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Chapter 1. Introduction

1.1Background

11. 1 Met al corrosi on

Corrosion is the result of the destructi
el ectrochemical reaction with the environme
compounds that are similar or idenptitbal to
foll owing components are included: el ectro
cathodic reactionM, Fohe camodidec ngoxif danteit an )
form:

0O0 £Q,
whemies number of el ectrons pr oduv Bhde, whi ch
common forms of <cathodilc] reaction are show

0 c¢O0 T1TQ O 100 (Oxygen reducstoilount iionn)neutr al

0 TO T1TQOCCOU (Oxygen r eadcuicdtiiconsoilnut i on) |,
¢cO0 QOO0 O Water r)educti on
O QOO (Mdrogen )rreducti on
The schematic diagram of imen ails Mt alk ss oduutarm

i ki gl.Ellectrons migrate to the adjoining su

reactOwiot H@Ami di c solution, the carrier fo
Met al i s corroded equi |pirbersiunnstsh eat édoyca mii cc a
potential difference betwebdyyiNeemeasttaleqamd
[ B]]

o ; O 4, —10 |,

antde equi adacbroommfoe thesrestoeoni bel owacti on
0 5 0 4 —1 B o¥TYQQ
wher e [ M] i s the activity of the metal, [ C

reduci ndgO spethesstandard potenti al of the



of various metals can be found indTable 1
potenti al compared to that of the coupl ed
pl aced in a corProausribvae x€ sdeieargfcaam ntie 2 ysed t

il lustrate the corrosi on whhetrtemodl aatmr os hdmr

petnti al i's plotteds3s \y2IilnthbepHoofbwaxkxedi agr
M (e.g., Fe),3 ad tslcawmn bien skieq. that the dif
(i mmunity, corrosion, or passivation) of t

potenti al

Metal HCl solution
M
@
e-
. Q\,@
FigutTehel . schematic diagram of metal ¢
\\\\\{b)
1.2 TTe— -
08 |- e
04 b Corrosion -‘_‘"‘\.______‘“‘
_ 0 :i‘~a\‘_i Passivation
< \(;)\“* Corrosion
m -0.4 \“‘n\
08 T
12 b N
-1.6 |-
20 Immunity \
| | | | | | | |

Fi gu2Rour.bai x diagram for the electrochemi
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FeOj _ .
Corrosion
Fed+

Passivation

Immunity

Figu3Tehel .Pourbaix diagram of pure Fe
Pourbaix diagrams are useful in informinog
however, it gives no information about the
i's often esti mat eyd nieraosnu rtehde cedxrreorisiynoeansticanl gl r e
the Faradayods | aw as
0 —, (1.8)

whemies the valernrecs d&Ffaraalbdaymet abnasitsanthe( 96,
atomic massmiod the messal of corroded met al |,

current was applied. To measur e corrosi
el ectrochemical MRaAG u+e meAtsp o nalymidonn g

(PD) pol arization and el ectrochemical i mp €

di scussed in the following sections.



Tabll&thndard el ectromotive fofr4l potenti al

Reduction E°( WHE
Ad*™+ ZFe Au +1.498

I Clo+ 2Ze 2ClI +1. 358
O+ 244 e 20H +1. 229
No bl e PR 2e Pt +1.118
O+ Z0H + =40 +0. 820
Ag'+ "= Ag +0. 799
Fe '+ = Fe +0. 771
N Ci*+ "Zze Cu +0. 342
S+ Ze &'n +0. 150

2H*+ 2Ze2H +0. 000
Po®*+ Ze Pb -0.126
S®* “Ze Sn -0. 138
Ni?*+ “Ze Ni -0. 250
Co**+ Ze Co 0.277
Ch*+ Ze Cd -0. 403
Y 2H,0 + =24 20 0.413
FE€*+ Ze Fe 0. 447
Crr*+ ZFe Cr -0.744
i Zn’*+ "Ze Zn 0.762

Act 1 v

AR+ ZFe Al -1. 662

Mg *+ “Ze Mg 2. 372
Na"+ "= Na -2.710
K+ = K -2.931

11 .. PDest s
PD tests can provide i mportant and us e

mechani s ms, corrosion rates, and the corro

4



given envinr @Dhertp.ot enti al varies aa a sel e
sweeastoap. mddhalequatee caudateend o i esxi dati on or
reaction on th& métexlt rsor poaceati alac dodves
reactiTloe potential as a function of curreni
tobtaimol ari zaltmn#é6khheguoiprecnui t cpoenpoakbn¢Eal
where the total anodic currémeée equmradbsi ohept
and the corrosion current canl dtteedés¢tamaoeid
and anodiThbecooreontt bormet@dne bef competaed by
pol ari zat.i cCo nmbe tphedddasvi z &t iO)n ared i Tsatfaenlhcess | (0 p ¢
corrosion c@r)reaandedgmbnyea (fneedmSiean i

equalkeloanw:
Q —, (9.

wheWYeis the change in potentitali ¢$ hdet eviami rdd

by the slope of the | ine s.efgime ngpiebebrwt he po

0 8— 1D

Theg coef fciacn ebnet obt ai ned fr om & he@apfeerli epnlcoet ¢

wi t ht etshtey s.ge m

Extrapolated
0.3 - cathodic current
02 |-
Intersect at
Ol 1 B ECOH‘J ICOIT
S
~ O -
[8a]
-0.1 -
0.2
N
N\
03 + Extrapolated
anodic current
| 1 1 | | \
106 103 104 103 102 10! 100
Current (A)

Fi gud4Tehel .scpbemantcodynamic polarizatio

Il n sseatdg and simple activation pol ari z



transport, the to)tatamebe caeaxrxpea¥csla®enrbyt y h
equalta,on5]

0 0 , (11}

whedies the oWespbhenhahf ,  reachaomcanm amesf er

cal cdulfartoem Taf e{®YsSH o @y, ¢C®YX¥p | €Q 3]
11. 2 tls$ s

El S, -dewsbnuctive technique,elsctusedhemi cda
parameueipedari zati odoubbeatpagdelshaarce sponse
of corroded electrode to alternating poter
frequenciyancahlaynzgdeth Se s.ul ElaSh be used to obt ai
parametergro®sclonas ate, reactiaodi il eetr ce,
proper6t]i Ess® al sot dedatsedt relaxation pheno
frequencigs eatlgee propertiesdepedadgwdi dabial i
The wmhaismadvantiasg etohoep | & rSallaytisdaihs de g d iev &Ine n t
cir ovhhidtrist mxp er i mgn/t]jaTlh ed aitnéy e,d achacne ,be express
terms @f ,r eald, i Gdag.i nary,

@] D 7 (eglee . (1.12)
The i mpedance behavior ctasn (lbfeiageepd@.fassed i n
a functeeoonr of n Bode 5ph)o)t bxdpf@ R itl g—Cv elr.s u s
frequ@nreyHz,] witéf dThe one major shortcomir
frequency ubpeodcrdtron ote cloeg dt ol @ qfun oed leedtdr ipd aolt .
ciricmitthe Nyquist plot is used to character
whele s the elsectYamlset der pol ari zat sonheesi s
pasdiawer cdmaciitderawleibcehh acvaino rbceo nrsetpa natc epdh absye
el ement (<CRE)If drelhmkdirekoeNy qui st Pl ot , the Bo
frequency .Athdbwer maegoeecymped®arnycé¢, egqvhal € (t
equ&lat high frequency.



(a)

Frequency increase

<

+

-Z"" (ohm)

Phase angle

(b) Z' (ohm)

|Z| (ohm)
(o0130p) o[3ue aseyq

Frequency (Hz)
Fi gufTehel.i mpedance of (a) Nyquist pl ot
112Met al tribocorrosion

Tri bocorrosion describesthkReeddgmadati on
and mecharmsi enaull tl @ante icea 1t rci donofl &Bgtii cbaolc or r osi on
take place under a variety of conditions (
acorrosive environment . Tri bocorrosion i s

mechani stibodyamgpptr wiarc d as detailed bel ow.
11. 2.1 Synergistic approach

I n synergi $t hfecceammpmpodoihaeh mMeasnuraedepar at e |
wi t hdmeg chani,tclpdu wead )i (S me as uar ecda tuhnoddeirc pot er

of 1 V vweirtshhdwretOEBandbskelwemMetar@mfr osi defi ned as
7



t he mateadi &Y ) A¢d oesdi(ng to Eqn. 1.13, t he t
trihecsmon can be expressed by the sum of
synergy of wedr. and corrosion (

Yoo 6 Y (1.13)
Thesynergy of wedn samdefcoredosaisonr he -sum of t

acceleratedM ¢ oramasitohne (c haacncgeel eirnaYae @r,rwoesairo n(

which is given bel ow:
Y Y6 o Yo . (1.14)
From the above, some facteotsalc aqny rber geiasl no ufl

(Egn. cbrt®ks,jon aughernt g6&ndnt haciwear ( augmer
f ac(tbogn . 1.17) .
Tot al synerghi“gny,factor (1.15)
Corrosion augment¥tioon faclol6)

We ar atuagtmiemn & a &d ofw . (1.17)

However, the synergistic approach has bee
cathodic potent isallp,prwlsisc it hwea snAcsaed dtiamagot ot
studyEdpalm argasi naetdd9 Mt beh|l Ebendxittati on of
al | oyocecvuarrr edat hodiimci tprojtrcee sautigad a mataer i al (I
cat hodi csipnoitltedmatttitaalnodi ¢ Plhhercaftoae s wear wund

protection shoula puwrte bwe aro nisn dtelree ds aalsut i on
11. 2. 2 Mechanistic approach

The mechanistic approaabcelned atded ¢ avror opsa
mechanical wear. It can be assumed that th
negligabtewmeadrrgcadthed cbsrosesnsndered in the w
total madleriisaldaefoisrsecdh eansi ctahle rnsautng rodfale k os s
the -ave@el er at admeoh ammisdain )\weatrhe equation

bel ow:



Especially ino passsicvad crmdtaalesd, by the sum of
the passive aeras and the depassivated ar ¢

current af Ipoowienngt iionst ati ¢ .tw i bosc odrertoesrino m eedx p

usiFrag adayodés | aw:
® S— (1.19)
whebés the total charge trlainsftehe echoldar i mag

€i s theofnuanbeat r ofnosr ttrhaen sofxeirbaesdh en Faeraday o8
constant (96,56G0mekddios) Tyaqdant it hgre are t\
assumptions: (1) the measured current dens:
equal to the anodic current (cathodic curr
€in the oxi dhaotuilodn bree adedteitoanmism@ ds Wyrfaayc e an al

photoedpedtr s They t ot aadl) matne rbiea Imelasug e(d by

optical profilometerw Themn thlee:crmé chd it eall
However, t he mechanistic approach only c
and mechanical by the surface chemistry, t

under st and tthrei bfowcrnod ameegrsthaalmsi nadd hg phenomen
ot he -bpidfd third bodies

1. 2.3 Third body approach

I n tribocorrosion sliding contacts, the
ofvear debtrhe worn area. Tweasre merag h dledbgy s i
and evewmalue ofalt h@l]amat rlidfouald. t hat t he
partictlee TiroAdM MWwdadnl caywedge aant o t he space
t he balll andandchea shimphecawvabaeeobt6érved. F
il ustmattersi alhef | oiwd t@amidboeart olotinconamprhhe es
t hat the wearing parotdiexslsest avbbnedh twheé | wdaer e
the solution or transferredcct¢cel ear athed dc dorod
can be observed in both of the m®talanand a

9



be cal cul ated as:

whewoe is the solid metal partheldbséohved
ions in they sdlsuttihoen,pasisdivzed idiyn t he met al

can be ejected from tdrbdjonedomit ( ):
W W W W : (1.22)
Th e wvwaecacrel er at ed )c osrhroouslido ni mic | nnedtea Imeptaarlt iac | e
W W W W j W j : (1.23)

Substituting Egn. 1.22 to Eqn. 1.21, the E

o O o - _ (1.24)
Wear—z_lccelerated ond body
corrosion lumi
(alumina) Wear particle
Wear particle

\.

./

Fi gu6Tehel .schematic of the material fl ows an

1.2 Corrosion and tribocorrosion behavior for Al alloys

Al and its alloys are often used in aut o
due tbi ghewei ght, high strength and good ¢
met al in neutral solution. The exposed sur
inert aluminum oxide when reacting with ox)

[ L. However, such materials are still suscep
10



environmeas, isusalty air and sea water. Th
all oys can be understood from their ther moc
be discussed in section 1.2.1. Common <corr
corrosi acro,y roorsdwince i ntergranul ar corrosi on,

be discussed in section 1.2. 2.
1.2.1 Thermodynamics and kinetics of Al C Ol

I n terms of ,tPeorumddsmadwisayg trsam a dghaxd i on
of pH and potential, wherdhgepteddai dal hydr adg
el ectFrodne Pour bai x dviaagramysft emd,sdnoenalilni cFi
state of Al i's slit.adhl\ve vast. pDHE ndliftadt bee d lavy e a
-1. 8 V, oAl ditiz&d i n acidic. éhifBvioxindnentf i | m
thermodynamicat hg pHablege of 4 to 8.5. At
corroded to t héeda@Howeivreat, e tchat icoklr casnido MIbeh
all oys realthyg prepetadisi wenne s[sl.30fEspesi plalsy i
hal ogens contAli namdy Ale da ldloocyasl inzaeyd <€ uwofrfaeors itol
the passive film is destroyed, the pitting
environment wil/l be chayndgeodAsddgnaoffd ctame |y

reacto@mwidfftand wawoevm [bled]ow

0o ¢O0LO9S 0O o0 O, (1. 25)
oo 0O 0060 0o 00 q, (1. 26)
owooa 0006w VoG O. (1.27)
The corrosion kinectics wild.@ follow the cor

in section 1.1. 1.

11



12 Te—

0.4 Tl

0 [ ~~~Cartrosion Passivation
ABY T~ ALO,

-
~~

Corrosion

0.4 AlO;

E (V)

0.8 I Ry
-1.2

-1.6

4 2 0 2 4 6 8 10 12 14 16
pH

FiguTTehel .schematic Powathan xsylstfagmaat 025 A
1. 2Corrosi sfnoAmodéE |l oy s
Pitting corrosion

Pitting is a common phenomen.onlati iasg ihtey cor
hole or pit that f oAswaliln and madrdr caw e@i torm
failure of the ¢&htghueg éwehroilneg nseyts&tietns osani § o mm
on the surface of Al alloys exposednto at m
hi ghly acidic ori tatliknag ionfet eenl eocctcruorlsy tiens ,pH r
to the instabi ITihtey ncoefg atthi ev epl ays cihwae gfeimurm.@ h e d
on the surface of Apasadilwgsfialnmd, ptemetlract ald
occurred atgapoepemt Wwhicec pkEits imel ated to the
concentration, Thhend pittetmpreg apotenti al s of A
determined by using cdabrpiltcé¢pr ppdgatti an ¢
pl ace when the Dheashawea otcpirtredin Al al | c
shall ow to cylindri chad mihsod heesr,i caanld. tThhei spiits
di stinguish intergranular corrosion, which

It has been known that Al and Al all oys
12



passive film i-a ¢$adblulpiHHvaveves , ot hé passive

ber @akdown by differerfqtlBhalniddeda hiadndg.heRehirm

of Al and some alloys can be increased by
sul pbahuei ens, because the halide ions pene
[ 19 udied the electrochemical behawvior of
containing solutions, suggesting t-he oxi di

containing sol t2Zi9dmug. eNMiadé ihann i@t el act i on

covered aluminum, the piftctoinmeg ndotadntoinali nade

the oxide fil m.
To minimize pitting corrosion, some major
1) Reduce c hcloonrciednet riacn on, temperatur e, acid

the aggressive environment .
2) | mprove the pitting resistance of constr
all oys.

3) Cat hodic protection would be a good sol ut
Crevice corrosion

Crevice corrosion of Al alloys is the |
joiningTber iamage caused by creviédé corros
matrnhx or near tahel occoanln eait @a adb fisacmoimdea e ino m g
environment, a |l ocal cell 1is created at t he
cat hode, whi crhi cihs atrheea. o xC/hgeor i des concentr
representdenpgl eotxeydgeznone (the anacdaei)yr eWhen her
anode area became acidic, whiTlha st hey peatoifo
corrosion is unbhei dabkcéi brpahuseshHdm and e
exampl e, stacked sheet metal, mamrdemme deposi
ma jfoact ors influencing crevice corrosion, [

materi al | and environment .

To prevent crevice corrosion, crevices s|

13



t h
pr

Tr

Th
bi
de
au
fi
tr

W a

t h

r e

el

P a

e design stage. Pol ymatriensealanasotamar c

otect the surface from crevice corrosion.

tergranul ar corrosion

Int er gr anuliar adosror oksnioonn as i ntercrystal.l
rrosion usually occurs in most heat trea
xx dl21loysdI2n] a completely recrystallized

rrosion can appkaald ogepémdiimsg odn enhe el at e
ea or toaaepredia phecigpfaifAd xoxa.u hidm sge mea real ,

t ergr anuleanretcroartreocss imomr e qui ckly than pitt
l i mited depth due to the | i miteMietnranspor
e corarcheisomtrse piamxti entugm arewltehr corrosi on sp
rface. This phenomenon is different from
tes.

i bocorrosi on

Tribocorrosion is anothernfdactori adf aglpul i
i s phenomenon usual ly occurred incl udir
omedi cal applications. The protective o0Xx
stroyed by the mechanical pr ocdesns duwme tthee
tomotive industry, Al parts could degr ade
I m was removed or damaged, l eading to hi

i bocorrosion process.

During tribocorrosi ont hper owoersns stunhref apcaes sa fv
s removed, while the unworn area stil/ re
e unworn area can form galvanic coupling.
al so known as depasostievnattiiaoln.i sA mlegeart v evce
mo v a | of the passive fil m. When the wor
ectrolyte, it suffers a higher corrosion

ssive film formed, whepghssisvanioom asdreectg
14



compete with each other through the whol e -
Al alloys is the result of interaction bet
tri bocofThheosil omer atur e S homwmesxrotrire siion ernn ac ti
tribocorrosion of alumifR2&fhudl edy$ hePaonagop:
of 6082 al umiSimMigm aallllooyy) (il 0. 01 M NacCl SO0
coefficient decreased as the addition of so
and[Rdhvestigated -Gzhe atdmthaom oh Wrder t
strength obysl wmt homt adkecreasing the corro
that the higher tribocorrosion resistance
Chen [e2S5tadudi ed tribocorrosion behavior of
seawater solution, the synergistic effect

materi al degradati on.

1.3 Problemstatement andresearchgoals

As discussed in the previous section, t v
all oy include pitting corrosion and triboc
breakdown while the | atteowhsofethéeéepdassei v
These two modes of degradation wil/l be the
pure corrosion, previous research shows t h:

type and concentration) agreatlandafdmwtt hme te
exampmal |l amounts of metallic elements (e.
to the corrosion of chluwlbddeed Bheopassbeeaps
and cause a negative mogenmporifendlhakdrgbsi o
current density and corrosion occurred on
Al alOtdyes. all oying el ements such as Cu, M
i mprcoovrer osi on resistance and decrease pitti
overpotential for anodic dissolution and de
rafeg .l 8gddition, when both corrosion and

the case of tribocorrosion, all oying addi

15



precipitation strengotheosingn bedi sctoampcreo md

coupling between precipitates and al uminun

resi stance.

1.1Proposed strategy

To address the above -paosdbdewmd] i dnsolhuti

synt hesi z-edufirboom umonprocessing with an ulti

enhancing corrosion and tribocorrosion r

strengthening, solid solution strengthenin
hence is promighnmgedios taaxrhd e vieo hbot h corr osi
high alloying concentr-aguohi banudmeplh odtrse e
pul se el eclt2D,dep@iget gyonball mihlylsiic@a | ( NBBP M)
depos[idqdédn this thesis, mMadnesraeamosput t er i
Albase sol iFd p8oh awws otntse schematic of magnet
The sputtering target I's bombarded by Ar p
|l eave the target and condense on the subs:
control the compotsurnre omf acdha@posicredtmat eri al
Al target Alloying
® o e target
Sputtered o
target o o ®
atoms
/Thinflm
—> Argas . =
™~ Substrate
Fi gu8Tehel . schematic of dual sputtering

16



1.2A1l 1 oy system selection
1.23AMNn system

Among all common alloying el eMmenbti nfaorry Al ,
system in study 1 (chapter 2Mnanmd| ®tysdye2g
Al 3003) are widely wused in the manufacture
containers due to their high ductadiidny, goc
resi $B3&nlcr@6Al 30MhBsat heymain alloying el eme
composition is bd&tawe en3 7BIWOn o~ tlh abto thveo.ad di t
can enhance the tensile strength and corr o
Liu [ejJ8taudi edetbk second phase particles 1ir
all oy in NaC€lhegolfwtuinadn t hat t he i nAltiati on
Ssubstrate around t,he esaedcd ohngdr gpohcafaspet dipiegt | c | e
t o etlhiemi naeécondophas¥amp@B®ih ¢ca& kisicgoartreods itohne
behavior of 3003 aluminymtalelyoydaiamdf It heat g:
"YO can accelerate the corrosianF%f.)3003 al
showd etrmaary phasMnOdiiangraam ocfonAli ti on. The
ternary system plotted by Materi al Project
AIMNRO phase diagram, ©ODlei 8ardrda’t,i ovihierheri gy sd f
t haMn odxi de (see Table 1.2). There are al so
formati on eneeMgy, alMadk &It cl. MP,0o uAlb-BIn xadi agr am
systems plotted by Mat 8rhbi)a.l-MhProllexcyt 9 yss tsehmo,
can be sMrnaltlhay MRAémains st-hb8 eV.atl tt hies ppa se

in the neutratia@mMddr@tmahing mgr pPcet eamtdi al wh
oW at | ower pot enthiiaglh.e fAAttShtameomp ot @tnh i af ac
al kaline enfAWni raolnlnbeynti,s Adorroded whil e it r

certain potential s.

BeyondommeAWnalal heysestl t sMns haotwha ot yhbaet Al

producthle bgl ect undrepomi t emper atsufroer itohnel c I

17



preparati-®inr uocft um@mno and amor phous all oys

properdtQijesnl sol i d sol utmuocnh (hAQC ep h acsoer)r o s i
tribocorrosion resistance haGFbreaexamploet e
Ref feas[sildjudi edroBeoao behaspotteMamadhetr or
neusmaali ne, soheyhbapndti ng cofrMolsicomti @agisst
increasaeadr wiashngHoMwne vceornt etnhte f or mati on mec!t
fil mManf sAIl id solution i n corHeosshiamg 4e@h vailr.on
st udieedc btMacdmrscendmr dériibrocoesiostf aMnb e |,oy s

it wast hfatudhedp as sa wewda @qdu i crkd pya sdswivthha et er

r epas skiivnaehthiioopid ecro n tHeotever , it i s stil] unkn
of parameters of wedaripmagsieati on fdielpms s 8 a

during tribocorrosion. Both of these quest:

(@ . (b)

L] * e
.
e~ Mno, + AP* MnOgy +AI(OH);
. +
|- e
Mn0, (s)|FALO;(s)
.
e =
R aREOTEED [T\ PET) SRPRRPRRPORE B g

LRI .

Mn?T H AL, 04(s) = .

° . e

[ ]
Mn{s) + AI(OH);

MnAl(s) *

Al

AlyMn AlyMn,  AlMn

Figu9(ea)l.The ternar yWrmneChaste 0diKagr(abm oPfouAlbai .
AMn all oy at 25

1.232IMn-Mo0 system

|l addi tion to Mn, the effects of Mo on <co
AIMNMMo ternary system was studied in this t|
t hat Mo i s hi ghlfyorefifmgrntadwiengadtdhée i ¢eesr osi
al umifmumHowever, the equilibrium solubilit

18



ThuscommeAki all oys, the addition of Mo in Z
of pits at the precipitates alnd FKFlidgaycle.s t h
it shows the ternaoOy imhase dioagin amomf Alhe

tersgsyem plotted by Materi al Project was

AIMoO phase diagram, it is calbeauli atesdabhat

than that -2.f02vb¢ floaxm-&le9 2D Ef0)or 1t must be not
in the case of reaction with oxygen, it is
di agrandd &Il oy systems plotted by Mater|
110b) .-MhrMo Adl | oy system, the additimnal pas
is due to the formation of Mo -Mxialel ay.mplatr

can be seen thavté Mamti & haei psodlemead atto hi gher

neutr al pH, while remains Mo oxide and Mo
fil m.
WhenMaéadl way a single phase solid solution

corrosion resistance of the paMosiavlel ofyisl m nc
chl oride containi[nge|send turta doévip o sistualdas Aelt r @arn . |
Lewis aagEtdMel ACCI chl oride molten salt, t he
all oy was significant !l y niummprraonvsei dt i coonmpnaerteadl
that have been el Aéthoodapodiet advMdi dail d atyesf M
may result in a ternary all oMn wammMo Aluper i c
all oys, respectively, f ecenslTs ed @[a@¢hmdhratveed d e s
the results of thHAnMel att ogdepbaitt was of oMlu
33.3 modEtMeAInxdl mol ten salt as a prelimina

the pittingymMot ahtd ogls wowfasAl mpr oMeaid iiom.sodi

19



(b)

[ ] . e

MnO; + MoD2 + Al 05(s) ®
[
-
.

@ o
“:“-Q-_._Mn&:f_+g\z:;(zz(s}+;’1130;{s) .
................. ® .o T e

. [ ] I._
T L ] [ ]
: ol 0 e —

. 1
Mn®* + Mo(5) + ALOY(®)| @
318 o
.
[ ]
AlMos(s) + MnAl(s) + Mn(s)

Aly;Mos .Z.!Mo;;

Figuit@al. The ternar y-MeO aaste 0dikiygr(abm oRo Al b a
of -MMo all oy at 25

Tabl2lThe. formati on and decomposition energy

oxi de.
Compounds Formation/Decomposition
(energy/atom)
MnO, -1.806
MoO; -1.925
MnO -1.979
Mn,0; 2.014
MoO, 22.022
Mn;0, 2205
AlLO; -3.427

1.4 Organization of the thesis

St udyf fleweaowmfcoodi thensri bocor r-Mealolnoypyshavi

(c hap2t)er

The effect of scratchi-Mg ffirlemaueway ®onuair
changing the scratching frequency from O0.
Scanning electron microscopy (SEM) and tre

20



were used ttohe hmirarcadas®tri zeture befo+e and
contact optical 3D profil ometer wa s used
tri bocorrosion. The results show that the t
wear and chemicdalh wéar ) nicmerasas o wicr at ch
wear increases with the increase of scratc

increase of friction coefficient and act ua

wear increasestwiht irieqouee@eayi ngoostr &ai kely d
kinetics at | owseactfircoemaule nTcE M sa n aClryossiss s h o ws
surface is mainly composed of alumina and

Studyh®r matmeohani s pasof\aegteire-Mnfal IAdsycsope of
chapj)er 3

The effect of Mn -Mm alhleoyc owa s ss towmd iodd Ailn
agueous solution. The elaeyc tprhood werhiecd |r omme a L
and atomic probe tomaddiapihgn stowdd that in
corrosion resistance of aluminum without t
di ssolution of Mn is thought to increase t

facilitating the for made olnaydr .a denser and

Studigf BedMbalofoying el ementonmalmeEelr coacaemtrat i

tribocorrosofoMnMed d fiserospe of chapter 4)

The effect of Mo all oying concentration
behavAiMnrMe fal |l oys was studied. The alloyi nc
0O at. % to 30at . %. The pitting pMrtMont i al a
increase with the increase of Mo content.
the totcomlncehtogti on, while the defect den
concentration of the alloy. AgaduMgitsh e m, t h

hi gher due to the formation of a denser pa:
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Chapter 2:

Effect of Scratching Frequency on the Tribocorrosion

Resistance of AAMn Amorphous Thin Films
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2.1 Abstract

Amor phous metallic thin fil ms Sshow gr es
mechani cal and chdeunde ctad taltdiarc kexoelxlisnt we
tribocorrosion resiséebheatcr @athc htihnigs frreesqgeuaerr
amor phemns thlin film were studied in simul
scratching frequency from 0.05 to 1 Hz ir
mi croscopy (SEM)eleaend riomanm mirsossigom yed( THOM)
characteri ze t he mi crostructtueset i mgf.orkRos4d
tribocorrosion topography meastuaetmeapt was!| |
profil ometer. It was found that the total
and chemioakewsead, with increasing scratchi
increased with scraethited toe@umenay,r emestt |
friction and real contact wemdsncOrRtslee wotth
scratching frequency, most I ikely due to f a
CrossesctiT®Madnal ysi s shows that the disorder

of al umi nummaonxg adnee sweh eirse compl et ely absent.

2.2 I ntroduction

Te area of met al devel opmegntaduaasl belkan gd
over the | ast few decanhe :n.l yT leenpfhacsu sz i mags hs t
in the past, t o odc hiigwhe sa reomh ihn[fainjdonduct i
Looking i ntaritdes fahiutrieas! ragplire not only
metlabt one that I's robust and rextiradme whe
envirdqmmE®G] exampl e, tomdwealiagd sndw gir@melsipl
gas Gbnomnventional enes e owmetnd |Inb thialrd ht he n
generation nucwietalm towemg pamaht sorrosi on r
i mpr oved |soanfgeetrg[ I%9i,nfdd tOdjenv el op advanced i mpl a
deviwdadedh reliable met al interfabhpetd®]|]tioo phy

f ailbboate high capacityelfactr eadas gti mgt badn eun
27
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en
cu
pe

an

in

Mn .

me
e X
tr
fi

chargi ng and nunccohrarrogsiirnvde 3 ceyl tektdtsr od ¥ tt ree me
viroameensttsheg | i mits of mo st engineering
rrent umwmdert dhitea nudnidnregpp hy imeg hdegs mdtalien mo st
rformance of metals det er invercahtaensi cdarla nfaweiac
d chemical (corro[si.Bln¢hamabeki alt dodegr sda
the synewgiast aocdetbecbsioh, is often ref
sigmibgcorrosion resistantumeenasshaddngb:
e associated degradatvami entexxhafmi smriesntes

chnol ogi es.

Tri bocorrosion is especial lal uwmionunmme(nAl )f
d its alloys, wher e ena&sddagntircoayls wehaer partot
ssive film at 8ahd temtlatbingpadpéoctal ege
i [u-6&8UNnf or t wmpatiemMiyz,i ng tri bocorrosion re
machal aenge since liédr beit veteynpdohebby oweatr
si §tl&Fpae exampl e, enhamost we ahcarpdkeenesd anc
all oys was ofteof asacevikdcad ¢ber exipams
e t egamiveanapx! i ng bet ween t heDdaurr irxe caenndt pr
u[dly9 , s Rodws t hat all oying alummeual swvi t h a

persaturated solid sotaotri osdi sveaar!| traemsd cu Al
Al . Specifically,the Mmscdmnuammt rt dtaito n nic
otecti vemassssi vef fti Haen, increased the har

passkivnaettiiocns of Al

The current wor k psewino upst thddaygm sofonour
vestigating the effettibbcecrascanngesre
Extensive word&n hewsa lbweaetni npege rtf loe merdi boc ot
tals so faronbuhbhe feiwf doicuskedsenFeoyrchi ng
ampSlaed ,asi [ 25Bs]t adli ed t he effect of tange
i boel echteeecbemio€al3d316 L stainl epsassstveel

I m had |l ess time to rewhsshvateoateHli gbe
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currebht ¢l di ed t hea edeapsass sviatatoinorbehavi or
all oy and hfeourud btimagt frequendegpas ginvdticamti
Asi mi |l ar observation wheMhlscétiie@Bbowed by S
that the anodic curremnmai ovesstatealaandr Ricé
Il i neatrh ysiwiidi ngsldiigitmgncér eaquWency. Whil e sc
frequency waesedsoméeermbangeably during | in
isome studies, here we will uBli sciratltdd ags
t he spheed i@pf its not allwanyesara rceocnisptraoncta.l Daerair
the scratchingomeptbaseto guithéeyend of t he
changesdimoed¢thnigon. The specific goals of thi
effect of scratching frequenchaoactéeri 2eitb
atomistic scal e mi crosttwuichbac @r raonsd 0 @ 9 mpaons
understand the effeaxn tofe sdamachiingt ifare gare

kiemics of H&malrlphhy.us Al
2.3 Materials and met hods

2.3.1 Materials synthesis and characteri za-

Amor phoums tAlin film with ~ 2aséembttdhihMn ( h
film for simplicity) wawssIidiEREaaiOt emhgoret (i D®O
sputtering machiMew (Yloorrkr, 1UhSAe)r nuantdieorn a8l0,W p o
argon at mdadspglhcekrme.s sThod esmheméas mr wdsby 4. Dek:
profil(v/meteforkew USA). Sur f ac e samoprlpehso lwoagy o
characterized by an oEp\ItTiQda()IO dPptprcafli lpomdt é
Veeco, New York,el©@8A)Yy on Saea rcmiedsr,0 phi t(aScEhM,,
Californi arabSa) sandn el ectron microscopy
USA)swmesaed to characterize the surface mor
samples before and after tr-dbpoéit endwas t e
prepared by di-Meco hyc ocearidsound uTsEgVi Bgdr ind nf.or 1
Eneqtdg wspeireay spe¢CEDS&s cC-EPR&Eni x, New Jersey,
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used to chehemteal zeompesition of the samp
t est svarnideewrs scr at c hisregetfiroencpd e nicEiMe saar aQ ryoss ss
track was ipnegr foEMeslampl es priepar bdamy ( EhB,
Quanta 200 3D,o0tegecpallgétpedinsampl es. Duri
sampl e preparati onarpyl el Buyr ftehcee cwa s omreat e ¢ |
from Ga i dhedBmageayietri adn contains two step
deposoiftiPan of ~30 nm was performed offi rst, f
Pt d2em~1 The -twwpositteipon ensonesamiagiemdlIr o@a
sample milling stepgoafftie mealEbS . &SATEEIMg si s ©

the «seossisonal (TrEevs wslatmgppl st s hown here).
2.3.2 Tribocorrosion test

Figgl shows t heups cchfe ntate ct rsiembepbperascost em
made corrosion cel/l ( Tterf il mohe twears (aB rt takcenrefl |
Mechani cal Test-pmr g odsetdaagne nGg n deAl leeclikreced e s et U
comprised ods tthlkee tvmamkifnd ml ectrode (WE), a
1M KE¢g/ AgCl el ectrode as t hel ecd umtdeer ((REH)
respectivel vy, was connectedediostaangaet eann neo

(Gamry Reference 600E system).

UMT PC
control
SYSTEM panel
o |
Sliding direction
“«——>

-

2
s \CE 8 RE
-— \ 3
[72] 3 Q
£ Y o A
c A\ @ 7/ . R
L2 \\ o1 // ‘ Tribocorrosion cell
[e] \“ \ S / /
o \ 1\ =1 // )

Test N I ,/
sample  \\ 0- bal
(WE) W _7_i_f : Z’ Electrolyte
\ .

Wear track

FigutSchRemaapcosethe tribocorrosion s
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To prepare the AEeahdaf B3wapsedp atresit on e ac
sampl e using -af fprioacacudmvegstdpameter i nsul
copper wire wanrsm sbtorti hp peendd so.f fwh~er e one end
connected thetkamphewa&ptakah tarensure th
t he swansplceompl etely covered by the protect.i
with the copper wire. Afterhodordy ifnogr oZ4 h,he
sample was glued to glhEdsampéet sblhgeeuss ad
of M.NaCl aqueopuHs ~s®6l.84) i oapen to ay. An al
Admm di amas en3ed as the counter body for the
performed by appfloyriecneg, 2% r0a t5cJiNa Mniewmgdahs cmdat c h
frequency (0.05 Hz, 0Oi hbeBHe, recbpHacaihdmadt ir
temperat @r AC{ 2 7oBuars epdr eovii Io@uJs @& n awdliyc potenti a
mV vs. AbbrxgClbpen cichcwiant egppleimt ngl tfEboco
200 mV was selected so that bietl oiws twiiet hpiint tti
pot elnt.®Pjail or to each topedno ccoirrrcousijtowmastedsrnttr,isad |l
stabilized f darridb0Oocnoirnr.osTihoenn Giehset nwhy pepfgr
a nor mafl 0.o0mdN from the alumina baddvet the
Eo} . Once finished, the indempée beaemhi wad
el ectrolyte for anot hwears 5almiany.® aAc $needwe aaft! t ugnma
mi ni mize cont amirnatoiconm.r oAfitoenr ttelseg , t he wea
measur ed Dbly5 0D ekrt afki | 0o mesteecrt iaonnd atrheea corfo stsh e
wasal cul ated by trapezoidaltmiumecor@dsiinne
was calculated by dividolhgmda hley ttohal t ontadler
di stance. Al I thereeswtereeavieragedpdroend at

tests.

24Resul ts and discussion

2.4.1 Microgéposituee DFfl ms

The microstr-depas eMned iAllms ava sbychSEMct er i
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and -hegdl uti on TEM, 2as csahnd wbore misiialni. gt.h a2t t he
surface of the thin febhmuiappieastsi n@ thlee sfmm
of ul trafineHi girecsroolSUEEEtMUuoatal ¢ si s confirms t|
| on@ange ordeerosaft@b(yRegge.t h2er wi th the presenc
in ddleected area diffr a.o2bi)o nisnfsgeid)9,t ipnagt tteh ¢
formation of an amorNrm,ouwe lslo | aedg esiedd i uotigi odnhh eo
solubility of Mn in Al (¢cogmplcat ¢lyy | @isss o lhae
at | ow t eSnupcehr aotbusreer)v.at gooe&enwgrwedrh our prio

[L9nd thedecfiroddMposal] g ABD]

Figu2(ea)2. Typical surf-acel 8EMi ghdr ¢bdIl bt i ght
asleposi2tled Alt % Mn. I nset in (b) shhdws the

i mage (b).
2.4.2 Current evolution during tribocorros

Fig@8a) shows dlhwet icumr resn.t teivme Wesi mgat he
various scratching f rcelqgouseen ctyo ZTehreo ciumr rtemd r
ti me before and aesées.t 282Ut rsb bobfg ot Fhreo sciuornr e n
and after ttstisbowvwearer qid (da )t efdori nearsiyg .ve sual i z:é
seen that in all cases, a stmginhdcaemamaosicoanr rE
~1220 to 1520 s) testthathi mbchaniac acll evae ari

corrossonl sbt notceud rtemat ia hoibgsheerrved at hi gh
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Under allihnveguiegai ed here, there is a sigr
tribocbesbobsi Blme magni tude of wiutch ifgl wrcd arxaitn
scratching frequency. dft 0.sb admd InoHze,d tthheat
back to zero beThire itdhhedweemdt oft Heesmuch hi ¢
di stance at hihgeher-Mrhraelpidre nfciilem ,weed apondpl et
t hseubstrate Si were exposed beHDS emappei regrd

in the next section).

Since various scratching fréasedeyal éads
the next section), tchue rodufrter,resn ta dbeentstietry nmeaat sk
averaged charge darmramndf@3inNg. shtoevspetheumiutr r ent
various fsrcecqauerhan.g The current density was
recoacurerdent at eacda pofi ntthédywaamptt ed @i naft ea
of the exposed area otuthentwhofeuswmpheare
zero, only the tdlep awesarwn attrealclar@®@aea, .was US¢
|t 'S not evkahedegmesrknnicens were measured at
tribocobesbsi eam the current density <cal cul ¢
value (where the current shomelad e arckr maleia
each point in tnme)ewdrhdg st ismantpd 3§ ftilctaatwear t
near the begitnmisgurodertehset itneastti,n g3 (tkth)e curr
shows t haanowhiid ec urhreent in the wear track

frequenchyoowever idneevairaitteys fr om |

(a) (b)

——0.05Hz

2.0x10% .
2.0x107

1.5x10°

1.0x10° 1.0x10° 1

Current (A)

5.0x10° 1 5.0x10° E '

Current density (Alcm?)

0.04 0.0
‘ , ‘ . . . . . T
1000 1200 1400 1600 1800 00 02 04 06 08 1.0

Time (s) Frequency (Hz)
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FiguBEv@Lution of (a) current over ti me, i
frequenMry tofi MIfi Il m at scrhtldhi mgddr equ®eni)
ae00 mV abmvlk. &M NaCl aqueous solution.

2. Weadr and friction @sutring tribocorrosion

Fiug e4 2s hows the typical 3D optical i ma
tribocorrosion test. I 't can bsec rsaetecnh etdnh aatr eb:
increased with increasiepghsofat dlei sgrfat ede
0.05 Hz and 0.1 HXO0 cromdand om80 snmboaesgpect.i
condition, ctohmep ltehiend yf irlemmoivsed by t he Al 203
wher eavetalme dep¢nh, icsor~ els.plonding to the total

0.05Hz

Fi gd43eD optical profil omet-®In 1 mageksi bm weav
scratching frequency. Each i mage was <col or
right. The dimension of e8&B mm duwree tiical.l
interpretation of the references to color
the web version of this article.)
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To quantify the tribocorrosforpgquesicygt ahhb:e
wi dt h and daerptthr aocfk tihse mweea sBirge.da,n da s usmmawn z
in Tdbl &r@m( &) g.i t dare bva dstehemo ft hweetar tr ack
~44 t eam 1®&s5 s cfrraetqgcuheinncgy r ai sed from 0. 05 to
rat e safmparned pvMeot 2®(c ) narFd gsummBar i kedi snndalk
here that at | ower frequenciesall ©oulDédt @acdby
mul tiplying the measureldi gbhar fraeaqewcdeh
Hz) , d ceo mpd ettlree r-Bimow¥ al mopr Abr to the end o
vol umeMmn fwaAd cul ated by multiplying the meas:s
agslepogihted fi Il m ghi.ckKnescsan( lb.el seenatdéat th
i ncreaserd cneolnloyt with scrraeshlingi $regmehatry. |

investigati o9 209 f ZBabdnddyl|iTeay,8.24r

(a) (b) (©)
140 14
_ 6x107
120 1.2 £
E 501071
100 104 E
T —_ £ 7
§ 80 £ o0s] = 4x10
= 2 -
T 604 < 064 2 a0
= s B o0’
404 O 044 o 2x107
E
S
204 02+ g 11074
2
2
0 0.0 L 0
005 0.1 05 1 0.05 01 0.5 1 005 01 05 1
Sliding frequency (Hz) Sliding frequency (Hz) Sliding frequency (Hz)

F

gubSummary of average (a) wear track widt
rate of each sample sets at various scrat

standard devi ati on.

Tabll&ummary of tribotovaosioos testtcéasugt §

Sample | Speed Slz;z[;h Frequency Wear track width Tribocorrosion rate COF
sets (mm/s) (mm) (Hz) (um) (% 108 mm3/mm)
1 0.5 5 0.05 73.81 £ 3.55 9.48 £0.50 0.46 + 0.01
2 1 5 0.1 8927+ 2.00 133 +1.70 0.52+0.02
3 5 5 0.5 128.67 £ 9.14 24.8 £1.40 0.55 £ 0.02
4 10 5 1 142.83 £1.92 2724095 0.56 + 0.01

The evolution of (OE®IMOj] cwb@ae®i sf tiheti on

frictional and noofmaadl If oslEoeen ei€mipeieg.i v BEy)
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runnAinngperd @0 sfeamd&g& OE i s reached in all sa
that for hi g(hO.f5 eagnude nlc yHzt)e, s tGGOF data were o
Mn t hicompdstely removed. I't can béeisken th
slip scratchbisg &her egt hleepCGO& ofd euccat bubapt eas ¢
high (static frictiomw)alard IThhw @yeratgeh iCrOF
from O0.46 t o i0ncbr6e aasse df rferqoure ndc.y0O5 t o 1 Hz. T
rel at esdurtfoarctelsdl myet ures, surface roughness
[ 3.2h the present wor k, si ntchee tchhea nsgaemeo fn oG Ok
be directly related t©0.abDekeamge abr &asi cei
assuming a simpl ofi d&dOathine sb,eo ne sttfbemoartye d f r
T 0 [ 33,wiBelfles sthheear stress of 0t hies stulhd ace
real ConAsascuntilmage at he surface | ayer of al |
composiduent o the same all oy comphenteon an
si mitl,art he JiQlicy eaen o&n i ndi catsi ofnr exqgfu einrcg/r
increases. This is indeedtdeasuagmeamentowi th
Figd shows that @aohmageirnguabpeer ofi es wer e

wear tr &ckk &Hrze & haatn t hat at 0. 05 Hz.

(a) (b)

0.7

0.6
T

BB
"y |

0.3

0.6

0.5

0.4

COF
COF

0.3

0.2
0.2 -

0.1

0.1+

1Hz
0.0 T T T T 0.0

T T T T
0 40 80 120 160 200 240 280 320 0.05 0.1 0.5 1
Time (s) Sliding frequency (Hz)

Figué(ea)2. Evol uti on of coefd, caredcat( m)f dvercdd
measur ed from tribocorrosion test under \Y

represents one standard deviati on.
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2. 4. 4cO®Wemr0sion synergy

Results 2.n8 Siecdii omtes that ithere¢asas wi il
scratching frequency.c&liancleated b otrit® sti @tns
divided by thaei sbaate sEhanchirdi minating
scratchinlgi gflhest afnceeqaency), t he chtahnagte i n t
ahi gher materi al |l oss rate pefMfounntelesehghd
the origin of such torepndentdee otupti &Id Mmat er ic

and mechalnd x allBevle@amd ushemi calw mateoubd bess

calcul ated bagswoFaradfa3d3d9sivhleawQ i s the tot al

(includi mpdbMMnh dAIssol uti on) transferred d
anodurcrent multiply by the time}Jhendet ar mpc
mass (& 32.828 Y%gitvmolalfloryymmoehr ebetheons tran
per EB2n79nZF®@¥atNh al Itdy) FaF aiday' s constant
anttis the al l3oy MWdramhtey ¢(he mechamdr albe we ¢
calculat edv aw [ 35, .Jbe 4@bult&Figre2shown

1.0¢10° 8.0x10°
-7 0x10°
_ chem
8.0x10" I _
-6.0x10°
— mech —
E ] - . . -;.'E
E ED:':“D ] \_l.D.-|1D ‘-E
g F4.0x10°  §
> 4.0x107 [ 3.0x10¢ ~
] -2.0x10°
20010
-1.0x10°
0.05 0.1 0.4 1
Sliding frequency (Hz)
Fi gurSummary of chemical and mechanical
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It can be seen that, with t hceheinm ccrad meamtd
mechanical effect i ncweaastedl, Hwi.t hHoteaeev eerx,c es
thin film is c¢compleentdeloyf rteensotv eadt ble fHozr,e itth ei
that a swalilebsdrowead than that at 0.5 Hz. A
huge dilddtewaeeercaen d , which mmeanmasi thk wear

dominating the tribocorrosi on bper ontiensismaand

This is not surprising, tacs hhiighheerr depaastscihv a
thus | ess materi alunrniots st idneea.d t Tohsicsaftsosii mn am
with the incoeawi nly fCO&qgwerdcy, since wear
wi t h fumidetri sn mi | ar wear omodet hTheegunemneyen

be related to the diffweenscrapahuemgygt i drmhe
wear track (depassivated adem)indasacmopagés
scratch, thus a mobohr émwer srepgsasriredtiton m
i mposed anoditdhep ott dhretri ehla.na&Qyn, att hlei dlast fsrce c
rate | etaivlms flon td epassi vati on. Hence the ¢

high throughout the test.

Fig.s@2hé8@8matically illustratestéeclkutrwensc
density pgemnicadiiad &Isl wevaeea @rilgktal atht gth co
the counter bodwheand hae Isawfwaaleueompl et el
period ody owlne carcrhesponds to the time that
repai maiet delef 0. 05 Hz test aspaofekampheFi-
23(b) agrees well with sUCHONGYy@ot=lHaw®iSat and
Hz, the counter Hoodyatd mrnatocnh etsh ea weerrt airna c k
di scr epancydusruigngge stthse tahpappar ent cont act by
t he dMeoalalcontact asperities (hence |l ocatio
most of the time. At hi ghelri tftrleegq ytdi remteye,lt vt hceo
repair, hence the cwirtrhena Idaerngse tfyl wcetmiaa tniso n
is indeed obd4eHvedeat sQO.2ZBgdbygttowmei mulFirgnt
rat izJajc afhujs be considered as rtehae peerr ciemitta gaet
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This percent aggredi . =603 Af,dMD,.f50e Sprecc t I vHed vy .

Increase in time

counter body j

low f
surface N O O/

layer

sample > T‘_\—L
‘l »

»

v

0 t
Increase in time . j high f
e . o .o .o
2
0 Tt
Fi gu8Schzematic illustration of surface | aye

profile durimiggh owbqtttogppm) afnrdequepktgttedboc

sample in the schematic-seepiesaht samphiet a

2. 4. 5 ePsastsur f asceec tainodn ccrhoasrsact eri zati on

Fi B2 shows the surface mor phalroagcyk anfd eado
tribocorrosion test at variawul was athahragt
by scratch grooves dme pattchge acfompesi t dehb

track of alll Fabe e d ti sc amnh doven cséeretn anmoau n ta o

oxygen c¢ anf rbeem dtentee cvieeadr tr ack.
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mappi ngs

frequlehecy.l e

Tabl2Av2r age

FiguO&udmary
(of

of

bna. r

sur f ace
’ Mn1
is 20

el ement

tri bocobesbsabnvari ous

o, and

concentration

SEM

i mages and c

Si) after tr|

measur ed

scratching%frequency.

Element
Frequency :
Al (at.%) | Mn (at.%) | O (at.%) | Si(at.%)
0.05 Hz 38.9 22.6 38.5 -
0.1 Hz 59.7 16.8 23.5 -
0.5 Hz 0.6 3.5 5.6 90.3
1 Hz 0.8 34 5.3 90.5

and

To gain

EDS

better

anal ysis

scratching

resol ution

freqgsuemmar. i zlehdel @b shigdhs.
TEM hiemaege gw(gthite bseeHawnt r ack

swmdarcet ancicogpofsictt uew e, and

-Mmre rteh iamh tfeirlel r obbconr Aki on

ar e

S hows
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hi gh gwrufgdne ss, no amorphous to crystallir
right bel ow Fihzl Owosrhmo wssu rtfhaac el.aary eax y(goean g(hQ) |1
under Pt coating) devslronfpede .t hWiotulgihro utth d hwee
thickness of th7s6 sumface 1 amairns srel ati vel
sur facaeewayFafrrom the wear track, the thick
nonuniwfherm, | ocat i5cdnG0mprd cohr oki ¢re pafotdaurc t (
detected, azl2shoeneshi FRgF2HYEDPS shwowavisy ¢ ihat

oxygerh surface | apwead Abnt avihmd emadMinnliys @om
despite theirihighHddohcegntmidtairombservati on
areas faomawhag wedPl)tr dloX,F(@ILi gwas al so det e
t hseur face corrosion product, a | Tthhiosu grhe siutl ti ¢
confirmed t hoantl yitnd wonddri rtolsa@ Ginnaymr eisrsti @ nt ltod p a:
film | eadslown thethmemaglssbseqglehm growth of
product. The tahbes esruaod accfe Mxiidne | ayer i s ind
Xxray photoelce g tostwmdy from ot hers, fwhinth sho
of -Mnl in NaCcCl aqueous solution Mmaiwalsy con
selectively dissolved i p4tThe abtsemitoofp Mnt
surface | ayer |l eads tod mdiumliywaaodi sder caenrde
hydroxDde to the dfo@(lida i) patcenntsiualf ace i s
instead df4.2ll]ltbuscdousng tribocorrosion, col
wear by trapping arbiralsi wehb etl wiedomniutahosd X cndye

sur faces.
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Fi gul@r dssescti onal (a) |ow and (b) -Mni gh magr
thin film after tribocorrosion at O0.05 Hz
surface SEMsiampde, ofwhehe the box area ind

|l ocati on.

(b)

Figut®b42. SEPM el ement maps and (c) el ement
overl ayed on the STEM i mage f r ogrecteigdamails w

AIMnNn TEM sampl e.
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Figut®Z a2. Brnieghdt TEM i-(mh)gesEDBEM @] empnt maps f

regions far away f rsoent ttihddn awleEaMI| starnapclke .of cr

2.5 Conclusi ons

Il n summary, scrataohdngof pé qyreodary iomgptritea r

tribocorrosioMnraeamospaocas OoMMi ANBCIi | mgueéeous
solution. By performndgrthe t mpbesedraosdbdn
mechani cal anddurcihnegmitcrailleome@memo iuamthdv ed. (
tri bocoresaosingn el ectrochemical anal ysi s, |
foll owing conclusions can be drawn:

1) I ncreasing sliding fr equecnoceyf fliecdi & mt ha fg hfe
angdur face cMmrtemitn offi IAm.

2) Both <chemical and mechanical weTalhre i ncr ec
mechani cal wear i ncr efasetde rwi d dvp & s seiqweaetnicoy
i ncreased realchemitaaclt vaegaera giurnedhrcd/aesdeuce wiot
hi gher r &pasediiwat.i on
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3)

4)

Anodic current in the wear mornaoctko nd wrail n gy
with frequency, but not I inearly.

The subsuMmacemaifnd&d amor phollse adutemo gtr i |
surface | ayal ums nuimc b nidn onxaynggeann ebsuet. | Tehaen t
o f this | ayer remweas unatbhrmuwi-bReico me &

uni form out sidduee tthoe I|woecaarl itzreadc kcor r osi on.
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1 Abstract

The effects of manganese on-mamgamag@gseous
|l oys were invesdndiaatadmibgt iecx peirmunleanttison s
asuremagmt phokoel ect raotnons pgpaaadrga sapdp/y ,a naan dy
di cate that manganese addition enhanced
thout participating in the surface oxi da
s beliirecreedasteo t he free vol uthnoe faac itlhiet ameet
rmation of a demsdrh, ctlhisremert oo xsitdoa clha yoanr
omi stic simulations showed t latd tdled ecxi d
nsity decreased with increagsiing efnrheaen cwedl

rcharacteristics.

2 I ntroducti on

The design of srtersoinsgt aanntd ac d rocyoss,i aensnp enayi a

i ght weight el ements suchoflofet éemret caradgt e

rrosion resitse amanae | SelQui €i bendsm sol ubi |
t hei r rneelgaattii weel ye nltahrag dp ¥A so fa mmiexsiunl gt ,wietxht
ecipreabésen formed to strengtoreamsAlonal |
sistance due to the micmaotgrailxv a(nwict hc otutpd i

rving as [t ael hBdo cpabefsaepnceee i) pi t at es al so deg

il mbs r esi scoarnrcoees iton |dbrealtiazetdhe t hi ckness

eciandaAkpaRuach xaedhalgmrnge is also complii
at a fundamentalfueder st andpmgpéefrugheatad
rmati on mechanism of itshetpddsilwae kli amyger wdh
mbi nati ons of St opmc g iutrieo na nadr ec hemgenaér al
sulting #Hréomudgidmenaedt transport rates o
|l edt s8el ution or oxi dati on, and the movi

cently by Yu et al .aptnurélf@5 [0meomreyqui | i br i t
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An outstanding question iIis &lbemdmnmnt sedrdt
composi tion t oococbhutrariinnga nrpartoeredelalnyw eal |y r ob
|l ayer on the sur ftalctee 0o Al g gylked n mroefsfims tAanmage
the preseenvtalwmoatke awe i ntriguing hypothesis,
Alal |l oys cowmédéd Iby iemdhrasmasi nmaddievcanemt e Mnpf
in solid sopassonep elemantsmsiod vedal eadt itvhesl ys
enhance surface adthieviftoy mmaft iAoln aonfd af arcoirlei tca
density)yegtbteocéeryve surface oxide | ayer W
composihtainonh hose on -Mnurael IAdy so.r Hid rcen,b ssedall i d s
as an Oelectrochemically beamiegnobnodt rienntgrtohde
measur abl etehonidnEZh alykshet d ast effective qlL
dur i ngqguiolni bsisemapu@heg si c al vapor depositi
sol uti omesstkeacdha Ay and ternary thin films ha
corrpsoperrties stdBRPedkve bweansesyv sdhipfwe dthsat t

of alloying additions on tAhbea sped tsionlgi dc osrorlous
are cqdqmel,.esxhadl | guant iHtgi, e sGagf aSrd,t dinnb,ar e f ¢
detri ment al to rAéducme rtolse opas aisvd hpgt ent i a

corrosionpandntpiidlts nign t[hleffiimeg,atti vesai allco
el emkeabd todhcgluanent density and unifor
Ot her all oying el ements such &s Cumpr Moe M
corrosion resistance and degr edascer epbt hgng
overpotential f ar dercaodEdcaisdttigsbslod uptiitoni nmaint i at
rafés.Spelci fi cadfl yt he nraddlee shsoofn ,Mnt he pitting
Al was i np3r5édW0ed mdVy and corrosionD2aOrent de
ti mehsen al |l oyR30 watt.h% un toormd®dr,ed 1t c hurl & Al
al so be noted that wi t i cirnocsrterauscitnugr e Mno f c ot
experiences a trandiot icompflredm manoa @rhysutsa Islt
Mn copleédAt8H®wever, as rephilhedpiprevnoupbye
i ncrmasesonically wD2O Mh. wonteg@sdbeEbonoty
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't i s also interesting toncneaselx4hOh batawb’e ne Mt
a reductipont erft iparlte pvondyEElveo a l explanations
proposed tlhhe el ab®s adfe Mn on thasceumggeisoedt
thatnfteence on the compositi onefoffectthse opnas
enhancing the corrosion nesiidtsanoand | aufe nAKle o
of zero charge of t lhd pla sspieke efdi lim, tthhee ps al
enri chment spfeci les @6l uthe active surface i
di ssokiunm ¢[toliMdc,s -2 6]t 1was argued that when Mn
potentials are needed to achieswéeabhe pigh
grow compared to pure AlpotwdinicdhallizeRald € dt o h
studies have been sperufcoarumead too iigdienntoiff ys utchhe
For exampndet [ £8bsdisatdr uchteur-tey pé dro@ierf i | m
132 tnhm ck)2. &6f aAl % -IMn aand %I Mn i n &am@mmoni um
sodium hydroxi de, and sul phuriumdaci d hel e
anodization voltage of 60Mnamd ellQC sV,t htahne Afl
to the formation opeathbbapéeeredndnbyddcoki dne
7), with teme iicth@aanidni MrhO, and an outer | a\)
MnOs.However, in sulphuriehadiadelrphw@s D)b,semrw
t he ot her hdaalghodvean g hatt i & IIn@Bfp A Iwit v & Mn al
open circuit potentamadd kydtat @ed aaumil yaadw
(2808 h) i3mmemwgi &n NiarCl aqgqueous solution, w
wadet ected, giempiolrdredt b jyt2MMpsd at et al

The |l ack of fundament al undeompasdt hgnof
and chemical state of t hemegahlanivem,|l awleir ¢ ha
di fficult to charactelisdgatuecua rteq ihtas tghieran
our under st andrionlge so fMnt hpel asyp eocni ftihce corr osi c
chall engpl ed with a | ack of wunder dthaendi ng
passive | ayer, whi ch ofatsen tawenisthisetreh dth eg e\
both the oxide growth Fomrd emetngll edi s shcel wtrigar
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pit di ssol ut iexiplkainnetwlty tclaennPpliht tsitrag t potten
decr ease iwsh eatbdddnesdt . %. wiohrek pariensse ntto combi ne
sur fchhae acteri zation (e.g. 3D agiomu Ipatoiboen t «
(mol ecul ar dynamics) to wmderset atnd utcharreql e
and protectivenessl|l agfer tMoé | A\dy § a@aeandoxitde b
characteristics. (APoTm prso bteh et oonmol gyr atpehcyh ni q u
produccomp@®@®dDi ti onal reconstructions with s

D10 ppm semdibhasiogly recenitosycilda?@i@]l appl i ec

Specifically, we studdenmc ermter atqgauce clusn aroy r al
at. % Mn, c oMmme a f IAd Yy 3410 3) , and high purit
rationali zatipamssofv-btalgee donrsibadiid ofol uti on i s
t heexperi ment al and simulation rsebetltbighte

on déeign of -=newi sbpanbsiconecemt amrtierddibdlleoy s

el ements alloys, highlassespy alloys, and
3.3 Experimental procedur e
AMn thin films with a nomi nalr epampds ibtyi o

direct ¢DCpemagnetron spuStit)erwianfgeresn (SPpud)t e
operated inside a vHdeuumJchéambé&er (PPENASYI
applying 200W (@®®Ower9 f%r Ktubra All. Lesker, Pen
and 38WMmh ogreatt h(e9 9. 95 %, Kurt J. Lesker, Per
18Torr argon atmosphere (99w@Penrnw .wereéoet ¢l
with 1:20 hydrofluoricthheidatwar &lr @il did ti ioo
thickness ofDX . s, trheaansdrnddn lwwasa contact pro
BruMeassachusetts, USA). The chemical compo
by enmerspyeraiyves pXctr osc oBoyu k(eBEDQ S ,MaGusaancthauxs e t t
in a scanning el eQuamna mbe® oBEEGPYFEISEMOr eg
10 keV.

El ectrochemical me as ur-ccenead isd revabdrisenn e@pde rAfl o r |
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20 at. % Mn thin films (-AMM2@apeet i velgnredl .
( Met al Supermar ket 8j glFl purday HBABA),99a88 %
Massachusett s, US@&y p onsi e ch D @arneta® hakfe cthieweé ¢ a |

composi tifornadgtinomasasf Al 3003 is 10. 1%9 % Mn,
Si,bahdnced AI . A potentiosta(Ggmliyamodéeht /
600, Pennsyl vani a, USA) veaxspeusenk nt-er i al la

el ectrode setupmi wedremet he sampkecoated ti
sielsvi | veretcbator oM eKGMi tihntler nal sol uti on was
counter, and ref er eMateurealelcytM delfeh treeds peexc@ s v
solution 6widt hatdp HAXZ was alseat racsé ytpheer i me mt ¢ .

TheAM20 sampl e wasnopi epgroddarbygati on of AM
potential oft h200pmY &b o9y iats fdabt e2@ 0 &I s .( ETh
anodipaoitregqti al was chosen withi ndetnlsastpassi v
| argely i ndepehhdenltowdr ptoehnmone rirsatloum et emper at
chosen to suppr es shetahlfa2Vigleennchr aant ci eodn porfo tjeocutli e
of this pa#dsMlOei kagenfonmad by the current
as show&l,g.where the currebD?. @80Ms icmyg decr e:
3. 6186A/ CGanf t er PDH,t® isodynamPD) ppésatszaeienpe
with a scan rate ofstOabld7gmn/gs3ditd rE 1. St ar tai
potentli®md mV Ehel &Wectrochemical i mpedance
analysis waést pesBBOBDIMsdzapt Wwon hrantlOEUVo i dal

pot eeatxcgiattati on, 100 kHz to l10eméldefr BEqguenct]
time allowadabforz&ti on ( 3b0y0 nse)a swasd nge tt ehrem
evol uticegmntoifl Eno fimgmitfiioanantof potenti al v
confir meple dbsyureemnent &8 | onger period of 1800
The obdtaastianendas t hen fitted by the &quival en
chem sof t-Yahet t-Sdho ttteMs torwesd peotr lhieen aellyezcet r o n i
properties of passive loafy elrO 00On Hazl |a nsda nspcl aens

mV/ s, afterochoome®B® omotae¢ntEti al scan range of
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were -Tr@mV. ToV vs. & higvihn | redpmadt-HWM2AM20 an

werfeoelm O -¢/. T oV vs. thgir respective E
1.0x107
a-AM20
'E 7.5x10°-
=
=
iy
E 5-DxID-E_N
o
S 2.5x107° 1
)
I:I-I:I T T - T N T T N .
0.0 S0x107 1.0x10° 1.5x10° 2.0x10°
Time (3)

FiguXCQur3rrent evolution duringOpoMERACBoOost atii

soluti®n at 15

Xray diffr anectaisam emERDE of puper fAdbr mendd Al
using PANalytical Xdpepts PRON MRDBpst OmeO,1 u:
Klunder 45 kV and 40XRIDA.X@&D)azdfn gAMME0 adrech cae
were perfor med Eummpiym e aBAWNa&lnywini ovalt h a grazin
angle oXO0.00Dt1AP si ze and 10ray phaon osteptr
spect r(oxsPcSo,pyPHI Quantera SXM, USA) characte
ulthighBhcuum systemorwi tthask®0 presamplke, Oa e
monochr onmiXtriacy Msslouk ce wit hiO@Embamdn am ameq lee
43source analyzer waspatptpern ed e gdoh umetraesruiirdege ¢ .
was applied f orbelabm s inrseidneg wlaokpyl @ osnur f ace t
potenti@dntcamiboaati on. The sputter-3de@th prc
argon ions D®2n2 afmsdrnega aofnumbesi pésswrdppas:

energy, as 31lh.owlnh el ne sTtaibnhaete s @ | iDt0s. t8Ou needn f o r
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O 1s spectra, 1. 0D2V1ifeWVN Abr2pMnspgectspacand
was used t ospealtirburmatpe itore t o data anal ysi s
analsyosfitswar e was used tomvmperuftorom falitdteispg diter

procedur e.

Tabll&u3nmary of parameters in sputter depth

Element sweep Step size (eV) Pass energy (eV)
Al 2p 10 0.125 69

Mn 2p 10 0.125 140
O 1s 8 0.05 26

At om probe tomography (APTharsamalegsize dwa s
AM20 and -AdM2Oo@gdd emti odynamiestpolfari 2ati &in
M NaCl aqgueous solutaoe. wddepsampt@ed by d
nm Ni | aySoutulrsi Bgy aTechnol ogies ion beam
speciweernes made using aOUhdumb Besalnedmbasgad:
(FI'B)/ scanning electron miandsceeel ¢ SEMDPr wc
met hods descri bed2.8pgihbdbmpeonal etralangul ar |

|l ifted out, moamntrag @osEs, maodosiipopened wu
beam. Rthef rn,eredl e surface was removed wusin
depodlitalove the oxide | ayer ewgpserdtmetnhte wae

run on a CAMECA LEAP 40 GXHR W0 nKg blaassee rt emm
460 pd pawed, 5a%0d@ateec,t iaomd a 200 kHz pul s
The APT rersaudamsstweaircda ed and analyzed usin

Vi sualainzda tainan ysi s software (I VAS 3.8).

B34Experi mental resul ts

34 1 XHDmracterizati on

Fi®2 shows the XRD results caefxhalbli tsampliang
f a-cent-culeidc phase with parattdeng t©2 a)e tsexty
direction. A broaadr operdB fdsllms AMDGet hedi cat i
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formation of Imai rcyeolsyt raamamupfousin consi sten
el ectrodreposputvimelradd oAls wi th pFilé| a6, chepo?d
Compared to AM2CGAMZthedosehsaugetuaétef anodi zi
feat PBdlw@das al so dtsker AM2OM2adnd cd ose to the
di ffraction JAadk) o(fJ CPD® nMiulihe 189 .46

”””” Pure Al

(200 Al 3003

—————

Intensity (a.u.)

L=
=]
A

T il =N i i
5 60 a0 a0

28(°)

Figurkdh&r xy diffraction patt-depesiotfedpuAle
20at (%2 0) , and2 Gaanto.d¥N\ae @ )aA |

34. 2 Corrosion behavior

Representative PD curves and the PD resu
The passive regAMDE afwiAdR®htaman at hose of
pure Al . pbDhenpii tatvi atphcireaseasi ng Mn content
Fi 83 ( b) . | n pardodtietcitoinv,e ntehses of naturally for
can beimprowed by anodizing the alolnoy surf
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ot hebasAdday[sa19],. F84d .a) shows the Nomul sg pl c
obtained afteMNa@meagqueausmnsd It tmper agtur e f
S undkgrTlEe di ametesemifci hel e AMROI, & if gd d to wieadr
by AM20, Al 3003 ianndd cpauurieng t he enhanced prc
| ayeraldfotyammg andoasoditzinmgwi th thoéd RDIresu
sampl es ar ed4d4ylcowmnidn (FKi)g. Ael cghof yequemnsi
Y was est i Maltiesm ftroomb£B( gA)t. | ower frequenci
pol ari zation < eisn staomtspauamendase Al - 3003, A
AM2 0, i n agtrreeimenPDwhethavi or . Th#4 (pdhya)s e s h
shows @r waglk for all samples in the |l ow fr
el ectrical ci rocnuiptr owietshsfetd® 0 Seasndpal toed xale mu m

phase angd0A cdwere a awa mge f ¢lfedPU cHizd ¥(¢Fdi)g)s, .

indicating its govdhd | @eamddi toitvhee rrse ssphoormseed, n :

range of telHd exapacitive

The Nyquist and Bode plots wedel f shbowd u
i n BE4@b), Ywhepreesents the ohMiics stohleutdhoanr gre
transf er Yriessitshea necleg c ttrhorloyutgihc trheed efsatsasnisvee |
the const anCPfmmals g€ Behl reenseenttd etath e cm@maci t i ve b

of ddwebl e | ayer and the passivefbawmed r es|
bet ween the met al sur f ace ealnedc ttrhodlsyetiebd eitsr o |
onto the metal surfaice,se¢paer ahadgkedomet aé

t he el ectr ol ystuer fbayc ea n( tiynpsiuclaaltliyngon t he or de
capa€P£ormMhe geometri cal capacaihtmascrel yofa t he
met al oxide | ayer, 3a$. 8lbhowtes padbi sn m8det i
represents just one oifr ceivtes at hptoscaiml| fei te gt
dat a. I't I s chosfent luepdelmardaseamcdmuditome f a
been sucdespstfewd liyn pr iMonf 11 easn2daWAcld & § loird Al

sotliuons i n NacCl 32l eemmat iyz es . dirascbrmmestdesrl s .f i T 1t

i mpedance of the €PE Qiiss dee fdomresdt aanst , | i s
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uniti,s the angul asi nfuseoiudeanlc ysiognalh,e and n i

range wf 1When1ln the CPE behaves | ikxe an id
O,bethaves | i ke a pumdrarlausei stnarr.e &cers pduRfEBm 0
Al to O0-AM29,fomdaceaetidegalhe mawiacrn tiom t he | a
thickness ofdtWwaspalsyB8Binpt edyer

Q - -079, (3.1)

wherds the vacuum di efe @trOIG c prisst atnhte  (

dielectric constant (r el-taytgkuemiencadig(t rAi ¢ sper |

the eaxrpepoassed t o the Dell efctmrahgt € 58l theooapad

CPE Ta»lshowsv alhwdas;tahfer@REes in the order o
aAM20, Ad2d. Hence the <calculated passive |
sanme der . The passi VM20dDWesl6 2t Mimc & wehE cdhlon | ya

hi gher thanD#h@a® om) AMBO oghmaAll I3e0r0 3t H &n 9t4h antr
pure Al (7.25 nm).
() (b)
0'0 —— AM20 0.0
_ 00y a-AM20
&, 024 —PureAl Bt 7 T
< g ] A0 g 021 /
< <
g 061 B
> <
> 081 4 041
g -1.0 1 é:
2 124 = -0.6
=5
-1.44 Erurr”’””’
e 081 n
10" 10" 10° 10° 107 10° 10° 10" a-AM20 AM20 Al3003  PureAl

Current density (A-cm?)

Fi gu3(ea)3.Re prpeosteennttaitoidvyenami ¢ pol ari zati on c

potenti al of alM Mal@pl| sel wtfitenr ato

pitting

temperatur e.
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(a)

o High frequency ———m—

Low frequency

(b)

1.6x1
a-AM20 s
L4x10°7 + A13003 P
1ax10t] T AN o7 001H CPE,
_ 1.0x10° e
R $.0x10° L
6.0x10°40.1 Hz"'
4.0x10° //
1 Y 0.01Hz
202101/ T R,
0.0 : : g
00  20x10° 4.0x10° 6.0x10° 8.0x10°
7" (Q)
(d)
-90
_.'-n—-
.807,"';-'# V'“%"\AA
270 . JY “4 .v\‘
* v r Wy A
591 W A
2 50 A AR
= & L Y \
2 40 £ -&:A‘*/ .‘¥\'\ A
é ".‘\. ‘—/‘f » Pure Al ‘*& M
3097 e = a-AM20 ELA
20 x AL3003 '\\‘\ 4
v  AM20 "y
, _127 ————— Model h':\"
1010'2 07 100 10' 12 10° 10°  10° 100 100 10° 100 100 100 10°  10°
Frequency (Hz) Frequency (Hz)
Fi gu4(ea)3.Nyqui st plot of EI S measvuarleenmetnt s &
circuit model wused for the modegrhadnitttudeg i n
and (d) phase shift angle as a function o
samples at open MiMa@li ts @loduteindn .al in 0.6
Tabl268u®¥dmary of equivalent circuit model fit
R, (Q) R, (1) Y, (S-s"Q) m CPE, (F) R, (2) Y,(S-s"Q) n, CPE> (F) |d(nm)
Pure Al 10.95 2.00x10% 1.93x10°° 0.838 | 1.61x10° 3.69x10 3.84%x10% 0.813 | 2.45x10°¢ 7.25
Al 3003 14.88 5.02x10* 2.70x10° 0.869 | 2.83x10° 5.93x10* 3.54%10° 0.826 | 2.55%10% 6.94
AM20 14.59 8.43x10* 5.23x10° 0.947 | 5.69%10° 4.28%10° 4.13%10% 0.922| 4.33x10° 4.09
a-AM20 13.90 9.30x10* 5.75%10° 0.967 | 6.09%107 2.63%x10°8 3.41x10°¢ 0.949 | 3.83x10° | 4.62
343 Surface characterization via XPS
Fi g8 shows the el ement depth opuwtftidrei me a:
cycl es, wher ei nther fnaecteal wasxh adlregdd nefl byl ka a
concentDa0®Oi ®on by c ant rbeen ds ecefn stuhraftacteneoxi de
of all sampleshesEt8nsesukenhs. wMhhwas absen:
| ow conc @t r6a tditna M2 A M2n0d, aMn concentrati on
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from 20 at. % at the metal/ oxcdafinmenfatéeae
selective dissolution imuthaceassi vehel aowea
compositi oAbDe:f wx ipduaAéOAflor Al 30068 oand Al
AM20 &Anvik 0Oa Sudmdr esi2eéx galtat¥e Mn addi ti on in
and itssuwreflecd iddiessol ution brings the surf:.

stoichiometry(ofeitse®uaduen ki de

a ; b - . .
( ) Surface oxide { Metal ( ) Surface oxide | Metal
80
~ 0ls i 801 [« Ar2p i aes
- 704 N 70 4 _O1s st I
= 3 LI 4 . 1 24
I o o] b o
= 1 S, e i ;{ sol ..:;. i
Pure Al £ 50 ‘ : AL3003 £ 4] | . e :
g : g -
g 0 e i = 30]% S
2 o . H g .11 fhaa,
5
3 ! 24 g 204 !
<o TR S 1o |
20 : . o ; :
0 2 4 6 8 10 0 2 4 6 8 10
Sputtering time (min) Sputtering time (min)
- o (e . o
(C) Surface oxide ; Metal Surface oxide E Metal
804 [+ Ols D veevens, sof [+ 01 i
L5 1R L
3 ®* Mnlp| _eeee** 1 |* Mn2p| * !
Fooog E oo L i *
g 30 t | £ s0q i
AM20 £ 41 - i a-AM20-z w0l * !
5 . . | £ s . i
5 204 lemsraans £ 201 S, et .
4 : : 1
“ 104 _.-.-l-“" ! . “ 10 _.l"' o o
0b—= * . | faassn 0b— = . il T
0 2 4 6 8 10 0 2 4 6 8 10
Sputtering time (1muin) Sputtering time (min)

Fi gusXP S .dperpafthil e for O, Al , and Mn el em

Fi 86 summari zes the Al 2p, Gs alnsp | eensd aMn a2
function of sputt eroirmg sgybceldep, utvonoEsree Aduyrcfl aec e
2p spectselkctedngampl es are provided in t|
3.-37)8 For pure Al, the outer s uarnfda cae scnoantlai
amount -Abf bahd. T hoef ibnatetn saxiudmas namd Al O( OF
dramatically dechE@Gsmpontaferirn@4ticme) eswlhii |
around 25 atde%ecamdstiAlIlsimel ar trend was ¢
Al umionxuinde, Al O( GHya v &n deeoktind ddidnte ar tahe top s
AM20 before and after pot entonoldyy nAal miocx ipdoel aal
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Al O(OH) have been detb®otep $pecAMaOD.fbn bet
aAM20, Mn remaingorm theoegbhaeat dahiedes | aye
extremebypwckowrations iD2tmenfspuestteéehnireg iy
those of Mn oxide species was0.abseWntandvhesz
eV). A similar behavi®AM2Wa, st o kt sheer veexdc efpari om
very small I omtaedrestietcyt ea@f oMn @ he out most sur
observation ni saggyemenemdt wi th prior research
[ 28 howed that Mn is prese-Mh botthbsemesace

after |l ongi mememsi( @80iB8nhNaCl aqueous sol uti

8000 3500

AlZ) Cycle 1 [=R[ Cycle 1
{a) ro00{ ™% 24 oveies (b} 2000 . Cycle 5
Cycle 10 P Cycle 10
-,.“W ; Cycle 15 2500 . - .g:gség
$ s000 o Cycle 20 2 2000 Y Crae20
5 000 i { Cycle 24 £ i s, 2
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5 000 «
2000 !
1000 ; 500 e -
Py E— o
70 7z 7 76 T8 526 528 530 532 5M 518
Binding energy (eV) Binding energy (V)
8000 5000
{c} A12p 2 Cyele 1 (d) aso0] ©15 gaet
000 ! Crdle & oo oz
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# 5000 Cye 20 2 o N+
3§ ¥ 4 oo
A13003 ¢ oo o \
2 4000 § S 2500 .
© 2000 5 2000 \
1500
2000
1000 24
1000 1 500 e ——
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2200
Al2p 24 Cyele 1 o1s Cyele 1 Mn2p 24 Cycle 1
(e} o0 A Cycle & (ﬂ 2000 C;:I: 5 (g) 25000 e Cycie 5
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1ok Cycle 15 1600 1 o -Cycle 15 20000 % Cycle 15
& 5000 i " Cycle 20 ® 1500 Y, Cyclo 20 \ Cycle 20
AM20 £, oy A Ccle 4 £ 20 YA Cyele 24 # 15000 ! \ Cyeio 24
3 4000 i g 1000 g
Joo0 400 10000
2000 AN s
1000 4vrirr T 0] # -
0 o o
70 72 T 76 78 526 S8 530 532 534 536 636 638 640 642 644
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Pure Al, Al 2p spectra
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corrosion protection onwiabke pmefalr msedr bac e,
sampl es with the 39AsPUTl tast opnt ensaepnst A&( @ )rs hFoiwgn.
and (b)-AM20 shemptmaere and af3%c)candog¢idondi B
t he 1D coprceefnitireast ioofn t he oxi de/ all oy intertf
proximity histograms of 10 adens iQ yi scoocrorneccet
(usingedhenzZzabgdbbbshOn)nm ROl s extracted fro
t he da3t3a.3é&BA]|resDéAtemsapd 8 nm surface oxi d:
aAM20 before and after PD cor tAMRiOorb,e froe £p e
corrosion is in good @4gre&mem)it. wlinhbdathk &E4d:
l ayer i s hmai niny vié h minaln OAlI / O rati o close to
is largelsyhhoavlms 8%tcyFiagand (d). The MnO mass s
f ounlwe tltmasically zero in the oxiderleayer a
consistemtpmwidrh DBEM anaMysifseomoazp8dibse & nAl
I nterestingly, i n botMn craesars,t lme sd xigcd/ neentr

was al so observegordiemi Ipare vt a@lunts hag[sizaBy sanodi

a-AM20 a-AM20 after corrosion
(a) § & & Allions b S ¥ - .
& — A58 : (b) ?3 & KA All ions
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and (b, d) el ement conceonhsbatuoheldi sarprarnot
345 Defect chara8tbot #z3)y ik Ibys iMoot t

Fi3lBummari z2sanaleydM s resul tcapdcial ansam
of t he Hel mhol t z |l ayer I s tadhes usmemi ctomdbet
capacitance of the passiayaciagerce bencédet|
doubl e | ayer C is tekhpaciatsanchee ofemi t®engas

cadlcate the detecdi dgnsiot it dB[e2 1If-DIJ60wi ng eque

- — 0 0 —, (3.2)

where C is the theagadaince, fiflaomOdfidd]ectri c
- is the permittiygotpyr @odvaduiuim (the dopant
i's the appDied phaeadt poltenti al , k is the
(1. 3B8IK) , T abssotl menper ature, and e is the
(1. 6a@2)l.t was found-ttylpet dweHielcd sorsluyx hn as o0 x
and cation i At ewesrneé told esr (eMngild Ay sr-e oAlt,aial
type defect (eatg.| cwtp athe pteicaleE eaersgd at hi gh
As Mn% i ncreasséasy,pgetflreec td edrescirteyatsgeisernwihn d ee &4 Hr e
(except aftThresaenoadisailng) .indicate a4l oying
excess(hoyxpied)e mtfo Adlemet gpbef poxide at | ow pot
|l i kely due to the selective divasahgiiesn aAf
hi gher potential s, wiftrmt é mdurde tatisee ldsop caprulzaattii
surfacec ome-lyemebelgai wjth | ower def ect den:

probably due ltowetrhd odv mpsrealtBignaads Al t i al s

si mi“l-sarapedd umcti on behavi or haasl vanhismounb e en

oxi de[ 4,0 ]l prasssi ve f i-damssed oameddplp®mu ket er corr
aceti[cd,lalaind t h o sset ainn |Ad sS4 Stdebe Is o[l AuZ Nlasthl a g u
the presemph wankulidboktea i nterpreted as two c
corresponthib@/gpbOsi nt erface and\idshel ectheol ybe

i nt e[r4.&]c e
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density |l eads to reduced chl orAldteh oaudgsho rnpotti «
fully wunderstood at t hihe @oimmptt esxtt duteef eedcur ee st

selective di s seolleume notn NMnf ath edisfofleurteent pot en
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Figuitdg al3. SuommfmaMocthtot t ky pl ot s, (bjydefect
defestpitting potenti al Epit of all sampl e:

The above APT and XPS resultsl apwere ahown
AM20 &aArMR2 0a only al umi num whh y dwa)Bmxpi rdees ewnats ipt
the-oxdrdi zed mét,alwittohr maé Mng concentration
(bul k concemetatior)dati hherface to zero a
sur f aoctenerl nwor ds, Mn addition odnwdinltewt t he
participating in the surfacefoxihdapiassi vEOo |

formation (1. e. oAli daaiitidh coAhld i tmieacrhealn i manse od | ar
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simul ations tweret pey f oheed xildlaa b wrna teinoenr gweit
Ji anwei Xiao and Chuand 3iDenmge f[ euS}inctee wn i n
crystallinelAl ,anadmoaripohropuespu € s&Int s a-trend o
Al bdbinddt ance and free vol ume, It it as s ume

amor phous Al coul d be-Mmpwh emnepirtelskyn cex toef n dMnc

further inArebesed dhet Ahbat addesreet vphuoume
the oxidatlttowapfeidrtmss with an increasing fr
densitthy oki de | ayer increases duexygenhe |

transport pathways.

35Di scussion

Corrosion resistance of c o nsptl reuxc taulrleo yasn d
property of the surface boxihde hleayceormpoGearia
crystal structurefobmtbkequoki dei umyen #&ahe §
of complexcampobesi t $ ugmiaikdeesd tahlelooryy desi gn a
raeachal |l enging. I n the present wor k, we sh
el ement Mn in solid solutisingnitfhiec arotrlry sa roh
although Mn is | argéehyeabs8othfremuths pans
by only consideridgrithg tbermedypynamFos exan
potential/ pH (PouwMmai x) sldowmg3Ilamo ItifiogvAIln g
al goriift déns 4%] can be seen thatreg@ar oheutr
AtMnd s very similar to puroef AMNn dlione so tnhoetr iwno
the passivity regiMm iof dihsesodlvlionyy/ becawose
pH/ potenti al cbndgdi treasonpDueheoeffebe of Mr

corrosion kinetiocs.
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FigulPoBrbaix diagrams o8MRay! IAdy,s .(b) Mn

Specifically, our experi mentAal esnthuadnyc esdh o
its pitting r esciosrtraonscieo na ntda trpeudcuecnefda rietfshi s ¢
protection was afnwordtitze mgentlwareaced tihye passi ve
i ncreasee@eduoteydplhep def ect density. Through
charactwei zaumndngthiate tdhiessell eti d6ormht Monf ac
of a thinner oxide | ayer witthhanc Itohsaetr otno psutr
At the same time, Mhheesudfgeet Medpplcat idoem sa ft
passivati dnrladercttshatharge transfer and c
simulani ongstalline and amorphous Al furth
vol ume conRAlenbtonadn ddiAdt ance | eadndomboawedD a:

transportamat plways Aff, andofhandentlke Dai mhat

Several observations are -Mmatldrosylssi nmgr (1)
than that on pure Al, amdhthecorxriade nigh Mok T«
comparing 3t0l0BA&2@nN ; Al( 2) t hteypefiectpurye eAli,s
n junctAWm fadd oylsl studied. I n addition, th
i i gher at hi gher Mn %. Such remadttlsy iinmdi c
reducingsmass$ ,trather thdmoreni egt rao nmmoa et rcamn

oxide | ayer.

Finally, a simplist3i2azt omedeedbasiar gwehdepalsleady i
effect by consi deBadhwd RtB) ef deicoi o i bil namg)
i mplications compahebstrugt bedaween t he met a
met al, ®BBfiatido aiss
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2% °O , (3.3)

whetvds the atomic "oirs ntoH ee cdidires intulyaes sg n o f
met al atoms per mdldé¢bdaoive c bfi niathgr @Bl dg of
(where m% and n% areetbeament oAhi areggBcendiepege

define an effewhiove BBlogtias:for the
Y B wY , (3. 4)

whewei s the atomic percenta@Qan®fi ¢he passi
correspondilbmgdeRB ar agiiwen corr ccsoinsg i enmvi ngr
el ement 6s passivity can fbemi dermst iPfoiuagd ati xe r
Note here that thincl|l aalec ulhat iPogna isdsdevsa tnoohtg a
el ements i nytpwa ihalel e hatWence the all oy con
achi eefef anti ve PB ratio close to 1, t he ne
hi ghest protectiveness by havirgchl ghntden
structur al compaotxiibdiel i aryd]|DbdethteN eceenest. & |h a t t hi
parameter i s fotrmudtadreal basredi der ati on, het
from t hepeaermgpmeaetiecrad such as pittPRENY essasd an
fosrt eel [ dgbhigncompact sur f acef foexd tdiev d abjaerrr iw
oxygen diffusion and, acsf aa rtetsiunnner | exaidde o

t hose with a htihgrheeer aPiBl oryast isot.u dliheed her e: p L
Mn), an@d2@&aM20. % MnY) ,ofhavi 8388, abh. 31iaabyl. 06

indekdwed increased corrosi on rseuspipsotrancneg a
our hypot hesi s. These PBt hreatfi corstdaa®seo nc aolfc u |
(corundunmfolt ciagdmalmed by X3RO nrteesruglsttsh nignl yF i

si mpl e naoldseol ecxapnl ai n why t-Mes tpairtttsi ntgo pddée cerne

whevm % i sDabog®,6JwheY ebiecomes 0. 8 malilgenri f i c .

than 1. Hence the for medvolkxumde tt@ayeomploetse In
the met al substrat eSufconr aefdiempliivset ipca smad dvealt
examinationmcempéexall yofyreystems such as
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met all i Asglaadsaesst. not e, the presence of a
enhaswued ace activity of Al , could also re

surface oxidei hagegereemendtamaigledd], our prior w

_ Voxide _ VA1203
PE "y TV +Vam
metal Al Mn

Surface oxide layer

O a
Alloying o APt
With Mn Q oz

O Mn

FiguléPrdpeeea@dcti ve s oroudted dmMistsholsuccheomat i cs
changer atfi ®@Bof Al after al Itohyaitn gt hwei tohx iMihe. bv
charactani bei taslillooyriendgp vwyisti v laganmagt  ( Mn) i n

sol ut i osne | enchtoisvee di ssol ut iPB riant itoh ec Isousr & atcoe

36Concl usi ons

A synergistic experimental ahd evmpuantei
the efhemassiovteael ementgormMmgsiooanthehagqueous
el ement , Al . It wass i hgu AP Terxamar i XnPeSh t talh d ty
resi stance wift hAIi nienrceraesaisnregd Mn content (to 2
t he tfh&slmt does not participate i n tthhee surf a
addition of Mn also changedthdeoxiedechtayegrp
effect on corrosion kresetricestiiceon mofr emasd a:
f or mi ngera, dtemi nnwirt ho xcildoes elraytear st oi chi ometr
the selectoveMd)j sseswittiiomg i n a higher fr ec
a simplistic modali dewad upuoposaed otyodesi gn
opti miozfattiloemapdspndosnei ve el ement ratio to a

effecti-Bedwodtth nrgati o of the system.
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4.1 Abstract

The effects of alloying concentration o
al umimaunng amelsyeb de MnrMo Y AbhIl | oy ami.t% -3 and O
at. % Mo were investigated by experiments
potential and cor r-MsMoo nwecruer rfeonutn dd etnos iitnyc roefa
The passtihvieckfnielsm depended on the total a
compactness and defect densitysMoMoaxt he i nd
exhibited higher cagbMmredsuieont or etshies tfamrcrea ttihoann
compact and dsessisvedeffielcm,i ves pexpl ai ned by t|

the substrate bBAthdi shal passabvedftithmt the cu

area increased with increasing Mo content.
4.2 I ntroduction

Critical technol ogéesspiancet hendtisel des ,of
bi omedical, and wearabl e devices etc. requi
reliably under dd&rlTheseoeeeenvemenmendi ti ons

' imits of existing mat emitalod apredv fdoer mpaanndcien g

metals that could maintain structural 1ntec
the | ong term. The design of strong and ¢
chall enged as compositiohhaanddmcorossroat ol

i n di ffef&®)Pr ewaaylsent precipitation streng
|l i ght weightalalldyy)s I(eead.t Alcompromi sed corr
mi cgaol vani ¢c coupling between the precipita
(I ocal anode) .-hiFph pxraimpy eAl uéxhiabi t mu ¢ h

compared to mMmdstaldommerdeis®pli te 1 [f%]1 ow mech

To overcome the tradeoff bet weagrhtsaerigrhgt |
all oys, it i Dedreictiroxzlhetnd ciethigy thiefayn ngn dne c h ¢

Such mechani sms woul d strengthen the mat e

7



chemical heterogeneity. Precipitation str
undesdoelabtterocheméechahiysmboeui tedl so be poir
onl vy mi | d heterogeneity (e. g. nanoscal e ¢
i nter fsaciemst)r ombuced during precipitation, su
or GP zonk8guwchmamecohnani sm should be consi de

OhosBbl ed. sol ution sterrenhganmdal emgt rmascnh etmh e a

beningechani sm. For exampl e, it was -found tl
detrimental alloying elements such as Cu ¢
l ong as it rem@iOnsrhitfg ,sdloi &igmill utaincerous!l y e
angdtrengt h, I t liisg hdtevse irgahbtl ec anoc ef nomhmait &€ dt aé |
high solute concentrations (typically above

without compromising corrosion r é@dsidgset ance.
supersaturated 285]l imet abl ueb9ansasdesemer gi ng
' i ght weight high entr é¢g]AlTiewGr A& Nib Tay Al
[ 2,3]and Al[QEMETI V

The effects of alloying adbdastdd nlsCAsn aroe
mu c h mor e compl ex tathdmmy £ omawnantprooonraltyl yunde

contradictory behaviors are often reported

all oyi ngFoeal eenxeannmip.| e, the addition of Y was
resistaYical lody Al but decli caadlcebame Ziromet al |
gl adeées. Semi |l arl vy, Al addition was found t
resi stance in2 Mutx CdE & M0 Yhent al i n[ 28Il xCr Fe N
Secondly, mtakl optcomcentrati on for the bes:s
knownpr[i2zdrhii rdly, the trend of pitting pote
corrosion current. chot eaxaimple;Y9 dretamle & Porag |
reduction of both corrosfia%]Joout hkewnt eahd b
all oying concentration cpoausl sdi viee aedl etme n to x ia
t her modynami[c2sh ppgteldy ,c dilnd mcsgoanp lreaxt al | el e me |

in oxide formation, but someti wmxs di hkengur i
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el ement enhances t he barrier characteri sti

understood2mmlechani sm

To better understand -ltahsee dc olrGAoss i aomd rtehsa se
all oying concentrations on the structure a
this work aims to study the #fafsescaevise mdnta p
(Mn) on the cor tMMoon ClAehawti opr [@¥,0 ftlhse wor k
roles of Mn on theMwmraglioy®fimpaB8sévMtWNalCh
investigated. It was found that Mn can sigr

al umi num. The sel ecti vteo diinscsroelaustei otnh eo ff rMne i

met al / oxide interface, promoting the for mat
passive fil m. Structurally, hi gher- Mn | eac«
cent-euteidc ( FCC) at | ow hMu% tsd rucmplret evhamc
above ~[ 2Dloatet kel ess, corrosion resistance
Mn% up to ~ 41% as |l ong as Mn r ema3di2ns i n h
Similar to Mn, the equilibrium solubility
Thus in traditionally cast or wrought Al a

precipitate formation and rydBBdWhebhhMopi st
all oyed with Al i n stialmll @ pdsasievistoy i an d od x
resi st aMioc e( wopf tAd 45%cb®dp) aininglsol dei on has
[ 37 However, the specific roles played by

passive film and charge staf{ébwWwaORBopwedr | y u
t hat Mo i mproved the pitting potnetntliaaylerof

underneath the pasp4%pundi Inne, Mwhi & rer iocthhreerns

oxide/ metal-Monakr éaceonnduwtdrl @ln gH ohklacr i de e

To address the above questions and provi
effects, i-MnMoh icso nwecoernkt,r aMle% fal dmy® two t Hh0 at
MN% from 8 to 20 at. % were fabricated by
behaviors of these LCAs were measur-ed by el

deposited and <corroded miraryo sdardufc(ta2uB ) ,c ha
79



scanning electron microscopy (SEM) and tra
Specifically, an optimum all oying concentr s
in affecting -MmMo pwaasss idviistcyu soskeydA Ibhhacsteae loenc tX
spectroscopy-ScxP$)t kygndnedstutr ement s, and mol

simul ation results.

4. 3 Methods and Materi al s

4. 3.1 Materials synthesis and characteri za:

AIMnHMo thin films were produced by direct
o 100) silicon wafers in a vacuum chamber
USA) undé&dobr7argon atmosphere (99.99%) .
wafers were etched by hydrofluoric acid wa
formed oxide | ayer. The chamber was purged
to minimizeiomxaygem,cdmtldrmwed by silicon wa
The composition of a4#4l1, svahmpdh swas darsttreal |ic¢
the power of twh2)t adrugreitnsg (dseepeo sTildiilosma.s Spec
synt hesi zed %)siamngd AMn ((999 .9V9-M#WYo t msigred sAl wl
and Al MnMo (equal atomic composition, 99. 9
Lesker, Pennsylvania, USA. The thickness o0

~ 2k15em, measura&de byr af isluoimet er (DektakXT, B

USA). The composition was found to be homo:
scanning electron microscopy (SEM, Quant a
with -dnepegyrsayvesplectdbosQapnt dED Bruker, Ma

USA) at 10 keV.
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Tabll€omposition,

di f fr aestpiaccn

Sa?]’)"le C;:f;:s?g:m Al (at.%) | Mn(at.%) | Mo (at.%) 8 (°) d-spacing (A)
A AlgMn,, | 79.6+1.6 | 204+15 | - 21.28 4.24
B AlggMngMo,, | 79.2+0.4 | 8.4+0.1 124403 20.70 4.36
C | AlgMn; Moy, | 66.1+1.4 | 127405 | 212409 20.65 437
D | AlgMn;sMo,, | 58.6+12 | 143+04 | 271408 20.70 4.36
E | Al,MngMoy, | 522+ 1.1 | 180403 | 29.8+0.9 20.50 4.40
Tabl26&6&u4mary of the dual PtVDr gletp opsao we rom
Sample Al target Mn target AlMnMo target
(Watts) (Watts) (Watts)
Alg,Mn,, 200 40
AlgoMngMoy, 200 50
AlgsMn;;Mo,, 200 100
AlgMn;sMo,, 200 150
Als,Mn,;sMoy, 200 200

Thedaposited

di ffraetRiDon ((P@INal yti cal
mA

und

s ep

er 45

si ze

kV and

and

configuration.

charact€&EEMzedEON

SEM

t ed
imet hod

ar

ectrochemi

o el

usi mtge cat i-gfef
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and sel ec

standaud

t he

by i on

4. 3.2 EI
Prior t

by

perfor med

i n

sampl es
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10 s
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and

€ a
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ectrochemi

scan

t he

ng
sampl eoaued akby @atPot ala yoefrb e(aidn cfloul diomge de

c al

sur face
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di ffracti

f ocu
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conditidwithheée. dazi
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bef ol
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T6 K yeo d,idedpd,k)
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using a potentiostat/ galvanostat/ zero res
Pennsyl vani a,-elUsSoAtle. sSAettulpr eveas used for al
measurements. The working electrode (W E.)
and reference electrodes (R.Esi)l wer eclalkcoi ive
1 M KCI, respectivelzy.d Samplpesn Wd rfe us tRabkpio t
hrs before al/l tests. Potentiodynamic pol
sweeping the-2p06t envVt ibaglltofir d&c an r ate of 0.1
terminated when ntéaactad>ABEimohhe ualrenttr oc he
i mpedance spectroscopy (oEWiSt)hiamad yfsn esq wearsc y
of 100 kHz to A3 i mdz owidtah DO treviti al excita
data was fitted wi¢BChnmedel v-femdsafhtrGGamey
The electronic properties of the passive |
Schot tSy meMhod at a frequency of 1,000 Hz
100 mV abolvke EO0OO0 mtVt bed opvott et ipal of each s

4. 3.3 Tribocorrosion test

The tribocorrosio@. 6ebMt swdsumechbomedei aq
at room temprulat iufr @en atsii MR&a bac § r CBoonmmédtS e e d
wi GAmry madellhe6G®0 ectr ocheani eatlr qpdhea ts enmtasp aa
An al umi n@; bdmm ( Wlmetuesre)ld as the counter
tri bocor.r oEsaiconnptegedstda rwneesd by applying a 0.5
scratchal engtsianay fobghebe rec.i pAacadi emmot i
potential (wfitiO® tnmiVe vpas sAgabAgvCd giopen <cCcirc
potenti al was appl.Pereidodutro ngadcih i boopcdow c osi ©:
circuit pot entzieadl 1f5¢x® FThietngtitbheecabr bsi on t e
perform2@bysoappl yi ngoh 0obBNM&In Itdheedt hest f i n
indenter ball wampiemseted, armrdaé melded nt el e

2009 Ptorsitbocorrosion analysis was perfor med
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4 4Postrrogiagyn photoel ectron spectroscopy ar

The corroded sur face wasg ay h greacdttoedrni z e d
spectroscopy (XPS, PHI QhiaghevacHomMratUSAD
The aptfh l e curve of each sample was meas.t
X-ray source witém aansdpaat g4se zeowrfce 0dDnal yzer
portei al carbon contaminati on, s pluM temri méerey
sample surface for 10 s. The sputtering dep
step sizes and passd3,e méBrtghyw laag gloins ti eodch iorv eTa |
~ 2 mmThe A1 2p, Mn 2p, Mo 3d and O 1s cor
0.0 125 eV were used for quantitative anal
is ~ 0.39 eV for O 1s spectrum, ~ 1.0 eV f
and Mo 3d spectrum. Before analyzing the di
at 285 eV. After curve fitting, the spectr a
analysis software.

Tabl3&ummar y pafr ae$ ers used in sputter dept

Element Number of sweeps | Step size (eV) Passage energy (eV)
Al 2p 8 0.125 69

Mn 2p 8 0.125 140

Mo 3d 8 0.125 140
O ls 6 0.1 26

4. 4 Results and discussi on

4. 4.1 Microstruct urde pchsairtaecd esrampalteason of a:

Fidl showsXRhedidGIfracti ondeppaotstietrends soafmpa |
Previous work <9vMmowsbiimt bonary aAlcompl et e ar
forms at Mn-% 8d430lv,e 3~hJolwi ng a br -odaBdA peraokm ar o
XRD[ 3.0] Adrown 14l , Ficg.mparing XRMnrgpvast.t er ns
AgMrMa, repl aci ng Mo2 laetd. % oMna wsiltihght | eft s
angl es (triangilé, mankscatni ngiga sl ight I nc
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i nteratomi-cpadisnganched)nd ilni KTealby edue to t he
atomic radidi (rmyvnoX. IMBO) .t hlann aMn (trer nary a
di ffract+Honr eamagilneesd (al most codst @&mwtd,s as sh
calcul ated by¥ _BQiaQegvhelrawthe diffraction ¢
wavel engtdvBD6é6r [ CulkK addition to the main di
peak—a838B8Bwas o0bs egidpeadn desbddMd s ampl es, whi ch v
close to the (104)J)odi fcforravestiddonm( €RBERS ( ~ 35.
File @126 It i s not ed t hat amor phous

instantaneously on Al and its alloys in a
temperatures. Once the thiclkuped,2 e .od. thh.is dn
for (111), 2.5 nm for (100), and 5 nm for

all otropes foll owi®@gQ9) %+r?or p holunse s&!| uneisnua t s
indicate that thd aryatiomd nAds VAdda madnpd eisd e

are thicker than those on the other ternar
at . %) , which i s indeed co4/s)i satse nde twaiitlhe dt hle
sec#di.dn Nonetheless, our previous work ind

not guarantee a higher [@®rfrosion resistanc

Intensity (a.u.)

— AL, Mn Mo,.

A

e Alﬁl\flnm]‘\flq0

PN I I U I NI S N I I R
30 35 40 45 50 55 60 65 70 75 80 85 90
26 (%)

Fi guXr@IXRBRD pattedreposti taeldl sasmpl es.
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Il n addition to XRD, TEM analysis was p
AtMnMmsy to reveal the micoh2astHROIEMuUIT enagas i 1h
42(a) shows that the majority of the sampl ¢
FFT patti@Mm) (Fihget) . However, occasional C
obsemgedhown in thed2%AD ,patntdercmtiimgFitdie pr
fraction of nanodryYstan I(iase repiaeaed €doimpl@Eehk ¢
which was not detected by XRD. It is also
i hhe drniedghlt i mb2g(eb )i nh aFvieg.al most i1 denti cal C (
confirmed by EDS analysis (results not sho\
indicated that t he amor ph-bMoMo palalsey swaswid:
occasioeamate pofe nanocrvi8(-@a¢) i showhtabessuFf g
i mages -bdpaoadilt eads sampl es. I n all cases, a ¢
observed, indicating the formation of wultr

XRD andesTEIM s .

(a) _ (b) Sn}le surface

By

Figu2a).High resolution-fTEMdi haoe &adrdt | b)
ri gang diaelkd (bottadadmpoismagels AbH628818Mo0o30 th
in (te)e IFFT i mage (aaf) .t he box area in
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AlgoMn,, AlgoMngMo,, AlgsMn,;3Moy, AlsgMn,sMo,; Als;Mn,sMos,

As-deposited

Corroded

Fi gu3Tehed .surface SEM i mages of alltesampl es

4. 4.2 Corrosion behavior

Figda(a) shows theochbomeaéVobkampbesotduEi ng
over 20 hr si.ncTrheea speodt efnrtoinali t s i ni tsitaat eval ue
value after 5,000 sec for all sampl es, i k
film in neutrabcyml uesMoDd{AR®s V Tike RBg/ AgCl)
AIMnRMo alDoy&®5523 V vs. Ag/ AgCl) were quite
AIMNMMo all oys ~ 0.8 V nobler. According to t
series, the equil i Hr i6wbm VpHtos n tABIHIE)S vVs .f OSHE'
Mn| Mn aOn.d2 VvV f dr T™MoyYysMo t he incorporation of
increase the corr osis¢ImMmaeetxehnitbiiatle doofdphAel . h ilgnh

among all sampl es.

Fi4ga(b) shows the PD curves a@fenalrlalsampmlee
ternaympMoAlsampl es have higlheandpictotrirnogs i poont epne
(&E)r than t hoseMmnofs anmpel eb.i nJHprreye rnAdla s0adl16fy r\o M@
forsMikbt o 0. 4 MU Mgr WAIt h t he Itahtear tdaen olii @
stainless st{e8llbn(t+teOm838f V) he cwoys rwistt on ¢

t he excegMnnMon scafmpAle B), all teragdrhyanal | oys
AgMmry anidincreased from samples B to E. It
comparing t hsMnp(essaunptlise od)reMd na(ds aArlpl e B) , t h
corrosion currtehret pwast i Ingweprotemd i al hi gher

optimum concentpi@and oo oit-M@eMoAltgehr nEary syst
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studi ed bbdMmeMowafsr oAM whi ch further reducing
Epit whil e incremasa®@ Mbor% wdilslcuisnsci on of t hi

provided446.n sections

(a) (c)
0.2 0.6 7x107
*—E,, ;F
044 S e o ,
e ———————— P P — 6x10
,Mﬁ- - e 0.4 ; )
= 1 — y - S 5x10
Lﬁ"GSI g, Al Mn,, 0.2 a
5 -1.0 = 5 < J 4x107 £
< El . <) =
G e 2 B >
7 124 - = ue 00 T + 3x107 g
2 o144 2 08 - 5
o z 02 1 2x10
-1.6 ] m 12 /
1.8 com + - x10
1 12 -16 i -0.4 ¥
20— e i v . . . s i
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 10 107 10t 107 10 1wt 1wt 1 A B c D E
Time (s) Cwrrent density (A-cm™)

Figu4Summary of (a) time evolution of open
pitting patemdi ab s rdiedh soinp)iceosf r(gimi sampl es mw
from PD tests in 0.6 M NaCl solution.

Fi43(f))) shows the SEM images of the corr
PD tests. The corrosion product density, d:¢
i si gshtly hebnhdeor2( 14 pParti &I etshalmOOhadm of th
sampl-2spdr3ti cPhes/TheeOcoOmosion particle siz
as shown in the par tdi.col & ssliizgehtdliys thrii gohueri oo
was present in al/l corrosion products as ¢cC:
i n Tabl &he thickness of the pMsMaywewdd | m or
measured to be arsantdi onalg46hErVABRyFdigseus sed
in sdc®i,onhis slayer is primally composed

O content measured at the surface.
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Tabl4dSusmmary of surface and corrosion produ:

as measured by EDS

Surface (at.%) Corrosion products (at.%)
Sample
Al Mn Mo 0] Al Mn Mo (0]

AlgoMn,g 75.6+0.7 | 20.6+0.6 - 3.8+04 73.5+09 | 21.84+03 --- 4.8+ 0.6
AlgoMngMo,, 73.5+£0.2 7.8+0.6 13.0+ 1.1 5.7+0.5 73.0+ 1.6 T7.6+0.2 127+ 0.7 6.8+ 1.0
AlgMn;;Moy, | 571407 | 123406 | 214403 | 92+04 | 547+1.2 | 11.84+02 | 224+13 | 11.2+0.1
AlgMn;sMoy, | 493409 | 139406 | 2604004 | 107+03 | 455+0.2 | 132406 | 270403 | 144405
Als;Mn ;sMos, | 45.6 £ 0.6 16.0 £0.9 299109 8.5+0.7 43.8+0.5 154402 297+ 0.6 11.2+0.6

The EI'S results 4% e H¥(ganmash ewd timatFitghe ¢
the capaciti vedMMemmiscilracrigeerf arhaml all ot her
with the PD results. Further increasing Mo
the diameter of semicircle reduced monoton
circuits that cadimnwni 470tbtFg ghlilns® rtcdadRao lwaisc s o |
resi sptecet ek the polarization resistance,
which accoumndealocaplheinonwe behavior of thi
the passivedamaygerre3peans aipsefdeCfPiIEned as:

") Qo T0, (4.1)
whelQes the i maigs ntamg amgul, ar frequéncy of t

is the numerical val ue=Dbfradh/dsOmatignmnd smane (

exponent equaling 1 for a pure capacitor
capacitance (C) of the CPE is calculated a:
6 0 T : (4.2)

whelre i s the angular frequency at which th

its maxdidndme model fitting parddmet ¢r saar &e

seen that thared veMedaAmloe Rhe highest, Sshowi
charge transfer resistance and a more idea
thickness of the passive film was not cal c

di el ectr i coOxdoonpsetda nwti tohf Mol oxi de. The Bode
shown 4W chki gnd (d). At | ower frequencies,
AgMnrMoocan be confirmed as the highest one,

high frequencies, dwhaes &IBHeh grod ytthee rwari isd taina
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be related to differegcuptt ambhetd alzadlil 8pol @t hiedn
phase shift as a function of tR&mMaquency
sampl e waS80Otchaseal It oot her samples, confir mi

response.

@ (b)

CPE
- AliZMulSMOEO
— ¢ Al Mn Mo,
;C_:’ . AlGiMulEMDIZ
N v Al MnMo,
* AlSOML‘IO
Model
0 1x10° 2x10°
7'(0)
(c) (d)
10 " AL,Mn Mo, 100 " ALMa Mo,
5 e Al Mn, Mo, ® Al Mn Mo,
10° 4 4 ALMa Moy, -804 e A i -
1044 v Al MaMo, d :
= + Al Mn, /g? 60
g 10 2
N 3 401
10° 5 =
~
T A A AR -20
10° ‘ ‘ ‘ . ‘ ‘ ‘ 0 ‘ ‘ ‘ TREERAARERY
10* 100 10° 100 100 100 100 10° 10° 10" 10" 10" 100 10° 10° 10°
Frequency (Hz) Frequency (Hz)
FigufSsummar ymeas &t &ment s of all samples tes
at open circuit potential. (a) Nyquist plo
(l'ines) impedance via the equivalent <circu

i mpedance magnphade ahdf¢( angle as a funct

Tabl5d he. fitting parameters of EC46mobd)el f or
and defined in eqgns. (4.1) and (4. 2)

R, (12) R, (x 10 0) Y, (x 10755 - s™) n Cepe (X10° F)
Al;Mn Moy, | 56.15+0.78 578 £0.42 1.88 +0.71 0.886 + 0.028 1.93 +0.81
AlsgMn Moy, | 56.11 4+ 1.22 7.59 +0.59 1.87 +0.62 0.906 + 0.034 1.99 + 0.84
AlgsMn;Moy, | 17.25+0.64 9.18 +0.46 1.93 +0.86 0.916 + 0.020 2.12+0.72
AlgMngMoy, | 1544 +0.59 27.20 +6.80 3.29 +0.58 0.928 +0.011 4524027
AlgyMny, 29.78 + 0.43 12.10 + 7.10 2.43 +0.64 0.925 + 0.032 258 +0.69
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. 4.3 XPS analysis of the passive | ayer
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intensities of the aluminum oxide-l&nd O 1.
cycl egMmMoa Mdsdpdy ~ 13 cspbnideos) fwirt hAli ncr easi
sputtering depabhs.enddnMmsAubeatgeliys [ ow conc
while a very smal/l amount wasdMnoatinelct ed i
AbMnM®ee Mn in its metallic state (0 charge)
[ 3.0]Simil ar to Mn, the concentration of Mo
showed no enrichment at the metal/ oxide 1in
and high concentration in the-Mol Icoy,r ocsa mai
inlc@ntaining nefud.rla No nsed Ihwetlidmite, > a n d Al

AkMnMm®sy the very small amount of Mo oxi de w
state. The deconvolldteadanMecodldi smethaa (FRieg
film incd(udeadd3d3Mo0lO eV~ wWROL & MK&¥P reermai ned
passive | ayer. The absence of higher amoun-
higher affinity of Al to O than that of Mo
per EIll i ngha®] Idi aigy aanl so not edMo® hphasecor d
di agram pédddictaaddist i onOx)t ocandeMmal pm nas ,( Ad d
solid phieesdn f aAldiphlade s couwidt halismc rfeoasm n
Mo/ Al rati o, whose presence cannot be c¢comg

negligible given the | ack of Al 2p peaks b

(a)
AlgyMny,

g8 8 8 8 8

(b)
AlgoMﬂgMOD

Ma 3d

0000

Bl 3 soono

AlizMnlgMo_‘m 2000 .;I"_‘.‘ X . 4000 “ o PR el
B N j

20000 L 16000 |

s 14000 .
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Binding enesgy (eV) Binding energy (V)

Figu9XP3t.dept h pr dfsi,| eMoof3 dAlan2dp ,MdDr3p spect
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AtbMnMa, asdMmMbss ampl es.

(a) AlgMnMo,,

Binding energy (V) Binding evergy (6V) Binding energy (eV)

Figuit@hé. spectral deconvoluti opgMmeMa2Mo 3d i

andspMauMao
4. 4 -S4 avhalysis of the passive | ayer

Passive films on metal surface are wusuall
defect characteristics (e.g. type and dens
breakdown of the passive-Sfialnms ,y swhsi cals wvseurmem

i FRi4gll The def éxtofdensetpassivel| #5711 m wer e ¢
— —O0 o —, (4. 3)

wheoe s the capaci-tiasnctehemepasugsiede film die
(assumeld tfedxb=RH i s the per mit-t=i Bi.lt&E of vac
F/ ci@i,s the appOiiesl tplhe emlt a tlibsa ntdh ep oR celntt zi naal r
constantrP8/1KRBI8s the absolute temperature,

charge 13ic)e602 t was f ound -ttyhpaet dienf eacltls tahprpeee
lwer potentdiyples deliielcé snat highemMnpd0®knti al
Usuaklyy,e ndefects include oxygen vdajc,ancies

whi lteypee defects include cati ondefaicaintci €p .

type) oxide forms att o otwheer speolteecnttiivael sd,i slsiokl
Mo, which chanxge$gtp¢ ha ometdael at hi gher pot e
amount3sgerferAdtded ib) Fs$ gows-ahHtaypp eb odtehf enct dens

| ower -MnMo At h-Mn Al | by d hewistmapé edéef @ct densi
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4. Al'D oyfiesgin ef he tri bocor r-MmsMoo nalbleohyasvi or of

Fig. 4. 1 Aeurhraewdtur r ent density evolution
tribocorroded s.Boftadceuofreakt!| asdmplues ent de
ti me were plfodn edadyyrVvils Wi Bat sean t hat bo
current density i NMor pMeedodvti #@ihb g ntcrrielasad mrgr
teShe current of the MmiMasldes e5x ptoisneeds ahriegah eirn
i ngdArbg while the currenaPAdEmBasi s Bf tti hme swo
hi gher t hldMmrolthhiast iisn ddde t o tsiven Maagr gnehri cwho r n
i s shown Thre BRviglt h4d 0of3.t he worn' ar@a29®h.c3 2as

“4awi th increasing Mo content from 0 at. % t
area width was observed in dry wear (not
mechapiopérties, rat herdomiamatceod rtolse ohr iph @

behavilnMo@ f alAl oy s
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after 120 st etsrti b onc dOr.r6o0 sM oNma C | solution at r

4 6Dji scussion of corr-Mei o sgMniW®kc hani sms i n Al

Results #4ndSéictiinodniscate that all oy compos
role in affecting the passive film charact
conclusionscreasudg: Mplroncentrations in t
potential and | owered the defect density i
increases with Al % in the alloy and i s i nse
most i ntyer 3t)i mg better corrosMnmnMmo trheasni st anc

AbMryg where t he oln% yMao iifnf etrhked cfenrwiaesr tvhse. | at

Her e, we discuss the specisMimMabvisy. corr o

AbMmrno Tle cul ated potenti al M NAMAWebai x) di
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with 1<x, vy, z<99 at . % [f503 ,4 osvi]slgo @i.giom i FE ihgn.s
With the addition of -MMo ,extplaendeas d4iov e rwa gliea
Unl i ke Mn t haitss el sed eicn i waetlgr, >M®l eawnO0 f or n
V. Such Mo oxide could also bebédii psol ved a

the foll owidnbgl reacti ons

0DéD COOOMEL 0O cQ, (4.4)
0&G 060 00E0G 'O. (4.5)
(a) (b)
*le ‘ * VA'IQO-‘;:('S)'E Mo©2Z~ + Mn?*
et ALOM MR e N [ AP
* @ ™ i L] o ..,'
2 . Al 05+ Me0,Ts) +.Mni+'
H 20 = i £ 5§ 5 .
)

FiguXrZhé.calcul ated potent ikxMna/npddMANMBOUTr bai x)

with concertation of AI99 Mn, %and Mo rangi n:¢t

As showmM8amOFigwch thermodynamically pred

were indeed detected via XPS analysis, how
wel | bel ow the all oy concemtd atyisogng hel tal iusn
oxide (alumina) phase, rather than Mo oxi de

compactness and defect characteristics con:

Next, we di scuss 1t@oh avito IliseMmdiifh eatheet iorC
psasive film defect density. A schematic of
alloys are 445howmnri moEFEhgall oydypehat pd owiev
potent i-tay ppe aamtd mMmi g h eghmppo tceanttiioanl svcarcBaantce Bels w
on the metal/ passive film interface due t
potentials. With increasi flg tploag echd mian atainrdg r
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type changes to anion (oxyagteynpe vdaacfaenccty.,, H
AgMnMa, at | ower potential s, |l ess Mn was d
interface due to its | ower -taypeoydeaefoarcte nd e ra
At higher potentials, the doping oifn Mo i o0on
alumina with Al (+3) |l eads to the generat.
oxygen vacancies can be reduced by combini
decreastiywgetttef act density. Acfé&HBH] nhbeto t|
pitting corrosion iIs assumed to occur on
adsor pti oen ioofn sc hilnotroi do %.& gTehne vcahclaonrciidees i ons
through the oxide film byemoars -wypargyggn
defect density is expected to reduce chlori
This is in good agreemesdt( bwi.t h PD resul ts
(a) AlgoMny, (b) AlgMngMo,,
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o I A S S

film AP 0> AP 0> AP O AT 0> AP 0> AP OF
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Figul®hé. schematic intrinsic deMnegnad in th

AgMrMaSf or med at | ow and high corrosion pot e

Fi nanollyecul arsi dnyhami ons lwer di pewéior Xedo
Chuangt ®esnlgow t hat t hesicwewdasdltsmoe ad f efc ttelde bp
Mn/ Mo ratio in the all oy, mal nl wasiueomfi t e
t htate | arger i nt eMrmaMoo nihca nd-WMshtaa h eoef diArl t A1 mo r ¢
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O bonds formation. ®inn®©e anlde Minn t( @rtahéedi) o we r |

simulations and the only difference betwee

packing, it suggests that -MmMo ntoh-B&n cAdlmp act
could be, at | east parrtdaorlrloysi aomnrtedibsuttda mae
as seen in the experiments. Il n summary, un

the enhancement of -tcroamrsoistiioonn rneestiaslt adnucee toof
the transition metwolr ki ncltalhre fp aesss itvhee frioll ne,s
Mn and Mo. Specifically for Mo, their sele
the metal/oxide interface facilitate the f

| ower defect density.

4.5 Comglusi o

This work systematically investigated th
resist avni® «@fonklentrated alloys via experi m
results and understandings are concluded a:
Q) The open ci raclu-Mte odlelndy alwad hkiMmpher t han
2) Mo addition significantly-MmMproved the pi
B An optimum all oysMesdoa sverrst n ateindn fofedAlt hat

hi ghest corrosion resiartyanalel amaym nggt wad il e d.i
4 XPS revealed that the passive film i s ma

all oys, with trace amount of Mn (0) and |
G)M-S analysis shows that Mo adiddype eand ont h

type dmrdietcy adfe the passive fil m. The dor

oxidation state thtanmp&ldefoencst deeenm eiatsye di n F

by creating more free electrons to combir
6) The width of the wonrcnr eaarseian gi nMor ecaosnetde nwti tihr

test.

|l n summary, these findings indicate the
wel | as individual -mdade®yd COAsewheat iderss ga
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corroesostant concentrated all oys.

Ref erences

1.

10.

11.

Li, L., M. ChaRkhiRevaed &f e€omkashon in /
and GrBpbkbede Sensors for AdvaSecnesdor&or r o
2 02210.9) .

Chu, J. Bi-ipn sepg rraejpdb@ased coatings on Mg al
and their integrasiveswedr @naltboper 20d Mar
141 p-161854

HeakalT,. Fne A. EmarEtl kbohAyings on magnes
transportatiAdvamBasmtitn €vatings and Thi
Future I ndustrial and Biom2dR6a8 pEndgbBe
Lekatou, MAcrostra¢tyre and cB8rRRPLCDIi on pe
all Ggsrosi on $ABi enz®E99 3201 2.

Zhang, a3l.@ent etying the role of nanosca
behavi chuars eodf mMdt@drlrias igdma sSRBi9e nc e,. 28B0MI1017.
3015.

Pr edoeleno, Eorr aesisarst ant meMaatl e riical so at
Today,1(21000)&2 3p.. 1

AhmadAl Zmini u-MeNl ITogswds i n Fabrication
201 2.

Sahu, K. Rhasetsaparati on mediated devit
gl asAxdsa. Mat erhigdl2i)a ,-4p20&4.A.9 9

Kim, Y. and AR.aqGax tBaircihhatiitogn of the inhilk
met astabl e pi-Qu isangl iidn sddll wititeo MAddal moga. A
200572.7): fA44B437

Ki m, Y., R. G. Buc hEhfefietc,t aonfd aH.|ICGoy ekdo tQu &
corrosionysao€cocApoibd| st aoen ahdonyct er i
by XPS aBdeSTEMchi mbéR4I4ACt-3.7HX.BHC.

Zhang, L.TM.e,r matl | 1 i,nduced structure ev:
99



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

behavi dNiY ocafmoAlp h oQosr raol sl hooyes,. S1e44é g - 17 2

183.

Babil asEIRct retchalmi,cal characterizati on
after anneadummgailCrogfsedmdrd | n8& 1.8 opt3i5d2s4, 201!
Gao, M.Hi geht caodr.r,osi on anec avwear amegiphtoairs
metal lic coating syntldesr naed by AVABYSs
Compoundsd35 22018383

Lucente, A. M. Laodl|l Jz&kd CRauddd/i, Amoophdus
Nanocrystalline-LAbBhoyNsanwi tSht satBall su:z a Pi b n
Journal of The El ecl13%%ohemical Society,
Esqui velExdel | eett adar,rosi on resistance &
extended solid solubilitvMwtaendalnanBesgali
Letter®,1)288B7.

Henao, NoyelkdsAddd . metall i c glass coating
Materials &9Depi2dh?l532016.

Zhang, SI b. s+tAFUIM BSB.u,dy of the effect of
passivation and-bmpasd meati alClaitd o®li d:ns . §ai Ah
201843 p-12B11

Cheng, IJsit etsyht h€&5is noeft anlolviecl gAlass co
spraybognal of All oys7hBa 968M@pounds, 20
Abur ada, EfTf. e c tetraifanldNr,i tays al | oyi ng el ement
behaviidCriMgMhNIA) met abc¢iicptgd aBlaBdgr8i)al i a,
p. 626.

Tseng, KA. , I -inegth gdote.n,br gphy all oy Al 20Be20F
Science China Technédl20)qg:i-tp8 B .18c4i ences, 2
Qi u, YMi,credastadlucgture and c oedrernossiiteyn spirnoglec
phase compositionalCor rcaognpdre x3@&iBdpoge Al ZT0
38896 .

Qi u, Y.A ldtg hd lwepi hgahste sAlInTglIvVe@nalcloynpoe mpl e

100



23.

24 .

25.

26.

27 .

28.

29.

30.

31.

32.

33.

al [Accyt.a Mat erli28l p-4A2U4RD17.

Stepanov, SN.rDuc,t uete aln.d, mechamieda glhtpr ope
Al NbTi V hi ghMaetnetrrioaplys all4&l2otyelr 5155320 15.
Stepanov, SNrDhctuett alnhd, mechanical prope
(x0, 0.5, 1, 1. 5)o0 rimal emnft rolplyoyad |aonyds .Co
652 p:28066

Gao, Mlnféweamlce, of yttrium onpaugifaee cl
fil mbaeedAl binary Apept aleldi Suglf ag®@é $pci ence
5354 7.

Yu, L.Corertosailon behavior of bwlYkk ((&r 58Nl
= 0, 0.5, 2.5 at. %) m€vbarbscogl &ssescen
150 p5342

Raza, ACpoprreasiadn ,resi stance of wei ght r
entropApalliegys Surf a4@&5 $c3 E6c8e, 2019.
Lee, C.FPnharmdimd .pitting corbMaNOO. besi s
higehtropy all oys by anoTldhiicn tSoelaitdmeFitl msn,
5173): £305301

Zhang, Ll MflLuebhcalof cerium cont-ent on t
CeCe amor phoudav dlalCd y s5 @ilun trideadtbrea fi al s Sci en
& Technol 2d@%) : 23181378

Chen, Jhe ot ia@li.n, of pnaanganesye isno lail du nsi onl
Corrosion Sc/i3ence, 2020.

Ruan, S. aned eC.tA.o dSdmoushil,tl eody sAlwi t h mi cr oc
nanocrystalline, -qaumas iphoyst adhAdciemamsadru
Materi abigas)203pPn223810

Reffass, Chlrroetoml behawvs puwtrt eo-MnkmaAg nlet r o
coatings in newtorraloss alni el Fenmicet, i RO®.1LD .
3623.

Moshier, @CroseonaBehaMoloybaodn Ah uAli Inayns

101



ChlorideJSoalrntilomwmg. the EIl ect34ddhemipcal

26426 84.

34. Jani kCzachor, M. , A.BrWoal kodwoiwkn, mdfn dplazs.s i Weli
Mo gl as sBasnseitvadtsi.on of Met al s18&Bn@g. Semi ¢
104D 55.

35. Wol owi k, | Atred ett iaoln.s,hi ps between all oy <c
composition and pMda tdmdpShlematvvastabloé al
Corosi on Scéd4ehdte, fUHDI81

36. Janrdzkachor, TMe, setabal ity of-Mbhsppassi ve
deposited Gbaseygi mpt BHElelnc e-1p9.23ADL.1

37. Tsuda, T. , C. L. HuEseyxtsiadidptBoMi Alit aff
ternary alloys fr ot MehlemQle widoel utaeona ts aol ftA. |
the Electrochenb@n): Sge2®azQ 2005.

38. Wol owi k, A. CazrmacAbdModiIanbeé&hrnefioact orfy Arhe't
amor phoublatadsd id/acls .ence an-8t Engt mrealr i Mgt ar
Properties Microstrue(7/@) e -3pgn6d.3 Pdocessi n.

39. Janrdzkachor, PRMssigttal and -hasedremadpwou$
all Mgserials Chemi sO2B)@a.nd3%®hysics, 200"

40. Atsaf far, Thdl.ef fedctalaf, mol ybdenum i on in
and pitting corrosion behaviour of pur
alumini Comrabsbgn 200ile n c-§4. 4 11980 .

41. Principe, abBn,L.andB.GRD.B8hDafviexi de/ met al [
corrosion -WeantMbAby&ooembsi 64) 20p3. 295
313.

42.JeurgensThdr. modceytnami.g stability of amorp
Application to @ahuali mmimmoRhgebsal mBes i e
B, 20®MN).: p718707

43. Sal i h, S. M., I . K. -SamkarmrGCamgadi sA oM. Af

Aggressiveness Behavior of Chloride and

102



4 4 .

45 .

46 .

47 .

48 .

4 9.

50.

51.

52.

53.

Stainless Mateeli aRhlaindycdrAppkties@B8il@hs, p2017
88898.
ChangY.C8nversion of a Constant Phase E
Capacliotuorrn al of El ectrochemi ch@3)Sicip.nce
31-821.
Wang, C. Xhe etfatt uofe pmaddestcrouctosi on
Al 120Mox all oyouhnal fofFmé&ll oys7ad d.Compo
56871.
Gubbel s,| nG.eH.fM.c,es i n composites of al um

Materials Science d@8& E-43g3I h*eering: A, 1!

Zhang, B. , Y. LEl,ecamdc Fehi cAMangorrosi o
mi crocrystalline al Cmrnbamonnd3&dndce, sal
p. 20B1.

Zhang, JCoFr.r,oseitonalb e¥aviadrl 0 yo fc oanp/oAli t e
deposited on magneAsld ufrl ead tl rooyc hAlZn3ilcBa (Agt a
562): -5p7.1.560

Martin, H.nmlp.e,daetcealst udi es of t he passi
Corrosion Siqilenc e-3p2 Q@ BAXS.7

de Ol iveiraGCorMraeCi bn, bet walkn, the corrosic
semiconducting properties of the oxide
solutionCdrreas memt $Oi eonT2E3L1 1201 3.

Lv, J. L. a@ampHa rYi. s oLnu oq f corrosims prope
formed on phase r evergsriaoinn eidn d3u2cle ds tnaai nnol/ e
Applied Surfa2@&0 cl 2livc4de, 201 3.,

Gonzal ez, ChaAacteti abtion of porous alu

ac i mpedancelJoeansalremnEndApspft 0Deh2efni)s:t ry, 1

p. -2298.
Persson, PH.eAli ctamoqawdusodqui | i bria: Sche
fi-pstncipl es cal cul ations of solids Wi

103



54.

55.

56 .

57.

58.

P h
Si
Ch
Ch
Pa
19
Li
P a
E I
Ch
Pa
So
Ma
Ap

ysical Re86G 230 .B, 2012.

ngh, A. kEl ectertocalemj cal Stability of
emi stry of 2M&2t3er.i &l0sl,6 02GD07 .

ao, C.Y., L. F. LAnPoantd DebecMaMddehl
ssive Fil ms: | J.ouFifdlarde G oewctthr oKci hneentiiccasl.
8112(86) : -p194187

n, L. F., C. Y. ChAoPoantd DebDecMaMddehl
ssive Fil ms: 1 : ChemiXaur nBarle akfd o Wh ¢

ectrochemi ch3(86%ociphdtOR,19U981.

ao, C.Y., L. F. LAnPoantd DebecMaMddehl
ssive Fil ms: Il IT1TJourinmdedoafncEheReBlpoants
ci et $2(991)9:820.872874

cdonalPdas sOtviblet,yk ey t-lna aad | anPat les rma.n d
plied Che7li6s)t:r9p7.81PPI9 .

104



5.1

res
be
Bed
PB
por

| at

Chapter 5. Summary and Future Work

Summary of present work

n this-MbhasgMmMol Alol i d solution all oys we
uum by magnetron sputtering, which were

bocorrosion resistance, outperforming m

n study sl,vattdéimangdeipvaat i €0 kit n &iMne rseel d fo yAsl
died as a function of scratching freque
hani cal wear rate increased with incre
reased withasregqueegygssueatioon rate and
|l e chemical wear increased with frequer
cifically, therfreeprad stiv adtiromn&Kliymwede gesn dv
guency,nlt eldhlec hr epassi vation time between

nter body on the depassivated wear trac

atchibgttrleetil me for repassivation. At
defm@ught ot irneepassi vat e, thus a wash | owe
ui red.

n study 2, the corrosi e2n0 aantd. %NMns sail vl aotyiso I
died by electrochemical measurements anc

coveraddt habnMenhanced corrosion resist
the surface oxidation process. A denser

f aeMn oafs AXlompared to pure Al, due to the

c

| thiinggh eirn far ee vol ume of Al at the surf a
explained by a proposed | attice- mi smatc
worth (PB) rati o between the met al subs
raseoteld favors the formation of an o0x
osity due to excellent structur al cComp:
tices. Il n this study, t he2 OPBatr.a%Mno, waass
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comparedimopur . a8, i n agreement with the

the passive film in the for mer.

Il n the | ast study, the effects of Mo on
AIMNMo al | o290 witt Bo-B3n aatn.d% OMo weopi sgudf ed.
Mo i ons with higher oxidation state (+4 an
more free electrons in the pas4diype fdiefmctAs

can be reduced by combining wiorlmoshesei &r

assumed to occur on the oxide/solution int
ions into oxygen v-agypaecdesecthdensetduci age
chl oride adsorption and | mpr oevsei sptiatntcien go fr eA

MnMo alwladssyswer t haMn talaltoywh mAwmil gh controll e

mechani cal mechani s m. The worn area increa:

5.2 Future work

Sever al future research directions are p
thesis, with a goal of developing mechanis
the mechanical and corrosion properties o
develhmipglhhgper formance, | ightweight, strong,

A.For the f utasceadmrecsd rgthrl atyesdAhi gh entropy
it woul d be odfe sgcrgampto sii ntti eorness th atsed on t
rati o to optemirbéaotfdetthderairmas i ve fi |l m,
model s developed in chapters 3 and 4. S
study the effect of passivating el ement
corrosion rleasd esd acexdecadrflt oAdd , where all e
participate in the surface oxidation. A
and tribocorroded surfaces of these all/l
mod el devel oped in this thedi dort @ obmepd @
all oy systems.

B.l her misr iobfocotuwmsh®ar, t he miactr oasntdr lubeet!| uorwe
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surface of Al all oys evol weaicadmsoaasnaflunct i
| oad, sl i ddalgutteimnprguw e& g miSsater yr esear cher s
have TEMedntaobgdtelgel asti c defor matitbe of

wear ftrroame kt he f i ristt wduldd nlge cgfcl gr eat [
whet her the deformation coul d Shienccehange:
the thickness of passive film is nano s
TEM equi pment to analyze ftihlemmierg.s,trar.
ARM and FEI Tecnai. The microstructure

TEM i mages and SAD patterns. To i mprove
film, the field emission gun should be ¢
by usieg smal | si ze and higher el ectron ¢
.Lastuyure research in this area coul d be
surface characteri zatNMDnsiamul atoimprutcan sh
to calculate activati omns peonretr gpyattahesa yitsd e n
undertsheantiree sMdl bnmendordi Alt ancet wara al |
el emPeansi.ty funct icoanna |lb etohadscetdyh e(t@mT o r i de
and oxygen adsohpepni ¢ i heememagsysti-vmmdae dn of

high entropy all oys (nion ectadsdddshivgheantr:

al loshyssul d be a crystalline structure whe
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Appendix A:
Determining Tribocorrosion Rate and WearCorrosion

Synergy ofBulk and Thin Film Aluminum Alloys
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Al Abstract

The increasing complexity and severity c
aerospace and marine mhdusélreesr omiucd,eabat
bi omedi cal i dhposeegfyeatcchall enges on the r

exposed tondxtreme where mechani exli sand el

Finding ways for alloys to mitigdgtie et.the coc
tribocorrobier)remdecosdctions is thus higt
reliability and servcoaedltfensemeTWwbenhabkkEkd
fact t hat wear and corrosion are not i nde
syner gi steilcealbléeyettoad adccnat eri al | oss. Thus,

the tribocorrosion resistance of met al s a
measuring the tri bkoaoarorsd soino-tsaymestt ggbya hod vAe dr t

film sampressinNeaenvi tempentatwumadeeli Sr @oms en
A2 I ntroducti on
Tri bocorrosion is a material degradation pr

and corlr,oB2ijomocorrosi on nakes eplaamade i motihnd

applications where mechanical contact and
present. Ther tboospiboenk iltiyesofi n the fact that
degradati on mechani sms are not i ndependen
mechani cal and chemical attack often | eads
effects. Thus, the daoltcadl anagak ra sl | oss <can
Y O w Y (D)
wheoe s the materi al |l oss resul tewifsrom cor
the materi al | owearduient oheneabhaeaedicaltofe cor |
materi al | ecsosr rdowse ofn® ,.swéfer gyynergetic effec

f or paalslsoiyvse such as aluminum, titanium, and

form a protecanomett &t mi dlhidlesv) (pas slieve il
in contact wat[db,ox@jgreinngorcorr osi on, and if
l ocally distur bedepbagstsmeva haoutdl | wadrft o | oc

and unexpe[clt,edd ,f a7i | ur es
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As an example of the economic impact of
corroseisotn marteed to cost ndeédrl Wn$J @@ ] IBit lalt iesn
Fl orida, onr phbecomeaosi of structur al all oys
its ocean econotmyansfposrhtiantgi,onmaramd coast al
contributes around 4% of Fl[olkli]dd'us ,t at dlet E
undersobandrnfBocorrosion of metals and all o
application and usage of all oys Suah har sh
understanding wil|l al so serve ttuo iinmp rncewe

all oys and coatings agaduosabtlribpcorrosion

Tribocorrosion studies require integrati.

3
®
M
%)
c
-

ement system. The mechamiedcal Ipoadi

i vaen dnomeaosnur es the friction force and

_;
D
Q
—

(@]
—
—

ochemi salstmenad nrcd medrets a potentiostat
i stance ammet er (opti ooal pboténtdealer (

oc heatiicaan meod sauriegment s. Such technigq

D
® ®© »w o
(@)
—
—

nsive method to obtafi na trheaet erlieaxlt,r owhh
corr
tr
pr

e
sion rate of a met al can be measured
a f
0
mostly following thp2]JASTMs spamdarcdl G1hT | L
e
0

er pr oceelsesc ttroo cah ecnoinctarloldiesdt ur bance. F

O »w O ©

col for determiningothestonbsygonerggi of

pr arati on, machi ne setuptettimnymgbocloatriosmn o
pr

and repeatable tribotber adeifomMm maesbs &aod ed

O T

edures. We hope this effort wildl benef

behavior of bulk as well as thin film metal
CAUTI ONe Bbesslt all relevant materials sa
Some chemicals wused iIin tébe arFrbtapelopreatt
practices when performing experiments, I N

(fume hood) amoepek pwenat (safety glasses,

l ength pantee shdes) os€&€de CNC (Computer Nuti
mu s to plkee at ed by trained personnel. Hydrofl u
hood thatwishiadesnitgmi®tdat iAagi d Dasnegde ri, n Hyhdir so

or similar.
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A3 Sampdpear ati on

NOTE: Proper surface preparation of sampl e
ensure good reliability oftrsdpmeatpaebrifloirtnye.d I
protocol, a commercial Al 3003 alloy (Si: (
Al) i s used as an exampl e.

31Bul k metallic sample preparation

311Cutrasei ved Al 3003 alloys (hdr &fctner r e

coupons using a CNC machine.

312 Mechanically grind one side of the san
increasing grit numbers (#180, 240, 400, 6

312.GQArind the sample using #180 sandpaper f.

31 .2Rot ate the sample 90e and grind it usin
from the previous sté&peana opmpktat emycebs mi

i nspection.

31 .3Repeat the sample rotation procedure an:
a soft brush bet weesnursftaecpes itno rcul nenainn gt hwea tsearr

contamination from the previous step.

313After grinding, poilmg hditfhfeersamtp| i sag f afc
alumina poli stkmngémsd sapami.adb rhilcr of i ber c¢c |

Use a different cloth pad for each compouni

313 . Plour ~ &€m @z uonfi nh s-A@G%ealsu it &,1 00 .c6a gl as
7@®0% water) on a clseaammp lcel oitnh opnaed .d iProel citsiho nt
of " 8" (avoid drawing a shape of "0'") unti
step.

31 .2Repeat for e . @Bo lainsdh i On.g0-83s0Ws pael nusnhti &na , ( 100

silica9@l%awateTQ wuntifli ni sdching a mirror
31 .M ace the polished specimen in a beaker
pl ace the beaker 1 n-2amimdmnomvaes oaanyx <Urefanmcee

Useompressed gas to compll(etheolwys ddadmy etxtaenpd er f
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unpol i sjheldi ssyslsed aAl sampl e.

31.Gut a 5 e2m nmhno ndgi,ametler el ectrical wire ar
plastic cover (~ 1 emoise ktéadegim) eomnmolboChi e
31 . BBl ectrically connect one end of the wire

sample using a conductiuse ngage®enamucdomwveu@tpio)

the manufacturer S r ecwrmmendation unti |l C O

31.Use el ectr eodiHermiacajluest &*mi powtom t~hdlfdol
side and the complete hrablkcki de def, tplmae nd a my

Cu wire.

31.8Bry the painted sampheéei teampided eimgr i at al &
h before t he.Ad pbdiroiweexnatnsp.l eFiogf t he painted

which is used as working electrode for the
(a) Bulk sample  (b) \ Bulk sample  (C) Thin film
Unpolished
‘ —
ki Cu wire Cu wire
B — —
e Exposed area for Exposed area for
’ tribocorrosion trobocorrosion

Polished

Lacquer Lacquer

1cm 1cm 1cm
I I E—

Fi gulRh®At ounpo(apshed and polished Al bul k s

bul k, and (c) thin film Al sample for tri bt
32Thin film sample preparation
NOTE: Metallic thin films deposited on a f

ot her amee adsepnwi Iniomr i utne cphrnoi cgeusessi nsguc h as ph
deposition and electrodeposition can be us:s
prepar at imagnebtpgwent eéMtnedt hAln f il m sampl e dep

Substraae ans exampl e to explain the criticeé
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32 .Ploli sh a Si wafer (100 mm di ameter) with

for 2 min to remove any surface oxidation |

32. 2 ean t he Si wafer with 95% ed hamahsf @h e

it directly into a magoemrohampettering ma

32.@perate the sputtering machine at 80 W
atmospher ¢ 1] GI.ows8) t+hi2c kmMesven Ali | m (hereaf
referred as Al -Mrmitharfgdtm)i rustimeg saSmutAtter i ng

32. 49 i n coat a thin protective | ayer of a p
Si wafer) on the depoisitintteod sseivdeefcaafu pl@irbswa f2e

32.1I5mmerse the diced sample in acetone f ol

protective | ayer. Rinsecomprbgs sad & odhiorl. and |

32 . Feol | o BlsbE68pRE toemakéerawcmal connection ani
surface for tr iAdlo(ceohrorwoesx aomp ltee saf. & imai nt ed
sampl e.

A4 Tri bocorrosion test

41Tr i bocorrosion machine setup

41 Plerform a tribocor#dWesigmede otnr ceilhgiasdcua
a universal mechanical. k2 @a)tUsre (tWMT )s che naalt a°
tribocorrosion test.iARd.b ¥ BAt3g ps haosvs s it dhven ciurs t
desigmrerdosi on cell i nstal lfeod coen stemes i LWMT rreost
i sedand 50 mN for500amhi AladmOdle sN,ofr esspecti vel

41 . Ror the electrochemi ¢Ampmeasueramenesolste
10%i nput i mpedance.
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(b)

Sliding
direction
CE RE
Loading
directio

1815011U310d

1. Emergency Button

2. Rotational motor drive
3. Indenter probe

4. Force sensor

5. Force calibration panel

6. Restart button

Figukeea A. Photo of the front of tmadBruker

tribocorrosion cell . (b)sestcuhpemati c of tri b

1. Counter electrode (CE)
2. Reference electrode (RE)
3. Working electrode (WE)
4. Sample

5. Electrolyte

6. Electrochemical cell

Fi guBRh At o ofmadestowmimbocorrosion cell instal
The cell i's made -frogn dt fduref abcoet htoomnp rCe vent

|l eakage during tribocorrosion test

42Tr i bocorrosion rate measurement principle

42  Measure tribocorrosion resistanc2 accor c

where the tottad dmat"grsiealt rlodusti on for det a
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42 . Mehsure theCdomomodihen popatemti odynamic te

42 . Measur e t he Wpwrred nwe aratrhaotdee ¢ pol ari zati o

test . Apopad iys a dar fli g uarlawmioma ubsalnlg taon i mpos
mechanical wear in the | oad range of mN to
42 . Fo¥ the thin film sampl e, choose a proryg
plastic deformation i s smontfhiante dt hwei t dhda mo stihte
thickness is | arge enough to resemble true

be madei by Hertzi §a.2¢ontact theory
42 . Medasur e t he t Tfirboon otrrriobsd coonr rreastieon t est a
42 . Lad cul at eSftrheem stymeergglyove measur ements an

43Measurement odéd fawormr poitemtri atdgg nami ¢ ( PD) t

43 Arepare the working electrode (i.e., bu
analysis). Clean the sfuofflacwedfby hh@55%ee¢etahar
43 . &2 ean the corrosion cell before every co

det eérgaennd rinse thomRepghRlty twiitsh stt @p Wat & mes

43 RBinse the corrosi-ooniceéd Wattearme@DIw)i twa td

potential contaminants found in tap water.

43 Pdlour 100 mL of 95% ethanolarionnhd tobecoaot e
al |l internal surfacesthPesustept 3themeshanol

43 . I1beave the corrosshooadckeot Bodmrnat 6 umk|l o\

compl etely evaporate.

43 .Teake the cl ean, dry hcotrhreo seiloenc tcreollly taen d hrai
for the corrosion run.ceFlolr veiatcth 4G nnsle ,o ff itlhl

and repeat this procedure 3 ti mes. For thi
wt . % (0.6 MNpdimih ubeholucsr isdod uatg on (i .e., si mu
43 .Fflol | owing the rinse, fildl the corrosion

reacti on.

43 Bet up teHectthrroedee configuration. Use the A

115



and an actiwmasrerdasi taeifuwmwmekcag, and count e

respectivel y.

43 Pl ace the working electrode centrally at
the bottom using superwigraeti Pl abevd hehe x

el ectrolhyeiegbhstu.r f ace
43 . PDace the reference electrode ~ 1 cm aboc

43 . Lbosely bend the counter electrode to v
(working electrode). Theddwotr&kmaneg -®#é¢étewe e md

cm.

43. T»dnnect el ectrodes with the potenti ost e

touching.

43. Dpen the electrochemical software packa
controlled potentiostat. Turn the potenti o:
43. Open andeasentmetioowi ew the potential an

of corrosion environweerte rDa rrianngp tphcet eOCtPi lr
the current reading between the working (f
electamdendssdA. N 0.01

43 . LB8ave the sample to equilibrate and sta
environment . The time dumati os fdepenhdeat v
materi al tested. Monitor the potenti al us
stabicbndedi i pot dntiecal, @ahange of | ess than 5
hour) is reached.

43. Ré6en t he corrosion test. Foll owing the s
( Eox ramp the applied potehhttitahvee irheoftehree ncae

el ectrode.

43 . $él ect the cyclic voltammetry potenti ost
the procedure tab. E n albd es anmpel & do | fl corwitnhge pcaor

time, working electrode h(eWE)o rprootseinotni arlu,n.an

43 . 58l ect the option to automate the curre

range to be 10 mA, and bbelDowdAstftocut henWE]
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43. EQ9sure thatoftfhe efliemadli oouthse cpoontternotlilaeld L

setting the cycle backhy ptagraeneiterl d @p 0t. 8 ¢

43. Reécord OCP from the measurement view ini
the start potenti al at vialO0u emV Soeetl voewh etehxep pre
potential to 800 mV, the | ower vertex to 1

potenti albettoowlGthemV ower vertex potenti al
(ASTM standard) .

43 . Piess start. After a few hours, the corr
43. YRew the results in the software.

NOTE: Optical microscopy will be perfor med
any indication of cntnepifce aecgquessi dbd dodera
condition should be r eAde astheadwsa tr € peraesste ntthatei
obul k and thin film Al after PD tests in 3

43 . P8t ermine the ppd friomge gt @Dt i e P&t ent i a

rapid increase in corAdos.i on current took p!
0.0
E. ——Al bulk
Pl ——Al thin film
-0.2
(@)
<
S 0.4
<
@
= 200mVanodic____________/_
= -0.6 1
S
=
O __bep
© -0.8 1
o

-1.04 350 mV cathodic __________. |

1 )
cormsion

LELRLLLL ILELELLLLLY ILELILALLL, BRI, DL LLL, DL LLLL DL m
10 10" 10" 10° 10* 107 10° 10° 10* 107
Current density (A-cm?)

Fi gudRRefArresent ati ve potentiodynamic polari z

after 1 hour i mmer sion in 0.6 M NaCcl sol ut |
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4. .200btain a nominal value ®) bLhefcathodi a p
line to the portupbpnmeofrhespomadlsatiozpoitemti a

mV | owede t han E

4.2®btain a nominal value b Itihlkeewinoai €s ipmog
portion of the curve thiaghertamider nEgeéd pat eB t

4 .. 2H6xt rapol ate both of those trends to Eoc

nomi nal corrosicen (kdijgr ent density (i

4.2Cal cul ate ®ofrromi ome raderosi on current
conver@AL ac®dn 14n/y) assumiorgr awsniidrmorwi t h t he f
AF'The FaradayR s= eMilnE | oRiesi & he codoli®si on r ¢
t he <cocrurrorseinotn me as ur evdi sf rtohne tahteo M Dc tweesitg,ht
Ji's t henidcernsiet x,har ge n unnubnebre rt hoaft eil nedcit craotness
within dissol kFtiisofrFaradatyi sn,coasd ant equi va

M/ ins etqhuéd val ent wei ght.
44Me as urcefmewd 8f rroart ec at hodi ¢ protection test

NOTE: To measure the wear rate, an al umina
counter body to scratch samptleei sampimer sedHf
solution, aAs5.s hBoewrhmoev mrsicgdure of cathodic

1. Counter electrode
2. Reference electrode
3. Working electrode

4. Indenter probe

FigubRh®&t o of tribocorrosion machine duri ncg

moving on the sample surface in reciprocal

44 Plerform 43 epl8t.dBomd.8ecti on
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4 . 22Move the indenter probe down towards 't h
possible (1 mm distandcasaway tfhreomndampleg sI
center of the sample and t hdreetirodmes,elteicet r
andstampl e surface.

4. Mov¥ e the indenter wup forward for 200 mm
solution into the <corrosiosamnpgelld wuwnrtfidceal

i mmer sed.

4 4Move the i ndenwaerrdsprtohbee sdaommpnl et osur f ace a

Connect the electrodes with the potentiost.

4 . 540pen the electrochemical sof tware packa

controlled potentiostat. Turn on the potent
4 665elExpgeritmenOCe @or raonsd och®mtoessret moseatic

4 . 7Apply a cathodic potenti al of 350 mV bel
mV below OCP) is chosenr etaoc taivooni dd uhryidnrgo gselni d
mi ght | ead to embirilt3tfTekeeinnhi bifi at hposampl ak
i 850 mVYecTvhseoE al experi mental time is 1,800

ti me.

4 . 88et up the wear test from the UMT softwa
5 mm scratch | ength, tahRedb@t% oN maor imhle wead
t o st arotcotrireo stiroin. Note, the scratch freque

ar e tpeasrtaimeg er s that can be varied based on

4 OAf t er 1,800 s, the test finished. Vi ew t |

t estienagt, trheep t est s undeatr Iteaests atmer e ntdii méa 0.n

4 . 140se a surface profil ometer to measure th
di fferent | ocations sadnmmlge .t hTeh ewesacra nt rdaicrke cft
to thle ksicnatand the scan |l ength is.larger

A6) . rBde us of the penfitlbeanedtey | wve yfl arscda si <
scan resolam/isampile. 0. 028

4 14Export the profil e metaos udrierneecrttl yd a tnat.e gu sae
bel ow the unworn suAf)ace (shaded area in Fi
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4.12Cal cul atsetheoral sowe a@ww, e anhhéerr e

sur face

cal

wear

Figu6®ca@anning electron microscopy image of
test. The dashed | ines rterpaceks.ent the bound:
0.1
0o Wear track width ~_ Althinfilm
-0.1 -
-0.2 -
E -034
2 ]
£ 044
o3 ] Cross-
0  .05- sectional
- wear area
-0.6
0.74  Lh(x)
-0.8 L.x Wear after anodic polarization (200mV)
T T T T I ! I I N
150 200 250 300 350 400
Width (um)
Figur®ey pi.cal wear track profile of ngld thin
by profil ometer

cul at

c
S
o=

O

(3]
=
S

=

@

O

(%]

o
0

@

=
i)
o)

o
o

hei

t he

ght asx, aamadnwdhaeront rod c kp Awii d ti lo.n

L

e the wea(Ai solt hmecamwsemsalLi wedrhear ea

track

l ength = 5mm).

Wear track

Al thin film
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4. 14F i nally, cal c\Wlaaw=V/tkh ewhyegitasr trhaet et ot al s |

di stance.
45Measur ement of Tfmiobmodcon bhosiosgm orsatoe t est e

45 Flol | owih ¢-4.94t.e8psex cle gt 6L nsetephe applied
the test as the OCP.

45 . @nce the test 14 4f3ionicsahlTecduMicktdbéieslow st ep
4 BGal cul aticomrofsi wSnarsynergy

4. dAfirer performingudlalt eptéaer oesfosiYyesyaer gyl

Y w 0, whiesethe total ma O€Pkhak L bses mmeasus:
|l oss measured at the cathodic potenti al p
corrosion becompar adgt@Gigwbthreeg , matnar i al | oss

corrosion estimatded NooiCeens FHnie atseusrtestie ptnh t er ms
| oss/ year from t hteo PDorwertt, iitt tice dampequiawnd

ti me for cor rSect calcul ation of

A5 Representative resul ts

Foll owing the testing protocol T)deisscr i bec
measured at varA8o us ppetsametisissésish.e bRiag ned f or
thin film sample after tribocorrosion at tF
and anodic (20@otmen taibaolv.e TOCL )t est was per f
agueous solution for 5t manlukdes!| iOdiS5ndN froe c
mmstroke | ength. Prior to each A®sshowde OC
the summary of all comptomieme so rof)o,eiquema rrlat d
rawg ,( corrGpj oandamwreagned gy f( Al thin fil m.
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2.0x10°7

7771 350 mV cathodic Al thin film
3 T[1]]] Ecc
e N 200 mV anodic
=1 5x107 1 T
: \
2
21.0x107 1
©
5
(1]
E5.0x10%-
S
s )
7,
0.0 00 N

FiguB8uwmmary of tribocorrosion rate (T) of

potential. The arrow bar raelplr erseepnetast eodn et esstte
N T
~ 201 L1 W,
3 iz G
Z 404 F=2.9 Es
£
£ N
» 304 \
ke]
©
3 E
£ x
T >
5 101 o
[ IIO
@)
S \\
Figuesummary of tribocorrosion rate (T), w
and -wemarosion synergy (S) of Al thin fil ms.
deviation from all repeated test results.

A6 Di scussion

Ther e ar e sever al critical steps withi-
preparation of the samples priemrsutre gQlhedtr
reliability of the performed test and enhart
to be prepared f ol [toowiemg udief fae rceomtt rporl d ceedd wsi
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and removal of any surface contaminants o

consi st meechaswolcal ygrinding and polishing.
all oys with medium to high har dfhers ss csfutcenr a
all oys such as Mg all oys, el ectrochemical

with mechanical pol isihn fngc e or @acdhhmeeisss t h®e dc
film sample sputt el owgfRombrd)n tvaaicnuiunmg iann tuhlet |
chamber i®&nsurei taw def ect concentration i
woul d otherwise affect the corropaoinngesi s
either bulk or thin film samples into the
good el ectrical connectdaomn ebcettiwege n( Quh)e wsiarm
protocol, conductive tape or coindgicts yet ep
wel ding or simayl alre tuescehdh.i qgdewever , the eff

wel ding on the microstructure and eventual

havdet eval uated carefully. Thisoys wisppeci a
| ow melting point. Finally,-besdiyndeertacit boaoo
(including the two bodies in contact, and
ensure that a new allll ttiip)( d sransmaw warpeaa P

tribocorrosion test.

The current protocol evaluates tribocorr
Modi fications of this pr ottohceold ecpaans sk ev ad a it
repassivation kinetics vefd ®ryi bacaocrkrionsgi otnh e
potential, and (cCO@RF)Y ievelhnauat iodn fdurcitngnt he
Fi.§410 AbHd show representative results of tI
and CO&pectively, of MAlsitomi nefsitl mtafotCér fTh
Fi.d10 represent the start andh&atnisesh ephssc

all oys such as Al , the mechanical di srupt
breakdown/ removal owedrmbkt padsexposi hgp ande
area which |l eads to a decrease in the corr

[ 16howed hehamagni tude of corrosion potenti a
the microstructure of the naeptpdllioegti,v esnl itdiien ¢

speed, temperature) are the same. For Al wi
the same appl i esdnallo aedr nidaeyp alsesaidv attoe da ar e a, h
corrosion potential . | tciirscualts anordoet,e d hteh actu
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l ow to be detected as the <circuit I s o[
tribocorrosion test at i mposemdncabhedi c A |
exampl e can be f ou[nld6 ]JiAml o usrh opwse vtihoensc uw orrekn t
of Al thin film dumpogetdr iamhodorcr @poitemtatal a
positive than OCP. This anodic potential wa
bel owitthe ng potentials. This resultedan be
corrosion. In this case, thE W.othaMemmat eri a
wheNVgecrandche®sOrresponds t o t he contributic
el ectrochemical materi alVcrle@an, beespgatidedl

resulting from metal oxidation under anodi c

by Faradgwl’/'sp | aw—aswhere Q is the electrice:

by multiplying the difference between the
sliding IMysthédet immeiicsultahre wexii @hatt afbanry val enc
const ants, tdared denAl3 ystobheprt ypiFc gl result of
Al thin fil ms. From the above discussion,
el ectrochemctahgear ametaddsti omusoof her wer gt

insight to the depassivation kinetics duri

-0.44
| Al thin film
-0.45{ St
o -0 46—- Finish
2 :
< '
< -047-
%) ]
>
> -0.48 1
L _0_49_- During sliding
-0.50 ; . . . . .
1200 1400 1600 1800
Time (s)
Figui@&vAl ution of corrosion potenti al dur i

at OCP.
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gurnadSuAmmary of mechani cal and chemical w

i bocorrosion test at 200 mV above OCP

The protocol presented here al so bears s

made i r(opmo ITyetfdtor af | uorad etrhyallenée)husr, il mi

rformed near room temperature. For applic
ove 400 ArCe afcotro rn ucco reeasr) |, a special corro
nuf achatredwi | | withstand high temperature
fety is also needed for handling molten
mper atures. Secondly, et et raddeachenant t loé

ectrodeh@sampméeted the wear motion to be

ere a rotathensad mpnod i iosnn rodquired, a speci
be designed. Thirdly, in the ptrleasrent se
eosoon rate. Henkiesthmhegcogiblil butowmpaonéd t
il e corrosion it saeanaft ediidalndtoslsead rtimgs itdt
me , i tSesebsfgat foonant . Il n real worl d appl
curs lagdwemucfhr equenci es, t hCosnayr dred omeg h't
mi nant . Finally, topecairalr sc ajteensetr iead getdo Tdhuig si |

pecially i mportarmwtorfrorsi ®8a,lsywaleiraghy it(h ed evre
om tri bod)o, rwesdpandtad @ (C)s.i ohhusater fors c¢
cumul at ed. To mtedmi ne Te raanomr ts\Wkgte nlBeDn @mp t i

of i (dmetteerad of the contact 2D profil omet
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materi al | oss vol u@ege. PDo tmisnismw@éh-eébren ocro uipr
destructive EI'S (electoscbpy) cakbsi mpedawvat
r aft 20 ]

As a final note, tribocorrosion rate is |
response that dependsploihomdatde s$kEstding ppead
environment (temperatur e, pH, salt concen
(hardness, settag¢e Mbegpbnesscol presented
only one set of sbodl di ecomnsTder readerds ffe
appropriate changes in sample preparation
dealing with di fferent systlewmdi ngAl pE NN atni

(reciprocating), mi cro adhr asamnpbpl2xlyjounderi
Tri bocorrosion is amudmercgi.ng ti nitse rhdoi psecd ptlt
will facilitate both the evalwuation of exi s

of new meastiesrtiaanlts t o both wear damage and
mat erials become increasingly aemamded i n
i mpl antabl e medical devi ces, next generat.
fast chargi whiltat tachrbite 9,0 beytra@a. ,strong and to
one that is robust and reliable when inter
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