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ABSTRACT: The research progress of microarc oxidation process to tailor hierarchical micro-nano pores is reviewed from the
views of scientific mechanism, influencing factors, control strategies and design preparation of functional ceramic coatings.
Based on the nature and formation mechanism of micro-nano pores, the classification and characterization methods of micro-

nano pore structures are described. After reviewing the influence of electrolyte composition, power supply mode and electrical
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parameters on the size, shape and distribution of micro-nano pores, the strategies on how to tailor hierarchical micro-nano pores

are proposed from the aspects of construction, reduction (or even elimination) and utilization of micro-nano pores. Furthermore,

how to construct special functional coatings suitable for different service environments is further discussed. Finally, the latest

process exploration for tailoring the micro-nano pore structure and possible developing trends is presented.
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WAL ( Microarc Oxidation, MAO ) AR, ¥
A IR f# E 4L ( Plasma Electrolytic Oxidation,
PEO) #ARM, RfESE (M. 8. k. 8. 8. |
Ha5) M AME Bt Fe, {4 )8 3% 11 4 2
R A=A Bl 2, 7 AR IO ., RO B XA R
o i e R AL S E T, (4 Jm 3R T A2k Ak, F
I AE FEAR 4 R Y i AL R 4 i f Ak ol & | L
W& 1o 2 5 v ) B R 2H RS A A8 1) D e
AR <A S =

ORI FOR T2 5, R, HERZR
JEEEA 5 U BEREE A T BT o, T AL ST e E
(R =R F T RN e o3 % N e ECE NG 7 1S
L A HTE R E A S — RS T AR R 2,
H B S AT 2 O Y A B Pl R, It r o
A LB E N RESE BT, BAEIR R S R AR
TR A 2 B 2 R TR B AR AL . BB A
KRALV Sy Rmfl, B, R/, fJLRTE
100 nm ZW; B2 4L, HEGEm, FaARR
300 nm; RKMEfL, HIEHZHE, FLAERST R 1~5 um,

Published numbe

a NREEGRFXEST

FLEBRR 5%~40% . 718 Sl K AL T L5 S R AL
AR LB, BE IR PE AR AL JEAR . =S 1a) oy
TR, b S U 2 i A B 2 PR RO,
WAE A ERE CIREE . RERE . BEIEAREL. 456 701).
g tEfe (AT PR, o rERE (Al
itk ESAE ) BALETERE . A etERE (B
A AEMIRAE) S50 DI, AnfeR R A A
WIZHBEARAL , DUMESR T BT IF A 45 E DI RE Y Py
BIWRIZE, RA ST R DR, o2 3 RUNIHE R R

KT AL TR 2 Gl oK AL 45 A0 I8 5 15 1 RE AR
KR EARB G RN E 1 Fros . &l 1a AT,
FI 2005 ALK, 5RO AT Z BERFLAHSC R BT
FES SO S PR s & 1o T, BRIE
TR K AL G R 4 L % B BE P I AT 5 3 4 vh A
PUB . GUBWEE | VS TERIR S, ARG, Ot
I G AL L LT R B SRR B e
TR IZH BT IR A B I . sl WL, Rl 4 f
TR )2 Z BN KASL AL A ) S DI REAR I IR 5T, 2k
THT 1 AR R AF 2 O I AR A

b RFEDIBER A RS

F 1 S5HONEG Z UK LA R 2 AR 30 EE T (CRIET Web of Science #4077 )

Fig.1 The distribution of papers for (a) related study of micro-nano pores in MAO coating, (b) multifunctional applications (from

the Web of Science database)
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Fig.2 Micro-nanopores and columnar crystal around pores in the coating after spark decaying: a) remained spark channels?*); b)

columnar crystal around pores®®
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Fig.3 Schematic diagram of the plasma discharge during MAO process: a) schematic illustrations of the discharge types according
to the model proposed by Hussein et al.’7); b) schematic illustration of the discharges model described by Cheng for the MAO

coating?®™
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Fig.4 Schematic illustration of the plasma discharge during
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Fig.5 (a) The evaluation of plasma discharges as a function of
the coating time obtained at R, = 0.89 and R, = 1.57[41], and
(b) Anodic voltage-time curves for 2214 Al alloy samples tre-
ated via MAO with R, = 0.89 and 1.57 where a soft sparking
regime was observed after 15 min when the MAO process was
carried out using a bipolar current mode with R, = 0.89142
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Tab.1 The existence form, classification and structural characteristics of micro-nano pores formed in MAO coatings

Coating Classification Micro-nanopore . Average .
Size range ; Porosity Ref
structure of pores structure morphology pore size
Anode interface Anode interface Horlzontal pore, vertical pore, section .spher- <100 nm ~30 nm <1%
layer pores ical pore and curved pore, blind pore, interc-
ommunicating pore etc _
Interlayer ques of the 100~600 nm  ~300 nm  <10% [19,36-54]
middle layer
Outer layer Surface pores  Various pore structures on the coating surface 5 nm~10 um 1-5 um  5%~40%
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Tab.2 Advanced characterization methods of micro-nano pores in MAO coatings

Summary of
characterization methods

Special advanced
characterization methods

Characterization
analysis content

Micro-nano pore
structure characteristics

Ref

TEM, FIB, SEM, In situ
tensile, Synchrotron rad-
iation, Tomographic slic-
ing, Chemical stripping/
Metallographic method,
X-ray CT, GDOES depth
profile, High-speed pho-
tography, OES

Small area electrical mo-
nitoring system combined
with X-ray tomography

High resolution X-ray co-
mputed tomography (X-
ray CT)

Synchrotron radiation to-
mography

High speed video

Nikon D300 digital cam-
era

Optical emission spectro-
scopy, OES

Denudation coating com-
bined with SEM and TEM

Pore content, depth
and morphology

The location, size,
and appearance of
the holes

3D structure and 3D
porosity

Spark discharge in-
formation image:
including discharge
life, latency behav-
ior, discharge char-
acteristics

Discharging behav-
iours; Coating gro-
wth kinetics; Cell
potential-time resp-
onses

The plasma electron
temperature, electr-
on density and ato-
mic ionization in the
plasma region were
evaluated

The “overgrowth”
characteristics; The
formation mechan-
ism of micro/nano
pores and crack pr-
opagation behavior

The central hole extends to the whole coat-
ing, and even extends down to the substrate
for a few microns. The hole near the subst-
rate is 10 um, and the surface pore is up to
100 pm. (porosity of 15%~20%)

The porosity is about 5.7% and the coating
thickness varies from 4 to 42 um

The initial stage shows a high porosity (up
t0 26.25%); The porosity decreases with the
thickening of the oxide layer (from 26.25%
to 10.88%)

Individual discharges tend to occur in sequ-
ences (cascades), with lifetimes from a few
microseconds to several tens of microse-
conds; Discharge lifetimes, and incubation
periods, tend to increase as thethickness is
raised

Pores are present in the inner part of the
coating. A dense inner layer, ~1.2 um thick,
and a thicker outer layer, with through cra-
cks, are evident.

The electron temperature in plasma disch-
arge zone is about 3000~15 000 K; The ini-
tial spark density is high, then the spark be-
comes weak and less. In the later stage, the
dense layer grows rapidly, while the loose
outer layer thickness remains stable.

An interface layer (600 nm) composed of
nanocrystalline and amorphous alumina

[48]

[49]

[50]

[51]

[52]

[45,54]
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Fig.6 Microstructural effects of a discharge cascade on a small area sample (with 100 pm MAO coating) at 2500 Hz for 1 s: a) SEM
of the surface in the initial state; b) superimposed set of (~200 000) video images taken during the process; ¢) magnified SEM of
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Fig.7 Tomographic data from the circled region of the small
area sample in Fig.6d: a) a perspective view into the pore cha-
nnel and (b—g) progressive parallel sections (11 pm apart),
containing the through-thickness direction, with sections (d)
and (e) located near to the approximate axis of the poret*™

22

11 pm

a WEAARFINERL 2

Coatng surface

Ti/coating interface
10
b K UPRFLBR I AR

B8 AR X LI g

Fig.8 High resolution X-ray computed tomography (X-ray CT):
a) contour plot showing the coating/substrate interface, the
color scale shows the height of the coating/substrate inter-
face, measured in microns with respect to the lowest point of
the interface, pores have been rendered (in blue) showing
their spatial correlation with respect to interface undulations;
b) a zoom-inside view is shown for the volcano-like pore!*”’

a MAO-30s

K9
Fig.9 Distribution of the pores (in red) and particles (in light blue) in the coatings
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Kl 10 600 V &4k 30 min i} MAO %2/ TEM (%1
Fig. 10 TEM image of MAO coatings under 600V with oxidation time of 30 min: a) a distinct interfacial structure between
substrate and MAO coating; b) Magnification of substrate/coating interface from a (as the blue square shown); c¢) Selected area
electron diffractions (SAED) of red square 1 inserted in (b); d) SAED of near substrate/coating interface red square 2 inserted in

(b); e) SAED of MAO coating (red square 3 inserted in (b))**
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Tab.3 Effect of representative electrolyte on micro-nano pores formed in MAO coatings

Electrolyte Film-forming rate Coating structure Porosity Ref
Na,Si0; Fast Thick coating; High density; High Dense inner layer and poro-
roughness; Less cracks us outer layer
Phosphate Moderate Thin and dense coating; Small ro- Low porosity and thin inner

ughness; Surface smoothing; Less dense layer; Small pore size

cracks
NaAlO,, hydroxide Fast

Thick and dense coating; High Low porosity; Dense inner [24,36,55-73]

density; Less cracks layer

Tetraborate
tive dissolution

Moderate; Strong selec- Morphology of cortex-like slots; High porosity; Micro/nano
Hierarchical micro-nano structu- hole; Uneven coating thick-

res; Dual-scale structure that con- ness
tained microslots and nanopores
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Tab.4 The tailoring strategy, properties and applications of micro-nanopores formed in MAO coatings

The tailoring

Electrolyte

Electric parameters

Micro-nanopor

of micro- Voltage/ ) Properties Application Ref
nanopores systems current t/min f/Hz D/% e structure
Na,SiO5;+NazPO,+ 550V 60 600 8 Size range: 1~ Emissivity 0.85 Thermal radia- [108]
NaAlO, 20 pm (700 C) tion
Average size:  (8~14 um)
5 um (Ra=2.5)
C3H;Na,O4P, 450V 10 100 26 Narrow interrod i..,: Decreases 3 Anti-corrosion, [109]
Ca(OH),+ HA nanorods orders of magn- Mechanical, Cy-
NaOH+HT itude, high bon- tocompatibility
ding integrity
Construct Na,Si03;+KOH+ 0.3 A/cm? 800 10 Double-layer, ivon: Decreases 2 Anti-corrosif)g, [110]
pore KF+LDHs nanosheet orders of magn- C'ytocompatlbl'-
itude, lity, Drug deli-
very
Na,SiO; 0.1 A/em? 10 “Sheet” (Co3;0,), Activation ener- Photocatalysis [111]
“grain” (CuO) gy E=42.6~
and “hedgehog” 141.8 kJ/mol
H,SO4+ 200 V 5 Size range: 0.05~ High capacity, Lithium-ion ba- [14]
Na,Si05+Si0, 0.2 um (no Si0,), cycling stability ttery anodes
0.8~1.2 um (with (more than 250
Si0O,) cycles)
NaOH+Na,SiOs;+ 20 mA/cm? 10 200~ Pore diameters: Bonding streng- Anti-corrosion, [92]
Na3;POy 1000 0.5~1 pm Por- th, EIS results Mechanical
osity: 7%~14%
NaOH+phytic 220~250V 10 100 50 PMTMS seal- i, decreases 3 Anti-corrosion [112]
. acid+polymethyl- ing pores, clus- orders of magn-
Ehn:rléate trimethoxysilane ters of spherl- itude, Self-heal-
P cal particles ing
NaAlO,+Na,SiO;+ 550V 20 500~ 8~10 Porous, island-1 800 C for 150 h, Oxidation resi- [94]
(NaPOs)s 700 ikemorphology, 53.44% and stance
large irregular 24.97% of the
particles bared Ti,AINb
Na,Si0;+KOH+ 1A 20 Nanoplatelets  Healing effects, Anti-corrosion [113]
(LDHs) grow on the EIS, long-term
pores with inh- immersion stab-
ibitors ility
Na;PO4+Tb,04 150 mA/cm® 10 Porous structu- Improve photo- Photocatalysis [114]
Prefabricatio particles re of different catalytic activ-
n pore sizes ity
Na;POy 325V 5 3000 Different micr- 28-days immer- Anti-corrosion [103]

ostructures, Co-
rrosion morph-

ology

sion stability, co-
rrosion product
layer inhibits co-
rrosion
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Tab.5 Structural characteristics of micro-nano pores formed on metals for functional characteristics

x5 ERAEVRMEREMAKRILEHTR

Serial
number

Functional
characteristics

Micro-nanopore
structure characteristics

5-1

5-2

5-3

5-4

5-5

5-6

5-7

Wear resistance
and antifriction

Corrosion resis-
tance

Thermal protec-
tion

Thermal control

Insulation and

dielectric

Biomedical pro-
perties

Catalysis

Thick, dense layer; low porosity; The
inner layer has a uniformly distri-
buted nanocrystalline; Hole sealing;
Wear-resistant particle doping; Co-
mposite modification of low friction
coefficient materials

Thick, dense layer; Low surface po-
rosity; low roughness; Pores are sha-
llow and closed; Particle doping mo-
dification Hole sealing; Corrosion
inhibitor; High inner layer density

Porosity<10%; Networks of fine-
scale porosity; Dense layer; Multi-
layer structure; Sealing pores; Por-
ous crater-like morphology; Multi-
scale pore; Bridged structure

High surface roughness; Flower-like
structures, micro-papillae, randomly
staggered nanoplatelets Multilayer
structure; Surface with numerous na-
noparticles, Ra=3.41 pum, Porosity~
1.87~12.72 Micro-porous with diff-
erent shapes and sizes Ra=0.5~0.8 pm,
porosity reduces from 7.5% to 1.8%,
particles filling pores; Nano-clusters,
Fractal structure; Porous structure
with different size

Low porosity; compact inner layer;
small cracks; Thick, smooth and co-
mpact coating

Microscale pits; Petal-like nanostru-
ctures; Granular nanostructures; Mi-
crobead; Macroporous structure=
300 um, micropores of 2~5 pum; Sr-
HA Nanorods on Micropores; Nano-
granulates, micro/nanoscaled hierar-
chical surfaces; Dense inner layer;
Needle-like outer layer; Sealing eff-
ects; Cortex-like structure

V-doped TiO, nanosheets; FeO,, SiO,,
Amorphous nanocrystals transform
into TiO, nanocrystals; 3D network
nanoscale, Block-shaped TiO, nan-
ocrystals; wormlike, Convex

Properties Application Ref
Low coefficient of friction Nan- Wear resistance [115-120]
oparticles can improve wear res- and antifriction
istance High adhesive strength
High corrosion potential; Low Corrosion resis- [121-127]
corrosion current; High imped- tance and che-
ance modulus; Long-term chem- mical stability
ical stability;
Low thermal conductivity: 0.5 W/ Thermal protec- [128-130]
(m-K) Improving oxidation resi- tion and oxidat-
stance Low parabolic rate cons- ion resistance
tant
Emissivity (>0.8) (3~20 um) So- Thermal radiat- [131-138]
lar absorptance: 0.439~0.918 Ab- ion Thermal co-
sorptance: 0.35 (200~2500 nm), ntrol
Emissivity 0.8 (873 K) (0.25~
2.5 um)
High resistance; High breakdown Insulation, diel- [66,97,
voltage; high dielectric strength; ectric and ferro- 139-141]
high electrical resistivity; Excel- electric
lent dielectric property and ferr-
oelectricity
Promote cell attachment and os- Biomedical and [142-151]
teogenic differentiation; High in- anti-corrosion,
terface bonding strength; Excell-
ent osseointegration; Cytocomp-
atibility and blood compatibil-
ity; Low corrosion current and
corrosion rate
CA=4°; bandgap energy=2.58 ¢V; Hydrophilic, [152-155]

The degradation rate>70%; Pho-
tovoltaic  efficiency~0.016%~
2.194%; Remove toxins; Reduce
NO, emission

photo-activities
and Photocatal-
ysis
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