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ABSTRACT

The aim of this review article is to examine the application of oxide nanoparticle
pigments in plasma electrolytic oxidation (PEO) coatings for improving corrosion
resistance in metallic alloys, especially aluminum and its alloys. This article
investigates the effects of various oxide nanoparticle pigments, including V; Os ,
TiO; , Zn0O, Fe, O3 , and MoS; , which have been introduced as additives in PEO
electrolytes. The results of conducted studies show that the addition of these
nanoparticle pigments to PEO electrolytes leads to a reduction in coating porosity,
an increase in hardness, and an improvement in both corrosion and wear
resistance. Specifically, oxide nanoparticle pigments such as V, O and TiO,
significantly enhance corrosion resistance and electrochemical stability by
promoting the formation of resistant phases like a-Al, Oz in the coatings.
Additionally, ZnO and Fe, Oz, by reducing porosity and increasing coating
density, show positive effects on wear resistance and corrosion resistance in
corrosive environments. This article also discusses the challenges and limitations
of using oxide nanoparticle pigments in the PEO process.
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Figure 1: (a) A SEM micrograph, and (b) a schematic of a PEO
coating obtained on an aluminum alloy (49).
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Coating

A e bl

ho: sample thickness before PEO a : outward growth thickness
h,: sample thickness after PEO b : part growing toward substrate
h : thickness of the PEO coating
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Figure 2: A schematic diagram explaining PEO coating formation on
a 1060 Al substrate (67).
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Stage |: anodic oxidation

Stage Il: passivation

Stage llI: dielectric breakdown
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Figure 3: A schematic diagram explaining primary stages of an oxide layer generation in anodizing and PEO process (64).
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Figure 4: The growth mechanism schematic of the PEO coatings (69).
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Figure 5: Micrograph of a section of a PEO coating on (a) AA2024,

and (b) AA1050, showing the formation of a dark, copper oxide-rich
layer, in alloy 2024 (73).
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Figure 6: lllumination intensity during a potentiostatic PEO process
of AA2024 (77).
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Table 1: Representative modern inorganic pigments (90).

Color, effect Representatives

White Titanium dioxide (TiO, / rutile and anatase), zinc oxide (ZnO), zinc sulfide (ZnS), lithopone (ZnS + BaSO,)
Black Carbon black, iron oxide black (Fez O, ), spinel black (CuCr, O, )
- Iron oxide yellow (a-FeEOOH), chromium titanium yellow ((Ti,Cr,Sh)O, ), nickel titanium yellow ((Ti,Ni,Sb)O, ),
lead yellow (PbCrO, ), cadmium yellow (CdS), bismuth yellow (BiVO, )

Red Iron oxide red (a-Fe, Oz ), molybdate red (Pb(Cr,S,M0)O, ), cadmium red (Cd(S,Se))

Green Chromium oxide green (Cr, Oz ), chromium oxide hydrate green (CrOOH), cobalt green (Co, TiO, )

Blue Cobalt blue (CoAl, O, ), ultramarine blue (Nas Als Sig O, 4 (NaSn)), iron blue* (K[FellIFell(CN)¢ ]-xH, O)
Brown Mixtures of different iron oxides

Special color effects
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8 Electron explosion

9 Sonication

19 Arc discharge

1 Chemical precipitation
12 Sol-gel process

13 Co-precipitation

Pearlescent pigments, interference pigments, metal effect pigments
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! Top-down

2 Bottom-up

3 Bulk materials

4 Mechanical milling

3 Electrospinning

6 Laser ablation
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Figure 10: Approaches of synthesis of nanoparticles (91).
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Figure 11: Zeta potentials of ZrOzand TiO2 powders at
different pH levels (94).
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Table 2: Particles applied in PEO processing (12).

Polytetrafluoroethylene (PTFE)

Hydroxyapatite (HA)

Properties and field of applications

Lower friction coefficient, chemical inertness and

hydrophabicity

Osteogenesis and biomaterial

Clay minerals Absorption capacities and filler material

SiO, High heat and chemical resistance
SizNy High hardness and wear resistance

Ce0,/Ce,03 High chemical stability, superconductors and sensors

Graphite Solid lubricant

Fe/Fe,03 Ferromagnetic material

Cu Antibacterial activity
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Figure 12: Variation of voltage with PEO treatment time (97).
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Figure 13: The absorption and incorporation mechanism of particles
in PEO processes (69).
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Figure 14: SEM images of cross-sections of coatings: TO (a), T5 (b),
T10 (c), T15 (d), T20 (e), and T25 (f) (126).
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Figure 15: Hardness profiles of PEO coatings with and without a-
Al,O3 particles (125).
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Figure 16: Mechanism of coating growth on AZ91 alloy, (a) negatively charged zinc oxide nanoparticles attracted to the substrate surface, (b)
deposition of nanoparticles, (c) formation of a thin protective layer, (d) formation of micro-discharge channels and molten bursts, (e) formation of a
PEO coating, and (f) schematic of the PEO coating (cross-sectional view) at low and high nanoparticle concentrations (70).
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AY-1YD A (16-0) 17 /S5 ) s ) wlalloe (ele 4 puiss



\YY

(a) 2.0x10°

1.5x10°
<&
£
O

G 1.0x10°
N
|

5.0x10"

0.0 : : :
0.0 5.0x10° 1.0x10° 1.5x10°
Z' (Q.cm?)

2.0x10°

Z0
Z1
z2

204
[
104 z3
— Fitted results|
0 T T T T T T
10? 10" 10° 10' 10° 10° 10 10°
Frequency (Hz)

(b) * 7

(d)

=LA Lwgil (gl s juligs (63 )5t (SO S5 339 Sg9ua 12 690 /U ed 9 insty LS (gL

i) 1
® 72
iot] ® 73
— Fitted results|

1Z] (©.cm?)
=)
ul

T T T T T T
10? 10" 10° 10' 10° 10° 10* 10°
Frequency (Hz)

(V) ool ool idigs sladigas Bode (b, €) 5 CussSol (@) (slologes 1A &
Figure 19: (a) Nyquist, and (b, c) Bode plots of the coated samples (70).
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Figure 20: (a) Potentiodynamic polarization curves of bare substrate, S1 and S2 samples scanned from —0.25 to +0.40 V with respect to the

open circuit potential at a scan rate of 1 mV/s. (b) the corresponding values of Ecorr and icorr. (c) Nyquist plots for PE coatings of S1 and S2

sample with an equivalent circuit model shown as an inset used for fitting the EIS results. (d) Comparative analysis of the icorr values of the
present work with other methods, additives and different nanoparticles (134).
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Figure 22: (a) EDS Line scan are shown for Al, O, P, and V of the
cross-sectional of the S2 sample (134).
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Figure 21: SEM and corresponding AFM analysis on the surface of
the S1 and S2 samples. The images showed the presence of
micropores and cracks on the (a,b) S1 and (c,d) S2 samples (85).

sy (55,08 5 cwls il 4 auly o aslaSS, 346
09y Bk 31 a5 V2 Os (s5l> slajiubgy ;o aiS SaS by
Fooyi8 5 Jes slagide Wsdee ad s STy
NS o S (53,55 0l JISr el & 45 g e ool
a4 e TIO, aliSs, o35 5L slacale (pimen (VTF)
2O R fia (SOpE8 g Jaets g dlwgn L sbeaY JSs
odle (\WP)igd oo Sl > 1> oy 1o oo 5 A5l sloay
Sad a1y Gl 4 Ceglie o ot Wilgs 0 TIOZ  ailwiS «cpl 5
a Cosslie Y e s 4 TIO, Ly, sboayy ams b33l
SBhol oy b ids il (oerizred Wiidn oo S5 |) Gl
V2 05 5)50 ,0 (W) aims oo lid 095 51 (Y d90>) b
WS S8 5 gl ola) el 4wl e alaSs, ol 34l
Loy s wile 0,8 S5, b abaidg sl & e 1
oolitl o, Slas S5ue sl (ns5 SloLby, 5 (Ko g o (Sieo
sl 3 T3 Ty a3 g, il S ol sl 3
5 5y 3 L) Sl g JesleSy ms 4 e Vo Os
28 psboles) edge Giligy el 2 V2 Os (§piy STy
OYF) (Coslods ools oLas YY S
as o5 0 b, Dl)del waxie bl 999 L
@ Cudgaze (p kel Wls oles 4 S pla il (59565
BIS o iiigy ol 93,5 oL PEO (sl gy 515 Jsedseie Cuale
Loy (FanScdaslone wilgi o &5 witms Jodiie s lisla gl

S dgae |

! trade-offs

QY-1YD A (\e-0) 17 /) s ) wlalloe (ele 4 puiss



« JiaLwgil (Sl Ss juligs (63 )Sloc (SO SS 329 Sgua 12 SI9 00 / YLD 9 it LS (gl

2 ‘!?.— -'J-'":' - =
5O e bdgs PEO 6L‘°u“""9" )l ts’da"" LSM:L....:M) ).3.9'.‘45 Yy J.&m

P5(d)5 P3(e) PL(D) PO@) Y1351 Jiliss pamlty ciliie slacilale

Figure 23: Surface morphology images of PEO coatings prepared at
different PTO concentrations (a) PO, (b) P1, (c) P3, and (d) P5 (136).
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