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Abstract: In order to study the effect of ultrasonic impact (UIP) on the microstructure and properties
of 316L stainless steel prepared by selective laser melting (SLM), the hardness of the surface layer and
depth direction of the sample were tested with a micro hardness tester. Finally, the friction and wear
test of the sample was assessed using a friction and wear tester. The electrochemical corrosion test
was carried out on the samples before and after the ultrasonic shock using a CHI660E electrochemical
workstation. The results show that after the ultrasonic impact on the 316L stainless steel prepared by
SLM, the surface produces plastic deformation and work hardening, which improves the hardness of
the material surface and enhances the wear resistance of the sample surface. With ultrasound shocks
affecting the near surface of the sample, a deformation layer of about 100 µm depth is formed. After
the ultrasonic shock treatment, the self -corrosion potential of the sample in the 3.5% NACl solution
is slightly higher than the unproofed sample, and the density of the self -corrosion current is also
lower than the unproofed sample., indicating that ultrasonic shock can reduce the corrosion rate of
the material surface and enhance the abrasion resistance of the sample surface.

Keywords: 316L stainless steel; selective laser melting; ultrasonic impact; corrosion resistance; friction
and wear performance

1. Introduction

Selective laser melting (SLM) is an additive manufacturing technology that enables
high-performance and precision manufacturing of metal parts with complex structures, and
thus has received extensive attention [1]. Compared with the traditional manufacturing pro-
cess, selective laser melting (SLM) adopts point-by-point, line-by-line, and layer-by-layer
forming methods, which can produce small batches with short production cycle, good flex-
ibility, high precision, complex shapes, and high processing flexibility [2]. Zhang et al. [3]
studied the effects of different process parameters on the microstructure, mechanical proper-
ties, wear characteristics, and corrosion behavior of SLM-formed NiTi. The results showed
that high power and high scanning speed are beneficial to the formation of B2NiTi phase,
while low power and low scanning speed are favorable for the formation of B19’NiTi
phase. The samples formed with high power and high scanning speed have better abrasion
resistance and corrosion resistance. Xu et al. [4] used SLM to reduce the metallurgical
defects of Al-Cu-Mg alloy and improved the microstructure and hardness of this alloy.
The obtained results showed that the microstructure consists of fine equiaxed crystals and
columnar dendrites with pronounced pore and crack defects.

At present, the demand for ocean engineering equipment is increasing day by day,
especially for some key components with high surface performance [5], among which pump
components are widely used in marine equipment and ships, and the service life of pump
components plays a key role in the performance of the whole system. 316L stainless steel
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has excellent corrosion resistance [6], which is due to the passivation system of stainless
steel itself, which can produce passivation film to resist Cl− corrosion in seawater during
the corrosion process. 316L stainless steel is widely used in the production of pump parts
for marine equipment, ship blades, and oil pipelines. Due to the long-term service of pump
parts in the marine environment, the working state is rapid rotation, and it is extremely
prone to corrosion damage, cavitation and other behaviors [7].

Currently the corrosion of pump components in seawater is mainly divided into
seawater corrosion, galvanic corrosion and chink corrosion [8].The damage mainly occurs
on the surface of the materials. Therefore, surface treatment technologies, such as chemical
surface heat treatment [9], laser shock peening [10], surface shot peening [11], and ultrasonic
impact technology [12], and other surface treatment technologies are adopted to improve
the surface properties of the materials. Ultrasonic impact technology uses the impact needle
of ultrasonic impact equipment to impact the surface of the material at high frequency to
generate ultrasonic shock wave, thereby producing plastic deformation on the surface of
the material, leading to the refinement of the internal microstructure and the introduction
of effective residual stress, thus improving the hardness, wear resistance, and corrosion
resistance of the surface of the material [10–15]. Compared with other surface treatment
technologies, ultrasonic impact technology has the advantages of larger residual stress,
better process controllability, more uniform machined surface, simple equipment, and low
maintenance cost. Li et al. [16] conducted a micro-nano indentation test on the surface
of SUS301 stainless steel by ultrasonic impact treatment. The study showed that under
the same vibration frequency and different processing speeds, the size of micro-nano
indentation was different, which supported surface hardening and achieved excellent wear
resistance. Zhang et al. [17] studied the influence of ultrasonic shot peening (USP) on the
microstructure evolution and corrosion resistance of Ti6Al4V manufactured by selective
laser melting. The study showed that USP treatment generated compressive residual stress
and significantly increased micro-hardness. The USP treatment could effectively improve
the corrosion resistance of Ti6Al4V alloy manufactured by SLM. Alharbidi et al. [18]
studied the effect of ultrasonic shot peening on the surface integrity of 316L stainless steel
formed by SLM. After ultrasonic peening, the surface roughness of 316L stainless steel was
decreased by about 176% and the micro-hardness was increased by about 90%. Eremin
et al. [19] studied the influence of ultrasonic shock on the fatigue crack growth of Ti6Al4V
prepared by SLM. The results showed that the fatigue durability of Ti6Al4V prepared by
SLM after ultrasonic shock was about 60% higher. Yang et al. [20] carried out the forming
test of 316L stainless steel by ultrasonic shock assisted melting electrode arc additive
manufacturing. The results showed that the microstructure of formed parts was refined, and
the micro-hardness and tensile properties were effectively improved after the introduction
of ultrasonic shock. Yuan et al. [21] studied the grain refinement of TC4 titanium alloy by
ultrasound-assisted laser fusion additive manufacturing. The experimental results showed
that the microstructure of titanium alloy changed from typical coarse columnar crystals
to fine columnar crystals, and ultrasonic impact effectively inhibited the epitaxial growth
trend of β crystals and weakened the texture strength of β crystals.

In this paper, selective laser melting technology is used to manufacture 316L stainless
steel samples. Microstructure, micro-hardness, friction and wear, electrochemical corrosion,
and other tests were carried out on the untreated and ultrasonic shock 316L stainless steel
samples manufactured by SLM to study the impact of ultrasonic shock on the surface
properties of 316L stainless steel prepared by SLM.

2. Materials and Methods

The raw material selected for the selective laser melting test was 316L stainless steel
powder with the particle size range of 15–45 µm (Sino-Euro Materials Technologies of Xi’an
Co., Ltd., Xi’an, China). The original powder is spherical, as shown in Figure 1, and its
chemical composition is shown in Table 1. The powder size and particle size selected for
this experiment resulted in better strength and hardness for the material [22].
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Figure 1. (a) Micograph of the 316Latainless steel powder; (b) SLM formed specimen.

Table 1. Chemical composition of the 316L stainless steel powder (mass fraction %).

Mo Fe Cr Ni P S Cu C Si N Mn

2.25%–3% balance 17%–19% 13%–15% ≤0.025% ≤0.01% ≤0.5% ≤0.03% ≤0.1% ≤0.1% ≤2%

The HBD-150 fiber laser (Guangdong Hanbang 3D Tech Co., Ltd., Zhongshan, China)
was used in the selective laser melting test equipment. The maximum power of the
laser is 200 W. The spot diameter is 65 µm. The molding size of the equipment is
ϕ 159 mm × 100 mm. The specific processing parameters are shown in Table 2. The print-
ing size was 10 × 10 × 10 mm3 cube sample. The protective gas was 99.9% purity argon.
The printed sample was processed into 10 mm × 10 mm × 2 mm blocks by wire cutting.
The schematic diagram of the SLM process is shown in Figure 2.

Table 2. Processing parameters of laser selective melting test.

Process Parameter Value

Scanning speed (mm/s) 1000
Laser power (W) 160

Scanning interval (mm) 0.07
Rotation angle (◦) 67

Layer thickness (µm) 30
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A JZ-5020–4DX ultrasonic transducer (Hangzhou Jinyuan Ultrasonic Technology Co.,
Ltd., Hangzhou, China) was used in the ultrasonic impact test. The amplitude is 10 µm,
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and the prestress is 50 N. The vibration head diameter is 3 mm, and the moving speed is
1 mm/s. The ultrasonic impact area occupies a square area of 10 mm × 10 mm, and the
impact path is “S” type, as shown in Figure 3.
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Figure 3. Ultrasonic impact path.

An IM300 optical microscope (Nanjing Coupling Gold Testing Equipment Co., Ltd.,
Nanjing, China) was used to observe the cross-section structure of the sample. The test
specimen was cut along the central line, and the section was polished and sanded with
sandpaper. Ferric chloride solution (20 g FeCl3 + 50 mL HCL + 100 mL H2O) was selected
for metallographic corrosion. After the corrosion, absolute ethanol was used to wipe and
blow dry for observation.

The micro-hardness test involved using an HXD-1000TMSC /LCD micro-hardness
tester (Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China) to test the surface
and cross-sectional direction of the sample after the ultrasonic impact. The load was 100 GF,
and the loading time was 10 s. On the ultrasonic impact area, the test is carried out at
every 100 µm along the depth direction and 8 points are selected for testing in the surface
direction. Hence, 3 points were tested at every 50 µm and the average value of these
3 points taken as the final micro-hardness value for this point.

The friction and wear test was carried out using the HT-1000 G high temperature
friction and wear test machine (Lanzhou Zhongke Kaihua Technology Development Co.,
Ltd., Lanzhou, China). The grinding material was GCr15. The friction radius was 2 mm.
The load was 200 N, and the grinding test was carried out for 20 min. Loads are precisely
controlled by placing weights on friction pairs.

A CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd.,
Shanghai, China) was used in the electrochemical corrosion test. A three-electrode system
was used to conduct electrochemical test on 316L stainless steel prepared by SLM before and
after ultrasonic impact. The sample was used as the working electrode, and the fixed test
area was 1 cm2.The saturated calomel electrode (SCE) was used as the reference electrode.
The platinum chip was used as the auxiliary electrode, and the 3.5% NaCl solution was
selected as the corrosion medium. The back of the sample was connected to the wire and
encapsulated in epoxy resin. After ultrasonic cleaning and drying, the electrochemical
test was carried out. The sample was soaked in the 3.5% NaCl solution for 20 min. The
open circuit voltage test was carried out, and the test time was 1200 s. The potential sweep
range of the potentiodynamic polarization curve test was −1~1 V. The sweep speed was
0.1 mV/s. The electrochemical impedance test frequency range was 10−2~105 Hz.

A VK-X1000 laser confocal microscope (Keyence Co., Ltd., Shanghai, China) and
S-3400N variable vacuum tungsten filament scanning electron microscope (Hitachi Co.,
Ltd., Tokyo, Japan) were used to observe the surface wear scar morphology of the sample
after friction and wear. The surface morphology after electrochemical corrosion was
observed by S-3400N variable vacuum tungsten filament scanning electron microscope.
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3. Results and Discussion
3.1. Metallographic Structure

Figure 4a shows the optical microscope image of the sample before ultrasonic impact
and after corrosion near the surface parallel to the construction direction. The cross-section
of the sample is like a periodically arranged “fish scale” molten pool, with close overlap
between adjacent pools and clear boundaries. This is the result of Marangoni convection
formed in the molten pool during the SLM additive process [23]. Figure 4b shows the
optical microscope image of the sample etched near the surface parallel to the construction
direction after ultrasonic impact. Compared with the sample before ultrasonic shock
treatment, the treated sample forms a deformed layer about 100 µm deep near the surface,
and the molten pool boundary is no longer clear.
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3.2. Micro-Hardness

Figure 5 shows the average micro-hardness on the surface and micro-hardness in the
depth direction of 316L stainless steel samples by selective laser melting under different
treatment methods. It can be seen from the figure that the micro-hardness of samples
in the surface and depth direction after ultrasonic impact is higher than that of samples
without treatment. It can be seen from Figure 5a that the average surface micro-hardness of
316L stainless steel sample manufactured by selective laser melting after ultrasonic impact
is 283.6 HV is about 13.5% higher than that of the untreated 316L stainless steel sample.
As shown in Figure 5b, when the surface of the sample is subjected to ultrasonic impact
treatment, the surface of the sample is hardened to a certain depth. However, the micro-
hardness in the depth direction gradually decreases with the deepening of the depth, and
the depth of the affected layer is about 400–500 µm. Then, the micro-hardness component
in the depth direction of the sample is close to the hardness of the matrix. Ultrasonic impact
has little effect on the micro-hardness at this depth. Therefore, it can be seen that ultrasonic
impact can lead to plastic deformation of the material surface and effectively improve the
micro-hardness of 316L stainless steel prepared by laser selective melting. At the same
time, ultrasonic impact also has a certain strengthening effect on the micro-hardness of
316L stainless steel sample in the depth direction. However, with the deepening of the
depth, the effect of the plastic deformation and the work hardening gradually decrease,
resulting in a gradual decrease in the depth direction of the hardness.



Coatings 2022, 12, 1243 6 of 12

Coatings 2022, 12, x FOR PEER REVIEW 6 of 12 
 

 

is 283.6 HV is about 13.5% higher than that of the untreated 316L stainless steel sample. 
As shown in Figure 5b, when the surface of the sample is subjected to ultrasonic impact 
treatment, the surface of the sample is hardened to a certain depth. However, the micro-
hardness in the depth direction gradually decreases with the deepening of the depth, and 
the depth of the affected layer is about 400–500 μm. Then, the micro-hardness component 
in the depth direction of the sample is close to the hardness of the matrix. Ultrasonic im-
pact has little effect on the micro-hardness at this depth. Therefore, it can be seen that 
ultrasonic impact can lead to plastic deformation of the material surface and effectively 
improve the micro-hardness of 316L stainless steel prepared by laser selective melting. At 
the same time, ultrasonic impact also has a certain strengthening effect on the micro-hard-
ness of 316L stainless steel sample in the depth direction. However, with the deepening 
of the depth, the effect of the plastic deformation and the work hardening gradually de-
crease, resulting in a gradual decrease in the depth direction of the hardness. 

  
(a) (b) 

Figure 5. Micro-hardness distribution of samples under different treatment methods: (a) Surface 
average micro-hardness; (b) Micro-hardness in the depth direction. 

3.3. Electrochemical Corrosion 
Figure 6 shows the open circuit potential of 316L stainless steel prepared by SLM in 

the 3.5% NaCl solution before and after the ultrasonic impact. The open-circuit potential 
reflects the corrosion trend of the sample in the 3.5% Nacl solution. The smaller value of 
the open circuit potential indicates that the material is more prone to have electrochemical 
corrosion behavior [24]. As can be seen from Figure 6, after 1200 s the open-circuit poten-
tial of 316L stainless steel prepared by SLM after ultrasonic impact gradually tends to be 
stable, and the maximum open-circuit potential value is 0.01404 V. While the open-circuit 
potential of 316L stainless steel prepared by SLM without treatment is smaller, floating 
roughly at −0.1903 V. After the ultrasonic impact, the open circuit potential of the sample 
is positive, and the open circuit potential of the sample is improved to a certain extent, 
indicating the possibility of electrochemical corrosion is reduced. The increase of the open 
circuit potential indicates that the corrosion resistance of the sample has been improved 
after ultrasonic impact strengthening. This is because the surface hardness of the material 
has been enhanced under the high-frequency vibration of ultrasonic impact, and the wear 
resistance of the material has been improved. Therefore, the corrosion resistance of the 
material has been improved. 

After the open circuit potential reached a certain stable value, the potentiodynamic 
polarization curves of the 316L samples prepared by SLM in the 3.5% NaCl solution before 
and after ultrasonic impact were measured, as shown in Figure 7. The curve shown in the 
figure is obtained after soak in the corrosive solution for 20 min. Compared with the po-
larization curve of the untreated sample, it is found that the polarization curve shifted to 
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average micro-hardness; (b) Micro-hardness in the depth direction.

3.3. Electrochemical Corrosion

Figure 6 shows the open circuit potential of 316L stainless steel prepared by SLM in
the 3.5% NaCl solution before and after the ultrasonic impact. The open-circuit potential
reflects the corrosion trend of the sample in the 3.5% Nacl solution. The smaller value of
the open circuit potential indicates that the material is more prone to have electrochemical
corrosion behavior [24]. As can be seen from Figure 6, after 1200 s the open-circuit potential
of 316L stainless steel prepared by SLM after ultrasonic impact gradually tends to be stable,
and the maximum open-circuit potential value is 0.01404 V. While the open-circuit potential
of 316L stainless steel prepared by SLM without treatment is smaller, floating roughly at
−0.1903 V. After the ultrasonic impact, the open circuit potential of the sample is positive,
and the open circuit potential of the sample is improved to a certain extent, indicating
the possibility of electrochemical corrosion is reduced. The increase of the open circuit
potential indicates that the corrosion resistance of the sample has been improved after
ultrasonic impact strengthening. This is because the surface hardness of the material has
been enhanced under the high-frequency vibration of ultrasonic impact, and the wear
resistance of the material has been improved. Therefore, the corrosion resistance of the
material has been improved.
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After the open circuit potential reached a certain stable value, the potentiodynamic
polarization curves of the 316L samples prepared by SLM in the 3.5% NaCl solution before
and after ultrasonic impact were measured, as shown in Figure 7. The curve shown in
the figure is obtained after soak in the corrosive solution for 20 min. Compared with
the polarization curve of the untreated sample, it is found that the polarization curve
shifted to the right after ultrasonic impact strengthening, indicating that the corrosion
tendency of the sample decreases. After the ultrasonic shock strengthening, the curve
moves slightly downward, indicating that the current density has been decreased to a
certain extent and the corrosion performance of the material has been improved. As
can be seen from the polarization curve in Figure 7, the self-corrosion potential of the
untreated sample is −0.1866 V. After ultrasonic impact strengthening, the self-corrosion
potential of the sample is increased to −0.1606 V, moving forward by 250 mV. At the
same time, the self-corrosion current density of the untreated samples also decreased from
2.47 × 10−7 to 4.87 × 10−8 A·cm−2.The higher the self-corrosion potential, the smaller the
self-corrosion current density, indicating that the material is less likely to be corroded.
Therefore, ultrasonic impact can improve the corrosion resistance of the sample.
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Figure 8 shows the Nyquist curves and bode curves obtained from the electrochemical
corrosion test of 316L stainless steel samples prepared by SLM in the 3.5% NaCl solution be-
fore and after the ultrasonic impact. It is generally believed that the radius of the impedance
circuit is proportional to the impedance of the material. The larger the impedance value,
the better the corrosion resistance of the material [25]. It can be found from the Nyquist
curve in Figure 8a that plot of the two samples shows a capacitive arc. The impedance
arc radius of the untreated sample is relatively small, and the corrosion resistance of the
sample is the worst. When the sample is strengthened by the ultrasonic impact on the
surface, the impedance arc radius of the sample increases significantly. This shows that the
corrosion resistance of the material is improved after the ultrasonic impact. In Figure 8b, it
is found that all the phase angles have experienced a process of first increasing and then
decreasing. The phase angle of the untreated sample is smaller than that of the ultrasonic
impact treated sample. This shows that the corrosion resistance of the sample has been
improved after ultrasonic impact.
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Figure 9 shows the corrosion morphologies of the untreated sample and the ultrasonic
impact sample. It can be seen from Figure 9a that serious corrosion occurs on the surface
of the untreated sample, with many corrosion pits and a large area of corrosion on the
surface. As can be seen from the partially enlarged Figure 9b, a large number of white
corrosion products is produced on the sample surface. It can be seen from Figure 9c that
after the ultrasonic impact strengthening, the corrosion area on the surface of the sample
becomes smaller. The corrosion pits on the surface also become less and the depth becomes
shallower. As can be seen from Figure 9d, the white corrosion production on the surface of
the corroded area is also reduced, and the corrosion degree of the surface is also reduced
compared with the untreated sample. The material also shows good corrosion resistance. It
can be seen that the corrosion resistance of 316L stainless steel prepared by SLM is further
improved after ultrasonic impact strengthening.
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3.4. Frictional Wear

Due to the low wear resistance of stainless steel itself, the passivation film of stainless
steel is often destroyed in the seawater environment, which affects the corrosion perfor-
mance of stainless steel. Therefore, the wear resistance of stainless steel is an important
factor affecting the corrosion resistance. Figure 10 shows the influence of ultrasonic impact
on the friction and wear properties of the 316L stainless steel sample. Figure 10a shows the
variation curve of the friction coefficient of the sample with different treatment methods.
Figure 10b shows the average friction coefficient of the sample before and after ultrasonic
impact. It can be seen from Figure 10a that the trend of the friction coefficient curves of the
two samples is basically the same. Because the surface of the untreated sample has not been
undergone any strengthening treatment. The surface microstructure is relatively loose, and
the surface microstructure is easier to peel off when it is worn. However, the surface of the
sample after ultrasonic impact is hardened, and the surface hardness is improved. As a
result, the friction coefficient of the sample decreases. The average friction coefficient of
the samples before and after ultrasonic impact is shown in Figure 10b. Compared with the
untreated sample, the surface hardness of the sample after ultrasonic impact increased, and
the average friction coefficient decreased by 5.3%.
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The surface wear morphology of 316L stainless steel samples prepared by SLM before
and after ultrasonic impact is shown in Figure 11. Under the friction condition of friction
time 20 min and load 2 N, the wear condition of the ultrasonic impact samples is better than
that of the untreated samples, and the degree of wear is relatively small. The wear surface of
the untreated sample has grooves of wear scars, the shape of the wear marks was complete
and clear, and the distribution is uniform. Compared with the untreated sample, the depth
of the wear scars of the ultrasonic impact sample is relatively shallow. The distribution
of the wear degree on the surface is uneven, and the wear scars are distributed on both
sides without obvious cracks. According to the experimental results, the wear resistance of
samples after ultrasonic impact is improved, mainly because ultrasonic impact treatment
can enhance the microhardness of 316L stainless steel prepared by SLM. Then, it can reduce
the friction coefficient of 316L stainless steel, so as to improve the wear resistance and
prolong the service life of 316L stainless steel.
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4. Conclusions

In this paper, an assessment of the ultrasonic impact test of 316L stainless steel pre-
pared by SLM was carried out. The micro-hardness, friction and wear properties, and
electrochemical corrosion tests of the untreated sample and the sample after ultrasonic
impact were comparatively studied. The main conclusions obtained from the analysis are
as follows:

(1) Ultrasonic impact can significantly improve the surface micro-hardness of 316L stain-
less steel prepared by SLM. Compared with the untreated sample, the micro-hardness
of the sample after ultrasonic treatment is 283.6 HV, which is increased by about 13.5%.
Ultrasonic impact can lead to plastic deformation of the material surface, and then
improve the micro-hardness of the material.

(2) According to the results of electrochemical corrosion experiments, the corrosion
potential and self-corrosion current density of the samples after ultrasonic impact
treatment are slightly higher than those of the untreated samples. The radius of the
impedance value arc is larger than that of the untreated samples, indicating that the
ultrasonic impact can reduce the corrosion rate of stainless steel surface. It can be seen
that ultrasonic impact can improve the corrosion resistance of material.
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(3) Compared with the untreated sample, the friction coefficient of the surface of 316L
stainless steel prepared by SLM decreases after ultrasonic impact treatment. The wear
scar of the sample after ultrasonic impact treatment is also shallower, so the wear resis-
tance of the 316L stainless steel prepared by SLM after ultrasonic impact is improved.
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