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Abstract

The micro-arc oxidation using a bipolar power supply was carried out and coated
on AZ31 magnesium alloy. This study discussed the change of coatings' growth
mechanism by adding sodium tungstate in a silicate-based electrolyte system.
Meanwhile, the ball-on-disc wear test was applied to investigate the wear resistance in
dry conditions.

According to the experiment results, Adding sodium tungstate beyond 5g/L leads
to a two-step coating growth. In the first stage, the incorporation of melton MgWO4
entraps the plasma gas to attract the penetrating B-type discharge, resulting in a
non-uniform coating growth. Later, the second stage discharge in pores densifies and
thickens the coating uniformly. Appropriate addition of sodium tungstate enriches the
coating with more high hardness Mg2SiO4, thereby enhancing the wear resistance.
However, excessive addition makes the coating collapse due to the intense discharge
in the first stage, resulting in a non-uniform coating thickness and reducing its wear

resistance.

Keywords: wear resistance, micro-arc oxidation, magnesium, sodium tungstate,

growth mechanism
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i
Specific Wear e /N

20 } - o e

10

0 - - o
Pt Ag Cu Fe Mg Ti Al Pt Ag Cu Fe Mg Ti Al

Bl 2-15 & f6 & e ¥ 1 48 (AI203)% 4 Br4s 2 fir 4= 5 [5]

H.Chen % A [6]# % AZOl 45 & £he? p ' ~ F o 7 Pl 4 >
HOAGAI A G B FPF 6 A 0 4 0 4o 2-16(D) 75 » Chen ¥ 4 {2
5 BcE B4t (severe wear) £ 7 LG Ed BE e MR oA a2 3R
g R B R RA R 2070 T el & & BFUEAS Y R0 AR
BHARIL T Lo R BRI T & 2 L A e e § R BASAUR O TR A B

T L o
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2500

100 T T T
(a)
80 g
L 133N
E
E 222N
w 60
£ 67N
-
g
0k
Sl 20N
i
=
-
20 5N
0 ; ; ) ,
0 500 1000 1500 2000
SLIDING DISTANCE (m)
100 r r r
(b
80 |- B
-
g
= el 222N
7]
2
=
1=
E 40} - 133N 1
=
5]
-
]

0 500

1000 1500

SLIDING DISTANCE (m)

Bl 2-16 AZ91 4% & £ tif #:¢ 5 0.1m/s(a)f- 1.0m/s(b) ™ 2 %8 4% 4F % [6]
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2000
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2.3 g

My § i % (Micro-Arc Oxidation, MAQO) » * £ 1T H & X =% T 72 (Plasma
Chemical Oxidation, PCO)~ & ch % f#3% i ;x (Plasma Electrolytic Oxidation, PEO) ~
&\ =it ## % (Anodic Spark Deposition, ASD) % % #& ¢ ££[25] » & &4 g ¢
MAO i+ 5 fj 4 -

MAO % #* *M 4% ~ 48~ 45 S R £ H(valvemetal) » 2% £ 445 2 20 p &
F i imd o RSEPM HIFIFR - KEiRE > B8 £1F5 BiREE
WRfRERY ToFA LT 0 AR £ R AT MAO #% B4k &% 2 #p T = (breakdown
voltage) s ¥ 2 & > i § 1403 4 4 3 (electrical breakdown)ig s & 4 % %
2z 7 2 s (plasma discharge event) » & “ & ~ £33 L B 2 S3F 402 B (7% T
L adoen CAEFALED 100um H 3 { B DA

AT X A R Y A G RO MR (LA R IR HE 8 P 2
Itk R e ‘b BIE B RT AN Ve NI F IR g A
Booat s A T R AL D AR 0 [26-20] - HN4E L £ T 0 BN

TR 0 R 1 E RIRERG F RA

-l
e
4-'\"

231 p5A g VE BB TR

ey g enIl g e LW 0 iE e T 1880 # N.Sluginov [25] [30]=%= 3 > %
{¢ d Guntherschulze {r Betz & 7 { /& » <%= 7 [25] - Brown [31]£2 H B F & 1971
®F AR R FIRA A bgred 0§ PR R TR S o R MR F R
1980 & aLdp B 4~ & i * [32] »

MAO et iFd BE 430 & % F R 8 R4sF P Aehh § 8 > @4

«:»

/l
BRI F L TR RIRA BERY DT FHE A B R A F i
I EG IR ELER AR R FenF A =8 § LR F LRt
Fh B35 2 (AP HHE R BRE A3 15) 0§ F BB ATIU chE TV A AR 2
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Columnar growth (b))
of oxide layer

Dielectric Discharges
'~ Oxygen evolution

Electrolyte
Porous outer layer
Thick & solidified Oxide

Dense interface layer

Mg alloy substrate

Bl 2-18 MAO § i k& 2 & $541[33]

B 2-19 ] 5 &t fi& 7 MAO flAzeh AZ3L1 4% & & > 7 & BLB AR 32 T L PF
Fogic 2 ) st 7 MAO PRER ¥ 4% R LR RLRA A5 R R 5
Pl BLATRE LT RN A S Z BRI - HETRIAESE R4
RSP L LY AR W FeAa AR VTEAL ) AL AT HFRR
SARBADR GRS e Lk PR RS A BABE EF LG R G

Bt d > TR g A AR ¥ T T §F[34] - B

S5
o)
=
Qe
o
Ea
why
(‘v‘q}
)/

J\x

2-20 5% A TR IRHNE 2 TR-PFA R o
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B 2-19 #esh § i & PEER T A5 [35]

300

Voltage (V)

200 ~

100 + |

| " 1

L]
6 8 10 12 14 16

1 L 1 L J

o
o
n

PEO time (min)
B 2-20 pcis i T R-pF I B)[36]

Y
I

RISl e ot U AR SRR S e [ e S R
SRR SEENE R AR R E S SR R e s
FE RS s ETRYS TR AT RS A 0 F 7 FF R MAO # 3s)
BLAFf 24 H AF - - RABER 3BT 2 R MAO A1 ¥ 1 R
L

R. O. Hussein # 4 [37]%F 2010 # 4% 1 - i * fiesd § v a4 SR
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2% &t 5k 2 (Optical Emission Spectrometer, OES) ki< F & » * F 3+ A7
Br e a2 L3R5 2 Pl T R RN Rk
Bk MR T LB R0 B F A AR (e BREE

4o @] 2-21 #71 o

500 - 500 -
4004 AlI1309.2 nm 400 Al 1396.1 nm
J=0.06 A/em?2 J=0.06 A/lcm?
3 -
S 300 E 300
2 =
] G
= c
2 200 S 2004
£ =
100 100 4
0 T T T T U 1 D T T T T T 1
10 20 30 40 50 60 10 20 30 40 50 60
Treatment time (min) Treatment time (min)

Bl 2-21 gF e fE3F 54k g WAR P [ chdp & % 10 [37]
BREEA FES AR GE NS S kSRR hde(2-1) 0l 1%
NP Rk B A £ 8 I (transition possibilities) s m e n 4 5] 5 3

FeFF e g aniz® v g SR F AR A28 A EEgz? 3

EH

REAE, R R Al o - BT G 5 B e Ak T
fAl* (DB B4R T R E DR R > Hussein ® 443 e e TR R AR

B2 g bR B R R (S AR 2-22 T o

| A A Epn-E
L Amni8ni @) o [_( m2 ml)] 2-1)
L Amn2grhoa)

Hussein % + #-ficsd2x T §F 48 5 Type A~ Type B fw Type C = f&#g 3] - # ¢
Type B & £ B Ay M F e Joe @ o s 4 F T QG A A I
Joh g A RS B F CREOIAETY o £ Type BE 2 ARy T
i FIoE R F g~ F RN ISR ek o Type A &2 Type C RIALGFHE 5 ¥
PRIt T T o R0 Type AR L w3y MK 4G A Type C 2 T apHR

FOEE O BRARLH S BTN A E o 2 BT AN Ao R 2-23 A1 e
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6000 10000
ALL396, Lnm V Al 1(309.20m) 9000  ANINInmN1(10% Zam) ALI396, InmV Al 1 (309.2am)
500 P J=0.1 Ader? 10000
190,06 Alomy J=0.15 Afem*
8000
2 2 000 e
4500
5000
o2 4000
5 10 15 20 25 30 35 40 45 50 55 60 0o 220 30 4 50 60
e . ’ v .
1
Treatment time (min) Treatment time (min) o 2 %0 40 50 €0

Treatment time (min)

W2:227 b LR HAT THRE AR R R AP 2 4 F [37]

Electrolyte (Na,SiO; + KOH)

B 2-23 s § 1L = fE% T & BI[37]

232 T 5k THRA S

FEMAO BT 3 M5 LEV A LRGN R AKIT fRipE

SRR B R A - A R R e R R
AR A - AR A R LR S R LT e

5 R 5 [39-41] 0 R REL FlA R Al g S A m ek S ki i
¥ BEF RS NG E

SIS RIS ETEE R E S S A R EE S S F L S 2 %

i

B F R LG RFRE AT RGRE & R 2 g e # Y
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b7 bl LR R ET PR BT - SRR R Pl (B o

< .

A[A2)k r EEL EERHATE T E LS 2 HREET R

m

R. O. Hussein %

g AN en L B FRIREET R0 Type Bag chg 4 o hdd T F e
bt TR F A EOERIFRE AR AFEHEFNRMY BT RS

i 2KHz 2 % 60 5 5 7ie 2002 1 2 v 5 B i 55 % (] 2-24(C))

e f e

rh* —c.,/p("_«-,.,& ta,.(y,_,«;."{:. Fe

Bl 2-24 8 ing 2 HE 7,82 488 £ MAO § 1 & # & 5 v #[42]

d Hussein % 4“7 2 A7 %57 v WMEFET R * R L E hT A

% MAO § i & chjic ’f#ﬂ oo B P MRl r g s bt &

Beii < 1§
Hy b n BRI PR T R S BERG B

‘IJ}%:Q P"‘ia//] { 7
A5 55 [43-45] » T4 TR ET
mpAER el ¥ .Lﬁi]v}ﬁ?*r B] 2-25 % ﬁa—"zﬁéém Wi s @

FaelleF iy L i
T A4 LB ST R PR SN E (e

L v R
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PREER R RgR T A et = e

% E R - BT RSP IAGF e AR H R e Hybrid i3
A HTE RN i@ fi2 - BRI E il s BRI RS chE R Bt
B g H % il B [43-45] - #4 @ R.O. Hussein % 4 & 2012 & == 5 # ) 8 7% fbe
Thicd 2 s P Fa R FRgEnit £ 5 [46] ) FEES - X FIREFT
R RBB AR FES KRR & XN Ly %4 [47]5%7 § ¢ 74k ) Hybrid

BER GLITenT A B3 BB end s 8 W FR T A P -

a)

Substrate

b) Substrate ,Gpi@g

JEOL COMP 2 Y ,500 10pm WD11.1 JEOL COMP 20.0kV x1,500 10pm WD11.9

B 2-25 ¥ "% 77 R ()& % BR(D) ) = et ¥ 1Y R 2 o [44]

232 ARl

TiRRpEAMAO lfe? IMEL A AT RRNEFIRIT § K
NP EEL B LB FRTRRORKE - FTREAEFETT L RS
PEHTER TR P ALTBRIVE S ERF LB R AR ARR
TRES O FRRIE-HALITIOTF o

R YR 8 A e LS
FAAEAT PR o BB ETR I L S

ST R MAEL &S0 B F

[48-50] » s #h % S MR R G e b e d § 49 A F R RIHHTIFF IR

% 3% ¥ F B 0 A Fattah-alhosseini % A [B1]e#7 3 v 7 7 i3 ¢ 4 § i 4o i

'5“1%_5”;%2%&’# ﬂ{ig%,ﬁécli '“ﬁ“’sbﬁ.@/pu’?% R T i“f‘?ﬁ, ‘)’;ﬁ.,mjjj 7
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A R . L e P

TR amR £ B0 E - J s P QR kT e P 4 [52] 2 3K
PRSI - &3k 2 2 Hybrid #55% ena P BB A7 (two step) 0 RS A fE A
iR R %oid B 9TE 8 erc % > Xinghua Liudinhe % 4 [53] te4e & & F %3t
LG FRB LA BRE e R PR F IR R RT AR o
bR UpL T L TR AR — AR S e R A 0 P
AR F R SR 1 i s B 12 £ 4Tt X 5t a# (EDS) % & 4l 2-26

B2 g e dtAE L £ endp B AT 3 [54] -

SiKat P Ka1

layer rich in Si

layer richin P

substrate

B 2-26 & FF BB A7 = s ] 0 BI(A)~(D)EDS mapping &2 2% S BE) B @ ®
Bk 5 (F)##417 & B[53]

P4 MAO #73 B ¥ AR > & Nk b M E R Y > B L LARE 4w
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» MAO i g * + ¥ & rnﬂr v #|[55-56] - Barbara Kazanski % + [56]#2 3 & i
G E R ph k seenst £ & MAO AR o 3 RACE (0.2mol/L)ehd it 4w 40 7
®F KBRS ERET A D RGO Tk (barrier layer) - B % it 4of] 2-27 > &
15 EDS ~ 2 472 S5 @i i o F it kP 22805 2% @ e R H
B2 N e RIA B BA MR L £ AR A VA S A

SR

oy

FGEEE O LT PR AL R CAME FHEF

V4o st (2-2) 31 (2-4) “r T

F+Mg—Mg | Fyg (2-2)
2F ;tMg—MgF,+2¢ (2-3)
MgF,+0* ->MgO+2F (2-4)

qmw““wwﬂ.. a

B 2-27 Fp4cd 4wt ko THEG SEME o Bla~c A s Bb-dif
0.05mol/L & i 42[56]

24

doi:10.6342/NTU202303702



A

B LRI A ST A R e AT L MAO AR E L2k A b
BleEr PAE ST EA LG RIEAM AR AR B¢ e H A MAO
WAz eh& RAp § % TIM L o Maria A. Osipenko ¥ 4 [57]:0%7 7 4 J1 4 40 i R
0.05M & i 4p rasiz iz ® € 2 SdperiB{eiy ji v &4 11 345 & £ A4 -Hongda
Zhu % % [58]F7 1 45 & A 4Rpagh 1 & A W0~ A R4k SLanpiin g T e & 4R R4
LA BT OV RCE F RRPRRE 35WI%E 4R R AR 4 18 K'lf”’ %
s I A N L TR R o) e B B
g g o

ERNE s U TR S Ul TR s S e 0 - S
HhEAT IR VU Y 448 & 488 £33 304 7 44w 1+ [59-61] 5 At &L
HFA TS MAO L3R &4 x AF 57 cnd - ¥ L4pE £ NAO WARR * 7
&, FL 40 [62] - Wenbin Tu [63]:#-44 pa4p * 1F AZ31 4% & & e f2i% = & fie & 4Rpa s
Ao BEE CEFE LR E A F A ERE A F e AT LT 4
B 4] 2-28 “F o TU IR PERR T S RERCHORF AR B sk
o TRRRpTTRY L5 WAL B RELT LEBRM AR R F LT T
tegbpapp e ¥ - R WAERF BT EMEe AT LA 0 kRS ACR

2-29 ~ B] 2-30 > 4 ¢ Tu &R MAO AR ARSI d v ) 2 £ 3 F o pt B 5 30
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B 220 7 e 4 e 2 T % 1 5 % = ZHlAR2 8 5 ) 50:(a) B = = 42 60s;(b)
% - = #l4% 300s;(C) % - = %42 600s [63]

26
doi:10.6342/NTU202303702



Darker coating materials

100 pm

2200 jum

B 2-30 7 e 45 Badh 2 T A% 155 % — % 300s WA22 B A H 2 4 6 2,5:) (b) ¥
- = %42 120s; (c)(d) % = = %l 42 600s [63]

YE K0 ARk hE KT Tt % MAO BlARehT - fEER o F Lz ok
W

FA A F B3 4RIV TV 4FR[64-68] SR I B F
ERITUEPRETREE S E - 2 A3 MAO flfz? A 2 4T 40 @ 4%
MR fRRE MY Zeta R 2@ F MRS LABESE L F K S
#]4-B) 2-31[69] -
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- Power supply + ‘

-------- e
N s BBD. e
5 R = SE@ 5
= © - o © 5%@; 2
@@@ po" 2
® . - o S5
) ) e —~
& T e=o L
= SIS D 3
Z o 2
- =
g ______ . o®o @ <
@ @ e .
© = © E %
------ >
@@G) ®
@
Electrophoretic movement @
@

B 2-31 % 3 343t MAO 422 & a4 41[69]
B12-32 5§ 48 904 4o 6 MAO § i & 2 1 # 5 » 15 18 EDS mapping
R A F ATA L R TR BTt T A T T LR TR R A 5 g

AU ot O R R R e A
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Inner coating laver 20 um

B 2-32 & i 422 Sk spkn 7 b is 2. EDS mapping % % [65]

B G A S chd v b dods & k49 (K2ZIFe) [70-71] ~ 4% & fa 49 (K2TiFe)[72]+ 4%
Te® ¥4k MAO e0fLic » it & 47 dc o BEaE B0 Se & T ghoeaiilit ok o foim
Facy V45 AP EEBRE TR TSP o Xue-Jun Cui & £ [70]4
e R IE L T RR A 2 0 B e 2 AR R R TR Y
T HEIY PR 4 F 5 en% a5 o Feryar Einkhah E X [T1]R) 5 4 & fade ikt
Py B el tEfefrE - RO R BT RERREREET RS R0 2-1

B 2-33> @& * 3 P EARNE enE P ARG RB(R 2-33d) > mE ou g RE L

R & xB RORLp R g > 2 T 5 B ¢ 4w 474 (back scattered electron) ¢ @
EAEEe g MR F oD 3 g S PR g o d )07 JplfE g

BEL LSBT K LS e RARF TS
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% 2-1Einkhah £ 2-2 & Fepopiesn g 1§ 2 pe ¥ [71]

KOH Na3P04-12H20 H3PO4 K2ZrFe Coating time
(mol 1 (mol 1 (mol 1 (mol 1 (s)
One step 0.05 0.01 - 0.02 600
Two step 0.02 0.03 - - 60
- - 0.02 0.02 600

3 2 Y
e A iy
middlelayer ‘¢
o

inner layer

substrate

B 2-33 Einkhah 3% 32 & pa gl cng B [71] Ma-b 8 - repcflazz £ 5 -
FEw s Bcec-daEAMRZEZG ~ K

2324£ & BT 1 BB

7t & fpeng e f # % ASTM G119 £ 2016 # 41377 UNE 112086 % R4
[21] » MAO Hrefrdethic cnthip] = s 3158 Vo5 4o R 1 > ¥ ff B e e

B e 5% dogg Br(dry sliding) & 20 73k R E F R -
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& MAO Az ehmt Bfe i 4 A7 3 ¢ 0 R S deneed 3 & R R Gl hen®
o BR A RFE DT R TING R B R R R ik § [73-75] -
Salih Durdu % « [75]%7 3 7 dg e B PR i s a MR s R - it R L &
LA K AL LAY A SR T o FRAE N RERAE 0 M A R R hit &
ECR IR oW SRR £ S RN R I I iy ;}ﬂ:’ TR s BB 0k sedk o Dong
Chen % A [76]4= 5 4% & £ MAO fliedpfiem A K st I WARPF I chgud it 4

FRBARPFFAREL F & P MgSiOs~MgSiOzihz £ T %A MgO ez £ 2 »

ki 4 T E > HARF R 2-34 0 BRI E AT R AT L R
P g Ry R 2 BT 3R i MAO (8 ende iR T Ay 4

M@2SiOs ~ M@SIOz > FIpt $30 % & B AL B & A cfifFde s PR a3 33 %

=3
(558

R &P EF RS ED

100%

] 727 Mg, SiO,
80%- ] SN Mgo
V77 MgSiO,

60%
40%

20%

Mol.%

0.3% ]
0.2% 1
0.1% 1
0.0%

Bl 2-34 % - GAepEr g vk P LB L4 L [76]

F_

BAEL BHCANE V¥ R TR kMY 4R K AL E A~ 5 V4R
D4 A R Y 16Gpa gk 4R % § 7 (Spinel, MgAIOs) » 3 5 2 A R A% F »
FOK B ERET iR LG WS [77-79] - B 2-35 5 XijinLi ¥ 4 [78]# 7 48
Faghin? i s b AMBOB 4% £ & ¢ chpufr st it o o ] 2-35(a) & 11 en g 45 {e
(0) ~ () ~ (d)* ¥ H M & Bt FirgBAGRF LA hF K AER R
7 o AV ERL AR AR S 0P R R fed FenT 7R
A E RS R RIREE R 2 2 u] A H 2-35(d)d I B L AR
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W 2:35 45 & & A8 7 ARG}

B2 Mo 1 B2 5(2)AMG0B; (b)12g
1"":(c)18g 17;(d)24g 1" [78]

Dmitry V. Mashtalyar % 4 [80]1¢ * &l & &% 7§ * 453 ReT 4% & & ojkc
@g L BE »;ﬁ':;;gjg L ﬁm/grécﬁﬁ Eé—%’;;‘ﬁ‘\. ~3LF-

A RAA B B4

ks
4v 3g/L ehF 45159 4.310°mm*ntm?t i 3 1.910°mmntm wr'],,,l ‘v 4g /L
HFELAZ I 2510 mm*ntm o d RV R SR A A 2 AR 4 & F
HEZE -
TR B H S B P ehat AL i 4 B F h# * o DING Jun
FABlF R Eap P Y RaGRAGT APV RIPREDT 2
Hide§ (AT R 0 BALIT A S

ﬁﬁ%?pg&%iﬁmm%im4%¥ﬁ&@wéu‘wm““
I 25410°mmPntm™ s 2 @ MR B gt S FFCE K ¢ MQ,SIO, £

oty A7 OB RERIRG - EFLL I A HFA

£ e
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3 ¢ o> Zhao Fang % 4 [82]3% 1 4 fk 4p s te i AR L F TGRSR fE

12

EFFonk o g F MR IR A BT R

ok
hr

7R

Gt igEE £ R MAO WAz 37 5 BfRan 4E o

=N
g
=g

S A PP AT RESTRT AL RF 0 IS Rk
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PR RHBEHR

B1P L HBE R RN

FrwmE ERG &

—=\

d g AN 1T L 48 & & MAO AR i 4o A e B
B AP A R R R ¢ MOSIOs R H R T g £ B Ap BB 4 A AT
TN BE-EH TR AZBLAEE £ AMP P RRBT 3R ki
PRGN 1T G e B TR AR A R R LA 2 6 iRl T E 5N S e A T
KRB FHEHHURLFEORTO R NEE TR BRI
+t e

Bl 3-1 5 2y cnF ZinAnll 0 AZ3L 45 & £33 % SR F 1 IR 1S his Rk

BRBE T EAFER O PA R o s RS TR - s o
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AZ31

F) M F7 #2500

KRR AT
B A 4%

A

N

&

Frfe 3w+ Rk
=

itk

_Iball ondisc FE

i B A X AR
#

vk

C -7 o

Bl 3-1 7 % A2
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32 M A g3 Y K

AT REAHRNT UL PR ENAZIIES A AR B e

Fe 315771 o RBEH A T ¥ AR F 1Yk & 49 50mm x 40mm x 4mm & o

£ 2 M4 = < PR MR PR T 7 0 R B Sy et SR B R H T R

ML o SRR R AR 2500 550 i A g kR T B g AR RS K

T EEY ST R E AR DI

% 3-1AZ31 4 & &£ = &~

% Mg Al Zn Mn Cu Ni

Fe Si Be

e

z2%  bal

3.1616 0.8975 0.3489 0.0022 0.0001 0.0017 0.0322 0.0001
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33 MAF M RAELUBRTEXT

3.3.1 Hlzx% &

AL R* 2 R FRREEE SRR E S TR R

K frd b ks BT R BACR 3-2 0 7R

BER* oL a B Hy o d 2 25 0 41505 SY-P10600200 » A 57 3 #1i {7
P IO T LT INBE S ERETOT R BRI o R FHCNE VPR R E
iRt 3 ek iR P B R 5 A A R P il i LR T R R T R &

BTN (e s ik dr 4 e h 15 B .

o+
_ o -
ERIRH B -
Regsam (2 iz) 4 Ak 1 B R

B B

AZ31 (B2 )

® 3-2 MAO 7 2K % 7+ & B

37
doi:10.6342/NTU202303702



332 Rk

AR FRD AL RN Ot RO R B 5 R P g R R

2 BB R T E AR 3-2 4757 o

% 32 RS HK L

/S Suk T ® A
BT g R wF e i & 4AIdm?
BT IR A ok e L& 2A/dm?
1A R ?if@?] RS 100Hz
b g v P 7% ey ) P AR e 2t B 5%

1 (EpE R rFwm oA 600s

333 ¢ fRp S A

AEEL AR L LR BN 6 L ek 33

LA RfRR(E 257 E)

B 12g Na2SiOs+4g NaF+2g NaOH

2.5W 129 Na2SiOsz+4g NaF+2g NaOH+ 2.5g Na2WOa - 2H20

5W 129 NazSiOs3+4g NaF+2g NaOH+ 5g Na2WOa4 - 2H20

7.5W 129 Na2SiOsz+4g NaF+2g NaOH+ 7.5g Na2WOa - 2H20
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doi:10.6342/NTU202303702



34 A FMHH A RS

3.4.1# 4 ¥ & 3 B8 (Scanning Electron Microscope, SEM)

Fhi T T RRESERELENT T ARBTEFFHA LI oM OM L
7R AERATR - MG F i g 224y £ £ 0 MAO 24k
WiEza B4 2 HFEa R E€d SEMEFTHpiE - 20 R EE- Hid
*ofrgitgimage j kK BH K S > A R G nRUIFEBERR S H s
ClBdk: ERFERAG LR ERFREFTRELIHR - AF Y P72 ¥ 2 SEM
AR AR EMEAEE 28 kv 0 31505 FEI Nova NanoSEM 450 » 4-

B 3-3 -

Bl 3-3 45 3* ® + HAksL
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3.4.2 #cH R £ R

ARSMAOF i R atBicii 4 2 €848 A i 7 Mo Lt 8 Hp
PEE1RE kB4 B %3 ok 52 2 8 Ry 5% 8 (Nanoindenter) TI950
4t R Ao ETAH R KRR EFRPIFFR RIFER FER S 100nm o 1 * A7
T4 BEFARTE 0 R E4cH 34

32N RAFEHRB T R - ApHT FaEh L o MR iR £ R d 3
MAO P £ m 53 0 o Flpt L 7A R ERIFF € i.."l%’d’;la,&*‘-#%’ﬁa;ﬁ

WAL 4 6 T i i -

13-4 % o B sk 4
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3.5 B 5%

3.5.1 ball on disc B-3=#5%

B EREAFERE > AZ3L 4% £ & RS MAO WAz {8 e & Brd- i R4
#2731 15mm x 15mm x lmm -+ ] (SARRED A S P & X Ble HF
100mm? > & 5 R R R B L s 2 R INE R Sl k- A B R

ARG R DS I0mMms £ GL0 2 F N ETRITL BAETH I 2ER
B3N 2 e S Bk A ] RGE S 2 R 120rpm eig S ds 1 20
Adh o FREAYT AT RICERETEST  FRKEICR 35 BB E 2

4@ 3-6 °

JLoad

Zicronia

N

Specimen |

? Rotatable disc
] 3-5 B A< 3% &
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B 3-6 B4 ip ® i

FoRERE BT ERULM D KT HREPIT elro 0 KT R E 2401
R EER GO HREIY RRAFESY G EIRE D DF KRS W
Bk E 2 (CCD)a i Wi XenT e 4o AT I8k & & chn W35 > 1
PESTEEER R AT TR 20 kT HRIP APEAE T o AcR)

3-T-
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3.5.2 sk & &g 48 (Optical Microscope, OM)

OM f1% B4 A 4 R4t > i BTIE P2 RBNIME o AT Affe

Wl L 185 OM 4~ Fasu i)

3.6 = & & 47

3.6.1 & + #&3¥E £-(Electron Probe Microanalyzer, EPMA)

FEaAEwF L Eaims TR APy 2 EMPA TR 8

R EE RS karg 0 31505 JEOL JXA-8200 > 4r &) 3-8 ©
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3.6.2 it & frs+ X 543 (Energy-dispersive X-ray Spectroscopy, EDS)

B HERE I SEM B o @ % H e EDSiiF a M L 3 g2 A% A

17 EDS BB BB % SR E L B F L T 5 OIS R % niF e o
3.6.3 7 #3373 Bacs (Transmission Electron Microscope, TEM)

PORBEBFETAFLMEFAS ALY T E ST S BB DRSS &
FFP A TEM @ * 3 20 F ABERE AR SS o @B FRSEER T S
1% BASTE SN RES A LT 6 L g AL T AT MR I -

AT RS R BRD aE P aJL g;ﬁf@ & & 3+ 4 (Focus lon Beam,
FIB)a R a #5227 TEMBERN TR TR FRE 27 * ch TEM 2 FIB
AR AN SHREAE E 1S ko4 0 Al%A w5 JEOL 2010F 2 FEI

Helios600i » 4- @ 3-9 ~ B 3-10 -
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https://zh.wikipedia.org/w/index.php?title=%E8%A1%8D%E5%B0%84%E5%9B%BE%E6%A0%B7&action=edit&redlink=1

i

F3-10 B &5 &
3.6.4 ¥ v 475§ 3 #4% (Electron Back Scatter Diffraction, EBSD)

EBSD & - fEfI* ¥4 %+ A R FU R SF G R F 3 Condi - @ 2 dfdy 3

TERMEY R EHTF RSN HALR T0 Rk A 0 A4 F BT e

=

e
=h

HRFBEEA S HWBEEN Y FRSL G DR BT B
BIEY ol MV RREFREEOPESET AFTR* 2 EBSD A R A< 8
AL E 21 28 k¢t 0 A3 5 JEOL JSM-7800F Prime+EDS+EBSD - +4r
3-11 »

EBSD % & faiicT i ¥ a4 2 20 BFER - FIPrEFTLAITT ok

TEM > F 2 FIB e a &2 2 R REFRE o
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https://zh.wikipedia.org/wiki/%E7%B9%9E%E5%B0%84
https://zh.wikipedia.org/wiki/%E7%BB%93%E6%99%B6%E5%AD%A6
https://zh.wikipedia.org/wiki/%E6%8E%83%E6%8F%8F%E5%BC%8F%E9%9B%BB%E5%AD%90%E9%A1%AF%E5%BE%AE%E9%8F%A1
https://zh.wikipedia.org/wiki/%E6%8E%83%E6%8F%8F%E5%BC%8F%E9%9B%BB%E5%AD%90%E9%A1%AF%E5%BE%AE%E9%8F%A1

fri FmEE

L1 T REFRE W

B4-1 5w $8chT BREEFR(LT G V-TB) > &7 2T inchifnT
TRMEAARPET P o T UF IR B 25W T mL A MAO TR AR
WA AR FIF A A a §OIRPE ens b A s 3 R € i (breakdown
voltage)i& » Mcd i T P EL » LT R F L AR & AR - B M AR T B A
SRS MR R A T T 0 RRE AR TS LB BT T 5[34]

FHOEW 2 7TEW R IR A BN T BRA L > A AP A Ehr LR
SEMR AR - T L APRSLTRLF - DRI SEHESW Y120 3
BOF)) AT RELABEF AT ENF - IR TE P - FEABTRLT

o A e B F o VT BT LRI R B AT SQIL i e 15T A

P A AT S IR e A2 BE

500
400 =
300 4
Z
o
&an
=
= 200
=
100
—=—B
2.5W|
04 ——5W
—— 7.5W|
T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700

Time(s)

B 4-1w S8t REFFT R
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P BW e 75W Do B TR S K 0 S A8 MAO AR e 45 e 40
e ged g B OR[BL][83] ) B AL G kR AED £ ILfRR o F A pE R
BW > -8 1 e pF R dmm s ip) VT B & P2 200 % a0 1 failae? # VT
#2275

BARRE - TRT O LFRROREE R SEFR 42 5BE 150 f &
300 #)2. 4 & VRFREY NIRA B RAEZ FEd EFIEBE LA LS
PIRIEE KL 3304 A F AT RIAFER2BEFEREG od 0
F oV oo FEOW B BSOS %2 V-T Bl g4t % - 2BRT 2%
BA e ¢ HEP R k4 R B R R A 2 R R S

LR YA

B 4-2 3245 5W Az 2 [2 62 2 % > B1(a) 150 75 5 (0)300 £/ ; (c)330s
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42 Bk AR A

421 BBRHA

Bl 4-3 5w w4 5 0 SEM 2552 > w 224 % 5 7 MAO 422 7| chi
GRS FG IV KB N HGRRT BT Aoe Wk R PIK A D B RS

B 4 Aol o i SRS T T [12] [34] -
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® £

ZALPSHEZPIHF o BRRFL AP LR - 4L 5 0 4

YA

2V

fis

PEALAGRERRPBERT L RRAN S5 i BRT

SRRy S TR PP
a

M 4-3MAO § i & 4 # SEM £ (@B ; (0)25W ; (C)5W ; (d)7.5W
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%41 w iRk VR

R LA N
B 14.0+1.10
2.5W 14.6+£1.31
5w 13.7+£1.21
7.5W 14.9+1.37

Bl 4-4 58— ##-300 fypFcha BT SEM a4 % o A Al 2
T REE D LR R R e e RIE R R IV AR
RFT HET] MAO 7 pEdp e T 5 & %14 [35] » e+ endt ik p WA
BIZ) 2 e pE B R h3g g o B[ b Bl R B g T g S o
SRR D R B G HRIE R A £ L S A BEA R F T &
- AR R & IS B 550 4 B F B MAO 4] o 4 v B 45

I B-300s sk £ G35 > BCFE R A RESDRAEAY AFTAZRAR D

B 4-4 22 4% SW-300s # & e 12 i
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(/O( uyg”‘u

O/ -")U 7 U

Bl 4-6 5 538 SEM dpder idfhenii £ 6 S ¢ LR ®E L AL Gl
oo i MAO ok 2 AZ31 Kt » £ 42 2 2 p 2 G RTHM ow Bigky
B MAO £ Al 53 255 o d S @i E 8 * BSE BN “rdp ik 0 T 5B AW
HWRFEAFAFDE T UFRFR B R e T a - FRADRF L
B oo 2R R4k 25W B THW Fr R F MK A G DR Gl 0 BER L R B
BERAENE A F o d P APUEARRE It S RITH T 0 IR s B
2 ;];Jeﬁ%é;ﬁ Henpre £[62-63] - &5 R 2w iEtk B 3| SW d%5 BT R o a2 b
EHTEW RN IRE ER A R g 0 A B RNA B T i s N B ehE Lk
oo FIRTR ot oo 4 4 F 7 0RO I e B R AR R R A S
SR € A8 2 BB PR i A bl R S BB i)
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Bl 4-6 MAO § i & # # % SEM ¥ > BB : (0)2.5W ; (C)5W ; (d)7.5W

# 4-2MAO § i* K & A&

Wik LA B & pm

B 31.0+2.89

2.5W 30.8+2.70

5W 30.9+2.53

7.5W 25.5+8.22
B 8 3%

6 &

B 4-7 7.5W Fr4 7 & B
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FliE e BW fo 75W e FREL S £ > $Hb 4 6 A achitid i & g 2
BB TR B0 T LS LR TS HTL o F LW 48 RIGEE
BW R4t L pRenf B 155 (38s) 0 S PHAE S £ 1 ¢ 4 A 0GRS

VRS IR A

Bl 4-8 ;4% SW-38s H # 5 )
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7T KRB 4-9 3F R SW-300s chfE £ m i TR T U IR & E G MR
W BRI AR S HE(R 42 Bl 44 Bl 44T HRE < chh R A (M
TR EREAEL) A BET A T 600s % AR Ar2 A H P A E Sl
FARIGF o d LT IRIEBEOW RS - TRT S 4 5 T oA G R
P HEAEELFMA T o 4 50] - &5 w2 FREFRALG W 0 HF D
RN AR R M :T&Li%dl”: V-TRI e - RRBRI S o558 F
Fo4vAQiE SO/l cdh a1 € B RPGF L A T REA L ERE > Apd B

FoREEE 4 % sck(edge effect) [84] » H ¥ R F|HR-A% T FEFIEXHHh o
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FRFR2GAREOW AR $- DRT SETREL AF LR K
BEET oY EGIFI AL S HE KRR ARG 1 dof] 4-10 o7

Toe SFBRZ R A N R L BT RETRFTER

B 4-10 345 5W ¢ 300s ¥] 600s 4 # & % i* > §)(a)300s ; (b)330s ; ()600s
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1% B-300s chif # 5 TR H 411 § L d B 4-5 k6 AR T o
FH B 3008 A AE r B o BT IAE 0 2B R frfoidHE SW-300s 5 i 5
AR L ARG o d VT BIRF 0 4 B & 300s PF R REF 2R BW
HEFEE HERZEEEE S gk B-300s £ & )R EZE " REZTFR
5W-300s 5 % <7 Jo (] 4-4 = ]) > #* i 0 5F FIP0 3846 BW % - LRT o pF

MR R 0 AR B £ SR S i -

Bl 4-11 3 4% B-300s # # & 2} 5
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% 4% SW-300s (1B % B b o ] 4-12 & SE R 7.5W-300s tf # 6
A% e B() L R fridth SW-300s 4p e e % £ & ot 2 b B(D).(C) & R
T 3R 7.5W-3008 it ] 605 0 4 LA BT § SO R (oraten) ) B - 7
g F PR FIEG S R g F G iR 785 A AR ADERET PR
FIHE o LI G BT S T E fob ¥ TEW BB 7 ek 2 B IR s £

EeETES LorR

Bl 4-12 3 4% 7.5W-300s # # & 7} 50
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4.2.2 #cH B & Y7

s AL 3 e £ ik Bl 4-13 Z e R ahd o AR B #Hk SW
Py P RRG AT R BE BT OERTF AR H Rk SW § G B

G AR o M R EREFT XL E P ek

Rl

BlEE 3 A B

B FRE- B

Surface Hardness, GPa

B 2.5W S\ 7.5W

B 4-13 % & A Bt i

GPa

O R, NWPKOUIOO N 0 O

"1 ERARH R R 4-14 v 00 38 4% B o SW & 300s R ARRF chd 6 AL
Koo 4R 1 300s e Al & 4% Y 5GPa, G I FEAEY A MR
R OW e T FR A BERFM 0 FAIGFEROW OB H R A G &% -
TRI P A2 3 5 D REBAmsYEF L ar RERERETE o

Btk B R BT % > FAWE S i AR M7 27 0 24
B A o bR R B R R TR R T R SRR R AP AR
SE R SW 7t IR g AR hdF o Tt iRk B JEL300s 3| 600s Rl A 1 R A

FirsPpaodmiBda s aipif £ AR OW il feigsay ¥25 34 o
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Surface Hardness, GPa
9
8
7
6
5
GPa4
3
2
1
0

B_300 5W_300

B 4-14 #4: B 22 5W-300s £ 600s A & &' $i

4.3 ball on disc B-453#5%

Bl 4-15 Z @ * OM 4~ LB B4l sk to R eniiin > MY R 3e ¢ b
BT Y LRI ELAEORE T UG BB E RGN B TR IR
R > Ra BB R X3 PR AR B E Sk p B %A B ot
Wikoo hw WY FHR TOW B LR R IR S Y AR R R 0 T
G A RPN Y B Y B F AR T RE(R 47) 53

&k R e AT
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Bl 4-15 = i fhie 7 B 4L 5% 1 B R 0 BB 5 (0)2.5W 5 (C)5W ; (d)7.5W

BRUERd 6 kTR ERT T RAE 4160 £ 43P R 6 A
FEATEZ R o T RERE S LRk mf e R T
G HPEE 4 o 7 g AEV-T B T RAPFAES 324 B &2 25W &k
FRIRT R RAET LA REAFA 0 VL 250/ SRS R H R AT & 7
B o PRI A AT B BB SRR W P B0 ML o BT R TEW F L KAk
BB E P H R ER B25W ApiTenik 27 > B4R TOW il 7 5 &
BEABAT R B R kP ERAIDE N A5 2 THER X4 FE

AR TRE o %R L Rl 415 HOM R R R -
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Depth(um)
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—B
] 2.5W
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— 7.5W|
T

T T T T T T
0 100 200 300 400 500 600 700
Width(um)

B 4-16 Bri<idm 1o B )R

2 43 s 434

E ey ey o=
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2.5W 1737.9+201.1

oW 1011.6+182.2

7.5W 3194.2+179.0
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A3~ gL EPF B LT

4.3.1 EPMA £ 5

B 4-17 7| ] 4-19 % # 1 B 2] 7.5W i * # & & & {7 EPMA color mapping fs
gk o d AR AFEAFA T DA L ERAZEDII LR
BRI RAFATRRTELE > B PA T o 421 Eordnipladpes £ 0§
B4z L EAHI-MAO § IV K A & e

d f»_'\j‘ﬁtf%fﬁ—??i% AR T A B RN £ EH ~ MAO
FUE CHABAF YD AABEEELI BL D4 e B FINEE LG
g I S| T 2L E B F e~ 0Tt f 4 o v B2 8 mapping & F
MERE G RAP LGSR A B RS2 ¢ prende iy 0 p i

SIOS s hid i B~ B Ed et 3 F S IIR

\\\Xr

ﬁ'{'fr';i 14

Bt e B[76] [86] o @ AT v IR f £F 4 4 4034 BW e 75W BRI F & i - #

®

g g
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B 4-17 :#+% B 2_  # % EPMA mapping % %
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B 4-18 :# 4k 5W 2z # # % EPMA mapping % %
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B 4-19 34k 7.5W 2 # % EPMA mapping % %
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4.3.2 EDS & 5

Bl 4-20 o # 4-4 % 4-4F3# 4% BW-300s & {7 EDS & {70 % > igledicdp 1 &£
TRAF 7 E o &% % P (Spectrum 4 ~ Spectrum 5)F v & ¢ 5 h- TARE B2
7 (12.06, 9.72 at%) » X @ b % 1T &t AASpectrum 1)7 7 £ £rp i€ (3.91
at%) > 2t - WA AP EHEOW /B ASY - TR SAFHETE Siep 2 &
(inward growth) i #[63]> -4 € p & % 7 £ 5 0 2t R % o B 4-14 3% 4 5W-300s

FEGHAERRLEENPE HPRHEAEAZ 20T Y- DRI HpFe g4 Ao

B 4-20 ;¥ & 5W-300s 7 EDS # gL~ ¥

% 4-4 2245 5W-300s 57 EDS A 5 % % (at%)

) Mg Si \W
Spectrum 1 45.95 26.91 3.91 1.92
Spectrum 2 54.32 23.08 8.82 1.01
Spectrum 3 56.99 29.57 10.27 0.50
Spectrum 4 58.11 22.15 12.06 0.94
Spectrum 5 49.69 24.79 9.72 1.79
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433 TEM & #7

LB R i £ B30 0 AR BW SR HE K 4 6 Aut 7 TEM

G T S R AeR 4210 FRFER S KA 2 F K BHTE R TR

o

SAFTE R S MOWO, » 7 4t 5 NagWO, -k @ 2 st WO,/ 2 2833 4 )
2 Mg™F Js 0 F S 713058 (4-1) - MgWO, i ~ 8228 4 5 A R e 2 3 4%
Bk e HApMPE TP i FPRERFHRWEBLFGHLE o

Mg* +WO0,>—MgWO, (4-1)

_A222)
—(031)
o 002

ﬂ

10 1/nm

B 4-215W &5 & 4 & A TEM 4845 %
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4.3.4 EBSD & #7

R RO FEHRiTA G gk A& K p A0 A e ¢F 4 K (Outward
growth) [33] > if % e § 3 B & w515 { R 5 iEA[87] 0 Kigehfhik
7 11 EEBSD 3t B ¢ A (Kikuchi line)en= 58k gH 4 FE B RiE 7 1 & 4 D
R

R R G TR 6 ke M FIBBT SBLRI R B (51 (7 1] o i2 » EBSD
SEET BB R 4 SO % 4oB 4-225 1 & 2 A ¢ 5 MgO~Mg,SiO, MgSiO; ¢
%45 & 255 A EBSD P & enppd o R T L2 S HEBERE
Boenig % 73 B 4-23 T8 4-25 0 £ BlePB() 2 FIB & 5 endjj o & 5 g 3Fal
UEIMNEEFL aBR R EED ﬁ* ERE S HE o RRFET L A F()
tenied PHELZEREFHORE > FPD 2o+ 5 MAOY 2 e p it w oo

5Bl 4-23(b) 3 B] 4-25(b)“T & Mecrdfde 5 % » 7 AT A g WArird =
2. MAO %k % & 2 & % i % (Forsterite)4p :7 MQ,SiO, 12 2 = 4% 7 (Periclase)4p
FIMO(fh~ P v BNEAT) HP X wEE Berd A2 MgO# % » 4p %t
potesEtE BW fo 75W ¢ B b4 MO eh2 & @ gt = gt A T adp g
RRAHRLE @ ¥ a3 MSIO sl & € P A *F MgO[88-89] - s & % &f
T Y R R R LA e g SR P Mo SIO, T R G AT ¢
g MIR[BL] e T - R RAHF KRS E P BRI G IR ol Bl 7R fod

W0 CUR G S dh g MAO RARB I K e o
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oo i ’ B
s iv’ e > E'm —

4223457 LB 242 F M B(@MgO ; B(b)Mg.SiOs ; Bl(c)MgSiOs

# 45EBSD % i+ £ N L ppd

w&ppd i & 4 g
[ | MgO
Mg,SiO4
] MgSiO3
[ | MgWOQO,

Map Data 1

Bl 4-23 4 Bie 7 EBSD 24 2452 % » BQFIB:R Y & HH 552 5 (0)Fh 2
5
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Bl 4-24 345 5W it 7 EBSD f & 4§15 % B@FIB # 5 2454 % % 5 ()4
B

Bl 4-25 :4% 7.5W 217 EBSD ‘o4 2455 % » B(QFIB 3 * 284 & 3 5 (0)#
B
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5-1 #7 > B384 5% 1380°C[92] » i ¥ MgO(2852°C) » 4 7 3 MgWOy

Poe MQO i A4pdEip Bs B ip B < }*%[93] Ry dp g gheangr i & MAO

fWArP 2 F MgWO, s 4= 8P F 1V 00 A& 0 7 5y s e 7 35 g 8 TR E B
et AR A AL R RS F HI50] 0 A Aot BIR ARG T F W ;’:iflicfb

RET AR o bt WG P F RO PRI S R TV el
AT P AN EAF R P L MAO % ¢ 5 B R E o B-type 2558 [37] > 3 4
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The MgO-WO 3 Phase diagram
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Pl RE i A S B S TS 3 ILW—#Eiﬂ'B}zﬁg '@ 2 ;;l}“r} _§‘g;ra.c‘ NS o Rl S

PR ST e B 4-2 B 4-9 SrELE DA okl ) o 5 MgWO, chid

72

doi:10.6342/NTU202303702



»Era Ramn gk o F]PL SRR BW Ao 75W A V-T Bl Y 5 - 2 BT 5 9 i anii
RRELABIAEEL L L -
421 LLﬁ%Pé*{Bsoosfrswsoosm*ﬁéméﬂfﬁ(ﬂ49§]4ll), ;,‘—"

Lp ARG AR B R T A PR SW-300s e o w0 8 A F TR

=4

2

MR LI LR E e D e § R R E MR IRk e b 0
¥ /L1 2 Unipolar & Bipolar # f&% i) 3¢ e e 4k 2 [50] » § b R
s 2 G TOW BE P 2RE § i fdp MOWO, € & 7 5 T A8
SIS A0 B-type SRR rA A BT § A2 S A RIVE o H SRR
AR E (e iem 7o wnflmd g4 #3 N AR 412 A PRRET
7.5W-300s LB 07550 0 A @ B KO B R 0 395 i FuB L 4

/# fL‘ °

73
doi:10.6342/NTU202303702



Oxide layer
A

Melton MgWO,

MAO coating after B type discharge

W5-25W% 353 2 £ 7 LW > BT A~ 9 8550k 5 (b)% f lEMgWO,55 1+ if

Monll s (C) B RERAEMOWO,L H2 7355 4 &

doi:10.6342/NTU202303702



52% - TRBRETCHICEALLLES

15 W 4-23 W] 4-25 <9 EBSD A 4% » A v @40 MAO ik 45 4 & & A &
MgoSiOs » # ® % 12 i3 = P B2 & chst 45 BW fr 75W it A4 i f chi - A&
R 5.1 ik - TRT o s &8 2R A G M@ SIO, 7 B ehA R
e -

2 (5-1)# (5-2) 5 MQ,Si0, 2 & éhF Jis 55 [86] 2§ % M1 e Mg? s ¢ jai @ ¢

SiOs" % & 5 MgSiOz » £ i~ # 2 MgO ¢+ Mg,SiOs o & MAO #iz* ¢ 3

T f#ir WEARTH RSN S R EHPAGYSF BB § Bl
AF BT RS A SRSB4 K Devi % A[86]F ] AP BB T R 4%

v /’J‘ 4e SrO > 3 3 SrO FEzg 7 MgO %A MgSiOs ¥ endfdr 0 B3 E 5k MQ,SiO, 2
LTS .
Mg+ SiO5>—MgSiO3 (5-1)
MgO+ MgSiOz—>Mg,SiO,4 (5-2)
$v by g A0 g BW s it Mgt WO F i+
MOWO, is3% € 3§ it ¢ MQSIO e & » @ itk endtipl P BE g & 2 o 5
B S pE s B S eri 2 SRR TV A R AR PR g 1F S 4o RIAT
R MQSIOg 4 A e sRIL G o B4 Bt f 0 MQWO, #7343 5g 4
B-type *cf » SE R e B MET RS R B FF o A T R Y - T
BT L EERE R AT TN A B o @ F R eS0T [76] 4 %
KBTS X~ R A2 R o bR SR BW e 7.5W 2

dv i g paAN TS A 4 & & & MQeSIOq ©

75
doi:10.6342/NTU202303702



RN ST Y TP A

%4 5.1 5.2 82 345 0 A A FR DR BW fr TEW S IR B A & il
CUERIR S A L R e 2 (R TR BT AR
B F ATl 0 B - FRT L¥ HMgWO, 2 H 3 chB-type s 4 xR kg
SIOFZF 7 )5 el i 0 ik ¢ 7 % A WO € SIOF et o g b 1245 ]
4-17 5 B 4-19EPMA chid % > = 32 chi o # s BT 2P L P72 B 2
BONGOE O~ KF BT M@SIOs ths A E o

AR R v AR 4-14 chd 5 pcR B BRI % 0 32 B-300s chA B 2
FAF600s i h 423 & ¢ g HPIAS B eSO 0 B AL
R FIRAST £ e > ot Fdk B-300s hA & A oG A {AF R
M@,SiOg » T3t b ¥ 3£ % T4 £ M@0 chR 7l 7 L 44 d B £ 5 4
B AT [94] 2 T 4 of A [95] 2% e ¥ 4 1 MQpSIO, 54 f2 5 3¢ 0 4e3t(5-3) »

v ¢ 3p 1 M@SIOy BB 8 R T ¢ 4 fi# = MgO & MgSiOs» Y. Syono & 4 %7 §

i

[94] T 45 1 MQ2SiO4 4 15 £ MgSiOs chfp § 14 218 & fm f ch?) X 5 o 3530
% T RT] ATy EBSD A 45 ¢ MQSIOz sh % T 7 % BB o
Mg,SiO4;—MgO+ MgSiOs (5-3)

R PR K eEdE W o 7T5W 0 £ G e MoSIO, B i F A A3
FATFAN R BRRAGE » B RELF O AR T R R KA
ER R FC v AER 4-10 2R OW Sg P cnfi o 14 > % - TRT oF
B2 p IR RIGFERRERFSE S 5L RHGMRT PR R RSE A
AT R B VT A G e RGNS TN FIBRT S s LR
M2 o fefh $9[63] > 0 AL 2 MQpSIOs A iR ek Rtk W AT 5 - R
o PE SRS A 2 N NG ek B SRR G g P AR R el B
®RBA o

MDA T EE SW S SRt R (S R B BT R el Anh

76
doi:10.6342/NTU202303702



Hybrid % #2[85]> £ 41 * Uipolar & k514 % % % cndF e 4 = F # & &1 Mg,SiO, >
Hgfe ¢ * Bipolar @ iRE A AT L i 2 PP FREX 5o 7 todh L PR X AR E R
7% 8L MgWO, % 34 % B-type & 22 7 i = #F v Unipolar & ik e o & 2. 384 B
R - B RS RB(R41) ARKRSFEC>FTRERF > XTEYD 23045
DA A REPURZIH A Ctype 5 A [37] 0 &- H i & G I MQSiO 3 2 &
fA A HRRA NI g SRR SR SL R o B 5-3 280 R B & SW R
B X AOV(HARLE A D)EFRL LG R THENPP LR EE B 45 35
MBI ZITR N R E > A R OW A vk A H T g Y oaral

%F\%Ko

Bl 5-3 T 430V 5 % & < T 425 0 BI(Q)B ; (b)5W

77
doi:10.6342/NTU202303702



5.4 42 4

$20 MAO § 1 e AR T de > L& § 3 Renmh] Htenmtd g i

SOHBRF KRR e f & MAO S § R 4 K g B R

EAFT Y NERL P ELEAEGS s AR E G B R ol R A
RTINS e ﬁ%ﬁi@ﬁﬂ?ﬁth{éﬁ@zi%ﬁiqﬁt PP S Sk
MzSIO, » 7 4y fadp i 4 3 @ V-T RIS - TRE & 5 A ARA 2

ik KA WRG g TR KBTS AT  dREREr AL

s

PR AT 0 hoiEd TOW IIRE B A R @ Bl i 4 B o A

R AT
Fegh il § i THIREA LY e B A T S TR

iz % 5g/L -

78

doi:10.6342/NTU202303702



$2 3 B#

SR F 1 ARV-TRIE fv o g g 5Q/L R 4 18 TRIOEA § DA

PRI I B LRk % > BWHET S Fuir4cic 4 > B2 25W=t2 » @ 75Wh
£ o

20 AR ZMAOF  Bdiffeid 2 £ &4tk A P SWA G A RiE 3
B HABE kP LG &P > BWA & 5 MgSiOsm B 5 MgO{-MgSiO; -
Fpoe KA B endp phgph i i RARD A PR K o R B B4 MOWO, 5
Ao R VKR - PR 395 4 R foick pIRaA s 2t PR B typess ic
Troepd EAE N R S HE R MESIONE & p K AMgT e SIOsT R 2 A
F R4 2 2 Mg,SiO,

WA PBE2EWere § M pl 2l ehd 6 3R 54 > ¢ % REL 2 2 hMgoSiOs
FlEEBRATEEHEAETE o

BAz 1S PPOWE TEW e T L4 3030 F 42 Fas 3 0 #® & & MQeSiO 7 =
B

7.5WF & » FIMWOLE & 3 P 3044 Finlf < > JARY ¥t g 2 @3 > PR

FeA AR RE > S ERER KL A IDR BN FI oo

79
doi:10.6342/NTU202303702



¥-® AREY

VSR 7 S PR AN B E AR R R BB 4 T
AR BRI S aT R T RESTERE IR FHRES R
¢ 1 MQoSIOy it 1 Fildiar 4 P AR o

8 g 7 e LG R T A5 R LI & A MQ,STOg T gt o
MR T PFE B R R RS € 1@ MOoSIOs & fide Flut A k¥ 4T =
R
1 P’fvmf/] fedh LM F TV R B B L A Nt R TR o
2. H-SW Az EE - RRT 0B AR R E - R RARDT fRR R PRI

T SRR e

3. FHRHEH DT RS Ko bl4eR 3t Hybrid $554 & 7 oAl 0

80
doi:10.6342/NTU202303702



24

[1] B. Mordike, T. Ebert, Magnesium: properties—applications—potential, Materials Science and
Engineering: A, 302 (2001) 37-45.

[2] B. Landkof, Magnesium applications in aerospace and electronic industries, Magnesium alloys and
their applications, (2000) 168-172.

[3] H.E. Friedrich, B.L. Mordike, Magnesium technology, Springer, 2006.

[4] B. Akyiiz, Comparison of the machinability and wear properties of magnesium alloys, The
International Journal of Advanced Manufacturing Technology, 75 (2014) 1735-1742.

[5] K. Hiratsuka, A. Enomoto, T. Sasada, Friction and wear of Al203, ZrO2 and SiO2 rubbed against
pure metals, Wear, 153 (1992) 361-373.

[6] H. Chen, A. Alpas, Sliding wear map for the magnesium alloy Mg-9Al-0.9 Zn (AZ91), Wear, 246
(2000) 106-116.

[7] D. Saran, A. Kumar, S. Bathula, D. Klaumiinzer, K.K. Sahu, Review on the phosphate-based
conversion coatings of magnesium and its alloys, International Journal of Minerals, Metallurgy and
Materials, 29 (2022) 1435-1452.

[8] L.-p. Wu, J.-j. Zhao, Y.-p. Xie, Z.-D. Yang, Progress of electroplating and electroless plating on
magnesium alloy, Transactions of Nonferrous Metals Society of China, 20 (2010) s630-s637.

[9] Y. Zhang, C. Yan, F. Wang, H. Lou, C. Cao, Study on the environmentally friendly anodizing of
AZ91D magnesium alloy, Surface and Coatings Technology, 161 (2002) 36-43.

[10] R.A. Singh, S. Jayalakshmi, S. Sankaranarayanan, R. Shabadi, S. Konovalov, X. Chen, M. Gupta,
Tribological characteristics of magnesium nanocomposites, Materials Today: Proceedings, 5 (2018)
16575-16579.

[11] W. Monteiro, S. Buso, L. Silva, Application of magnesium alloys in transport, New features on
magnesium alloys, (2012) 1-14.

[12] W. Yao, L. Wu, J. Wang, B. Jiang, D. Zhang, M. Serdechnova, T. Shulha, C. Blawert, M.L.
Zheludkevich, F. Pan, Micro-arc oxidation of magnesium alloys: A review, Journal of Materials
Science & Technology, 118 (2022) 158-180.

[13] SHEADE, PHRIBHE T, TREEE SRR AR A ], 2009.

[14] A. Tsujimoto, W.W. Barkmeier, N.G. Fischer, K. Nojiri, Y. Nagura, T. Takamizawa, M.A. Latta, M.
Miazaki, Wear of resin composites: Current insights into underlying mechanisms, evaluation methods
and influential factors, Japanese Dental Science Review, 54 (2018) 76-87.

[15] D.K. Dwivedi, Adhesive wear behaviour of cast aluminium-silicon alloys: Overview, Materials &
Design (1980-2015), 31 (2010) 2517-2531.

[16] B. Podgornik, Adhesive Wear Failures, Journal of Failure Analysis and Prevention, 22 (2022)
113-138.

[17] K. Zum Gahr, Modelling of two-body abrasive wear, Wear, 124 (1988) 87-103.

81
doi:10.6342/NTU202303702



[18] A. Vencl, V. Gasi¢, B. Stojanovié¢, Fault tree analysis of most common rolling bearing tribological
failures, in:  10P Conference Series: Materials Science and Engineering, IOP Publishing, 2017, pp.
012048.

[19] G.W. Stachowiak, A.W. Batchelor, Engineering tribology, Butterworth-heinemann, 2013.

[20] B. Madsen, Standard guide for determining amount of synergism between wear and corrosion,
ASTM G119-09, Annu Book ASTM Stand Sect, 11 (2009) 1-6.

[21] A. Lopez-Ortega, J. Arana, R. Baydn, Tribocorrosion of passive materials: a review on test
procedures and standards, International Journal of Corrosion, 2018 (2018).

[22] T. Xin, Y. Zhao, R. Mahjoub, J. Jiang, A. Yadav, K. Nomoto, R. Niu, S. Tang, F. Ji, Z. Quadir,
Ultrahigh specific strength in a magnesium alloy strengthened by spinodal decomposition, Science
Advances, 7 (2021) eabf3039.

[23] M.K. Kulekci, Magnesium and its alloys applications in automotive industry, The International
Journal of Advanced Manufacturing Technology, 39 (2008) 851-865.

[24] B. Akyuz, Comparison of the machinability and wear properties of magnesium alloys, The
International Journal of Advanced Manufacturing Technology, 75 (2014) 1735-1742.

[25] F. Simchen, M. Sieber, A. Kopp, T. Lampke, Introduction to plasma electrolytic oxidation—An
overview of the process and applications, Coatings, 10 (2020) 628.

[26] H. Tang, W. Tao, H. Wang, Y. Song, X. Jian, L. Yin, X. Wang, F. Scarpa, High-performance
infrared emissivity of micro-arc oxidation coatings formed on titanium alloy for acrospace applications,
International Journal of Applied Ceramic Technology, 15 (2018) 579-591.

[27] S. Yang, R. Sun, K. Chen, Self-healing performance and corrosion resistance of phytic acid/cerium
composite coating on microarc-oxidized magnesium alloy, Chemical Engineering Journal, 428 (2022)
131198.

[28] M. Wang, X. Zuo, W. Li, G. Cao, A. Xiang, Enhanced dielectric performance of BaxSr (1-x) TiO3
films prepared by the direct current micro-arc oxidation in the presence of ethylenediamine tetraacetic
acid, Thin Solid Films, 694 (2020) 137579.

[29] F. Muhaffel, H. Cimenoglu, Development of corrosion and wear resistant micro-arc oxidation
coating on a magnesium alloy, Surface and Coatings Technology, 357 (2019) 822-832.

[30] N. Sluginov, On luminous phenomen, observed in liquids during electrolysis, Russ. Phys. Chem.
Soc, 12 (1880) 193-203.

[31] S. Brown, K. Kuna, T.B. Van, Anodic spark deposition from aqueous solutions of NaAlIO2 and
Na2Si03, Journal of the American Ceramic Society, 54 (1971) 384-390.

[32] A. Kuhn, Plasma anodizing of magnesium alloys, Metal Finishing, 101 (2003) 44-50.

[33] R. Hussein, X. Nie, D. Northwood, An investigation of ceramic coating growth mechanisms in
plasma electrolytic oxidation (PEO) processing, Electrochimica Acta, 112 (2013) 111-119.

[34] G.B. Darband, M. Aliofkhazraei, P. Hamghalam, N. Valizade, Plasma electrolytic oxidation of
magnesium and its alloys: Mechanism, properties and applications, Journal of Magnesium and Alloys,
5 (2017) 74-132.

82
doi:10.6342/NTU202303702



[35] J. Jovovié, S. Stojadinovié, N. Sisovié, N. Konjevi¢, Spectroscopic study of plasma during
electrolytic oxidation of magnesium-and aluminium-alloy, Journal of Quantitative Spectroscopy and
Radiative Transfer, 113 (2012) 1928-1937.

[36] L. Chang, Growth regularity of ceramic coating on magnesium alloy by plasma electrolytic
oxidation, Journal of Alloys and Compounds, 468 (2009) 462-465.

[37] R. Hussein, X. Nie, D. Northwood, A. Yerokhin, A. Matthews, Spectroscopic study of electrolytic
plasma and discharging behaviour during the plasma electrolytic oxidation (PEO) process, Journal of
Physics D: Applied Physics, 43 (2010) 105203.

[38] T. Mi, B. Jiang, Z. Liu, L. Fan, Plasma formation mechanism of microarc oxidation,
Electrochimica Acta, 123 (2014) 369-377.

[39] L.-r. Chang, F.-h. Cao, J.-S. Cai, W.-j. Liu, Z. Zhang, J.-g. Zhang, Influence of electric parameters
on MAO of AZ91D magnesium alloy using alternative square-wave power source, Transactions of
Nonferrous Metals Society of China, 21 (2011) 307-316.

[40] C. Xu, X. Yan, H. Yang, H. Yan, Effect of voltage on the microstructure and corrosion properties
of MAO coatings on biodegradable ZK60 Mg alloys, Int. J. Electrochem. Sci, 13 (2018) 3555-3565.
[41] z. Li, Y. Yuan, X. Jing, Effect of current density on the structure, composition and corrosion
resistance of plasma electrolytic oxidation coatings on Mg-Li alloy, Journal of Alloys and Compounds,
541 (2012) 380-391.

[42] R. Hussein, D. Northwood, X. Nie, Coating growth behavior during the plasma electrolytic
oxidation process, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 28
(2010) 766-773.

[43] S. Wang, Y. Xia, L. Liu, N. Si, Preparation and performance of MAO coatings obtained on AZ91D
Mg alloy under unipolar and bipolar modes in a novel dual electrolyte, Ceramics International, 40
(2014) 93-99.

[44] S. Gnedenkov, O. Khrisanfova, A. Zavidnaya, S. Sinebryukhov, V. Egorkin, M. Nistratova, A.
Yerokhin, A. Matthews, PEO coatings obtained on an Mg—Mn type alloy under unipolar and bipolar
modes in silicate-containing electrolytes, Surface and Coatings Technology, 204 (2010) 2316-2322.
[45] J.-t. Yao, S. Wang, Y. Zhou, H. Dong, Effects of the power supply mode and loading parameters on
the characteristics of micro-arc oxidation coatings on magnesium alloy, Metals, 10 (2020) 1452.

[46] R. Hussein, D. Northwood, X. Nie, The influence of pulse timing and current mode on the
microstructure and corrosion behaviour of a plasma electrolytic oxidation (PEO) coated AM60B
magnesium alloy, Journal of Alloys and Compounds, 541 (2012) 41-48.

[47] X. Ly, S. Yang, Influence of current mode on microstructure and corrosion behavior of micro-arc
oxidation (MAQ) biodegradable Mg-Zn-Ca alloy in Hank's solution, Surface and Coatings Technology,
358 (2019) 331-339.

[48] A. Anawati, E. Hidayati, H. Labibah, Characteristics of magnesium phosphate coatings formed on
AZ31 Mg alloy by plasma electrolytic oxidation with improved current efficiency, Materials Science
and Engineering: B, 272 (2021) 115354.

83
doi:10.6342/NTU202303702



[49] H. Gao, M. Zhang, X. Yang, P. Huang, K. Xu, Effect of Na2SiO3 solution concentration of
micro-arc oxidation process on lap-shear strength of adhesive-bonded magnesium alloys, Applied
surface science, 314 (2014) 447-452.

[50] H. Guo, M. An, Growth of ceramic coatings on AZ91D magnesium alloys by micro-arc oxidation
in aluminate—fluoride solutions and evaluation of corrosion resistance, Applied Surface Science, 246
(2005) 229-238.

[51] A. Fattah-Alhosseini, M. Sabaghi Joni, Effect of KOH concentration on the microstructure and
electrochemical properties of MAO-coated Mg alloy AZ31B, Journal of Materials Engineering and
Performance, 24 (2015) 3444-3452.

[52] J. Zhuang, R. Song, H. Li, N. Xiang, Effect of various additives on performance of plasma
electrolytic oxidation coatings formed on AZ31 magnesium alloy in the phosphate electrolytes, Journal
of Wuhan University of Technology-Mater. Sci. Ed., 33 (2018) 703-709.

[53] X. Liu, L. Zhu, H. Liu, W. Li, Investigation of MAO coating growth mechanism on aluminum
alloy by two-step oxidation method, Applied surface science, 293 (2014) 12-17.

[54] J. Dou, C. Wang, G. Gu, C. Chen, Formation of silicon-calcium-phosphate-containing coating on
Mg-Zn-Ca alloy by a two-step micro-arc oxidation technique, Materials Letters, 212 (2018) 37-40.

[55] Q. Chen, Y. Zheng, S. Dong, X.-B. Chen, J. Dong, Effects of fluoride ions as electrolyte additives
for a PEO/Ni-P composite coating onto Mg alloy AZ31B, Surface and Coatings Technology, 417 (2021)
126883.

[56] B. Kazanski, A. Kossenko, M. Zinigrad, A. Lugovskoy, Fluoride ions as modifiers of the oxide
layer produced by plasma electrolytic oxidation on AZ91D magnesium alloy, Applied Surface Science,
287 (2013) 461-466.

[57] M.A. Osipenko, D.S. Kharytonau, A.A. Kasach, J. Ryl, J. Adamiec, I.1. Kurilo, Inhibitive effect of
sodium molybdate on corrosion of AZ31 magnesium alloy in chloride solutions, Electrochimica Acta,
414 (2022) 140175.

[58] H. Zhu, X. Li, X. Guan, Z. Shao, Effect of Molybdate Conversion Coating of Magnesium Alloy
Reinforced by Micro-arc Oxidation, Metals and Materials International, 27 (2021) 3975-3982.

[59] L. Ling-jie, Y. Zhi-ming, L. Jing-lei, H. Dong-hai, Z. Sheng-tao, P. Fu-sheng, Corrosion inhibition
of magnesium alloy in 3.5% NaCl medium by tungstate, Journal of Electrochemistry, 14 (2008) 427.
[60] B. Zhang, K. Xu, X. Zheng, X. Yao, Y. Wang, J. Ge, Study of a hydrogen inhibition method with
sodium tungstate for wet aluminum dust removal systems, Coatings, 10 (2020) 431.

[61] M. Javidi, R. Omidvar, Synergistic inhibition behavior of sodium tungstate and penicillin G as an
eco-friendly inhibitor on pitting corrosion of 304 stainless steel in NaCl solution using Design of
Experiment, Journal of Molecular Liquids, 291 (2019) 111330.

[62] H. Yan, W. Liu, Z. Yu, B. Liu, C. Liu, T. Wang, Y. Liu, L. Wu, Y. Ma, Effect of Sodium Tungstate
on the Microstructure and Properties of Micro-Arc Oxidized Coatings Formed on 2A12 Aluminum
Alloy, Journal of Materials Engineering and Performance, 30 (2021) 7741-7751.

[63] W. Tu, Y. Cheng, X. Wang, T. Zhan, J. Han, Y. Cheng, Plasma electrolytic oxidation of AZ31

84
doi:10.6342/NTU202303702



magnesium alloy in aluminate-tungstate electrolytes and the coating formation mechanism, Journal of
Alloys and Compounds, 725 (2017) 199-216.

[64] Y. Song, X. Sun, Y. Liu, Effect of TiO2 nanoparticles on the microstructure and corrosion behavior
of MAO coatings on magnesium alloy, Materials and Corrosion, 63 (2012) 813-818.

[65] R. Arrabal, E. Matykina, F. Viejo, P. Skeldon, G. Thompson, M. Merino, AC plasma electrolytic
oxidation of magnesium with zirconia nanoparticles, Applied Surface Science, 254 (2008) 6937-6942.
[66] F. Liu, D. Shan, Y. Song, E.-H. Han, W. Ke, Corrosion behavior of the composite ceramic coating
containing zirconium oxides on AM30 magnesium alloy by plasma electrolytic oxidation, Corrosion
Science, 53 (2011) 3845-3852.

[67] Y. Zhang, Y. Xu, C. Miao, X. Tu, J. Yu, J. Li, Effect of tungsten carbide particles on the
characteristics of PEO coatings formed on AZ31B magnesium alloy in alkaline electrolyte, Int. J.
Electrochem. Sci, 13 (2018) 7923-7929.

[68] G. Yinning, S. Yongyao, C. Linjiang, Z. Yan, L. Siyingi, X. Min, Formation of a composite anodic
oxidation film containing Al203 particles on the AZ31 magnesium alloy, Materiali in tehnologije, 53
(2019) 225-232.

[69] R. Chaharmahali, A. Fattah-alhosseini, M. Nouri, K. Babaei, Improving surface characteristics of
PEO coatings of Mg and its alloys with zirconia nanoparticles: A review, Applied Surface Science
Advances, 6 (2021) 100131.

[70] X.-J. Cui, C.-H. Liu, R.-S. Yang, M.-T. Li, X.-Z. Lin, Self-sealing micro-arc oxidation coating on
AZ91D Mg alloy and its formation mechanism, Surface and Coatings Technology, 269 (2015) 228-237.
[71] F. Einkhah, K.M. Lee, M.A.F. Sani, B. Yoo, D.H. Shin, Structure and corrosion behavior of oxide
layer with Zr compounds on AZ31 Mg alloy processed by two-step plasma electrolytic oxidation,
Surface and Coatings Technology, 238 (2014) 75-79.

[72] M. Rahmati, K. Raeissi, M.R. Toroghinejad, A. Hakimizad, M. Santamaria, The multi-effects of
K2TiF6 additive on the properties of PEO coatings on AZ31 Mg alloy, Surface and Coatings
Technology, 402 (2020) 126296.

[73] B.-Y. Qian, W. Miao, M. Qiu, F. Gao, D.-H. Hu, J.-F. Sun, R.-Z. Wu, B. Kirit, S. Betsofen,
Influence of Voltage on the Corrosion and Wear Resistance of Micro-Arc Oxidation Coating on Mg—
8Li-2Ca Alloy, Acta Metallurgica Sinica (English Letters), 32 (2019) 194-204.

[74] D. zhang, Y. Ge, G. Liu, F. Gao, P. Li, Investigation of tribological properties of micro-arc
oxidation ceramic coating on Mg alloy under dry sliding condition, Ceramics International, 44 (2018)
16164-16172.

[75] S. Durdu, M. Usta, Characterization and mechanical properties of coatings on magnesium by
micro arc oxidation, Applied Surface Science, 261 (2012) 774-782.

[76] D. Chen, R. Wang, Z. Huang, Y. Wu, Y. Zhang, G. Wu, D. Li, C. Guo, G. Jiang, S. Yu, Evolution
processes of the corrosion behavior and structural characteristics of plasma electrolytic oxidation
coatings on AZ31 magnesium alloy, Applied surface science, 434 (2018) 326-335.

[77] K. Tekin, U. Malayoglu, S. Shrestha, Tribological properties of plasma electrolytic oxide coatings

85
doi:10.6342/NTU202303702



on magnesium alloys, Tribology-Materials, Surfaces & Interfaces, 6 (2012) 67-74.

[78] X. Li, X. Liu, B.L. Luan, Corrosion and wear properties of PEO coatings formed on AM60B alloy
in NaAIO2 electrolytes, Applied surface science, 257 (2011) 9135-9141.

[79] P. Zhang, X. Nie, H. Hu, Y. Liu, TEM analysis and tribological properties of Plasma Electrolytic
Oxidation (PEO) coatings on a magnesium engine AJ62 alloy, Surface and Coatings Technology, 205
(2010) 1508-1514.

[80] D.V. Mashtalyar, S.L. Sinebryukhov, 1.M. Imshinetskiy, A.S. Gnedenkov, K.V. Nadaraia, A.Y.
Ustinov, S.V. Gnedenkov, Hard wearproof PEO-coatings formed on Mg alloy using TiN nanoparticles,
Applied Surface Science, 503 (2020) 144062.

[81] D. Jun, J. Liang, L.-t. Hu, J.-c. Hao, Q.-j. Xue, Effects of sodium tungstate on characteristics of
microarc oxidation coatings formed on magnesium alloy in silicate-KOH electrolyte, Transactions of
Nonferrous Metals Society of China, 17 (2007) 244-249.

[82] z. Fang, A.-D. Liao, R.-F. Zhang, S.-F. Zhang, H.-X. Wang, X.-M. Shi, M.-J. Li, X.-M. He,
Effects of sodium tungstate on properties of micro-arc coatings on magnesium alloys, Transactions of
Nonferrous Metals Society of China, 20 (2010) s683-s687.

[83] Q. Chen, W. Li, K. Ling, R. Yang, Effect of Na2WO4 addition on formation mechanism and
microstructure of micro-arc oxidation coating on Al-Ti double-layer composite plate, Materials &
Design, 190 (2020) 108558.

[84] Y. Cheng, Z. Zhu, Q. Zhang, X. Zhuang, Y. Cheng, Plasma electrolytic oxidation of brass, Surface
and Coatings Technology, 385 (2020) 125366.

[85] R. Hussein, D. Northwood, J. Su, X. Nie, A study of the interactive effects of hybrid current modes
on the tribological properties of a PEO (plasma electrolytic oxidation) coated AM60B Mg-alloy,
Surface and Coatings Technology, 215 (2013) 421-430.

[86] K.B. Devi, B. Tripathy, A. Roy, B. Lee, P.N. Kumta, S.K. Nandi, M. Roy, In vitro biodegradation
and in vivo biocompatibility of forsterite bio-ceramics: Effects of strontium substitution, ACS
Biomaterials Science & Engineering, 5 (2018) 530-543.

[87] M. Kamil, M. Kaseem, Y. Lee, Y. Ko, Microstructural characteristics of oxide layer formed by
plasma electrolytic oxidation: Nanocrystalline and amorphous structures, Journal of Alloys and
Compounds, 707 (2017) 167-171.

[88] K.S. Lee, K.C. Chin, S. Ramesh, J. Purbolaksonoa, M. Hassan, M. Hamdi, W. Teng,
Characterization of forsterite ceramics, Journal of Ceramic Processing Research, 14 (2013) 131-133.
[89] D.L. Whitney, M. Broz, R.F. Cook, Hardness, toughness, and modulus of some common
metamorphic minerals, American Mineralogist, 92 (2007) 281-288.

[90] Z. Li, Y. Cheng, S.-h. Kang, W. Tu, Y. Cheng, A re-understanding of the breakdown theory from
the study of the plasma electrolytic oxidation of a carbon steel—A non-valve metal, Electrochimica
Acta, 284 (2018) 681-695.

[91] Y.P. Sharkeev, V. Sheykin, M. Sedelnikova, E. Legostaeva, E. Komarova, V. Ermakov, A. Osipov,

E. Shelekhova, Modification of titanium medical agraffe surface for suturing instruments with microarc

86
doi:10.6342/NTU202303702



oxidation method, Inorganic Materials: Applied Research, 7 (2016) 226-232.

[92] L.L. Chang, M.G. SCROGER, B. Phillips, Alkaline-Earth Tungstates: Equilibrium and Stability in
the M-W-O Systems, Journal of the American Ceramic Society, 49 (1966) 385-390.

[93] B. Han, Y. Li, C. Guo, N. Li, F. Chen, Sintering of MgO-based refractories with added WO3,
Ceramics international, 33 (2007) 1563-1567.

[94] Y. Syono, T. Goto, H. Takei, M. Tokonami, K. Nobugai, Association reaction in forsterite under
shock compression, Science, 214 (1981) 177-179.

[95] Y. Xie, W. Zhai, L. Chen, J. Chang, X. Zheng, C. Ding, Preparation and in vitro evaluation of
plasma-sprayed Mg2SiO4 coating on titanium alloy, Acta Biomaterialia, 5 (2009) 2331-2337.

87
doi:10.6342/NTU202303702



