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Abstract: The surface nanocrystallization of a Ti—6.5A1-3.5Mo—1.5Zr—0.3Si (TC11) titanium alloy with a lamellar
microstructure was carried out by supersonic fine particle bombardment (SFPB). The effect of SFPB gas pressure on its
surface integrity, microstructural evolution and mechanical properties was systematically investigated. The results
showed that gradient nanostructures on the surface of the TC11 alloy were successfully created after SFPB with
different gas pressures. The grain size of the surface’s lamellar microstructure was completely refined to the nanometer
scale. And the grain size of nanocrystals decreased with the increase of gas pressure. Meanwhile, the subsurface
retained initial lamellar microstructure morphology. Surface roughness was minimized after SFPB with a gas pressure
of 1.0 MPa, while microcrack formed at a higher gas pressure of 1.5 MPa, resulting in a decrease of compressive
residual stress. With the increase of SFPB gas pressure, the surface microhardness and the depth of hardened layer
gradually increased, and yield strength and tensile strength was improved. Nevertheless, the elongation was not greatly
changed. The fracture morphology changed from typical ductile fracture to quasi-cleavage and ductile mixed fracture.
Key words: supersonic fine particle bombardment; gas pressure; titanium alloy; lamellar microstructure; surface
nanocrystallization; microstructure; mechanical properties

strengthening methods to alter the surface
properties and thus to enhance the service
performance of Ti alloy components. For example,

1 Introduction

Ti alloys are widely used in the aerospace,
marine, petrochemical and chemical industries
because of their high specific strength, excellent
fatigue properties and corrosion resistance [1—3].
However, their service life decreases sharply in
harsh and complex environments. To improve their
service life and to avoid premature failure in the
form of fatigue fracture, frictional wear and
corrosion, principally caused by surface damage [4],
it is essential to investigate efficient surface

surface nanocrystallization achieved via various
techniques is a novel, easy-to-operate and non-
polluting surface strengthening technique [5].
Gradient surface nanostructures of Ti alloy
components, prepared by using surface nano-
crystallization techniques, e.g. surface mechanical
attrition treatment (SMAT) [6], ultrasonic impact
treatment (UIT) [7], and ultrasonic and laser shot
peening (USP and LSP) [8,9], can improve
mechanical properties [7], fatigue properties [10]
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and corrosion resistance [11] of the components.

Supersonic fine particle bombardment (SFPB)
is a more advanced and efficient shot peening
impact technique of surface nanocrystallization
developed from traditional shot peening [12].
Compared with SMAT, UIT, USP and other
techniques, SFPB is versatile and is able to treat
components of different sizes and those with
especially complex shapes and large flat surfaces.
Furthermore, the equipment is not as expensive as
LSP equipment, and thus it is also more economical
for industrial applications [13].

Currently, SFPB has been successfully applied
to various metallic materials and can enhance the
overall properties of components [14—17]. ZHANG
et al [18] found that the textured nanocrystals
formed on a pure Ti surface by SFPB could
significantly improve the alloy’s wear resistance.
GE et al [19,20] used SFPB to prepare randomly
oriented equiaxed grains with a size of about 20 nm
on the surface of pure Ti samples. The nanocrystals
obtained were thermally stable and played a critical
role in the enhancement of creep strength. ZHAO
et al [21] produced nanostructures on the surface of
a TC17 alloy with the aid of SFPB. It was noted
that the nanostructure’s layer thickness increased
with increasing SFPB treatment time, and the grain
size was gradually refined to about 16.3 nm and
stabilized after 30 min of treatment. Our previous
work [22] showed that the TCI11 alloy achieved
surface nanocrystallization after SFPB, thus
resulting in a momentous increase in the fatigue
strength of TC11 alloys. From the above research
background, it can be seen that the application of
SFPB technology can realize the surface nano-
crystallization of Ti and its alloy components,
which can dramatically improve the
performance of their components. However, most
of its research objects are mainly based on equiaxed
microstructure, while the association between the
SFPB technological parameters and mechanical
properties of Ti alloy has not been addressed.

TCI11 alloys with a lamellar microstructure
have better fracture toughness, higher crack
propagation resistance and better durability and
creep strength than alloys with an equiaxed
microstructure [23]. Nevertheless, such lamellar
microstructures are more sensitive to surface
defects, and thus surface modification is required.
In this work, a gradient nanostructure was prepared

service

by SFPB on the surface of TCI11 alloys with an
initial lamellar microstructure. The influence of
SFPB gas pressure on the surface integrity,
microstructural evolution and mechanical properties
of a TC11 alloy was systematically investigated,
aiming to provide technical support for the
application of SFPB technology in the industrial
field of Ti alloys.

2 Experimental

2.1 Materials

The nominal chemical composition of the
TC11 alloy was 6.5 Al, 3.5 Mo, 1.5 Zr and 0.3 Si
(wt.%), and balanced Ti. The phase transformation
temperature of TC11 alloy was determined to be
970 °C by metallographic method. The initial lamellar
microstructure was achieved by forging slab-shaped
TCI11 alloys with dimensions of 14 mm x 18 mm X
150 mm and by duplex annealing using an Ar gas-
protected vacuum furnace. The duplex annealing
was performed as follows: firstly, the material was
heated to 970 °C and held for 1.5 h, followed by
air-cooling to room temperature, then reheating to
530 °C and holding for 6 h; finally, the alloy was
air-cooled to room temperature. The obtained
lamellar microstructure is shown in Fig. 1.

2.2 Methods

The duplex-annealed TCI11 alloy was
machined by wire cutting into sheet-like tensile
samples, as shown in Fig. 2. Prior to SFPB, these
tensile samples were mechanically ground,
polished and cleaned. SFPB, for which a schematic
illustration is shown in Fig. 3 [14], was conducted
in the black shaded surface area in Fig. 2 on both
sides for 60 s with a gas pressure of 0.5, 1.0 and
1.5 MPa, respectively. In our study, after 1.0 MPa
for more than 60 s, microcracks formed on the
surface, leading to a decrease in tensile properties,
so 60s was chosen to research the effect of
different gas pressures on the properties of TC11
alloy. The details of the SFPB processing
parameters were as follows: the bombardment
temperature was room temperature, the carrier gas
was air, the projectile injection distance was 30 mm,
the projectile injection angle was 90°, and the
bombardment particles were chosen to be spherical
Al>O3 particles with an average size of 50 um, as
reported in Ref. [22].
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Fig. 1 OM (a) and TEM (b) images of duplex-annealed
TCI11 alloy with lamellar microstructure
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Fig. 2 Schematic drawing of dimensions of tensile
sample (The black shaded area represents the SFPB-
treated area on both sides of the tensile samples) (unit:

The surface roughness of the SFPB-treated
samples was measured with a Nanovea HS1000P
3D surface topographer. The corresponding surface
morphologies were observed with a JSM—IT200
scanning electron microscope (SEM). The X-ray
diffractometry (XRD) patterns of SFPB-treated
samples with different gas pressures were obtained
by a D8 ADVANCE X-ray diffractometer with a Cu
target. The scan step and scan range were set to be
0.02° and 30°—80°, respectively. The cross-sections
of the samples in different states (perpendicular to
the surface treatment direction) were ground,
polished, etched with hydrofluoric acid, nitric acid
(HNOs) and clean water (H>O) solutions with a
volume ratio of 5:12:83, and cleaned before the
observation of the microstructure morphology with
a JSM-7800F SEM. Thin specimens of a 0.5 mm
thickness were sliced from the sections of the
samples on surface and subsurface. These thin
slices were mechanically ground to a thickness of
about 50 um, from which d3 mm discs were punched
at different locations. Final d3 mm thin foils were
prepared by double-spray electrolytic polishing
using a 6% HClO4 + 34% C4HoOH + 60% CH3;OH
(volume fraction) electrolyte at —30 °C (cooled
down by liquid nitrogen). The thinning voltage and
current were 14 V and 60—80 mA, respectively. The
microstructure of surface and subsurface (100 pm
from the surface) was observed using a JEM—2010
TEM operated at 200 kV. Using the electrolytic
polishing method, the residual stresses at different
layer depths of the samples processed by different
SFPB gas pressures were measured by an
X—350A X-ray stress analyzer. The center of the
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Fig. 3 Schematic illustration of SFPB treatment [14]
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measurements. The final value at the depth of the
layer was an average of at least three measurements
obtained with a CuK, X-ray source at the (213)
crystal planes of the a-phase. The voltage and
current were 27 kV and 7 mA, respectively. The
tube’s diameter was 4 mm, and the heeling angle
was selected as 0°, 15°, 30° or 45°, respectively.
The microhardness of the longitudinal section of the
samples in different states was measured with an
MH-3 microhardness tester, and the loading force
and dwelling time were set to be 0.98 N and
10s, respectively. To ensure the accuracy of
measurement results, five different locations were
selected for each depth, then the average value was
taken as the final microhardness value. The
mechanical properties of the SFPB-treated samples
were tested on an INSTRON 5587 tensile testing
machine with at least three measurements at room
temperature, a loading speed of 0.5 mm/min,
and a tensile strain rate of 0.1 mm/s. The fracture
morphology was observed with a JSM—-7800F
SEM.

3 Results and discussion

3.1 Surface integrity

Figure 4 shows SEM images of the surface
morphologies and 3D topography of the TC11 alloy
after SFPB with different gas pressures. The surface
of the TC11 alloy before SFPB is relatively
smooth: only evenly distributed scratches from
mechanical grinding and polishing exist (Fig. 4(a)).
Correspondingly, the surface roughness (S.) and
surface peak-to-valley height (Hpv) calculated by
3D topography are small: 0.564 and 4.835 um,
respectively (Fig. 4(b)). The surface morphology is
changed by SFPB with different gas pressures, as
evidenced by the significantly increased S. and Hpy.
At 0.5MPa (Fig.4(c)), there are multiple
microdents and honeycomb impact pits caused by
the bombardment of Al,Os; particles with high
energy and high speed on the sample surface. In
addition, the metal material around microdents
undergoes  flow plastic  deformation, and
accumulation occurs at the boundary of microdents,
forming “peaks” and “valleys” [24], making the
surface become much rougher with S, and Hpy
values of 8.546 and 121.950 um, respectively
(Fig. 4(d)). When the gas pressure increases to
1.0 MPa, the surface of the sample becomes

relatively flat and honeycomb impact pits depth
becomes shallow (Fig. 4(e)), showing S. and Hpv
values of 6.186 and 100.481 um, respectively
(Fig. 4(f)). At 1.5 MPa, “peaks” and “valleys” form
again, and small impact pits are visible (Fig. 4(g)).
Long cracks inside the microdents are also
noticeable (Fig. 4(g)). The surface is significantly
rougher, with S; of 9.146 yum and Hpy of
135.256 um (Fig. 4(h)), larger than those SFPB-
treated at 1.0 MPa.

The impact velocity of the Al,O; particles and
the impact kinetic energy increase with increasing
gas pressure [25], thereby making the degree of
plastic deformation occurring on the surface
increase. With increasing SFPB time, the surface
morphological features, which form in a shorter
time, could fade because of the continuous
deformation by the ongoing impact of high-energy
ALOs particles. At 1.0 MPa, the impact velocity of
ALOs; particles and the impact kinetic energy
increase compared with those at 0.5 MPa.
Consequently, the degree of plastic deformation
increases, and the accumulations formed at the
shorter impact time fade. Therefore, the sample
surface at 1.0 MPa with an impact time of 60 s is
relatively flat and the surface roughness is reduced,
as compared to those at 0.5 MPa. At a higher gas
pressure, e.g., 1.5 MPa, the sample surface could be
relatively flat before reaching 60s of SFPB
processing time. In this case, clear accumulations
reappear on the relatively flat area when the impact
time increases to 60 s, resulting in a significant
increase in surface roughness compared to that
at 1.0 MPa. Additionally, according to the
elastic-plastic deformation theory and plastic
hardening characteristics, subsequent or severer
impacts can only cause slight plastic deformation in
the initial work-hardened surface area [14], leading
to the formation of small impact pits connected in
rows at the bottom of the microdent (Fig. 4(g)).
Meanwhile, because of uncoordinated plastic
deformation of the a- and f-phases of two-phase
Ti alloys [26], initiation and propagation of
microcracks appear at the stress concentration
point. Therefore, the selection of a suitable SFPB
gas pressure and the associated impact time (60 s) is
important for the surface integrity of the sample.
Excessive roughness can result in stress
concentration as well as defects on the surface
of a component after the surface treatment, which
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Fig. 4 2D and 3D surface morphologies of TCI11 alloy after SFPB with different gas pressures: (a, b) Untreated;
(c, d) 0.5 MPa for 60 s; (e, f) 1.0 MPa for 60 s; (g, h) 1.5 MPa for 60 s
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subsequently reduces the service life of the
component [27].

3.2 Microstructural evolution
3.2.1 Cross-sectional SEM observations

Figure 5 displays the cross-section SEM
images of TC11 alloys, in which the brighter areas
represent the f-phase while darker areas represent
o-phase. A typical lamellar microstructure has been
obtained after duplex annealing (Fig. 5(a)). After
SFPB at 0.5 MPa, the surface microstructure of the
TCI11 alloy is severely plastic deformed by SFPB,
as evidenced by the facts that the prior straight
lamellar microstructure is either parallel or
perpendicular to the surface before bombardment
bend, the fS-lamellae spacing is reduced and the
prior grain boundaries become less distinguishable
(Fig. 5(b)). The microstructures formed under the
adjacent impact microdents are kinked and bent at
the intersections because of the different degrees of
deformation (Fig. 5(b)). The deformation layer on
the surface of the TC11 alloy with a lot of bends
and kinks and the f-lamellae with reduced spacing
is defined as the SPD layer. This layer is found to
have a thickness of about 29 um at 0.5 MPa. With

N {
Fig. 5 Cross-sectional SEM images of TC11 a
(b) 0.5 MPa; (¢) 1.0 MPa; (d) 1.5 MPa
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the increase of gas pressure (Figs. 5(c, d)), the
initial lamellar microstructure undergoes severer
deformation, showing severer kinked deformation
other than bending, and even fracture due to severe
kinks. A smaller S-lamellae spacing far from the
surface can also be found at 1.5 MPa (Fig. 5(d)).
The thickness of the SPD layer increases to be
about 50 pm at 1.0 MPa and 63 pm at 1.5 MPa.

As we know from the above, the closer the
distance to the surface is, the severer the plastic
deformation is. As the distance from the topmost
surface increases, the degree of deformation
decreases, and the p-lamellac spacing gradually
increases and then remains the same as the matrix
value, which is related to the decay of energy
during SFPB. In addition, as the SFPB gas pressure
increases, the internal stresses converted from the
kinetic energy of AlO; bombardment particle
increase, the degree of plastic deformation on the
surface of the TC11 alloy becomes severer, and the
SPD layer becomes deeper.

3.2.2 XRD patterns

The duplex-annealed TC11 alloy consists of
two phases: the a- and fS-phases, as shown in
Fig. 6(a). Broadened diffraction peaks are found

ing'surface »-
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Fig. 6 XRD patterns and microstrain of TC11 alloy after
SFPB with different gas pressures: (a) 30°-80° XRD
patterns; (b) 34°-42° XRD patterns; (c) Calculated
microstrain

in TC11 alloys after SFPB with different gas
pressures. In the magnified view of XRD in
Fig. 6(b), it is clear that the full width at half
maximum (FWHM) of the diffraction peaks
increases significantly after SFPB and gradually
increases with an increase in the SFPB gas pressure.
This is mainly caused by the increasing degree of
SPD in the TC11 alloy after SFPB with different

gas pressures (Fig. 5), resulting in the increase in
the grain refinement and microstrain [28]. The
microstrain can be evaluated according to the
Williamson—Hall method [14]:

ﬂcosH=g(4sin9)+K/1/D (D

where f is the FWHM of the diffraction peak,
K (=0.9) is a constant, 4 (=0.15406 nm) is the
wavelength of X-ray, (CuK, source), D is the
average grain size, 6 is the Bragg diffraction angle,
and ¢ is the microstrain. The microstrain of the
surface in different states (Fig. 6(c)) is calculated to
be 53x1074, 73.6x10* and 80.7x107* at 0.5, 1.0 and
1.5 MPa, which is 1.28, 2.17 and 2.48 times higher
than the microstrain in the duplex-annealed state,
respectively. In addition, the degree of surface grain
refinement for different SFPB gas pressures is
assessed using TEM.

3.2.3 TEM observations

Figure 7 shows the TEM images of the TCI11
alloy’s surface after SFPB with different gas
pressures. After SFPB, the TC11 alloy’s lamellar
microstructure is fragmented and the grain
boundaries could not easily be distinguished in the
bright-field images in Figs. 7(a, c, e). Incompletely
fragmented lamellar microstructures, shown by
arrows, are observable locally at a SFPB gas
pressure of 0.5 MPa (Fig. 7(a)). As the gas pressure
increases, the fragmentation becomes more
complete (Figs. 7(c, e)). The selected area electron
diffraction pattern in Fig. 7(a) shows multiple arcs,
indicating that the grain size of TC11 alloy reaches
the nanometer level at 0.5 MPa. In contrast, the
diffraction rings are more continuous at 1.0 and
1.5 MPa (insets of Figs. 7(c, €)), suggesting severer
grain refinement with increasing gas pressure [29].
To further analyze the grain size distribution after
SFPB with different gas pressures, the Nano
Measurer software is used to count the grain sizes
of multiple dark-field images by applying a division
lines method. The histogram of the grain size
distribution (inset of Fig. 7(b)) shows that the
average grain size is estimated to 17.7 nm. The
grain size decreases to about 11.8 and 9.4 nm at an
increase in gas pressure to 1.0 and 1.5 MPa,
respectively (insets of Figs. 7(d, f)).

The TEM images of the TCI11 alloy’s
subsurface after SFPB with different gas pressures
are given in Fig. 8. Dislocation walls formed in
the direction of the a-lamellar thickness at a gas
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Fig. 7 TEM images of surface of TC11 alloy after SFPB with different gas pressures: (a, c, ) Bright-field images at 0.5,

1.0 and 1.5 MPa, respectively; (b, d, f) Corresponding dark-field images (The insets in (a, c, ) and (b, d, f) are selected

area electron diffraction patterns and grain size distribution, respectively)

pressure of 0.5 MPa (Fig. 8(a)), indicating that
dynamic recovery occurred and the dislocations
were rearranged in a certain direction to form walls
during the deformation process at this strain rate.
Differences in the thickness and orientation of the
dislocation walls can also be found, further
suggesting that different slip systems were activated,
i.e., besides the basal plane, prismatic and even
pyramidal slip systems also came into play [30]. In
addition, a high density of dislocation tangles can
be observed at the a/f-phase boundary (Fig. 8(a)).
Discrete dislocation lines also exist in the a-phase

matrix (Fig. 8(b)), which could be ascribed to the
neighboring dislocation walls that acted as a source
of dislocation. As the gas pressure increased to
1.0 MPa (Figs. 8(c,d)), the degree of SPD
increased, and the lamellar microstructure
underwent bending and fracture (elliptical region)
(Fig. 8(c)). The dislocation density within the
a-lamellae increased significantly. When the gas
pressure continued to increase up to 1.5 MPa
(Figs. 8(e—h)), it could be observed that bending
and fracture of the lamellar microstructure became
severer (Fig. 8(e)). The dislocation tangles also
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(a, b) 0.5 MPa for 60 s; (c, d) 1.0 MPa for 60 s; (e-h) 1.5 MPa for 60 s
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became denser in Fig. 8(f), almost completely
saturating the lamellar microstructure. Meanwhile,
the dislocations were reorganized to form
parallel-aligned dislocation structures in the
o-lamellae to reduce the system’s energy, which
may continuously attract and emit dislocations and
form dislocation bands or subgrain boundaries
(Fig. 8(g)). It can also be observed from Fig. 8(h)
that at 1.5 MPa more dislocation walls appear to
split the a-lamellar microstructure into smaller
regions, and it is worth noting that the dislocation
walls in this state can split the a- and f-lamellae
across the phase boundary, as shown in the elliptical
region.

It can therefore be concluded that dislocation
motion dominates the nanocrystallization process of
the TCI11 alloy after SFPB with different gas
pressures, whereas deformation twinning is not
seen. Similar phenomena have been found in
Refs. [31,32]. During a SPD process with a high
strain rate such as SFPB, the crystal structure and
the stacking fault energy of metallic materials have
an important influence on the surface nano-
crystallization. The f- and a-phases in the dual-
phase TC11 alloy have a body-centered cubic and a
hexagonal close packed structure, respectively. The
body-centered cubic metal has 12 slip systems, and
the plastic deformation is dominated by dislocation
motion. Whereas, for the hexagonal close packed
metal, there are only four independent slip systems,
so twinning is its main deformation mechanism.
However, twinning is sometimes not applicable to
the a-phase in dual-phase Ti alloys, as the presence
of the f-phase could affect the plastic deformation
mode of the a-phase [33]. The f-phase has more
active slip systems than the a-phase, but the
dislocation’s slip direction is different from that of
the neighboring a-phase, so the phase boundary has
a strong locking effect on the moving dislocations,
making subsequent plastic deformation increasingly
difficult [30]. In order to coordinate plastic
deformation, at least five independent slip systems
are required for the same a- and f-phases according
to the von Mises criterion [33]. For the a-phase,
dislacations can easily slif) an the prismatic plane
{1010} and along the (1120 slip directions on
the pyramidal plane (0002) under the uncoordinated
plastic deformation conditions, apart from the
{0001} base plane [34]. Meanwhile, the slip
systems that are more difficult to open may slide

under conditions of SPD. Therefore, the
uncoordinated plastic deformation drives the
opening of more slip systems in the a-phase more
easily than the activation of deformation twins, thus
making the surface nanocrystallization mechanism
of the TC11 alloy after SFPB mainly dominated by
a dislocation motion.

During continuous bombardment by AlOs;
particles, the dislocations kept moving and
rearranging under the stress. Because of the
hindering effect of the o/f-phase boundary [35], a
high density of dislocation tangles could form
at the o/f-phase interface (Fig. 8(a)), which retarded
plastic deformation and induced more slip systems
in the a-phase. As the strain increased, dislocations
proliferated greatly, and then aggregated into
different dislocation structures (Figs. 8(d, f)). The
dislocations were rearranged into dislocation
walls with different thicknesses and orientations
through slip, accumulation, interaction and possible
annihilation, and ran through the whole a-lamellae,
which eventually led to the splitting of the
o-lamellae  (Fig. 8(h)). At higher stresses,
dislocation walls could also cross phase boundaries,
causing the fragmentation of the a- and f-lamellae
(Fig. 8(h)). As the stress increased further,
dislocation walls and tangles also continued to be
generated within the fragmented subgrains, splitting
the grains into even smaller fragments. When the
rates of dislocation generation and annihilation
reached equilibrium, the subgrain boundaries
gradually transformed into high-angle grain
boundaries [1,22,31], leading to the formation of
fine nanocrystals. When the strain continued to
increase, there was no longer a continued reduction
in grain size. At this time as the smaller grain size
dislocation confinement was more serious, the
energy within the grain was reduced, which led to
the rotation of nanocrystals. So, the SFPB-treated
TC11 alloy finally succeeded in obtaining randomly
oriented nanocrystals.

During SFPB, AlOs; bombarded the sample’s
surface at high speed, and the strain rate and
deformation gradually decreased as the distance
from the topmost surface increased. Therefore, the
lamellae on the surface of the TCI11 alloy were
transformed into randomly oriented nanocrystals
after SFPB, whereas the subsurface retained the
lamellar morphology. The original orientation of the
o- and p-lamellac was still preserved, but the
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lamellar microstructure underwent bending, and
dislocation increased with an increase in the SFPB
gas pressure. In addition, the strain rate of the
surface layer increased gradually with the increase
of SFPB gas pressure. Nonetheless, when the SFPB
gas pressure reached a certain value, the grain
refinement and microstrain reached saturation. This
is because when the size of a nanocrystal is reduced
to a certain level, the nanocrystal is basically stable
because the dislocation motion will be spatially
restricted [36]. Continuous increase in the strain
rate can only result in the rotation of the nanocrystal
or migration of the grain boundaries.

3.3 Mechanical properties
3.3.1 Residual stress

Figure 9 displays the residual stress in
different layer depths of the TC11 alloy after SFPB
with different gas pressures. There was a small
tensile stress in the TCI11 alloy before SFPB,
around 8 MPa, which may have been generated by
machining. After SFPB, compressive residual stress
(CRS) field at a certain depth was induced on the
surface of the TC11 alloy under the combined effect
of plastic deformation and volume limitation [37].
The depth of the CRS field increased with the
increase of gas pressure, which was 160, 200 and
220 pym at 0.5, 1.0 and 1.5 MPa, respectively. In
addition, it was found that similar to traditional
shot peening, the maximum CRS was located
on the subsurface, which is different from the
experimental result that the maximum CRS was
located on the surface after LSP [38]. The
maximum CRS was located on the subsurface after
SFPB because SFPB was used to directly impact
the material surface with a large number of
high-speed ALO; particles, which caused severe
distortion of the grains. When the strain rate was
too high, the projectile impact force could not be
transferred to the surrounding material fast enough
to cause an increase in energy, resulting in a rise in
the surface temperature, which led to a dynamic
recovery phenomenon, causing the surface CRS to
relax and the maximum CRS to move to the
subsurface. In contrast, LSP was a typical cold
processing, with no contact with the material
surface, no heat-affected zone, and better stability
of the obtained residual stress, so the maximum
CRS was located on the surface after LSP [39]. The
location of the maximum CRS was farther away

from the surface as the gas pressure increased, and
it was usually located a few tens of microns
(20—40 um) from the surface. The maximum CRS
of —452, —478, and —533 MPa was obtained at 0.5,
1.0 and 1.5 MPa, respectively. It could also be
found that the surface CRS did not differ much and
relax at 1.5 MPa, which was due to the plastic
deformation of the surface gradually fully and
saturated as the gas pressure increased and the CRS
was released at the crack tip due to the formation of
surface cracks at 1.5 MPa, leading to the decrease
in the CRS.
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Fig. 9 Residual stress in different layer depths of TC11
alloy after SFPB with different gas pressures

3.3.2 Mechanical properties

The microhardness at different depths of the
TC11 alloy after SFPB is given in Fig. 10. The
microhardness of the TC11 alloy is about HV,.1 310
before SFPB, whereas the surface microhardness
increases to HVo1357 (0.5MPa), HV,:374
(1.0 MPa) and HV,:398 (1.5 MPa) after SFPB,
corresponding to an increase of 15.2%, 20.6% and
28.4%, respectively. It can also be seen from
Fig. 10 that with an increase in the distance from
the surface, the microhardness decreases rapidly
within distance from the surface of 0—40 um, then
shows a roughly linear decreasing trend, finally
converging gradually to a stable value close
to the matrix microhardness at depths of 100 pm
(0.5 MPa), 160 um (1.0 MPa) and 180 um (1.5 MPa).
This depth can be considered to be the thickness of
the hardened layer after SFPB, suggesting that
increasing the SFPB gas pressure has a significant
role in enhancing the surface microhardness and the
thickness of the hardened layer of the TC11 alloy.



2390 Yong-li WU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2379—-2394

400 —v— Untreated
—4— (0.5 MPa, 60 s

< 380+ —o— 1.0 MPa, 60 s
2 —a— 1.5 MPa, 60 s
g 360
=
<
=
2 3401
=t
=

320

300 L . s . . .

0 40 80 120 160 200
Layer depth/um

Fig. 10 Microhardness of TC11 alloy at different depths
after SFPB with different gas pressures

These are two critical factors that lead to such
a great increase in the surface microhardness, which
increases with decreasing grain size and is
positively correlated with dislocation density [40].
Firstly, the surface of the TC11 alloy undergoes
high strain rate deformation during SFPB, which
causes dislocations to be generated and to
proliferate inside the grains. The formation of
high-density dislocations increases the resistance to
dislocation movement, thus inducing the work
hardening phenomenon. Secondly, the surface
nanocrystals increase the grain boundaries, thus
enhancing the intergranular bonding. As the
distance from the surface increases, the SFPB’s
impact kinetic energy gradually decreases, and the
effects of grain refinement and work hardening
gradually decrease (Fig. 5), resulting in a gradient
decrease in the microhardness.

Representative true stress—strain curves and
the corresponding mechanical properties obtained
for the TC11 alloys are shown in Fig. 11. The yield
and ultimate tensile strengths of the TCI1 alloy
after SFPB are improved significantly, consistent
with the microhardness measurement, increased by
30.7%, 37.4%, 38% and 30.4%, 37.2%, 38.3% at
SFPB gas pressures of 0.5, 1.0 and 1.5 MPa,
respectively. It is noteworthy that the SFPB
treatment does not noticeably affect the elongation.

The strength of the TC11 alloy after SFPB was
evaluated according to Eq. (2) [41]:

o=cotkdg *+aGbp'"? (2)

where of is the strength, oois the friction stress, & is
the Hall—Petch constant, dy, is the dislocation mean
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Fig. 11 Tensile mechanical properties of TCI11 alloys
after SFPB with different gas pressures: (a) True stress—
strain curves; (b) Mechanical properties

free path, a is a constant, G is the shear modulus, b
is the amplitude of Burgers vector, and p is the
dislocation density. In Eq. (2), the or and dy, are
inversely proportional. Repeated bombardment of
the TC11 alloy’s surface by Al,Os particles causes
irreversible permanent microdents on the surface
and the formation of a SPD layer underneath
(Fig. 5). A gradient nanostructure, consisting of a
surface layer with randomly oriented nanocrystals
and a subsurface layer still possessing a lamellar
microstructure, was obtained (Figs. 7 and 8). The
effect of gradient nanostructures on the dy with
increasing gas pressure is as follows: firstly, the
increase in surface nanocrystallization with
increasing SFPB gas pressure, makes df, decrease;
secondly, with a decrease in the subsurface lamellar
spacing, as well as an increase in the SPD layer
with increasing SFPB gas pressure, the area of
reduced lamellae spacing increases and the dp
decreases accordingly. In short, with an increase in
the gas pressure, the dislocation mean free path, dfy,
decreases, which produces a subsequent increase in
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the yield and tensile strengths of the TC11 alloy.

The increase in strength after SFPB is also
inextricably linked to the high CRS and
microhardness obtained after SFPB. The presence
of a CRS field can readjust the distribution of
residual stresses in the components. It can offset
part of the surface tensile stress formed during
loading, thus shifting the maximum tensile stress to
the subsurface layer. In turn, on the one hand, this
leads to the formation of cracks on the subsurface.
On the other hand, the CRS can prevent crack
expansion and close the cracks, thus leading to the
enhancement of the strength of the components [42].
Additionally, work hardening occurs after SFPB,
which results in an increase in the local strength of
the surface [43]. However, when the gas pressure
increases to 1.5 MPa, cracks will form on the
surface (Fig. 4(g)), making crack nucleation easier
and causing the release of CRS. Thus, the
improvement in strength is not significant at
1.5 MPa in comparison with that at 1.0 MPa.

The insignificantly influenced elongation may
be related to the increase in uncoordinated plastic
deformation on the subsurface with increasing gas

pressure. It results in more slip systems being
activated in the a-phase [44], leading to an
uncompromised material plasticity, along with the
enhanced strength.
3.3.3 Tensile fracture morphology

Figure 12 shows the tensile fracture
morphology of the TC11 alloy subjected to diverse
SFPB gas pressures. The tensile fracture has large
and deep dimples and shows the typical ductile
fracture characteristics before SFPB (Fig. 12(a)).
After SFPB (Figs. 12(b—d)), the fracture morphology
of the TCI11 alloy shows a mixed fracture
characteristic of quasi-cleavage and ductility.
Unlike internal matrix fractures, fractures of the
hardened surface contain a large number of
cleavage surfaces and a small number of dimples.
As the SFPB gas pressure increases, the proportion
of dimples and the area of cleavage near the surface
increase. This can be explained by the fact that the
SPD layer is deeper at greater SFPB gas pressures
(Fig. 5). Meanwhile, an increase in the SFPB gas
pressure drives an increase in slip systems in the
a-phase and therefore promotes plasticity, resulting
in a larger proportion of dimples near the surface.

S o) e gl S
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Fig. 12 Tensile fracture morphology of TCI11 alloy after SFPB with different gas pressures: (a) Untreated; (b) 0.5 MPa

for 60 s; (c) 1.0 MPa for 60 s; (d) 1.5 MPa for 60 s
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4 Conclusions

(1) Gradient nanostructures were created on
the TC11 alloy’s surface by SFPB with different gas
pressures (0.5, 1.0 and 1.5 MPa). The surface’s
lamellar microstructure was completely fragmented
into nanometer-sized grains. The nanocrystal size
decreased with increasing gas pressure, about
9.4 nm at 1.5 MPa, whereas the subsurface retained
its initial lamellar microstructure and its dislocation
density increased with increasing gas pressure.

(2) The surface roughness decreased and then
increased with the increase of gas pressure, and the
surface roughness was minimal at 1.0 MPa. Surface
microcracks formed at 1.5 MPa, and thus the surface
compressive residual stress decreased.

(3) The yield and ultimate tensile strengths
increased significantly after SFPB although the
elongation did not change much. The strength
values at 1.5 MPa were not significantly different
from those at 1.0 MPa. Thus, the best strength—
plasticity match was achieved at 1.0 MPa, when the
yield and ultimate tensile strengths reached 1443
and 1526 MPa, respectively, which were increased
by 37.4% and 37.2%, respectively, compared with
those without SFPB. The fracture morphology of
the TCI11 alloy changed from typical ductile
fracture to quasi-cleavage and ductile mixed
fracture after SFPB.

Acknowledgments

This work was supported by the National
Natural Science Foundation of China (Nos.
U1804146, 51801054, 52111530068), the Program
for Science and Technology Innovation Talents in
Universities of Henan Province, China (No.
17THASTITO026), the Foreign Experts Introduction
Project of Henan Province, China (No.
HNGD2020009), the Science and Technology
Innovation Team of Henan University of Science
and Technology, China (No. 2015XTD006), and the
Academy of Finland (No. 311934).

References

[1] ZHANG Cheng-wei, FU Tian-lin, CHEN Han-yue, GAO
Yan. Microstructure evolution of surface gradient nano-
crystalline by shot peening of TA17 titanium alloy [J].
Metallurgical and Materials Transactions A, 2021, 52:
1790-1798.

(2]

(4]

[10]

(1]

[12]

[13]

[14]

Yong-li WU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2379—-2394

XU Jian-wei, ZENG Wei-dong,
Sheng-tong, JIA Run-chen.
between o and S phases for two-phase titanium alloy during

ZHOU Da-di, HE
Evolution of coordination

hot working [J]. Transactions of Nonferrous Metals Society
of China, 2021, 31(11): 3428—-3438.

ELSHAER R N, IBRAHIM K M. Effect of cold deformation
and heat treatment on microstructure and mechanical
properties of TC21 Ti alloy [J]. Transactions of Nonferrous
Metals Society of China, 2020, 30(5): 1290—1299.

LIU Y G, LI H M, LI M Q. Roles for shot dimension, air
pressure and duration in the fabrication of nanocrystalline
surface layer in TC17 alloy via high energy shot peening [J].
Journal of Manufacturing Processes, 2020, 56: 562—570.
DAI ZHU Yun-tian, HUANG Zhao-wen.
Microstructure evolution and strengthening mechanisms of

Shi-juan,

pure titanium with nano-structured surface obtained by high
energy shot peening [J]. Vacuum, 2016, 125: 215-221.
KUMAR S A, RAMAN S S, SANKARA NARAYANAN T
S N. Influence of surface mechanical attrition treatment
duration on fatigue lives of Ti—6A1—4V [J]. Transactions of
the Indian Institute of Metals, 2014, 67(1): 137-141.

YANG Zhen-wen, LIU Qi, WANG Jia-hui, MA Zong-qing,
WANG Ying, WANG Dong-po. Effect of ultrasonic impact
treatment on the microstructure and mechanical properties of
diffusion-bonded TC11 alloy joints [J]. Archives of Civil and
Mechanical Engineering, 2019, 19(4): 1431-1441.

KUMAR P, MAHOBIA G S, CHATTOPADHYAY K.
Surface nanocrystallization of f-titanium alloy by ultrasonic
shot peening [J]. Materials Today: Proceedings, 2020, 28:
486—490.

NIE Xiang-fan, HE Wei-feng, CAO Zhen-yang, SONG
Jing-dong, LI Xiang, PANG Zhi-cong, YAN Xue-yuan.
Experimental study and fatigue life prediction on high cycle
fatigue performance of laser-peened TC4 titanium alloy [J].
Materials Science and Engineering A, 2021, 822: 141658.
PIERRE M, LAYRENT W, PHILIPPE B, THIERRY G.
Effects of SMAT at cryogenic and room temperatures on the
kink band and martensite formations with associated fatigue
resistance in a f-metastable titanium alloy [J]. Materials
Science and Engineering A, 2021, 803: 140618.

ZHANG Qi, DUAN Bing-bing, ZHANG Zi-qian, WANG
Jun-biao, SI Chao-run. Effect of ultrasonic shot peening on
microstructure evolution and corrosion resistance of selective
laser melted Ti—6Al-4V alloy [J]. Journal of Materials
Research and Technology, 2021, 11: 1090—1099.

KONG Ling-yan, LAO Yuan-xia, XIONG Tian-ying, LI
Tie-fan. Nanocrystalline surface layer on AISI 52100 steel
induced by supersonic fine particles bombarding [J]. Journal
of Thermal Spray Technology, 2013, 22(6): 1007—-1013.
ZHANG Liu-yan, MA Ai-bin, JIANG Jing-hua, SONG Dan,
YANG Dong-hui, CHEN Jian-qing.
corrosion properties of the surface layer produced by

Electrochemical

supersonic fine-particles bombarding on low-carbon steel [J].
Surface and Coatings Technology, 2013, 232: 412—418.

ZHOU Tian, XIONG Yi, CHEN Zheng-ge, ZHA Xiao-qin,
LU Yan, HE Tian-tian, REN Feng-zhang, SINGH H, KOMI
J, HUTTULA M, CAO Wei. Effect of surface nano-
crystallization induced by

supersonic  fine particles

bombarding on microstructure and mechanical properties of



[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

(23]

(24]

[25]

[26]

Yong-li WU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2379—-2394

300M steel [J]. Surface and Coatings Technology, 2021, 421:
127381.

LIU Ke-jing, CUI Xiu-fang, DONG Mei-ling, XING
Zhi-guo, LI Jian, TIAN Hao-liang, JIN Guo, WANG
Hai-dou, XU Bin-shi. Mechanism of diffusion promotion of
carbon atoms during carburization of 20Cr2Ni4A alloy steel
after lanthana-bearing supersonic fine particle bombarding
pretreatment [J]. Surface and Coatings Technology, 2021,
425:127702.

GAO Hong-mei, CHEN Wen-ge, ZHANG Zhi-jun.
Evolution mechanism of surface nano-crystallization of
tungsten—copper alloys [J]. Materials Letters, 2016, 176:
181-184.

ZHANG Yu-xiang, YANG Jian-hai, GE Li-ling, ZHANG
Xin, CHEN Jia-zhao. Research on mechanism of surface
nanocrystalline layer in 2219 Al alloy induced by supersonic
fine particles bombarding [J]. International Journal of
Engineering Research in Africa, 2016, 4438(24): 1-8.
ZHANG Bao-sen, DONG Qiang-sheng, BA Zhi-xin, WANG
Zhang-zhong, SHI Han-cheng, XUE Yan-ting. Tribological
properties of surface-textured and plasma-nitrided pure
titanium under oil lubrication condition [J]. Journal of
Materials Engineering and Performance, 2018, 27: 186—193.
GE Li-ling, YUAN Zhan-wei, JING Xiao-tian, LU
Zheng-xin. titanium (TA2)
nanocrystallization and its thermal stablity [J]. Rare Metal
and Engineering, 2011, 40(7): 1239—-1242. (in Chinese)

GE Li-ling, YUAN Zhan-wei, HAN Zhen-hua. Creep
titanium TA2 after
supersonic fine particles bombardment [J]. Journal of
2019, 28(2):

Study of pure surface

behavior of commercially pure
Materials Engineering and Performance,
1141-1150.

ZHAO Kun, WANG Min, LIN Cheng-xiao, TUO Chuan.
Mechanism evolution of surface
self-nanocrystallization of TC17 [J]. Rare Metal and
Engineering, 2013, 42(10): 2048—2052. (in Chinese)

WU Yong-li, XIONG Yi, LIU Wei, CHEN Zheng-ge,
ZHANG Xin, WANG Shu-bo, CAO Wei. Effect of
supersonic fine particle bombardment on microstructure and
fatigue properties of Ti—6.5A1-3.5Mo—1.5Zr—0.3Si titanium
alloy at different temperatures [J]. Surface and Coatings
Technology, 2021, 421: 127473.

ZHANG Cong-hui, HU Kun, ZHENG Min,
SONG Guo-dong. Effect of
nanocrystallization on fatigue properties of Ti—6Al-4V

and nanostructure

ZHU
Wen-guang, surface
alloys with bimodal and lamellar structure [J]. Materials
Science and Engineering A, 2021, 813: 141142.

LIU Y G, LI M Q, LIU H J. Nanostructure and surface
roughness in the processed surface layer of Ti—6Al—4V via
shot peening [J]. Materials Characterization, 2017, 123:
83-90.

TRUNG P Q, KHUN N W, BUTLER D L. Effects of shot
peening pressure, media type and double shot peening on the
microstructure, mechanical and tribological properties of
low-alloy steel [J]. Surface Topography: Metrology and
Properties, 2016, 4(4): 045001.

YANG C, LIU Y G, LI M Q. Characteristics and formation
mechanisms of defects in surface layer of TC17 subjected to
high energy shot peening [J]. Applied Surface Science, 2020,

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

(37]

(38]

[39]

2393

509: 144711.

Z0U Shi-kun, WU Jun-feng, ZHANG Yong-kang, GONG
Shui-li, SUN Gui-fang, NI Zhong-hua, CAO Zi-wen, CHE
Zhi-gang, FENG Ai-xin. Surface integrity and fatigue lives
of Til7 compressor blades subjected to laser shock peening
with square spots [J]. Surface and Coatings Technology,
2018, 347: 398—406.

UNAL O, MALEKI E, VAROL R. Effect of severe shot
peening and ultra-low temperature plasma nitriding on
Ti—6A1-4V alloy [J]. Vacuum, 2018, 150: 69-78.

YANG C, LI M Q, LIU Y G. Further refinement
mechanisms of nanograins in nanocrystalline surface layer of
TC17 subjected to severe plastic deformation [J]. Applied
Surface Science, 2021, 538: 147941.

LI Xin, DENG Si-ying, WANG Song-wei, SONG Hong-wu,
ZHANG Shi-hong, WANG Ke-lu, OUYANG De-lai.
Dynamic globularization mechanism during hot working
of Ti—6.5A1-3.5Mo—1.5Zr—0.3Si
microstructure [J]. Materials Characterization, 2021
110749.

NIE Xiang-fan, HE Wei-feng, ZANG Shun-lai, WANG
Xue-de, ZHANG Jie. Effect study and application to
improve high cycle fatigue resistance of TC11 titanium alloy

lamellar
171:

alloy with

by laser shock peening with multiple impacts [J]. Surface
and Coatings Technology, 2014, 253: 68—75.

LUO Si-hai, ZHOU Liu-cheng, WANG Xue-de, CAO Xin,
NIE Xiang-fan, HE Wei-feng. Surface nanocrystallization
and amorphization of dual-phase TC11 titanium alloys under
laser induced ultrahigh strain-rate plastic deformation [J].
Materials, 2018, 11(4): 563.

LI Chuang, CUlI Wen-fang, ZHANG Yu-sheng. Surface
self-nanocrystallization of o+f titanium alloy by surface
mechanical grinding treatment [J]. Metals and Materials
International, 2017, 23(3): 512-518.

AO Ni, LIU Dao-xin, XU Xing-chen, ZHANG Xiao-hua,
LIU Dan. Gradient nanostructure evolution and phase
transformation of a phase in Ti—6Al—4V alloy induced by
ultrasonic surface rolling process [J]. Materials Science and
Engineering A, 2019, 742: 820—834.

SUN Hong, YU Li-ming, LIU Yong-chang, ZHANG Li-ye,
LIU Chen-xi, LI Hui-jun, WU Jie-feng. Effect of heat
treatment processing on microstructure and tensile properties
of Ti—6Al-4V—10Nb alloy [J]. Transactions of Nonferrous
Metals Society of China, 2019, 29(1): 59—66.

ZHOU X, LI X Y, LU K. Enhanced thermal stability of
nanograined metals below acritical grain size [J]. Science,
2018, 360: 526—530.

YIN Mei-gui, CAI Zhen-bing, LI Zhen-yang, ZHOU
Zhong-rong, WANG Wen-jian, HE Wei-feng. Improving
impact wear resistance of Ti—6Al—4V alloy treated by laser
shock peening [J]. Transactions of Nonferrous Metals
Society of China, 2019, 29(7): 1439—1448.

XIONG Yi, HE Tian-tian, LI Peng-yan, CHEN Lu-fei, REN
Feng-zhang, VOLINSKY A A. Effects of laser pulse energy
on surface microstructure and mechanical properties of high
carbon steel [J]. Journal of Central South University, 2015,
22(12): 45154520 .

MA Yun-fei, XIONG Yi, CHEN Zheng-ge, ZHA Xiao-qin,
HE Tian-tian, LI Yong, SINGH H, KOMI J, HUTTULA M,


https://link.springer.com/journal/11665
https://link.springer.com/journal/11665

2394

[40]

[41]

Yong-li WU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2379—-2394

CAO Wei. Microstructure evolution and properties of
gradient nanostructures subjected to laser shock processing
in 300M ultrahigh-strength steel [J]. Steel Research
International, 2022, 93(2): 2100434.

LIU Hua-bing, WEI Xiao-xiao, XING Shi-long, WANG
Lian-bo, ZHU Wen-long, JIANG Chuan-hai, VINCENT J,
ZHAN Ke. Effect of stress shot peening on the residual
stress field and microstructure of nanostructured
Mg—8Gd—3Y alloy [J]. Journal of Materials Research and
Technology, 2021, 10: 74—83.

LIU Dan, LIU Dao-xin, ZHANG Xiao-hua, LIU Cheng-
song, AO Ni. 17-4
precipitation-hardening stainless steel subjected to ultrasonic

Surface nanocrystallization of

surface rolling process [J]. Materials Science and

Engineering A, 2018, 726: 69—81.

[42]

[43]

[44]

LUO Xian, REN Xue-ping, JIN Qi, QU Hai-tao, HOU
Hong-liang. Microstructural evolution and surface integrity
of ultrasonic surface rolling in TisAlsV alloy [J]. Journal of
Materials Research and Technology, 2021, 13: 1586—1598.
LIU Hua-bing, ZHU Wen-long, JIANG Chuan-hai, MARIO
G L, XING Shi-long, WANG Lian-bo, VINCENT J, ZHAN
Ke. Microstructure evolution and residual stress distribution
of nanostructured Mg—8Gd—3Y alloy induced by severe shot
peening [J]. Surface and Coatings Technology, 2020, 404:
126465.

ZHANG He-peng, CAI Zhong-yi, WAN Zhan-dong, PENG
Peng, ZHANG Hong-qgiang, SUN Ru-jian, CHE Zhi-gang,
GUO Chao, LI Bo, GUO Wei.
mechanical properties of laser shock peened 38CrSi steel [J].
Materials Science and Engineering A, 2020, 788: 139486.

Microstructure and

BEIRMPFZLERMNE DX TC11 FREE

SRR NOE

£ RERY RN

KoK, A& R, TRERS, 3 412 K A, EaaY § e

1. WTHERHIAY: FPRRES TR, 1 471023,
2. A EGRITPIR SN T AN TS AR, T80 471023,

3. PEALRZ BB T T Bt 550 HAT I 5 5 SR =

% 710024;

4. Nano and Molecular Systems Research Unit, University of Oulu, FIN-90014, Finland

. (S AR R T (SFPBYX R AU Ti-6.5A1-3.5Mo—1.5Zr-0.3Si (TC11) £k & & #H TR E 4K 1k
AbFE, 3RS AT SFPB AU Skt He 1 52 8o . A AL SUE AR AN g 2k e I R U . 45 R, 7EAN[H] SFPB
SAEEST, TCIL $kEE&REHCH R ENRGEN . £EFBAS SRR 22 Egk g, Haks
v R RS B A R 7 (388 KT8, TR 2 U R B JR 46 1 R TS . 48 1.0 MPa AR5, SR THDHLRE 5 5N,
7E 1.5 MPa IR HITE ML, RIZHRARER ) NI . Bi%E SFPB SR /IR K, )2 WA B S fd Ak 2R
BTN, JEARGEEE . BURISREERG N, WK SR ARSI, T TS5 MR 1 4 T R e o A R B R S T b

AR

KRR BEEMRCE L AR kA e ARASL Rimmgvkie; B Jtetke

(Edited by Wei-ping CHEN)



