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Abstract: According to surface morphology, microhardness, X-ray diffraction, and static contact angle experiments, the changes in

the surface integrity and corrosion resistance of 6061-T6 aluminum alloy after ultrasonic shot peening (USP) were investigated.

Results show that the grain size of the material surface is reduced by 43%, the residual compressive stress has an increasing trend, the

roughness and hardness are increased by approximately 211.1% and 35%, respectively. And the static contact angle is increased at
first, followed by a slight decrease. Weighing, scanning electron microscope, and energy dispersive spectrometer were used to study
the samples after a cyclic corrosion test. Results show that USP reduces the corrosion rate by 41.2%. A model of surface corrosion
mechanism of USP is developed, and the mechanism of USP to improve the corrosion resistance of materials is discussed. The

introduction of compressive residual stresses, grain refinement, increased grain boundaries, increased hardness, and increased static
contact angle are the main factors related to the improvement of corrosion resistance in most materials, while increased roughness

tends to weaken surface corrosion resistance.

Key words: 6061-T6 aluminum alloy; corrosion resistance; surface integrity; USP

1 Introduction

The 6061 aluminum alloy (Al-Mg-Si) is a typical precip-
itation-hardening aluminum alloy. The addition of Mg, Si, and
other elements makes the alloy lightweight and corrosion-
resistant, with high specific strength and easy to process.
Therefore, the 6061 alloy performs excellently in a wide range
of applications, including railway vehicles, ships, aerospace,

" However, with the growing

and other industrial fields'
demand for 6061 aluminum alloy, particularly for marine
applications, the surface of material may be susceptible to a
range of corrosion-related damages, such as pitting corrosion,
stress corrosion cracking, and intracrystalline corrosion,
which can affect its mechanical properties™”. Strengthening
metal surfaces improves corrosion resistance and extends the
service life of the material®™, which can be done through a
variety of techniques, such as laser shock peening”'”,
ultrasonic impact treatment!'”, and ultrasonic shot peening

(USSP,
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USP is a simple and efficient material surface strengthening
process. It uses ultrasonic vibration as a source of energy to
drive high-speed impacts of shots on the surface of the
material to strengthen it, as well as improve its corrosion

resistance!"* %! o 18,

, fatigue resistance!”,and wear resistance'
USP is widely used in such applications, owing to its range of
advantages regarding high accuracy, easy control of
experimental conditions, small size, and low working energy
consumption"”. Material surface integrity represents an
important factor related to corrosion behavior in terms of
properties, such as roughness, hardness, residual compressive

stress, and others. Zhang et al*”

performed USP of titanium
matrix composites at various durations and found that the
compressive residual stress field increased with the increase in
shot peening duration, and the maximum microhardness
increased by 48% after USP. Ganguly et al® reduced the
corrosion rate of AZ91 magnesium alloy by adding graphene
nanosheets, further reduced the corrosion rate after USP, and

finally concluded that the best corrosion resistance was
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achieved by adding 2.0wt% of graphene nanosheets following
USP technique for 20 s. Liu et al™ treated an AA7034
aluminum alloy via USP technique, polishing, and both
methods. They reported that the corrosion rate increased in the
samples only treated by USP, but decreased in the samples
treated by both USP and polishing. Kumar et al® showed that
excessively long USP durations can cause localized damage to
the material surface, which counteracts the beneficial effects
of surface grain refinement and residual compressive stresses,
thus reducing corrosion resistance of the material. Therefore,
inappropriately using USP, which increases the surface
roughness of the material, negatively impacts its corrosion
resistance. It is crucial to note that the selection of
inappropriate USP parameters may weaken the corrosion
resistance of a treated material.

These studies have shown that treatment with appropriate
USP process parameters has a positive impact on improving
material properties. However, there are fewer studies
regarding the mechanism underlying the corrosion resistance
conferred by USP on 6061-T6 aluminum alloy. This study was
conducted to strengthen the surface of this material through
varying durations of USP treatment, and characterize its
surface integrity. The effect of USP duration on the cyclic
corrosion performance of this alloy was also evaluated to
clarify the optimal treatment parameters. The results of this
study will promote the further application of 6061 aluminum
alloy in corrosive marine environments.

2 Experiment

The 6061-T6 aluminum alloy used in this test is a high-
quality aluminum alloy produced via the heat-treatment and
pre-stretching process. Its chemical composition is shown in
Table 1, and the size of sample used for our tests is 80 mmx
15 mmx2 mm. The surface of each sample was polished with
sandpaper, to minimize surface scratches. The polished
samples were then cleaned with anhydrous ethanol and dried
for the treatments.

Our experiments used self-designed USP equipment,
consisting of an ultrasonic generator, ultrasonic vibration
system, and shot peening chamber. The selected USP system
was model DW-KZB15-2600S, with a power of 2600 W and a
shot peening chamber measuring 71 mm in diameter. The
ultrasonic generator converts electrical current into a 15 kHz
ultrasonic vibration signal. USP system converts this
ultrasonic vibration signals into physical ultrasonic vibrations,
which stimulates the movement of the shots in the shot
peening chamber, allowing for surface strengthening of the
samples through shot peening. The shot material was
zirconium oxide ceramic. In this study, the shots covered the
bottom of the shot peening chamber with a layer to determine
the number of shots.

Table 1 Chemical composition of 6061-T6 alloy (Wt%)

Si Mg Cr Cu Mn Zn Ti Fe Al
0.4-0.8 0.8-1.2 0.04-0.35 0.15-0.40 0.15 0.25 0.15 0.7 Bal.

The various USP parameters used in this study are shown in
Table 2. The effect of shot peening durations on the surface
integrity of 6061-T6 aluminum alloy was investigated in
samples T1-TS5. Electrical spark wire cutting was performed
on the original samples, as well as on those treated by USP,
and the area covered by the shot peening was cut down to a
size of 30 mmx 15 mmx2 mm for subsequent experiments.

A microhardness tester (HV-1000Z, SCTMC, China) was
used to measure the Vickers microhardness of the original and
treated samples, using a loading force of 0.49 N, a holding
duration of 10 s, and a multiplication rate of 40. To minimize
errors, measurements were taken for 10 randomly-selected
positions on the surface of each sample, and the average of
these 10 measurements was taken to represent the Vickers
surface hardness value of material.

Both treated and untreated (UT) samples were scanned
using a non-contact 3D profilometer (PS50, NANOVEA,
USA), with a scanning step size of 6 um and a waveform
capture rate of 400 Hz. Two-dimensional (2D) and three-
dimensional (3D) surface topographies and roughness
parameters, including arithmetic mean deviation (R,), root-
mean-square deviation (R,), and total height of the contour
(R), were obtained for each of the six sample groups. As the
roughness measurements varied significantly for different
points on the observation area, the roughness values of 20
points were taken for the average value, to reduce error and to
better analyze the effects of different USP treatment durations
on surface roughness.

The section to be observed was cut from each sample and
mounted. It was polished with metallographic sandpaper to
2000#, then with diamond grinding paste in a polishing
machine. The samples were etched with Keller’s reagent for 3
min to observe their microstructures, then cleaned with
anhydrous ethanol and dried. Their microstructures were
(OM, GXS51,
OLYMPUS, Japan). The surface morphology of each sample
after corrosion was analyzed using a scanning electron
microscope (SEM, FlexSEM1000, HITACHI, Japan), and
compositional changes in each sample before and after

observed using an optical microscope

corrosion were analyzed using an energy dispersive
spectrometer (EDS, 5501, IXRF, USA) coupled to SEM.

The phase and compressive residual stresses distribution of
all samples were determined using X-ray diffractometer
(XRD, SmartLab, Rigaku, Japan), using a Cu-Ka radiation
source with an output power of 3 kW, a scanning speed of

Table 2 Experimental process parameters

Sample U?P Shot diameter/  Peening distance/

duration/s mm mm

Tl 50 4 60

T2 100 4 60

T3 200 4 60

T4 300 4 60

TS 400 4 60

UT / / /
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5°/min, and a scanning range (26) of 5°—90°. The test data
were processed by Jade software to analyze the variation in
grain size and the surface phase composition of each sample.

Static contact angle measurements for the untreated sample
and five groups of treated samples were conducted via the
seated drop method, using a contact angle measuring
instrument (DSAeco Plus, KRUSS, Germany). The contact
medium was a 5wt% sodium chloride (NaCl) solution with a
volume of 3 pL. Contact angles were measured at three
random points for each sample, and the average value was
taken to represent the static contact angle for that sample.

According to Chinese national standards, using a neutral
salt spray environment to simulate a marine corrosive environ-
ment™™, the experiments were conducted in a salt spray
chamber (cct2s, SUGA, Japan) with the surface of the
material oriented vertically at 20°. Every experiment alter-
nated between a salt spray condition for 2 h, a dry condition
for 4 h, and a wet condition for 2 h. These cyclic experiments
were conducted 36 times. The schematic diagram of cyclic
corrosion test (CCT) environmental spectrum is shown in
Fig.1. The samples were immersed in concentrated nitric acid
(p=1.42 g'mL™") for 4 min after completion of the corrosion
experiment, then cleaned using anhydrous ethanol and dried.
Finally, each sample was weighed (to the nearest 0.1 mg), and
the corrosion rate could be calculated using Eq.(1)**:

my — m) x 8.76 x 10*

V= ( 0 )AtD (1)

where V is the corrosion rate (mm-a™), m, is the mass of the

sample before corrosion (g), m is the mass of the corrosion

Salt spray environment spectrum:
temperature 35+2 °C, Swt% saline

Dry environment spectrum:
temperature 60+2 °C, humidity<30% RH

Wet environment spectrum:
temperature 50+2 °C, humidity>95% RH

Salt spray Dry conditions (4h) ~ Wet |Salt spray
conditions conditions; conditions[— "
(2h) 2h) 2h)

Corrosion Duration

Experimental Environment

Fig.1 Schematic diagram of CCT environmental spectrum

product after corrosion (g), A is the area of the corrosion
surface (4.5 cm?), ¢ is the corrosion time (288 h), and D is the
density of the sample (2.7 g-cm™).

3 Results

3.1 Microstructure

After USP treatment, the formation of dense dislocations,
deformation twins, and grain refinement in the samples was
promoted by the combination of high strain rate plastic
deformation and compressive residual stresses™. Fig.2 shows
the microstructures of 6061-T6 aluminum alloy surfaces
before and after USP treatment. Fig.2a, Fig.2a,, Fig.2b,, and
Fig.2b, are enlarged drawing of the selected areas in Fig.2a
and Fig.2b with a magnification of 15. It can be seen that the
grain size of the sample’s surface layer after USP treatment
was reduced, its grain boundaries increased, and the grain
refinement effect was significant. Looking inward along the
USP-treated surface of the material, the grain size gradually
transitioned to the base material microstructure.

The grain size of the original sample and that after
different durations of USP treatment were analyzed using the
truncated line method. Three measurements were taken for
each sample’s surface and the average value was taken as the
average surface grain size. The average grain size can be

expressed by Eq.(2):
_ L
a=- )

where a is the average grain size of the sample (um), / is the
length of the straight line taken in the microstructural
metallographs (um), and » is the total number of grains
intercepted by the straight line. The results are shown in
Table 3. A significant negative correlation was found between
the surface grain size and the treatment duration. A
comparison of UT and T1 samples showed that the grain size
of surface layer was significantly reduced after USP treatment.
A comparison of T1—-TS5 samples revealed that the surface
grain size decreased gradually with the increase in USP
duration. The surface grain size of the sample treated for 400 s
reached a minimum value of 15.41 pum, which was 42.9%
lower than that of the UT sample.
3.2 XRD analysis

Fig. 3 presents XRD patterns of samples under different

Fig.2 Cross-sectional microstructural metallographs of UT sample (a) and T2 sample (b)
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Table 3 Surface grain sizes of samples treated by USP with different durations

Sample USP duration/s First measurement/um Second measurement/um Third measurement/um Average value/pm
uT 0 26.76 27.49 26.73 26.99
Tl 50 17.71 18.37 17.94 18.06
T2 100 17.54 16.65 17.65 17.28
T3 200 16.12 16.27 15.94 16.22
T4 300 15.83 15.70 16.02 15.85
T5 400 15.75 14.93 15.54 15.41

é_ ? s é g a - b
T5 S =
% 1, R T3
=0 I VO A N Ti
ur ) A uT
20 30 40 50 60 70 80 90 37.5 38.0 38.5 39.0 39.5 40.0
c rs d I's e

T5

£\ T4
T4

s 5 I —

S| 1 /N s -

é 7 RN L 2 —

= .

o /" N\ i o
uT / N\ LA N N

435 440 445 450 455 64 65 66 67 77 78 79 80
20/°) 20/) 200)

Fig.3 XRD patterns of all samples (a), enlarged XRD patterns of peaks (111) (b), (200) (c), (220) (d), and (311) (e)

USP durations. Five diffraction peaks of a-Al are found in
Fig.3a, including peaks (111), (200), (220), (311), and (222).
It can be seen in Fig. 3 that no new diffraction peaks are
produced, indicating that USP treatment does not cause the
material to produce new phases. The two major factors
influencing the shift of the diffraction peaks are the
composition of the solid solution and the residual stress state.
The introduction of compressive residual stress shifts the
diffraction peak to the right. The dissolution of the secondary
phase shifts XRD diffraction peak to the left®”. All diffraction
peaks of T1 — TS samples were shifted to the right with
different degrees compared to the UT sample (Fig.3b—3e),
which indicates that the compressive residual stresses have a
greater effect on XRD diffraction peak displacement than the
secondary phase dissolution. And the residual compressive
stresses of the samples were all increased after USP treatment.
From Fig.3 and Table 4, it can be seen that full width at half
maximum (FWHM) values of all diffraction peaks of T1-T5
samples were increased compared to UT sample, which is
mostly attributed to grain refinement and severe lattice

deformation™”.

Table 4 FWHM of samples treated by USP with different

durations
Lattice
UT Tl T2 T3 T4 T5

plane
(111) 0.188 0.212 0.225 0.231 0.235 0.238
(200) 0.198 0.268 0274  0.281 0.287  0.290
(220) 0.296  0.360  0.373 0.388 0.394 0401
(311) 0.382 0.468 0.479 0487  0.495 0.503

3.3 Surface Vickers hardness

The measured hardness values of the samples are shown in
Fig.4. The initial surface hardness of UT sample was 108.1
HYV, which was enhanced after USP treatment. The increment
of hardness values with the increase in peening duration were
18.7, 25.0, 33.9, 37.8, and 37.3 HV. The surface hardness of
the sample treated for 300 s reached a maximum value, which
was 35% higher than that of the UT sample. The surface
hardness of the sample treated for 400 s did not increase any
further. This indicated that the surface hardness had reached
its maximum value after USP treatment for 300 s. Taken
together with the analysis presented in Fig. 4, the surface
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Fig.4 Effect of USP duration on surface hardness of samples

hardness of USP-treated samples increased significantly
compared to the untreated samples. The surface hardness of
the samples gradually increased with the increase in USP
duration, but the average hardness growth rate gradually
decreased after 300 s. The final surface hardness tended to
stabilize after this point.

After USP treatment, grain refinement and increased grain
boundaries occurred on the surface layer of material. The
strength of the 6061-T6 aluminum alloy changed after grain

refinement, following the Hall-Petch relationship™™:

k
= 3)

o, =0, t

Jd

where g, is the yield limit of the material (MPa), d is the grain
size (um), g, is the lattice frictional resistance that occurs

Height/jm
50

40
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Height/pm ]

50
H 40
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when moving a single dislocation, and k, is a constant.
According to the Hall-Petch relationship, a decrease in grain
size (d) increases the yield limit (¢,) of the material.
Moreover, USP treatment introduces a high density of
dislocations in the surface layer of the material, which exerts a
work-hardening effect. As a result, the surface hardness of
each USP-treated sample increased significantly through
various strengthening effects, such as fine grain strengthening
and work hardening™. Past a certain treatment duration, the
fine grain strengthening effect is also enhanced with
increasing USP duration. This leads to a gradual increase in
the surface hardness of the material, until a maximum value is
reached.

3.4 Surface roughness

2D and 3D surface topographies of UT sample and T1-T5
samples are shown in Fig.5. The surfaces of the USP-treated
samples have unevenly distributed pits with different sizes,
compared to UT sample. These pits generated by USP
treatment represent the root cause of the increase in the
material’s roughness. As can be seen in Fig.5, there are almost
no portions of surface that have not been impacted by the shot
peening particles. According to the SAEJ2277 standard, this
indicates that the shot peening coverage is 100%. The rest of
the samples are exposed to USP durations of >50 s, so it is
inferred that all of USP-treated samples have at least 100%
shot peening coverage.

The variations in roughness parameters (R,, R, and R)) with
the increase in treatment duration of UT and T1-T5 samples
are shown in Fig. 6, where it can be seen that the surface

Peak Height/um d
Valleys |

1 mm

1. mm

Fig.5 2D and 3D surface topographies of different samples: (a—b) UT, (c—d) T1, (e-f) T2, (g-h) T3, (i) T4, and (k-1) T5
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Fig.6 Effect of USP duration on surface roughness: (a) R, and R;
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roughness of the samples increase rapidly after USP treatment
for 50 s. R, increases from its original value of 0.81 um to
2.52 pm, with a rise of 211.1%. As USP duration increases, R,
shows a slightly decreasing tendency before stabilizing. After
USP treatment for 50 s, R, increases rapidly from its original
value of 7.71 um to 15.04 pm. With the further increase in
USP duration, R, gradually increases until it reaches a
maximum value of 18.93 um at 200 s. After that, R, gradually
decreases with the increase in USP duration until finally
stabilizing.
3.5 Static contact angle

The measured static contact angles of the sample surfaces
are shown in Fig.7. The untreated samples have a minimum
static contact angle of 73.75°, while the treated samples all
have higher values, indicating that the material’s surface has a
lower wettability after being treated by USP. At first, the static
contact angle increases with the increase in USP duration,
until it reaches a maximum value at 200 s. Thereafter, it
decreases slowly. The variation of static contact angle depends
on surface free energy and roughness of material®. The
surface roughness of the material increases following USP
treatment, and this roughened surface helps it to resist the
contact with corrosive substances. After USP treatment, the
stability of the passivation film on the material’s surface also
increases, which adjusts its surface free energy and gives it a
lower wettability.
3.6 Cycling corrosion rate of salt spray

The corrosion rates, post-corrosion surface morphologies,
and depths of corrosion pits in UT and T1-T5 samples are
obtained to study the effect of USP duration on the corrosion-
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Fig.7 Effect of USP duration on static contact angles of different

samples

related properties of the material. The corrosion rate for each
sample is shown in Fig.8, which was calculated using Eq. (1).
The corrosion rate of the untreated sample is 0.068 mm-a™,
and that of the treated samples shows generally decreasing
trend following different durations of USP treatment. As USP
duration increases, the corresponding corrosion rates are
0.078, 0.072, 0.073, 0.048, and 0.040 mm-a™'. The sample
treated for 400 s has the lowest corrosion rate, which is 41.2%
lower than that of the untreated sample. By contrast, the
corrosion rates of T1, T2, and T3 samples are all higher than
that of UT sample. The surface morphologies of the samples
after cyclic salt spray corrosion test are shown in Fig.9. The
maximum depth values and the average depth values of each
sample in the ten surface corrosion pits are shown in Fig. 10
and Fig. 11, respectively. The number, size, and depth of the
corrosion pits in a material can reflect its degree of corrosion.
The degree of corrosion in UT sample is higher, as there are
more corrosion pits with deeper depth. The sample treated for
400 s shows the lightest degree of corrosion, because of the
lowest number of corrosion pits on the surface and the
shallowest average depth of corrosion pit. This demonstrates
that appropriate USP parameters can effectively improve the
corrosion resistance of this material, and reduce the
occurrence of pitting corrosion.
parameters can lower its corrosion resistance and promote the
occurrence of pitting corrosion.

/\,__.

Conversely, improper
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Fig.8 Effect of USP duration on corrosion rate
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100 pm

Fig.9 Surface morphologies after cyclic salt spray corrosion of different samples: (a) UT, (b) T1, (c) T2, (d) T3, (e) T4, and (f) TS5

13.1 um

8.8 um

50 pm

Fig.10 Maximum value of surface corrosion pit depth after cyclic salt spray corrosion of different samples: (a) UT, (b) T1, (c) T2, (d) T3, (e) T4,

and (f) T5

4 Discussion

4.1 Corrosion mechanism

CCT simulates the corrosion process of the material in a
marine environment. Chloride ions in the environment
leaching into the material represents the main mechanism
underlying the formation of pitting corrosion. Fig. 12 shows
the surface morphologies and EDS spectra of T1 sample
before and after corrosion, showing that the compositional
changes on the surface of the alloy mainly comprise: (1) a
decrease in aluminum percentage of the alloys’ mass; (2) an
increase in mass percentage of oxygen. Incorporated the
corrosion process of the material in a simulated marine

environment, aluminum is in the active position in the anode
region, promoting a loss of electrons that generates aluminum
ions. Under the action of the corrosive electrolyte, oxygen gas
in the cathode region is prone to undergo the oxygen uptake
reaction, generating hydroxide ions. The full corrosion
mechanism is shown in Fig.13. The anodic reaction is shown

in Eq.(3):
Al -3e — A" )
while the cathodic reaction takes the form as follows:
O, +2H,0 + 4e” — 40H" (5)

Aluminum ions generated in the anodic region combines
with hydroxide ions generated in the cathodic region to form
aluminum hydroxide. On the one hand, aluminum oxide is
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Fig.11 Average value of surface corrosion pit depth after cyclic salt

spray corrosion

generated as a result of the dehydration of aluminum
hydroxide. On the other hand, chloride ions in the marine
environment exerts strong adsorption and erosion effects,
gradually replacing the hydroxide ions in aluminum hydroxide
through competitive adsorption. A series of reactions take
place, eventually generating water-soluble aluminum chloride,
via the following steps:

AP*+30H — Al(OH), (©6)
Al(OH), — AlLO, + H,0 (7
Al(OH), + CI' — Al(OH),Cl + OH" (®)
Al(OH),Cl + CI' — AI(OH)CI, + OH" )
Al(OH)CI, + CI' — AICI, + OH" (10)

Water-soluble aluminum chloride is therefore washed
away in a marine environment. The finally generated
corrosion product is aluminum oxide. The corrosion resistance
of aluminum can be improved in the following ways:
(1) protecting the material from attack by chloride ions;
(2) improving the stability of the passivation film on the
metal’s surface and slowing down the aluminum dissolution

reaction at the anode; (3) reducing the metal surface area that
comes into contact with the corrosive medium.
4.2 Mechanism for strengthening corrosion resistance by

USsp

According to the results, the corrosion resistance of
6061-T6 aluminum alloy is significantly improved after USP
treatment with appropriate parameters. According to the
experiments and analysis of the mechanism behind aluminum
corrosion, there are four main factors about the effect of USP
on the corrosion resistance of 6061-T6 aluminum. (1) USP
treatment strengthens the surface layer of the material to
produce intense plastic deformation, generating a large
number of dislocations and twins within the material that
distort its lattice. The macroscopic manifestation of this
process on the material s surface introduces residual com-
pressive stress. Lai et al®" showed that the residual
compressive stress in 304 stainless steels increased with
the increase in USP duration over a certain range, and the
residual compressive stress layer was deepened. Other
studies have shown that increasing the residual compressive
stress in a material can reduce the electrochemical activity of
its surface metal atoms and decrease the density of its
passivation current™ >, This also slows down the dissolution
reaction that occurs at the aluminum anode. (2) After USP
treatment, the surface layer of the material may prevent the
diffusion of chloride ions, owing to grain refinement and an
increase in grain boundaries. The fine grain-strengthening
effect and the work-hardening effect improve the surface
hardness of the material, which makes the passivation film
produced on the material’s surface more uniform, thus pro-
viding better erosion resistance to chloride ions. (3) The
surface roughness parameters (R,, R, and R) are changed to
varying degrees by USP treatment. A higher roughness means
a larger contact area between the material’s surface and the
corrosive medium, making it easier for corrosive substances to

20 ) Region 1 Element wit% Region 2 Element wt% 4
= C 9.42 C 7.64
g O 25.60 (6] 44.53
%‘ 10 Mg 053 Mg 028
E) Al 63.86 Al 46.09
k= ) Si 0.59 Si 0.37
g '-""E 109
0 I —
0 5 10 15 5 10 15

Energy/keV

Energy/keV

Fig.12 Surface morphologies (a—b) and EDS results (c—d) of T1 sample before (a, ¢) and after (b, d) corrosion testing
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Fig.13 Corrosion mechanism diagram of 6061-T6 aluminum alloy

be deposited. These factors reduce the corrosion resistance of
the material. Consistent with the results of Shao et al®¥,
magnesium alloys with lower surface roughness show
higher corrosion resistance. (4) The wettability of material
decreases after USP treatment, which reduces the contact
area between material and the corrosive medium, thus slowing
the corrosion rate.

Fig. 14 presents a model depicting the surface corrosion
mechanism for USP-treated materials. The effect of USP
duration on the corrosion resistance of the material can
be analyzed according to this model. The strengthening
layers produced on the material surface through com-
pressive residual stress, grain refinement, increased grain
boundaries, increased hardness, and increased static contact
angle all strengthen its corrosion resistance. Increasing
the material surface roughness parameters (R,, R, and
R) weakens corrosion resistance. The change in the

corrosion resistance of the material after USP treatment
competitive

results from a mechanism between the

Fig.14 Surface corrosion mechanisms of UT sample (a) and USP-

treated sample (b)

strengthening and weakening terms. Comparing UT, TI,
T2, and T3, it can be seen that the thickness of the
strengthening layer on the material surface is thinner when
USP duration is shorter. However, the roughness parameters
(R, R,
sample. The weakening term therefore plays a more
dominant role in the overall corrosion equation at this
duration. As the USP duration continues to increase, the

and R) are increased compared to the untreated

thickness of the strengthening layer on the material’s surface
increases further. At the same duration, the total height
of the profile (R) begins to decrease. At this point, the
strengthening term plays a dominant role, the detrimental
effect of the weakening term is reduced, and the corro-
sion behavior of the treated material becomes apparent.
According to this analysis, the corrosion resistance of the
material shows an increasing trend, followed by a de-
creasing one, as USP duration increases. Based on the
experimental results, it can be predicted that a material
treated with a long duration of USP has the peaks on its
polished surface, yielding a thicker reinforcing layer with
low roughness, ultimately resulting in a significant improve-
ment to corrosion resistance.

5 Conclusions

1) The degree of grain refinement, the number of grain
boundaries, and the hardness of the surface layer of 6061-T6
aluminum alloy increase with increasing durations of USP
treatment. The total height of contour (R) and the static
contact angle first increase, then decrease with the increase in
USP duration, and the change in corrosion rate shows a
similar trend.

2) USP treatment increases the corrosion resistance of
the material by increasing the values of its strengthening
terms. The introduction of compressive residual stress, grain
refinement, increased grain boundaries, higher static contact
angles, and improved hardness all increase the material * s
corrosion resistance. Conversely, USP also influences the
material > s weakening terms, including surface roughness,
which also increases under USP treatment. The final change
in the material’s corrosion resistance is the result of relative
changes in the strengthening terms relative to those in the
weakening terms, through a competitive mechanism. When
the strengthening terms are dominated, the corrosion
resistance of USP-treated sample will increase. Conversely,
when the weakening terms are dominated,
resistance will decrease.

3) When 6061-T6 aluminum alloy is treated with USP
for 400 s, the thickness of the reinforced layer on the
surface is maximum and the surface roughness decreases
compared to that of the sample treated for 200 s, and its
corrosion rate reaches the lowest value of 0.040 mm-a™. The

corrosion

corrosion rate is reduced by 41.2% compared to that of the
untreated sample. It also shows the best results in terms of
the lowest number of surface corrosion pits with the
shallowest depth.



1726 Li Kun et al. / Rare Metal Materials and Engineering, 2025, 54(7):1717-1726

References Fatiguel[J], 2023, 166: 107289
18 Xu S, Cao Y, Duan B B et al. Surface and Coatings Technol-

1 Yuan Z Y, Wang Y B, Zou R et al. Rare Metal Materials and ogy[J], 2023, 458: 129325

Engineering[J], 2022, 51(5): 1589 19 Qin Z, Li B, Chen TY et al. International Journal of Fatigue[J],
2 Xi R, Xie J, Yan J B. Construction and Building Materials[J], 2023, 175: 107799

2024, 411: 134520 20 Zhang Q, Li S F, Cao Y et al. Journal of Alloys and Com-
3 Starke E A, Staley J T. Progress in Aerospace Sciences[J], 1996, pounds[J], 2023, 948: 169704

32(2): 131 21 Ganguly S, Chaubey A K, Gope R et al. Journal of Alloys and
4 Li M C, Seyeux A, Wiame F et al. Corrosion Science[J], 2020, Compounds[J], 2023, 966: 171203

176: 109040 22 Kumar S, Chattopadhyay K, Singh V. Materials Characteriza-
5 Mondou E, Proietti A, Charvillat C et al. Corrosion Science[l], tion[J], 2016, 121: 23

2023,221: 111338 23 MaYQ, LiK P, LiCL et al. Journal of Power Sources[J], 2024,
6 Xiong Y D, Robson J D, Cao Z J et al. Corrosion Science[l], 594: 233999

2023, 225: 111570 24 Lu S H, Wang Q C, Zhang Y et al. Journal of Materials Science
7 Peng C, Cao G W, Gu T Z et al. Corrosion Science[J], 2023, & Technology[J], 2023, 152: 94

210: 110840 25 LiYJ, Liu X T, Wang F et al. Materials Chemistry and Phys-
8 Sun Q Q, Cao F H, Wang S. Corrosion Science[J], 2022, 195: ics[J], 2024, 313: 128720

110021 26 Zhang X H, Liu J, Xia M et al. International Journal of Machine
9 Karthik D, Deshmukh K, Praveenkumar K et al. Optics & Laser Tools and Manufacture[J], 2023, 185: 103993

Technology[J], 2024, 172: 110537 27 Efe Y, Karademir I, Husem F et al. Applied Surface Science[J],
10 Zhang Z H, Fu X S, Cao Z W et al. Optics & Laser Technol- 2020, 528: 146922

ogy[J], 2024, 174: 110643 28 Figueiredo R B, Kawasaki M, Langdon T G. Progress in
11 Wang Z D, Sun G F, Lu Y et al Surface and Coatings Materials Science[J], 2023, 137: 101131

Technology[J], 2020, 385: 125403 29 Yin F, Han P C, Han Q Y et al. Materials & Design[J], 2024,
12 Zhu L H, Guan Y J, Wang Y J et al. Surface and Coatings 239: 112786

Technology([J], 2017, 317: 38 30 Tong Z P, Zhang Y Z, Chen J et al. Surface and Coatings
13 Chen Y, Du J, Deng S et al. Journal of Alloys and Com- Technology|J], 2023, 472: 129945

pounds[J], 2023, 934: 168023 31 Lai H H, Cheng H C, Lee C Y et al. Journal of Materials
14 Han M X, Du J, Chen Y et al. Journal of Alloys and Com- Processing Technology[J], 2020, 284: 116747

pounds[J], 2024, 980: 173633 32 Trdan U, Grum J. Corrosion Science[J], 2012, 59: 324
15 Liu H, Chen J B, Wang S et al. Corrosion Communications[J], 33 Luo K Y, Xing Y, Sun M R et al. Corrosion Science[J], 2024,

2023, 10: 48 228: 111794
16 Sun Q Q, Han Q Y, Wang S et al. Surface and Coatings 34 Shao Z X, Li P B, Zhang C et al. Journal of Magnesium and

Technology[J], 2020, 398: 126127 Alloys[J], 2024, 12(6): 2520

17 Kumar P, Mahobia G S, Singh V et al. International Journal of

HBARTLYS 6061-T6 155 & R H TR 14 KR 1% RE RIFNT

M R, B, K
CEBETRY PURTRSE, %# HEm 232001)

O WRIES. R . X RATH R ER S A SR IO A TR AW (USP) X 6061-T6 £G4 [F1 3 1T 56 B 1L S P fig ok
PEREIIARIE . 25K, USP M RRTE MR TIN T 43%, FRARER A8 Ss, HRE R 500 B 4 AR N T 20 211.1% 1 35%,
AT A A S I O PR SR o SRIORR TR . 448 L A RS o T 45 BORH B B 6 55 I J8 Tk S 36/ (R RE JEAT T 8. 5 R oK%, USP
A DL I3 s R PR A 41.2%. 707 T USP AR RIS LR, 15Hi8 T USP AR AT RIS bl M: R ROALEE, BIANBRARI ). fckigmib
R S L R N DL R S R A B TR A R v B B 0 A B, RURE R U 54k T SR T A B g

XHEIF: 6061-T64EE 4 PUEMRMERE: e BABA

EHMN: 2 4, 5, 197844, {4, EIEdR, R T RSNIE TR0, 28 iR 232001, E-mail: kli@aust.edu.cn



