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The atmospheric corrosion behaviouhi@gihde pgtolp e
exposed in marine and induto®t Bbalmoat mMes wweere i en
of scanning el(ecEM)ememigyr ads cqpre@BED Syea ys peicft frroasc
( XRD) potentiodynamigcPPlCokehectabcboemicaal (iBMpe)da
optical MOKYy acesrnsepe e strength test, doublTehes he
test r eesdulhdotsnpamew with i ndustriaistatemagdh drod te
hi gher corrosion susceptibilLepydoamanagd @teh iatt anc
maj or constituents of the rustsdmdgeachlioritawest g
were detected in marine atmosphere environment
El ectrochemical ceodr r ots ilolme mnamil ys i pr c pawtwerse oif
this orpdertt lgreerdvoi nt bet ween thread and scr ey
of theawdatshler ght est paamonsgh et rreesaul t s of mechanic
that the tension fatigue Igiafte odeexapfoesausreed tdii nse iin

of at mosphere environments, and the-sltoeqanggs hi
exposed in marine atmosphere environsemtengasd |
exposed aln atnndousspthreir e environment. Tensile stre

visible decrease during the exposure time of 3

Keywohdghrength bolt; atmospheric coamrwisrioomme m
mechani cal properties

1. INTRODUCTION

Bolt, which is the most commonly employed s
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in the fields of .[al]jt.omomitlegs dué R gbd shgd
S outdoor atmosphere environments and c
crease in mechanical properties. The acc
ntly 1 n serawi cneo,r emaannyd cnoournet raitetsent i on t o
ion and properties degradation of the me
at mospheric corrosion performance of [
tory test oralfadredtdo reyx ptoessutr ei s egpar t iThwel a
i on mechanism and obtaining the influen
d value for predicting actual serevitcestp
es actual i nf oirhpppbdaoct en &hd cobrresi e
i gating atimdbpheric corrosion [ 4

17Nis2t rkeingghht h bol t , which is one of the

cetdbemosi on resi stahtcempdédrn gthurse rreegitht amade hi

Il mportantocoenpati onhdusEhégalge ostppacephe
mance odtrle€mdt7/Ni 2otlfatnghabse aarni nigmpoonr t he ser

r
i fe.resoendnaherbeen done and reported on the c
e

materi al s, whose western counterparts i
gbults have been obtained [14,15]. Ho we

i nformation is available about field exposur
1Cr 17Nis2 rkeinghh h bol t, whose i nfiomr nrag groens emt & thiev
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nments plays more important value and po
hat of 1Cr 17Ni 2 stainless material s. I n
e ddvfainetladg eesx poo s urteertme sadqr rexxsiemrs i evveadl wantgi
th bolt in different atmosphere environn
aim of this research is to inveNit2 ghaitegeh
th bol't exposed both in marine and i nd
i on of corrosion morphol ogi es, corrosio
n fatigue. Thienwersk foantmhmreowvixpanss efnulof
rosion protection astreegéehopmént of new

2. EXPERIMENTAL

2.1 Materials preparation

The
accord
mmi 50

passi v

chemical compossittrieonng tohf blo@ &b Twshi s I hi ivedt he
wi At EdBaRA9Rhe 1€tLE@NDRhhbght with a s
mm was manufactured aftadtdi agdt ohehesuHBE
ati on prb5o2c9e2s ss[thdhddeadd don HB
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Tabl@hemi cal coilcploNs2ht gbnengt h bolt

El emeni C Si Mn P S Cr N i Fe

CompositiO.®b1 R R R R Bal
(wt . %) 0 17 O0. O0. O0.(O0. 01181 2.

2.2 Atmospheric exposure tests

At mospheric exposure tests were undertaken
Jiangjin natur al enviroadteret amarti net agimoe,p hwh ie
i ndustri al atmosphere envirommemwmtr s, rehpset meal
on the basis of | SO 9225 [19] and GB/ T 24516. 1
8565 standard [21], the samples were exposed i
under opesn (cnoon driotoifogn at the test sites. The exp
test site was 375 m from the shoreline. Fourte
after 6, 12, 18, 24 and 36a&a.momtohofoft hex p@aspid e s
the surface morphol ogies and compositions of t
used for mechanical properties measurement .

Table 2. Annual averages aheteorological factorand corrosivespeciesattest sites

Test sites Wanni n Jiang]j
Average tBmnper a 24 18
Average relative 85 8 2

Rainfall ( mm’ 2269 939

Sunshine durat 1954 1487
Humi dity durati ol 6736 5304
Sul fur di oxfAde )( 0.089 0.330
Ai r boersnael ts e(anfdd ) 1L 0.200 0.008
Nitrogen di o#%idde 0.012 0.022
Sul fureted hy ko)) 0.002 0.002

Ammoni a ( figd)()10 0.012 0.070

Hydrochl or fc ac 0.030 0.020

2.3 Corrosion product analysis

The surface micromorphol ogies and compositi

Quanta 200 environmental scanning electron mioc
| NCA energy digpetemi yxhontdy€er, sLtd., Britain
corroded samples were studied using optical mi

was anal-yageddbff Xact ometer (BRUKER AXS &md ,4Qt
mA wi tK{r a@u ati on.
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2.4 Electrochemical corrosion tests

El ectrochemical corrosion tests, whir(fP C)on:
antdhel ectrochemical I Ed Gameree s@eercrticebdacepic alus
el ectrodes cell with platinum as counter el ect

as reference electsodengtamdbdlICir 1aNi Z7ohkigmg el
i ncl udi rmg(tctohnrteaaidntipnnyg atrheea )b,otj oi nt paerttwsecernaetetr hpr e a
sel ected asl etlesttTrlroecenlzeemigchat of test region i s
processed polytetrafluoroethyl ene Acicnogr damd gi
calcul ation results based on GBATtcooMG7aisntianngd & ri
area), joint betwaehnsctaheerng S&Hd.319Eméwhm 3 124 . 2 mi
respectivel y.

Figurel1Phot ebeof r océheuvmi emént sampl es withréadpady f { )y e
joint between thread and scrpa t t gciewpa r t

The neutral 5.0 wt.% NacCl solutiofopen to air at 202 °C) asused as corrosive media. The
PAR system, which included a M263A potentiostat, a M5210-lockmplifier and the PowerSuite
software, was used for measuring Bn® @ndtheEIS. Theconstant voltage scan rdte PPCtestwas
0.1 mV $%. Theemployed amplitude of sinusoidal signal for EIS test was 10 mV, and the frequency
range studied was from 3@ 102 Hz. The acquired EIS data were curve fitted and analyzed using
ZsimpWin 3.2Gsoftware. All the corrosion tests were normally repeated ttimess under the same
conditions, checking that they presented reasonable reproducibility.

2.5 Mechanical properties tests

The tensile strength, doubl e shear -stmremgttt
bolt were tes?7l15a288dAoh23he GIB 715.26 A [ 24]
The reported value of each mechanical property
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3. RESULTS AND DISCUSSION

3.1 Surface morphologies analysis

The typi cadr osmorrfpshood oma e s-s b e rlgrdip7obsireadt miair g Im

at mospher e asmmviimadmumenti al at mospher e & heexiproosnuneer
time are shown in Fig. 2 and Fig. 3, respecti
highrength bl ot i ncr e at ke pwistulr et td mea t no stgwaoke I
environments. Clearby, 1€Cha 7-9dtior2er nbgstighh n b Idoetgr e e p ¢
at mosphere environment was meite engrihobs otthamxpto
at mosphere environment, which attributed to tF
enw onment and the strong penetration effect o
steel wadMhtaer esting in industri al at mosphere e

occurred hardly in the-swhlehmltetc,r ewh iodh 1vwa ul7dNib
of electrochemibal fmetdde®dng oxcdhetmi earmal.ofcorrosi or

FigurTeyp2 cal surface macromosphenhgghed!| of axXp
at mosphere (&Mawnfifomgmnean)t 12 mont hs3,6 (mMo)ntzhds mo

FigurT¢g p83cal surface macr omostprheond gotgh els| ootf elxCorol
at mosphere(dnaihmgemnmeant 12 mont hs3,6 (mMo)ntzhds mor

The observation | ocalization for amdrpamdw h
(as shown im mhgchbompeshei bnaof-stl€e d gHinZ2 e mddugria tneyd
the tensil etdtteereqnigarmh fMé&esitgwmidcast surface micro
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bet ween thr @ead band Csdgé&lwandgt ghbl ot exposed i |
atmosphere environmenttheexwosbhrehei meobho®gghodd .
To apearaapnc emnsi,crsouumorapcheolt bgi essist | ayer not only
mong different atmosphere environnmeexpsessubett i
given a@thmosmpmpmeremdt ITdoayeemtmpstf obndqpe esented
tructures which can be classified into sever e
ubul ar and toroidal. The terms aforementioned
t aheirinl atest publicat-Ramani spebtcbsc¢tbpy St
cienantlicetyability was employed to investigga
rr str u28Threesn Jt2iGf ue¢ mte afutsdr rhemgteaex0tnecdat o Ityh e
asi s coffr ebnpgonrdel ati ondlyipemib@tbave dimelso baeh g p @ h e o f
onstsi,t wbhatcehdb seru ss & tl & tpea saft IO e2 9] .

Theypti cal surface mhsecrroemohfjépohrnt ogeeweeh t hr ece
xXposed in marine atenosipbhwmnie {6 @mi Fcoagnmbbretm skeieq.
hat rugthsed ragve r maoifnl 'y presented petaloid and
haracteristUFe®0OH] gnédt hEFRrODEH)r ocietsmeCcti vel y.
i me of 24 mont hs, as shown in Figthrettde ness
pherality, which were bheOOCOHphy aw¢re ichser véd]
magni f,iacsatsihooown i n Fig. 5b, the needles (whisk
gl obules was ,acdnghltheokxé syt Bfa@0M) whoiecthhiftar
transformati ooF®@®OH)epi docrocite (

jsb)

O T o u»w o T+ un Y

nw ~+ o —* o

Figulfgep#dcal surface micromorphol ogi eparoti manmrien
at mosphere environment for 12 months

Figulfgepbcal surface micromorphol ogi eparoth ma&rmrien
at mosphere environment for 24 mont hs
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Figulfgepbcal surface micromor phol ogi eparoth ma&rmrien
atmphere environment for 36 mont hs

When the exposure time was 36 monsgdrsew amaisn
presented granul ated morphol ogi es ,oFwIOIOHh . wer e

Figufgepircal surface micromorphol ogi esametx ptolsreeaa
in marine at mos (o Wam gf)oern vii2r oomonmet nhts

FiguilfgpBcal surface micromorphol ogi esametx ptolsreeaa
in marine at mos (O Wamn efi oerg V2i 4r ommonmet nhts

Theypti cal sur face tnhtehrroendoty eof hoork o piee sveeh t hr ec
exposed in marine atenosipbhwn/éfEre &wiHrioognmeritg . 7 it
t hat rust Imayienrl yofprebeaeaed whildhul @aas mohe haha
| epi dosFeo@OH)e. (With the exposure time of 24 mc
with the shape of granula and spherafFe ®9H) whwe
observed. Hingdlreer moadgni fi catdi onhasneaddlweas i (hwhFiis
around the periphery of the globules wasUactu
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FeOOH). When the exposure time wasf 36hemaidrlisy
presented gr anulkaet emdo rapnhdo | foega tehser waf chewedect b
FeOOH). The microcarck always occurred in rust

mi droamqg rop md | dgit eveaemtix p thils re @ a

sur face

Figuilfgpbcal

in marine at mos ( Wamn efi oerg V3i 6r ommonmet nhts

The Typical EDS plots of pdeet pjocsierdt ibne tmaed m e
envirtonmasn shown in Fig.10, revealed the exist
t he exitshteetrmood uobfl e sompeasnds s(Fefdndireirda c(Felll.or i
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mi cromor phol ogi es

t hat

| epi docrocite

| ay eandf eFerrirco ucsh lcohrliodrei,d ewh o s e

repowemd det ected

been
[3D

Th ey pti c al
exposienddusnt ri al
seen that t he

as

sur face

t he

tn ht ehrr oendody epf hoork o e & sve e h

mérmrieme
(b) secr

anal ysi s
and

shape or

confbevat-saent s @ef bameo u
a aartieypzoerdt etdhted oor t @esme®dlrlei d ymateskéria mgradr t n

t hr ec

at masgphesehe welnf & oipdrmemt. Fi g. 11 i
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t he

t hread
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mor phol ogi es which wer e tdFee GOHr.a cWierhi stthiec eoxfp
mont hs, as shown ies Fwigt.Hh 2t, hd hehanpe pdhfol grganul a
of |l epi dee©0Od) t ewdr @ Eolb ssduv®dils mor phol ogi es i
goet BF e @OH) were also observed. When the expos.|
the shape of granula and threadinessfegO0H) chwe
observed.

Fi gurTegy plilccal surface micromorphol ogi epaeftpobedec
i n industreaVvi emaJngesndggeairngdd 2 mont hs

FigurTeyplizccal surface micromorphol ogi epaetpoédee:
i n industrial at(rosamplgn & e mwoinrt dirsme nt

Fi gurTegypli3c.cal surface micromorphologiepaetpoheaec:
i n industrial at(rhosampgn 68 He mMmwinrt dirsme nt

The Typicalt hieelDSeadtd ot ar ojf oi nt b eetxweoeshendd hisne a d
at mosphere environment, as shown i n Fig. 14, f
reasonably t he exi{Fetopandf erofi cfFreguBsPhatxeul phat e
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Ont hbeasitsheofmi cr omor phol ogi es analysis of the

environment, It can be concluded that l epi doc
atmospheric corromeireemapheodeconst et ustmagelr of Fehe
andf erri c sul phate, whose shape owemétésoctdetecwe
constituents of the rust | ayer.

Furthermore, t he rust |l ayer in two types o
which was often the case occurred on the surf
atmosphere environment, the rust | ayer in mar.
structure indicating anbtobweproettictevy poeeent w
agents from reaching the base steel, thus al s
highrength blot i n marine atmosphere environme

3.2 XRD analysis

The crystallirnuestphl aasyeesr o fn tthweo types of at
exposure time of 12 months and 36 months are s
constituents in marine atmosphere enviromnenent
similar, and were mdiFRIOYVH) o mmas & p Didbly® @ricd tit dere g
the rust const i twudtriites pwaocsindrhgaapfiofgencrteefdt i me i n
at mosphere environments,alawady st hdeet samed s péciae
environment .

't was inter,awhiteinnd hteo ex@tos utr ea ty © ene GRva@O HB)6 |
was not iobsteworedypes of atwho € l@ime rbee estrelheenr Sfaracemm
mi amoa pholnad iylssesame di ot onthreadi wiXRD Bmhdhe@scerrenc
opbhenomeman oned abbwebuotnadberratOAH)p iwdaosc rporciintaer
i n extermfalltdseerrf sacned was the most abundant whe
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rust 3layer [

Va-FeOOH y-FeOOH #Fe ] (@

\‘
12 months
v M

PR [T (T U N N BT N R |
0 10 20 30 40 50 60 70 8O0 90

26 (degree)
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FigurROb5patterns of rust | ayer (a) Wa

3.3 Electrochemical corrosion analysis

Typi cal potentiodynamic pol arnieauatriadn 5c Wr vwet:
sol uarieenpresented in Fig.ildh, déornvedlbduwDono dgri @gh E
extrapolation is also siponfartilz@ds ¢ 1 @Av&m whe cfho
I's respectively approxhiteha eeabdy d 1{ithhheoaatl b e b e &t
and pamrdsswuggesting t he btehsec rpeaartmoonsgi otnh rreees itsetsatn

Fi gurTey pli6c.a l p otpeor taircdyarveminoof t hneeaeuestlr &g 0o
solution

The typical el ecspechemscabyi mpedaecdedi ffer e

wt . % NacCcCl solution ar ef rpeggeuseemctye di nducRKiigr.el 7.0 ¢
characterized with retractile real part, was
appearanc-tereffjueheyl owductive | oop may originat
sur f 3ce I[t3 can be seen from Fig. 17a that the ¢

par>t t haead opp nt bendveemaedgth meadcadi ng the highes
scrppavamong three test regi ons. From the Bode



