponding dark field (b, d, f, h) TEM images for surface layer, and bright field
TEM images for subsurface layer (i, j, k, 1) of Ni-W—Co—Ta MHAs after SFPB treatments at different gas pressures
and impact time: (a, b, 1) 1.0 MPa, 60 s; (c, d, j) 1.0 MPa, 120 s; (e, f, k) 0.5 MPa, 60 s; (g, h, 1) 1.5 MPa, 60 s
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than continuous rings in the electron diffraction
pattern of the selected region. At a high pressure of
1.5 MPa (Fig. 5(g)), the microstructure of the surface
layer is similar to that at 1.0 MPa, but the grain size
is slightly reduced to 11.93 nm. On the contrary,
there are obvious differences in the microstructure
of the subsurface layer. The observed deformation
band harmonizes the relatively low deformation
level at 0.5 MPa (Fig. 5(k)). At 1.0 MPa, this micro-
structure feature disappears in Fig. 5(i). Finally,
the dislocation structure, dislocation walls, and
entanglement are more complex at 1.5 MPa than at
1.0 MPa, resulting in the formation of dislocation
cells (Fig. 5(1)).

The XRD patterns in Fig. 6 show that after
SFPB treatment, the main phase of MHA’s central
face-centered cubic Ni;yW3; continues to exist
without any new phase. However, a zoomed view
of the (111) plane shows that the peak becomes
wider and moves to the left at a lower 20
angle. This phenomenon is often observed in
SFPB-treated alloys, such as in Ref. [21], and is
mainly caused by grain refinement (Fig. 4) and the
accumulation of microstrains in the surface layer.
The microstrain is quantified by Williamson—Hall
method [30]:

pcos O=¢(4sin O)+kA/D H

where S is the full width at half maximum of
the diffraction peaks, 6 is the Bragg diffraction
angle in rad, ¢ is the microstrain, k is the Scherrer
constant (taken as 0.9), 4 is the X-ray wavelength
(0.15406 nm), and D is the grain size and taken
from the TEM analysis of grain size. The equivalent
accumulated dislocation density (p) is calculated
as [35]

e 2\/5(52)1/2

Db @

where b represents the magnitude of Burgers vector.
As can be seen from the results in Fig. 7, the
microstrain and equivalent accumulated dislocation
density gradually increase with the increase of
impact time and gas pressure.

3.3 Mechanical properties

Figure 8 shows that Ni-W—-Co—Ta MHAs
exhibit compressive residual stress (CRS) on the
surface after SFPB. Under constant gas pressure of
1.0 MPa, CRS first increases and then decreases
with the extension of impact time. When the impact
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Fig. 6 XRD patterns of Ni-W—Co—Ta MHAs
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Fig. 7 Dislocation density and microstrain of Ni-W—Co—
Ta MHAs as function of impact time (a) and gas pressure
(b) of SFPB treatment

time is 60 s, the peak CRS is 988 MPa. Further
extension of the impact time to 120 s results in a
large number of microcracks on the surface
(Fig. 2(e)), which in turn cause partial release of
CRS [36], resulting in a slight decrease in CRS. The
variation trend of CRS with gas pressure is similar
to that of impact time. Specifically, due to the
formation of many microcracks at 1.5 MPa, the
CRS is reduced to a minimum of 888 MPa.
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Fig. 8 Surface residual stress of Ni-W—Co—Ta MHAs
after SFPB treatment at various gas pressures and impact
time

Figure 9 shows the microhardness distribution
of the Ni-W—Co—Ta MHAs at different depths. In
the initial solid solution state, the microhardness of
the alloy remains relatively constant from the surface
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to the matrix, with an average of about HV 325.
After SFPB treatment, the surface microhardness
and the depth of the hardened layer are significantly
increased. At 1.0 MPa, with the impact time
extending from 30 to 120 s, the surface hardness
increases from HV 398 to HV 451, and the surface
hardness increases by 22.5% and 38.8%,
respectively, compared with that of the untreated
sample. The hardening layer depth also shows a
similar increasing trend (from 40 to 80 um). When
the impact time is kept constant at 60 s, the increase
in gas pressure also increases the surface hardness
and the depth of the hardened layer. Under the gas
pressure of 1.5 MPa, the surface microhardness
reaches HV 445 and the depth of the hardened layer
reaches 70 um.

Figure 10 shows the mechanical properties of
the Ni-W—Co—Ta MHA. In the solid solution state,
the ultimate tensile strength and yield strength of
the alloy are 1009 and 546 MPa, respectively, and
the elongation is 49.2%. After SFPB treatment, the
intensity index of MHA is significantly increased.

20 40 60 80

Distance from surface/um

Fig. 9 Microhardness profiles of Ni-W—Co—Ta MHAs across different depths before and after SFPB treatment under

different conditions of impact time (a) and gas pressure (b)

1600 (a) = Yield strength 100
e Ultimate tensile strength
1400 - v Elongation 180
g 1236 R
= 1200 1129 B2 e 460 %
= 1009 RS
&0 L i———is =
§1000 492 63 465 aes 140 g
an =
0 \.\6‘;4 {20”
500 | /./.
0
120

Impact tlme/ s

Strength/MPa

1600 (b) = Yield strength 100
e Ultimate tensile strength
14001 v Elongatlon236 180
1173 N
1009 S
1000 - g
492 453 463 443 140 %ﬂ
800 | 600 758 na | 20 3]
500 s46
: . . . 0
0 0.5 1.0 1.5
Gas pressure/MPa

Fig. 10 Mechanical properties of Ni-W—Co—Ta MHA: (a) Effect of impact time of SFPB at gas pressure of 1.0 MPa;

(b) Effect of gas pressure of SFPB at impact time of 60 s
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When the gas pressure is 1.0 MPa, with the
extension of impact time, the ultimate tensile
strength and yield strength of the alloy first increase,
and reach the peak values of 1236 and 758 MPa
at 60 s, respectively, which are 22.5% and 38.8%
higher than those without SFPB treatment. However,
after 90s of impact, the appearance of surface
microcracks reduces the strength. At the impact
time of 120 s, the crack further expands and the
corresponding strengths further decrease to 1102
and 694 MPa, respectively (Fig. 10(a)). At constant
impact time of 60s, the variation trend of the
strength with the gas pressure is shown in
Fig. 10(b). Therefore, the optimal SFPB treatment
condition of the Ni-W—Co—Ta MHA is determined
to be 1.0 MPa for gas pressure and 60 s for impact
time. In addition, it is worth noting that the
elongation of MHA after SFPB does not change
significantly compared to that of the solid
solution specimen. This shows that the gradient
layer of the nanostructure formed by SFPB
effectively improves the strength  without

sacrificing plasticity.

After tensile failure, the fracture morphologies
of the Ni-W—Co—Ta MHAs are shown in Fig. 11.
Prior to SFPB, fractures are mainly characterized
by large and deep dimples, indicating ductile
fractures (Fig. 11(a)). After SFPB treatment, the
fracture surface of the alloy changes significantly,
the cleavage surface increases, the proportion
of dimple area decreases, and the composite
morphologies of quasi-cleavage and ductile fracture
are shown in Figs. 11(b—g). In addition, the
cleavage area decreases and the proportion of
dimples moving inward from the surface increases
correspondingly. The cleavage surface mainly
appears in the surface deformation layer. Therefore,
with increasing impact time, the cleavage plane and
the corresponding surface deformation layer deepen
(Figs. 11(b—e)). Similarly, an increase in gas
pressure leads to a gradual deepening of the
cleavage surface and deformation (Figs. 11(f, g)).
The observations are in good agreement with the
microstructure characteristics shown in Fig. 3.

S < o

Fig. 11 Tensile fracture morphologies of Ni-W—Co—Ta MHAs before and after SFPB treatment under different
conditions: (a) Before SFPB treatment; (b) 1.0 MPa, 30 s; (c) 1.0 MPa, 60 s; (d) 1.0 MPa, 90 s; (e) 1.0 MPa, 120 s;

() 0.5 MPa, 60 s; (g) 1.5 MPa, 60 s
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4 Discussion

4.1 Influence of SFPB treatment on micro-
structural evolution

By SFPB treatment, a gradient structure with
nanocrystalline surface and deformed subsurface
is successfully constructed on the surface of the
Ni—W—-Co—Ta MHA, and the rest is coarse-grained
matrix. In terms of surface integrity, SFPB should
be optimal at a gas pressure of 1.0 MPa and an
impact time of 60 s.

In the SFPB process, high-speed AlO;
particles strongly impact the alloy surface. This
leads to an increase in strain rate and strain on
the specimen surface, resulting in severe plastic
deformation of the surface layer [37] (Fig. 3). TEM
observations (Fig.5) confirm that the alloy
coordinates plastic deformation primarily through
dislocation motion and interaction. Therefore, the
kinetic energy of the impacted AlO; particles is
converted into the deformation energy stored in the
sample. An increase in strain rate and strain usually
results in an increase in storage dislocation
density [38]. This deformation promotes the
interaction of the dislocation diffusion and
rearrangement, resulting in entangled dislocations
and a dense network of dislocation walls. With the
continuous accumulation of dislocations, these
dislocation entanglements and walls subdivide the
grains into cellular substructures with LAGBs [39].
Further increase of strain results in the
accumulation of more dislocations at the grain
boundaries. This dislocation movement increases
the orientation difference between the two sides of
the subgrain boundary, gradually transforms the
subgrain boundary into HAGBs, and promotes
the formation of surface nanocrystals. Through
repeated cycles of these processes, the surface grain
structure of the alloy is eventually refined to
the nanoscale (Figs. 5(b, d, f, h)). As the strain
continues, the refined small grains make the
dislocation movement more and more difficult,
but grain rotation and grain boundary sliding
become ecasier [21,40]. Therefore, to minimize the
internal energy of the grains, the nanocrystals
rotate on the sample surface to form randomly
oriented nanoscale grains (Figs. 5(a, c, e, g)). High
density dislocation can also cause surface work
hardening [24]. This hardening makes the alloy less

able to withstand additional plastic deformation [32],
resulting in stress concentration that ultimately
leads to the formation of microcracks (Fig. 2(d))
and subsequent propagation (Fig. 2(¢)).

The magnitude of deformation gradually
decreases from the surface layer to the material and
almost no deformation occurs in the core. A similar
microstructure response is observed in AISI 316L
stainless steel after shot peening [41], which is due
to the decrease of strain rate and strain with
increasing distance from the surface, thus
weakening the overall deformation degree of the
sample.

In the SFPB process, the plastic deformation
level of the alloy is the highest in the surface layer,
because the impact kinetic energy attenuates when
entering the matrix from the top layer. The
reduction in dynamic strain and strain rate reduces
the deformation level [25]. Thus, the subsurface
exhibits deformation bands (Fig. 5(k)), followed by
dislocation walls and cells (Fig. 5(1)), and then a
LAGB-dominated subgrain structure (Fig. 5(1)).
Beyond the hardened layer, however, the deeper
matrix remains unformed and retains its initial
structure (Fig. 3). This gradient structure also
creates a microhardness gradient in the depth of the
material.

4.2 Influence of SFPB treatment on mechanical

properties

The gradient nanostructures constructed on the
Ni—W-Co—Ta MHA surface significantly increase
the ultimate tensile strength and yield strength of
the alloy without adverse effects on plasticity. In
line with the gradient structure, the microhardness
also presents a gradient. In general, the yield
strength of a material can be expressed as [42]

or=cotkdsy > +aGbp'? 3)

where or is the strength, oy is the frictional stress, &
is the Hall-Petch constant, ds is the mean free
path of dislocations, o is a constant, and G is the
shear modulus. According to Eq. (3), the strength
increases with rising dislocation density and
decreasing dp. Due to the repeated impact of
high-energy and high-speed Al>Os particles, SFPB
treatment causes high strain rate plastic deformation
on the alloy surface, which significantly increases
the dislocation density and reduces df, especially
in the surface layer (Fig.7). This causes lattice
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distortion, resulting in the formation of high-
amplitude CRS on the surface of the material. At
the same time, the surface grain is refined to the
nanometer level, forming a fine grain strengthening
mechanism.

In addition, the intensity of this enhancement
is also associated with high CRS after SFPB
treatment. Studies have shown that residual tensile
stress can accelerate the initiation of microcracks
on the material surface, and reduce the fatigue life
and overall surface integrity of the material [43].
However, CRS can redistribute the stress generated
during tensile loading to the subsurface layer [44].
This counteracts the tensile stress on the surface
layer where cracks normally generate, thus
inhibiting crack formation. CRS can also promote
the closure of cracks, thereby increasing the
strength of the material. However, the prolonged
impact time and intense gas pressure, such as
1.0 MPa for 90 s or 1.5 MPa for 60 s (Figs. 2(d, g)),
weaken the ultimate tensile strength and yield
strength by introducing surface microcracks. These
cracks can act as traps for concentrated stress,
causing actual local stress to far exceed the nominal
level [29]. This makes the microcracks prone to
further instability and expansion, ultimately leading
to a substantial reduction in the strength of the
material. At a gas pressure of 1.0 MPa and an
impact time of 120 s, the strength of SFPB treated
alloy is further reduced, and more and wider cracks
appear on the surface (Fig. 2(e)).

In addition to strength, plasticity is another
important mechanical property. Generally, coarse-
grained materials have relatively low strength but
high plasticity, while the strength of nanocrystalline
materials is increased at the expense of plasticity
[10]. The SFPB-induced gradient structure is an
excellent strategy to overcome the strength—
plasticity tradeoff. This is facilitated by the
inhomogeneous distribution of strain within the
gradient structure, which creates geometrically
necessary dislocations that contribute to the
formation of back stress reinforcement [45] and
strengthening [46]. During deformation, different
properties of fine surface grains and coarse internal
inhibit strain localization and early
yielding [8,47], thus improving plasticity. In
addition, WU et al [48] demonstrated that
optimizing the gradient structure or the depth or
proportion of the hardened layer can improve

matrix

plasticity by selecting suitable surface treatment
methods or parameters. When SFPB parameters
(i.e. gas pressure and impact time) are not
optimized, the strength of SFPB decreases, as
shown in Fig. 10; when the gas pressure is 1.0 MPa
and the impact time is greater than 60 s, the strength
decreases.

5 Conclusions

(1) SFPB effectively induces the gradient
nanostructure on the Ni-W—Co—Ta MHA surface.
The increase of gas pressure and the increase of
impact time both contribute to the decrease of
surface particle size. At 1.0 MPa and 120s, the
minimum grain size is refined to 11.67 nm.

(2) Increasing the gas pressure and impact time
deepens the deformation layer and increases the
surface hardness. The depth of the deformation
layer is extended to about 29 pm, and the surface
microhardness reaches HV 451 when the gas
pressure of 1.0 MPa and the impact time of 120 s
are applied. SFPB has little effect on elongation.
However, the fracture morphology of the alloy
changes from ductile fracture to a mixture of
ductile—brittle fracture.

(3) The best combination of strength and
ductility is achieved at 1.0 MPa and 60 s. Under
this condition, the minimum surface roughness is
6.25 um, the maximum CRS reaches 988 MPa, and
the peak ultimate tensile strength and yield strength
reach 1236 MPa and 758 MPa, respectively, which
are 22.5% and 38.8% higher than those of solid
solution treated alloy, respectively. Excessive gas
pressure and impact time cause surface micro-
cracks, resulting in a decrease in strength and CRS.
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7 E: KRGS RN 2 &5 (SFPB) 5 S FE QUK 25 F% Ni-W—Co-Ta =% JE & &R M 7o 81k R Z0H
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