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Abstract: Tribological behaviors of the plasma electrolytic oxidation (PEO)-treated Al1050 alloy
surface without and with Ni-P deposits was examined by analyzing of the width of abrasion groove,
weight loss, friction coefficient and composition at the wear track after a 100 m ball-on-disc test.
The surface color, surface and cross-sectional morphologies and surface roughness (R,) were also
investigated to explain different wear behaviors of PEO films without and with Ni-P deposit. After
the 100 m ball-on-disc test, a circular abrasion groove with relatively large width and shallow depth
was formed when Ni-P particles cover the top surface of PEO films, but a relatively narrow and deep
circular abrasion groove was formed on the Ni-P layer-covered PEO film surface. Iron was only
detected at the wear track of 5 and 10 pm PEO films without Ni-P deposit, suggesting that the steel
ball is worn out by the PEO films but not by the Ni-P deposit. An extremely large amount of weight
loss was obtained from the Ni-P layer-covered PEO film surface, which could be related to the high
density and low hardness of the Ni-P layer.

Keywords: plasma electrolytic oxidation; AA1050; electroless Ni-P deposition; tribological behavior;
ball-on-disc test
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1. Introduction

Aluminum alloys have been used in various industrial fields such as automotive,
aerospace, ship, and structural components due to their low density and high specific
strength. However, the use of aluminum alloys is sometimes limited due to its insufficient
wear resistance. To overcome this drawback, thick surface coatings with high hardness are
required to be prepared on the aluminum products.

Plasma electrolytic oxidation (PEO) is one of anodic oxidation methods to form thick
and hard anodic oxide films on aluminum alloys. PEO films are formed with the generation
of micro-arcs which result from dielectric breakdown of the anodic oxide films under
high electric field. The PEO films can be crystallized by high heat generated during
the PEO process, resulting in the formation of oxide films with high hardness and wear
resistance [1-5]. The formation and growth behaviors of PEO film is influenced by factors
such as electrolyte type and concentration [6-13], electrical parameters [14-16], and alloy
composition [17-24]. The effects of these factors have been researched by many authors to
obtain the desired properties of PEO film.

PEO films show excellent wear resistance because of their high hardness. Many
investors have tried to improve the wear resistance of light metals by using the PEO
process [17-25]. The wear resistance of the PEO film-covered aluminum alloy surface
is dependent on not only surface hardness but also the porosity, friction coefficient and
thickness of PEO films. The porosity of PEO film was reported to decrease with increasing
cathodic duty cycle [12,14] and with increasing cathodic voltage [15]. The porosity of
PEO film can be also reduced by forming PEO films in an electrolyte containing ceramic
40/). particles [12,14,24] and by sol-gel coatings [23,25,26]. Our previous work revealed that
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electroless Ni-P deposition can improve the surface hardness of the Al 7050 alloy [27]. If
pores in PEO film are filled by an Ni-P deposit, the wear resistance of PEO film may be
improved. At present, the information on the wear resistance of Ni-P deposited PEO films
on Al1050 alloy has not been reported.

In this paper, the tribological behavior of Ni-P coatings on PEO films with different
thicknesses was studied on an Al1050 alloy by a 100 m ball-on-disc test. The PEO films were
formed by applying a pulsed current, and Ni-P coating was deposited onto the PEO-treated
Al1050 alloy surface by electroless deposition. The width of the abrasion groove, weight
loss, friction coefficient and composition at the wear track were measured, and surface
color, surface and cross-sectional morphologies and roughness were examined to explain
different wear behaviors of PEO films without and with an Ni-P deposit.

2. Experimental
2.1. Specimen Preparation

AA1050 plate (49 mm X 49 mm X 1 mm) specimens were employed for this work.
The plate was drilled at the center to make a hole of 3 mm diameter and then polished by
SiC papers successively up to #2000 SiC paper. The polished samples were treated to form
5and 10 &£ 1.0 um thick PEO (plasma electrolytic oxidation) films under a 1200 Hz pulsed
current at 200 mA /cm? and Ni-P was then deposited onto the PEO films. The electrolyte
used for PEO treatment was 0.2 M Na,SiO3 + 0.05 M NazPOy4 + 0.01 M Napy WOy solution,
and a STS316 plate was used as the counter electrode. In order to keep the electrolyte
temperature below 40 °C, the electrolyte was cooled by circulating the cold water and
ethylene glycol mixture using a cooling bath. The PEO-treated AA1050 specimens were
immersed in a zincating solution for 1 min and then etched for 10 s in a 30% HNO3 solution
at room temperature. The etched specimen was immersed again in the zincating solution
for 1 min and then used for electroless Ni-P deposition. The electroless Ni-P deposition was
carried out for 1 h and 2 h at 85 °C in a mixture of MS-120A and MS-120M solutions (MSC
Co. Ltd., Incheon, Republic of Korea). The P content in the Ni-P deposit was 8~10 wt.%.

The surface and cross-sectional morphologies of the PEO-treated and Ni-P-deposited
Al1050 alloy specimens were observed using scanning electron microscope (SEM) of JSM-
6610LV(JEOL, Tokyo, Japan) and photos of the specimens were taken by using a digital
camera to show surface colors of the PEO-treated and Ni-P-deposited specimens. The
thickness of PEO films was measured by a coating thickness gauge (ISOSCOPE-FMP10,
Helmut Fischer, Sindelfingen, Germany). Surface roughness(R;) of the PEO-treated and
Ni-P-deposited specimens was measured over 4 mm length by using a surface roughness
tester of S]-400 MITUTOYO, Kawasaki, Japan).

2.2. Tribological Test

The tribological behavior of the PEO-treated A11050 alloy specimens with and without
Ni-P deposit was studied using a ball-on-disc tester of RB 100 MT(R&B Co. Ltd., Daejeon,
Republic of Korea) in dry conditions. Before the ball-on-disc test, PEO-treated and Ni-P-
deposited Al1050 alloy specimens were cleaned with ethanol and then dried for 30 min
at 120 °C in an oven. The specimen was fixed on the stage in a chamber of ball-on-disc
tester through the hole at the center of the specimens. The ball-on-disc test was carried out
without lubrication at 0.1 m/s of sliding speed for a sliding distance of 100 m under 10 N
of applied load against an SU]J2 steel ball with a 12.7 mm diameter.

The friction coefficient was recorded during the ball-on-disc test and the weight loss
of specimens during the ball-on-disc test was calculated from weights of the specimen
measured before and after the ball-on-disc test. Photos were taken by using a digital camera
to show the wear tracks of the PEO-treated and Ni-P deposited specimens. Wear tracks of
the PEO-treated and Ni-P deposited specimens were observed using SEM of J[SM-6610LV.
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3. Results & Discussion
3.1. Ni-P Deposition on the PEO Films

Figure 1 shows the typical surface appearances of 5 and 10 pm thick PEO films and
Ni-P deposits on the PEO-treated AA1050 specimens. The PEO films showed a darker
surface with increasing thickness. The color of the PEO-treated AA1050 specimen became
darker with the electroless deposition of Ni-P for 1 h, but further deposition of Ni-P for
2 h increased the brightness of the AA1050 specimen surface. Surprisingly, the electroless
deposition of Ni-P for 1 h on 10 um thick PEO film-covered specimens changed the surface
color from grey to black. It was also noted that a 2 h electroless deposition of Ni-P on 5 pm
thick PEO film-covered specimen changed the surface color to a metallic shiny color.

PEO only PEO + 1 h Ni-P PEO + 2 h Ni-P

10 pm
PEO

film

Figure 1. Photographs of PEO-treated AA1050 specimens before and after electroless Ni-P deposition
for 1 hand 2 h. (a) 5um PEO film, (b) 5um PEO film + 1 h Ni-P, (¢) 5um PEO film + 2 h Ni-P, (d) 10um
PEO film, (e) 10um PEO film + 1 h Ni-P and (f) 10pm PEO film + 2 h Ni-P.

Figure 2 exhibits the surface morphologies of PEO films before and after electroless
Ni-P deposition. Several pores with a diameter between 1 and 5 um were observed on the
PEO films. The size of the pores and the number of cracks increased and the number of
pores decreased with increasing PEO film thickness. The presence of large size pores and a
large number of cracks on the 10 um PEO film may explain why it is a little darker than the
5 um PEO film.

Ni-P deposited for 1 h on 5 um PEO film exhibits a local deposition of Ni-P particles
which are interconnected partly or isolated, as shown in Figure 2b. The further deposition
of Ni-P for 2 h on 5 um PEO film resulted in the formation of an Ni-P layer which covers the
whole surface of 5 um thick PEO film, thereby showing a shiny metallic color in Figure 1c.

Ni-P particles were not observed from the surface of 10 pm thick PEO film after
1h electroless Ni-P deposition, and instead a larger number of cracks, the widening of
cracks, and surface damages of delamination and roughening were observed, as depicted
in Figure 2e. The change in color from grey to black is attributed mainly to the delamination
and roughening of the PEO film surface and partly to the increased number of cracks and
the widening of cracks.
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Figure 2. Surface morphologies of PEO-treated AA1050 specimens before and after electroless Ni-P
deposition for 1 h and 2 h. (a) 5 um PEO film, (b) 5um PEO film + 1 h Ni-P, (¢) 5 um PEO film + 2 h
Ni-P, (d) 10 um PEO film, (e) 10 pm PEO film + 1 h Ni-P and (f) 10 um PEO film + 2 h Ni-P.

The electroless deposition of Ni-P for 2 h on the 10 um PEO film resulted in the
formation of Ni-P particles which are interconnected or isolated, as demonstrated in
Figure 2f. The formation of Ni-P particles over the 10 pm PEO film changed the color from
black (Figure 1e) to a metallic grey color (Figure 1f).

Figure 3 displays the cross-sectional morphologies of PEO films without (Figure 3a,d)
and with electroless Ni-P deposition for 1 h (Figure 3b,e) and for 2 h (Figure 3c,f). Ni-P
deposits were observed to be aligned along the oxide/substrate interface. Embedded Ni-P
particles with irregular shapes and sizes up to several micrometers were also observed
within the PEO films. The Ni-P layer was partly formed on the surface of PEO films
(Figure 3b,f). The Ni-P layer was formed and covered the whole surface of 5 um thick PEO
film after 2 h deposition (Figure 3c).

PEO only PEO + 1 h Ni-P PEO + 2 h Ni-P

5 um
PEO
film

10 pm
PEO
film

Figure 3. Cross-sectional morphologies of PEO-treated AA1050 specimens before and after electroless
Ni-P deposition for 1 h and 2 h. (a) 5 um PEO film, (b) 5um PEO film + 1 h Ni-P, (¢) 5 um PEO film +
2 h Ni-P, (d) 10 um PEO film, (e) 10 um PEO film + 1 h Ni-P and (f) 10 um PEO film + 2 h Ni-P.
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Some pores within the PEO films were not filled with an Ni-P deposit. Assuming
that Ni-P particles can be precipitated only at the zincate layer which was formed at the
oxide/substrate interface, the remaining pores within the PEO film after Ni-P deposition
for more than 2 h do not seem to be connected with the oxide/substrate interface.

It was noted that 1 h of electroless Ni-P deposition can fill the pores within the 5 um
PEO film, but a longer electroless Ni-P deposition time of more than 2 h is necessary to fill
the pores within the 10 um PEO film and to form an Ni-P layer over the PEO film.

Figure 4 presents the surface roughness(R,) of PEO-treated specimens with electroless
Ni-P deposition time. The surface roughness of 5 um thick PEO film was not changed
significantly by1 h electroless Ni-P deposition, but it showed a noticeable decrease by 2 h
electroless Ni-P deposition, which is attributed to the formation of continuous Ni-P layers
over the 5 um PEO film. The surface roughness of the 10 pm thick PEO film was larger than
that of the 5 pm PEO film and it increased somewhat with 2 h electroless Ni-P deposition.
The slight increase of surface roughness by 2 h electroless Ni-P deposition for 10 um thick
PEO film is ascribed to the non-uniform deposition of Ni-P particles, as shown in Figure 2f.
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Figure 4. Surface roughness(R;) of PEO-treated AA1050 with electroless Ni-P deposition time.

3.2. Tribological Behaviors of PEO-Treated Al1050 Alloy without and with Ni-P Deposits

Figure 5 shows appearances of 5 and 10 pm thick PEO films without and with Ni-
P deposits after a 100 m ball-on-disc test. After the ball-on-disc test, a wear track was
observed clearly from 5 um thick PEO film-covered specimens (Figure 5a—c). The wear
track was slightly visible for 10 um thick PEO film (Figure 5d) and it almost disappeared,
leaving only four small white spots at the track for 1 h Ni-P deposited 10 pm PEO film
(Figure 5e). However, the wear track appeared clearly again for the 2 h Ni-P deposited
10 pm PEO film (Figure 5f).

The width of the wear track on PEO films decreased with increasing PEO film thickness.
The width of wear track became larger by Ni-P particles deposited locally, as can be seen in
Figure 5b,f. The wear track width became narrower as a result of the Ni-P layer covering
the whole surface, as depicted in Figure 5c.

The wear track was observed by SEM and the results are given in Figure 6. Small
grooves were partly formed on the 5 and 10 pm PEO films and on the 1h Ni-P deposited
10 pm thick PEO film. Wider and shallower circular wear tracks were formed on the 5 um
PEO film + 1h Ni-P deposited and 10 pm PEO film + 2h Ni-P deposited specimens, and
they showed discontinuous sliding lines and deformed substrate with partly redeposited
lumps. This suggests that the main wear mechanism for the Ni-P particle deposited PEO
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samples is by adhesion. In contrast, deeper and narrower circular abrasion grooves with
continuous sliding lines were observed at the wear track of the 5 um PEO film + 2h Ni-P
deposited specimen.

PEO only PEO + 1 h Ni-P PEO + 2 h Ni-P

TR

5 m
PEO
film

10 um
PEO
film

Figure 5. Appearance of the PEO-treated AA1050 specimens without and with electroless Ni-P
deposition for 1 h and 2 h after a 100 m ball-on-disc wear test at 0.1 m/s under 10 N of applied load.
(a) 5 um PEO film, (b) 5 pum PEO film + 1 h Ni-P, (¢) 5 pum PEO film + 2 h Ni-P, (d) 10um PEO film,
(e) 10 pm PEO film + 1 h Ni-P and (f) 10 pum PEO film + 2 h Ni-P.

PEO PEO + 1 h Ni-P PEO + 2 h Ni-P

5 ym
PEO
film

10 um
PEO
film

Figure 6. Surface morphologies of PEO-treated AA1050 specimens without and with electroless Ni-P
deposition for 1 h and 2 h after a 100 m ball-on-disc wear test at 0.1 m/s under 10 N of applied load.
(a) 5 um PEO film, (b) 5 um PEO film + 1 h Ni-P, (¢) 5 um PEO film + 2 h Ni-P, (d) 10 pm PEO film,
(e) 10 um PEO film + 1 h Ni-P and (f) 10 pm PEO film + 2 h Ni-P.

The wear track was analyzed by energy dispersive spectroscopy(EDS) and the distri-
bution of O, Al, Fe and Ni is displayed in Figure 7. Aluminum was observed at the abrasion
groove, revealing that the PEO film could be worn out partly at the wear track by the 100



Coatings 2023, 13, 160

7 of 10

m ball-on-disc wear test. Iron was not detected at the wear track of Ni-P deposited PEO
films, but it was detected at the wear track of 5 and 10 um PEO films, suggesting that the
steel ball was also worn out by the PEO films [17]. Nickel was observed at the wear track
of 10 um PEO film + 1h Ni-P deposited specimen (Figure 7e), revealing that the embedded
Ni-P in the PEO film was exposed after the wear test.

(@) (b) (©) () (€) )
Sum PEOfilm  5pm PEO film 5 um PEO film 10gm PEOfilm 10m PEOfilm 10m PEO film
+1h Ni-P +2 h Ni-P +1h Ni-P +2 h Ni-P

T Tenen

Figure 7. SEM images and EDS maps of the PEO-treated AA1050 specimens without (a,d) and with
electroless Ni-P deposition for 1h (b,e) and 2h (c,f) after a 100 m ball-on-disc wear test at 0.1 m/s
under 10 N of applied load.

Weight loss data after the 100 m ball-on-disc wear test are given in Figure 8. The
weight losses of the 5 and 10 um PEO films are 0.36 mg and 0.01 mg, respectively (see insert
in Figure 8). The 1 h Ni-P deposited 10 um PEO film-covered specimen also showed a very
small amount of weight loss of about 0.31 mg. These indicate that the PEO films provide
excellent abrasion resistance against the steel ball under 10 N of applied load. It should be
pointed out that the PEO films can’t be worn out readily, although Ni-P is deposited in the
pores of the PEO films and it is not grown up to the external surface of the PEO films.

In contrast, a large amount of weight losses appeared when the Ni-P particles or Ni-P
layers covered the PEO film surface. This implies that wear occurs significantly if the Ni-P
particles or Ni-P layer contact dynamically with the steel ball at 0.1 m/s under 10 N of
applied load. In conclusion, PEO films can be easily worn out only when Ni-P fills the
pores within the PEO films and when it is exposed to the external surface of the PEO films.
An extremely substantial amount of weight loss was obtained when the thick Ni-P layer
covers the PEO film entirely, as shown in Figure 8, which is attributed to the formation of
deep grooves and the much higher density of Ni than that of the porous anodic oxide layer.

The large amount of weight loss for the specimens with Ni-P deposits over the PEO
films in Figure 8 should result from the high friction between the specimen surface and the
steel ball. This is strongly supported by high friction coefficients obtained from the 1 h Ni-P
deposition + 5 pm PEO film-covered and 2 h Ni-P deposition + 10 pum PEO film-covered
specimen surfaces in Figure 9. Although the PEO films (Figure 9a) and Ni-P layer-covered
PEO film (Figure 9¢c) showed relatively lower friction coefficients between 0.4 and 0.6, the
wear loss of the Ni-P layer + PEO film-covered specimen surface was much larger than that
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of the PEO film surface. The reason why the Ni-P layer + PEO film-covered specimen show
extremely large wear loss in Figure 8 could be related to the formation of deep abrasion
grooves and the much higher density of the Ni-P layer than the PEO films.

200

0.5 185.79
) B 5 ;m PEO film
0.4 _ ™10umPEO film
150 - 03 -
=14}
E 0.2
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=) |01
- 100
= 0
.%" PEO PEO + 1 h Ni-P
50 r
23.52 21.77
0
PEO PEO +1h Ni-P PEO +2h Ni-P

Figure 8. Weight loss of PEO-treated AA1050 specimens without and with electroless Ni-P deposition
during the 100 m ball-on-disc wear test.
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Figure 9. Changes in friction coefficient for the AA1050 specimens during ball-on-disc wear test at 0.1
m/s under 10 N of applied load: (a) PEO film only, (b) PEO film + 1 h Ni-P, (c) PEO film + 2 h Ni-P.

4. Conclusions

In this work, the surface color, surface and cross-sectional morphologies and surface
roughness of PEO films and Ni-P deposits on the PEO-treated Al1050 alloy were investi-
gated, and tribological behaviors of the PEO-treated Al1050 alloy surface without and with
Ni-P deposits were examined by a ball-on-disc test.

PEO films show a grey color, and electroless Ni-P deposition for 1 h on 10 pm thick
PEO film changed the surface color from grey to black. The delamination and roughening
of the PEO film surface and widening of the cracks during the electroless Ni-P deposition
process were observed, which seems to contribute to the change of color from grey to black.
A lot of different shapes and sizes of Ni-P particles were observed to be aligned along the
oxide/substrate interface. The surface roughness of the PEO film increased slightly as the
result of the non-uniform deposition of Ni-P particles, and it decreased by the formation of
a continuous Ni-P layer over the PEO film surface.

After a 100 m ball-on-disc test, a few discontinuous abrasion grooves with narrow
width were observed at the wear tracks of PEO films if the Ni-P layer was not exposed
to the top surface of PEO films, while a wide and shallow circular abrasion groove with
discontinuous sliding lines and partly redeposited lumps was formed when the Ni-P
particles are exposed to the top surface of the PEO films. The wear track formed on the Ni-P
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layer-covered surface showed a narrow and deep abrasion groove with continuous sliding
lines. Iron was detected at the wear track of 5 and 10 um PEO films without an Ni-P deposit,
suggesting that the steel ball is also worn out by the PEO films during the ball-on-disc test.
An extremely large amount of weight loss was obtained in the Ni-P layer-covered PEO film
surface, which is attributed to the high density and low hardness of the Ni-P layer.
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