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The surface modification of H65 copper alloy was realized by using friction stir surface processing
(FSSP) technology and a needleless tool. Electrochemical experiments and salt spray corrosion
experiments were conducted to explore the influence of FSSP process parameters on the corrosion
resistance of the processed surface. The electrochemical polarization curves and the salt spray corrosion
depths under different FSSP process parameters were analyzed. Electron backscattered diffraction
(EBSD) experiments were performed under typical process parameters to investigate the grain size
distributions, dynamic recrystallization percentage and dislocation densities. The results show that the
corrosion resistance of the modified surface is improved to various degrees after FSSP compared with
the base metal, and the corrosion resistance is the best when the traverse speed is 100 mm/min and the
rotational speed is 600 rpm. The main reasons for this are that dynamic recrystallization occurs
adequately due to the high heat input, and the grain size and dislocation density are significantly reduced.
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1. INTRODUCTION

Copper alloys are widely used in many fields, such as the shipbuilding industry, the energy and
chemical industry, and the rail transit industry, due to their good mechanical properties, high ductility
and excellent electrical and thermal conductivity [1-10]. Corrosion damage is one of the most common
failure forms of copper alloy parts, especially for some parts working in a corrosive environment for a
long time that are more prone to damage due to surface corrosion, resulting in a reduction in their service
life. Therefore, it is of great significance to carry out research on the corrosion resistance of copper alloys
to slow down surface corrosion and prolong the service life of copper alloy parts.

Many researchers have investigated the corrosion resistance of copper and copper alloys. Singh
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et al. prepared a graphene oxide-polymer composite coating on copper using an electrophoretic
deposition method. The results indicated that the corrosion resistance of copper was effectively improved
[11]. Chukwuike et al. investigated the corrosion resistance of copper surfaces by using the laser shock
peening method, and the electrochemical test results demonstrated that the corrosion resistance was
greatly improved compared to that of the base metal [12]. To improve the corrosion resistance of the
copper surface, Hu et al. prepared an Al-Fe coating on the copper surface by using the pack cementation
method and obtained a good anti-corrosion effect [13]. Xu et al. prepared a Cu/liquid microcapsule
composite coating by using the electroplating method which gained superior corrosion resistance
performance [14]. The above studies mainly improved the corrosion resistance of the copper surface by
preparing coatings, but this method is not suitable for the surface treatment of large parts owing to the
high cost and complicated production process. In view of this deficiency, friction stir processing (FSP)
technology has been used by some scholars to modify the surface of metal materials to improve their
corrosion resistance [15-21]. FSP, which is a variant of friction stir welding (FSW), can change the
surface properties of the material by generating local plastic deformation and heat [22]. On the basis of
FSP, Song et al. proposed a friction stir surface processing (FSSP) method that has been successfully
applied in the surface modification of H62 copper alloy and obtained ideal surface corrosion resistance
[23-24]. In previous studies, regardless of whether the metal surface was modified by FSP or FSSP, the
tool only processed a section of the area along a straight line without processing a large surface. However,
in practical engineering applications, especially for the surface modification of some large parts, a large
modification area is necessary.

In this work, a large-area surface modification of H65 copper alloy was performed by using FSSP
technology and a needleless tool. The effect of FSSP process parameters on the corrosion resistance of
the processed surface was investigated. Furthermore, the microstructure changes of the modified surface
under typical process parameters were analyzed. The research content can provide a reference for the
practical engineering application of copper alloy surface modification.

2. EXPERIMENT

2.1 Experimental materials

An H65 copper alloy plate with dimensions of 200x100x10 mm was adopted to perform FSSP
experiments. The chemical composition of the H65 copper alloy is listed in Table 1.

Table 1. Chemical composition of the H65 copper alloy (mass fraction, %)

Elements Cu Pb P Fe Sb Bi Zn Impurities
Content 63.5-68 0.03 0.01 0.1 0.005 0.005 Balance 0.3

2.2 Experimental equipment and methods

The experiments were carried out in an FSW-LM-A10-type friction stir processing machine



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22061 3

produced by Beijing Saifusite Co., Ltd. (China). A homemade needleless tool was utilized to process the
surface of the H65 copper alloy in this paper, as shown in Figure 1.

Figure 1. Needleless tool used in experiments

To explore the influence of FSSP process parameters on the surface corrosion resistance of the
H65 copper alloy, 9 experiments with different traverse speeds and rotational speeds were designed, as
listed in Table 2. The tilt angle of the needleless tool and the processing depth were set to 0° and 0.5 mm,

respectively.

Table 2. Process parameter settings used in experiments

Traverse qued (TS) Rotational speed (RS) Sample number
(mm/min) (rpm)
100 200 Sample 1
100 400 Sample 2
100 600 Sample 3
200 200 Sample 4
200 400 Sample 5
200 600 Sample 6
300 200 Sample 7
300 400 Sample 8
300 600 Sample 9

The processing path of the needleless tool on the H65 copper alloy surface was A-B-C-D-E-F-
G-H-I-J-K-L-M-N-O-C-P, as shown in Figure 2. The H65 copper alloy surface to be processed was
cleaned before FSSP to remove the oil stains. The processed H65 copper alloy plates were cut by a
DK7732PZ-type wire cutting machine produced by Suzhou Hanqi CNC Equipment Co., Ltd. to obtain
the required test samples. The electrochemical corrosion test samples, salt spray corrosion test samples
and electron backscattered diffraction (EBSD) test samples were extracted from different positions of
the FSSP zone, and they were used to conduct the electrochemical corrosion experiments, salt spray
corrosion experiments and EBSD experiments, respectively, as depicted in Figure 2.
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Figure 2. Schematic drawing of the processing path and the sample extraction positions

The electrochemical corrosion test samples were first polished with 320 #, 600 #, 1000 # and
1400 # metallographic sandpaper in turn. Subsequently, the polished sample surfaces were further
polished to the mirror state using an MDS600-type polishing machine. Thereafter, the electrochemical
corrosion test samples were scrubbed clean with absolute alcohol and blown dry. The salt spray corrosion
test samples were treated in the same way as the electrochemical corrosion test samples.

The EBSD test samples were first polished with 320 #, 600 # and 1000 # metallographic
sandpaper. Afterward, the polished samples were electropolished using an EP-06X-type electrolytic
polishing corrosion instrument produced by Lab Testing Technology (Shanghai) Co., Ltd. The polishing
liquid was a mixed solution of nitric acid (30%) and methanol (70%). Moreover, the voltage, current and
time of electrolytic polishing were set to 30 V, 1 A and 15 s, respectively.

A CHI600E-type electrochemical workstation produced by Shanghai Chenhua Instrument Co.,
Ltd. was used to carry out electrochemical corrosion experiments. A homemade sealing fixture was used
to seal the electrochemical test samples except the corrosion surface. The area of the corrosion surface
was 0.5 cm?. The auxiliary electrode and the reference electrode were platinum wire and saturated
calomel electrode, respectively. In addition, the electrochemical corrosion solution applied in this
research was 3.5% NaCl. The potentiodynamic polarization method was adopted to characterize the
corrosion performance of the electrochemical test samples. The scanning potential ranged from -2.5 to
1 V with a scanning rate of 0.01 V/s. All electrochemical experiments were performed at room
temperature.

A JY-60-SS-type salt spray corrosion testing machine produced by Shanghai Juyin
Environmental Testing Equipment Co., Ltd. was used to conduct salt spray corrosion experiments. The
corrosive liquid used in the salt spray corrosion experiments was a 5% NaCl solution. Furthermore, the
temperature in the spray chamber was set to 35 °C. The experimental time of salt spray corrosion was
first set to 24 h. Subsequently, the corroded samples were placed in the natural environment for 30 days.
Moreover, a VHX-950F-type 3D superdepth digital microscope produced by KEYENCE (China) Co.,
Ltd. was utilized to measure the corrosion depth.

The EBSD experiments were carried out by a GeminiSEM 500 field emission scanning electron
microscope produced by Carl Zeiss AG.
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3. RESULTS AND DISCUSSION

3.1 Analysis of the modified surface macromorphology

Figure 3 shows the macromorphologies of the H65 copper alloy under different FSSP process
parameters. Figure 3 shows that the modified surfaces are all well formed under different FSSP process
parameters, which lays a foundation for discussing the corrosion resistance of the modified surfaces and
provides a possibility for popularizing large surface modifications. Figure 3 also shows that the knife
grains on the modified surfaces are slightly different under different FSSP process parameters; the faster
the traverse speed is, the larger the knife grains and the rougher the modified surface. Since the modified
surfaces need to be finished to obtain the required surface quality in actual applications, the size of the
knife grain will not affect the actual use.

(f) Sample 6 (g) Sample 7 (h) Sample 8
Figure 3. Macro morphologies under different FSSP process parameters: (a) TS=100 mm/min, RS=200
rpm, (b) TS=100 mm/min, RS=400 rpm, (¢) TS=100 mm/min, RS=600 rpm, (d) TS=200 mm/min,
RS=200 rpm, (e) TS=200 mm/min, RS=400 rpm, (f) TS=200 mm/min, RS=600 rpm, (g) TS=300
mm/min, RS=200 rpm, (h) TS=300 mm/min, RS=400 rpm, and (i) TS=300 mm/min, RS=600

rpm



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22061 6
3.2 Analysis of corrosion resistance

3.2.1 Analysis of electrochemical polarization curve

The polarization curves under different process parameters are depicted in Figure 4.
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Figure 4. Polarization curves under different FSSP process parameters: (a) TS=100 mm/min, RS=200
rpm, (b) TS=100 mm/min, RS=400 rpm, (¢) TS=100 mm/min, RS=600 rpm, (d) TS=200 mm/min,
RS=200 rpm, (¢) TS=200 mm/min, RS=400 rpm, (f) TS=200 mm/min, RS=600 rpm, (g) TS=300
mm/min, RS=200 rpm, (h) TS=300 mm/min, RS=400 rpm, (i) TS=300 mm/min, RS=600 rpm,
and (j) base metal

To avoid man-made operation error, the polarization curves were automatically fitted by
CHI660E software matched with the electrochemical workstation. The corrosion potential (Ecorr) and
corrosion current density (Icorr) under different FSSP process parameters are listed in Table 3. The more
negative the corrosion potential is, the greater the corrosion tendency of the modified surface. The
smaller the corrosion current density is, the slower the corrosion rate of the modified surface [25-26].
Therefore, a larger corrosion potential and a smaller corrosion current density are beneficial to obtain a
good corrosion resistance of the material [27-28].

Table 3. Corrosion potential and corrosion current density under different FSSP process parameters

Sample Base
Number ! 2 3 4 > 6 7 8 ? Metal
Ecorr (V) -0.405 -0.39 -0.335 -0.756 -0.418 -0.429 -0.407 -0.782 -0.36 -0.703

Lo (A/em?)  9.40e-5  6.67e-5 5.56e-5 6.72¢-5 7.12e-5 9.75¢-5 9.05e-5 9.61e-5 1.15¢-4 1.72¢-4

Table 3 shows that sample 3 obtains the largest corrosion potential and the smallest corrosion
current density, which indicates that the corrosion resistance of the processed surface is the best when



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22061 7

the traverse speed is 100 mm/min and the rotational speed is 600 rpm. This finding is mainly because
the tool advances slowly at a higher rotational speed under such process parameters, resulting in a large
amount of heat being generated in the processing area. In this situation, the material is stirred more
evenly and is more prone to dynamic recrystallization, which leads to a good corrosion resistance of the
processed surface. The refinement of the microstructure produced by friction stir processing is an
important reason for the improvement of the corrosion resistance of the material. The refined
microstructure helps to form a uniform and dense passivation film on the corrosion surface, thereby
improving the corrosion resistance [29-30]. Furthermore, the corrosion current densities of all samples
are lower than that of the base metal, which illustrates that the corrosion rate of the H65 copper alloy
surface is reduced after FSSP. This proves that FSSP can improve the corrosion resistance of the
processed surface to a certain extent, which is consistent with the research conclusion of [31].

Table 3 also suggests that the corrosion current density decreases with the increase of the
rotational speed at a lower traverse speed of 100 mm/min, while there is an opposite trend when the
traverse speed is at higher values of 200 mm/min and 300 mm/min. The reason for this phenomenon
may be that the heat input of the processing surface plays a leading role at lower traverse speeds. At the
same traverse speed, the higher the rotational speed is, the greater the heat input, and the more dynamic
recrystallization occurs in the processing area [32]. At higher traverse speeds of 200 mm/min and 300
mm/min, however, the mechanical stirring of the tool plays a leading role due to the decreases in the
heat input per unit time of the processed surface. In this case, the higher the rotational speed is, the more
obvious the mechanical stirring effect of the tool, the larger the dislocations within the grains, and the
faster the corrosion rate of the processed surface.

3.2.2 Analysis of surface corrosion depth

The surface corrosion depths after salt spray corrosion and natural corrosion under different FSSP
process parameters are depicted in Figure 5.
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Figure 5. Surface corrosion depths after salt spray corrosion and natural corrosion under different
process parameters: (a) TS=100 mm/min, RS=200 rpm, (b) TS=100 mm/min, RS=400 rpm, (c)
TS=100 mm/min, RS=600 rpm, (d) TS=200 mm/min, RS=200 rpm, (e¢) TS=200 mm/min,
RS=400 rpm, (f) TS=200 mm/min, RS=600 rpm, (g) TS=300 mm/min, RS=200 rpm, (h) TS=300
mm/min, RS=400 rpm, (i) TS=300 mm/min, RS=600 rpm, and (j) base metal

As shown in Figure 5, sample 3 has the smallest corrosion depth of 162.72 um, which is 12.53%
less than that of the base metal. This value reveals that the corrosion resistance of the modified surface
is the best when the traverse speed is 100 mm/min and the rotational speed is 600 rpm, which is consistent
with the results of the electrochemical experiment. The corrosion depth of sample 9 is the largest at
181.28 pwm, which is lower than that of the base metal. This also proves that the surface corrosion
resistance of the H65 copper alloy can be effectively improved by FSSP. On the whole, the corrosion
depth of the processed surface is lower when the traverse speed is at a lower value of 100 mm/min than
at higher values of 200 mm/min and 300 mm/min, which is mainly due to the material being able to fully
agitate at the lower traverse speed [33]. In general, the effect of the process parameters on the surface
corrosion resistance of the H65 copper alloy is basically consistent with the electrochemical test results.

3.3 Microstructure analysis of typical process parameters

To reveal the influence mechanism of FSSP process parameters on the surface corrosion
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resistance, two samples of typical process parameters (sample 3 with the best corrosion resistance and
sample 9 with the worst corrosion resistance) and the base metal were selected to perform EBSD
experiments.

Figure 6 shows the grain structures of the base metal, sample 3 and sample 9. Previous studies
have confirmed that the grains can be obviously refined by using friction stir processing [34-36]. The
reduction in grain size helps to improve the corrosion resistance of the processing area [37-38].

0 20 40 60/um 0 10 20 30 40juum 0 10 20 30  40/um
(a) Base metal (b) Sample 3 (c) Sample 9

Figure 6. Grain structures of the base metal, sample 3 and sample 9: (a) Base metal, (b) TS=100 mm/min,
RS=600 rpm, and (¢) TS=300 mm/min, RS=600 rpm

Figure 6 shows that the grains of the base metal are long strips, and the grain size distribution is
uneven. Moreover, the grains of sample 3 and sample 9 are significantly refined by comparison with the
base metal, and the grain sizes are more uniform. The more refined grains of sample 3 and 9 are mainly
due to the severe plastic deformation of the materials in the processing area under the stirring action of
the tool, which causes the large-sized grains to be refined [39]. The significant grain refinement is an
important reason for the improvement of the corrosion resistance of friction stir processed surfaces.

Figure 7 shows the grain size distributions of sample 3 and sample 9 to further clarify the
difference in their grain size.
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Figure 7. Grain size distributions of sample 3 and sample 9: (a) TS=100 mm/min, RS=600 rpm and (b)
TS=300 mm/min, RS=600 rpm
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From Figure 7, it can be observed that there are more large grains in sample 3 than in sample 9.
This difference is mainly because more heat is generated when the traverse speed is 100 mm/min vs. 300
mm/min, and the grains grow faster at a higher temperature. The effect of temperature on grain growth
is consistent with the result of [40].

In the process of FSSP, dynamic recrystallization of varying degrees will occur in the processing
area under the combined action of tool mechanical stirring and high temperature [41-43]. This
phenomenon has been confirmed in some previous studies [44-45]. The dynamic recrystallization
produced during friction stir processing has an important influence on the microstructure evolution and
mechanical properties [46]. Zhao et al. studied the effect of dynamic recrystallization on the corrosion
sensitivity of brass, and the results indicated that an inadequate recrystallization structure can form
corrosion channels, thereby accelerating the corrosion of brass [47]. Therefore, adequate dynamic
recrystallization is helpful to improve the corrosion resistance of copper alloys. The dynamic
recrystallization maps of the base metal, sample 3 and sample 9 are shown in Figure 8.

Recrystallized Substructured  Deformed Recrystallized Substructured  Deformed Recrystallized Substructured  Deformed
[E——— [-=====m==] s | [-emamms] | [ ===
26.98% 28.82% 44.20% 84.78% 13.33% 1.89% 83.81% 12.40% 3.79%
(a) Base metal (b) Sample 3 (c) Sample 9

Figure 8. Dynamic recrystallization maps of the base metal, sample 3 and sample 9: (a) Base metal, (b)
TS=100 mm/min, RS=600 rpm, and (¢) TS=300 mm/min, RS=600 rpm

Figure 8 shows that the recrystallized percentage of the base metal is only 26.98%, and there are
a large number of subcrystals. The recrystallization percentages of sample 3 and sample 9 are
significantly higher than that of the base metal. Sample 3 obtains a larger recrystallized percentage
(84.78%) and a smaller deformed percentage (1.89%) than sample 9, which indicates that dynamic
recrystallization occurs adequately under the process parameters of sample 3. This is mainly because
more heat is generated when the traverse speed is 100 mm/min and the rotational speed is 600 rpm. At
the same time, it is also related to the severe plastic deformation caused by the stirring of the tool [48].

Figure 9 and Figure 10 show the dislocation density maps and the dislocation density
distributions of the base metal, sample 3 and sample 9.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22061 11

0 1 2 3 S/deg 0 1 2 3 4/deg 0 1 2 3 4/deg
(a) Base metal (b) Sample 3 (c) Sample 9

Figure 9. Dislocation density maps of the base metal, sample 3 and sample 9: (a) Base metal, (b) TS=100
mm/min, RS=600 rpm, and (c) TS=300 mm/min, RS=600 rpm
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Figure 10. Dislocation density distributions of the base metal, sample 3 and sample 9: (a) Base metal,
(b) TS=100 mm/min, RS=600 rpm, and (c) TS=300 mm/min, RS=600 rpm

Dislocation is an internal microdefect of crystalline material that has an important impact on the
corrosion resistance of the material [49]. The higher the dislocation density, the more serious the
microdefects, and the easier the material will be corroded [50]. Studies [51-54] have also confirmed this
point; that is, the greater the dislocation density is, the faster the dissolution rate of the metal, and the
larger the corrosion rate of the material. Therefore, a smaller dislocation density is desirable to obtain
good corrosion resistance. From Figure 9 and Figure 10, it can be observed that the dislocation density
of the base metal is the largest, which is one of the important reasons why the corrosion resistance of the
base metal is poor. The dislocation densities of sample 3 and sample 9 are significantly reduced
compared with that of the base metal. This also demonstrates that FSSP has a better effect on improving
the microstructure and properties of copper alloy, which is consistent with the research result of [55].
Furthermore, the dislocation density of sample 9 is slightly higher than that of sample 3. This is because
the traverse speed of sample 9 is faster, resulting in the heat input being relatively reduced in the
processing area. Under this condition, the strong mechanical stirring effect of the tool enhances the
dislocation within the grains, which accelerates the metal dissolution rate of the corrosion surface,
resulting in the corrosion resistance of sample 9 being lower than that of sample 3.
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In summary, when the traverse speed is 100 mm/min and the rotational speed is 600 rpm, the
grains are obviously refined compared to the base metal, the material undergoes adequate dynamic
recrystallization under the action of high heat input, and the dislocation density within the grains is
significantly reduced, which eftectively improves the corrosion resistance of the processed surface.

4. CONCLUSIONS

In this study, the corrosion resistance of the H65 copper alloy surface was investigated under
different FSSP process parameters. The microstructures from typical process parameters and the base
metal were analyzed by EBSD experiments. The main conclusions are as follows:

(1) The corrosion resistance of the H65 copper alloy surface is improved to various degrees under
different FSSP process parameters, which indicates that FSSP is an effective and simple surface
modification method.

(2) When the traverse speed is 100 mm/min and the rotational speed is 600 rpm, the corrosion
resistance of the H65 copper alloy surface is the best. Under this condition, the corrosion current density
is reduced by 67.67% and the corrosion depth is reduced by 12.53% compared with the base metal.

(3) When the traverse speed is 100 mm/min and the rotational speed is 600 rpm, the
recrystallization percentage reaches 84.78%, which is much higher than 26.98% for the base metal. The
grain size and dislocation density are also significantly lower than those of the base metal.
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