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YOTAKARN SARAMAS : EROSION-CORROSION BEHAVIORS OF OIL
PRODUCTION TUBING. THESIS ADVISOR : ASSOC. PROF. PORNWASA

WONGPANYA, Dr.-Ing.106 PP.

EROSION-CORROSION/ PENETRATION/ CRUDE OIL/CARBON STEEL/ ICP-

OES/XPS

Tubing is an important part of the petroleum production process, especially in
crude oil transportation. Crude oil flow is a major cause of the material loss and
deterioration of the production tubing because it conveys suspended sand and sediment
into the tubing production, resulting in degradation of production tubing. This
degradation usually affects the environment and economy. Therefore, the study of
erosion-corrosion behaviors of tubing in oil production is necessarily studied. The
information for evaluating the lifetime of this part is useful. Aim of this research is to
study erosion-corrosion behaviors of the production tubing that is used in crude oil
fields in Lan Krabue District (Steel J55) and AISI 1045 in crude oil from the Northern
Petroleum Development Center, Defence Energy Department, Defence Industry and
Energy Center, Amphor Fang, Chiang Mai, Thailand, combined with the various
particle sizes of sand (500, 1000 and 2000 micrometers) using Impingement jet system
together with the electrochemical measurement. Damaged surfaces of samples were
characterized by Scanning Electron Microscope (SEM) and X-ray Photoelectron
Spectroscopy (XPS), while Inductively Couple Plasma-Optical Emission Spectrometer
(ICP-OES) was used to detect released-iron ions of the samples in the crude oil. From
the results, the severity of erosion-corrosion is dependent on sand size and

microstructure of the material. Mass loss from the total erosion-erosion rate is the



highest, while the pure corrosion rate is the lowest. And, the released-iron ions increase
with material damage. The amount of released-iron ions and the erosion-erosion rate in
AISI 1045 are higher than those in the J55. The results from the XPS showed that highly

detected-SiO, was found on highly damaged-surfaces.
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901 v A 4 1 1% a a v dy 9 A %’ Y

Wuavdszuw 1,000 U154509199U (mﬂqa, 2560) TﬂﬂﬂlummafJu'lma’aﬂumumen
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v o Aa 1

A as a s ¥ RS . .
uazmimeﬂu ’J‘ﬁmi’;mﬁzwu1uuwuaau1wmugﬂu”lﬂ@l1nuwmgm American society for

testing and materials (ASTM) A5N15V04 Institute of petroleum (IP) 11a£I5N15U09 Universal oil

E4
=

o S v { a I @
products (UOP) vannaaiad lUn 1l unmsdinsizriia
) 1 o . N . . <3
1) ANUUUIUULAEANNDINIUNE (Density, Specific gravity L0 API gravity) 13
" A = ? o v A
ATNUFAAIDIAIULUIVDIUTYU ﬁ’lll’liﬂllﬁ'@\?ul@ 3UUU A
' ¥ o Y o 1 A Y o
1.1) ANMUHUIULUY (Density) ﬁauwiuﬂ"umumuﬁaﬂimwﬁlmumu 3l
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fraction g4A10 MIAATIZHHITINAATIMAD NI 1A IAeTMIALIAT§IU ASTM D-189
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130 IP 13
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MINN 2.4 ﬂﬁﬁ%tuﬂﬂllﬂﬂﬂl@\i@wﬂf)l.!ﬁnJJJW]§§1ull1’i‘ﬂﬁﬁ§lﬁﬂwﬁﬂ1 (ASTM D 2487)

EEAThI inaduruguinal [admns)
N3y aznow | _

ASTM | _ Al

nu 1339 vew | 1w . .| wvuae

D422- HGED) I

na
63
75 19 425 2 0425 0075 0.005  0.001

2.4 mstesnumananiou

% (% 1 Y a
1) fﬂi‘ﬂﬂQﬂHﬂWiﬂﬂﬂiﬁ)uﬂ’Jﬂigﬂﬂlmiu@ﬂ

= ~

1Y [ 1 a d' 1 Y g’; a| o
mstdesdumsnanisuuuune Tuan (WionFenmsgudmuuadaiay
I o a I I'4 1% {
Uniloq) Wumsldnszua i ldamthvesTang nanedlu Tavzosn laa 14nuTansni
A A A A o Aaan 1% a a 3 4 9 4
autanay fe ierhlfnsenvesnsduszinalueen lvauelanzudreon lydveslany
Y
Wuazmaeurives lave liinamsnansaune 11/ (Chang & Yeh, 2015)
2) mstesnumsnaniousieszuunn Inanuuugeie lldinszudase Impressed
current cathodic protection (ICCP)
mstleanumsnansouagszuuua Inanaz 14 Iihnszuaassanuvasiuiia

= [ )

d’ [ g’/ [} 1 1 o a [ a A
AEUDN NOTLIINITNANTOUVD lane Tﬂmmmmmﬂ”lvlﬁmimﬁmmaﬂmﬂﬂu 2179 A9

U

1nTanzianseu (Sacrificial anodes) 19 Tanznia1dns M 1a1u53 5851861091 (Anode) 11

aonuTanziliadnd lihausssunAgandi (Cathode) Tavghiiamdnd lrlihdindnnzina

mananseu aauTanghtisdnd ldhgendng Idsumsiesiuuas hifamsdansou uaiilo
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[ 1 [ 1

Y dgf A A 4 Ao A
@1EJﬂ1iGI,‘]N1u3J1ﬂ6UuTaﬁé‘iﬂﬂ\lﬂ1ﬁﬂ8uh/\l‘l/a\h@1ll‘ﬁiill“]ﬂﬁﬂ'lﬂfﬂﬂﬂﬂﬂﬂ‘if]uﬂul’ﬁf]llﬁﬂ1w

u

A

Uszansamnisdesiumsianiouanas Tueniisuntuisudendnds Ae gsaelalih
NILUANTI Impressed current cathodic protection (ICCP) ﬂ‘izuﬁuh\lﬂ1ﬁsl%jlﬁ’é)ﬂ’é)ﬁﬁuﬂﬁ
fansou'lu1duan ueTua udnangoieliihnszuanss undsduiialdnnnseanla
Tet szuu 1cep szmnnzlunistesiumssaniouldsuTaseadreTansfideants
aszualilihimann Tassatalansidesmsszoznanlumsiesfuaiiuenuiu (Bashi,

Mailah, & Mohd Radzi, 2004) Aauaaslugili 2.2
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P 19 2.2 vanmMIMuVe Impressed current cathodic protection (ICCP)

(El-Alem, Azmy, & Hossam-Eldin, 2013)
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g a g {
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g// a ad a I g
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ad { = v o ad 1 a aaa
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% 1 g// a ad A Aa 1
fed19v0992 1819895 edian Insadedeniieonls 1Ain Ag/AgCl Saturated calomel
< 9
electrode (SCE) ttag Cu/CuSO, 1wluau
g A ag s
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v o o 4 . ' a o o 4 .
1Y N TaIR0Y (Inert materials) 1@LA uwan@iy (P oI (Au) uns 1WA (Graphite)
T W 1 { o 4 o [ [y 4
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) azaanuruiunszua llihmstansou

CorT

A lilihamsnansou (Corrosion potential, E
. . . d' [ v o 1 [ [
(Corrosion current density, i) mﬂg‘ﬂ‘ﬂ 2.4 paaannuduiusseninedad llihuar A

9 v
wuniunszua llihveslfnzewe Tuanuazdfnsemalndnuuiiudives Tanz Amduna
[ 1 A’ = 1 g’/ d'a 1 o J g’/ g’/ a
N1TINANIDU L‘JJ@?Jﬂﬁgllﬁan‘Iﬂ']nlﬂﬁNTH%?%V‘IWTWW? AITUANANYVDIVINIABDIILLNANT
asunasdaluduns mue Tudn (Anodic curve) Haziduns1wua Indn (Cathodic curve)

o w ~ 1 4 = 1 [ 1 v o
MUY TﬂEl“lnﬂ3mmﬁﬁﬂ8mmmﬂummﬂaEluﬂ1“11]Glm/n\‘m’mﬁi]ummmﬂﬁﬂﬂeumuﬂI“Vlﬂ
d' U [ 1 dsl = a U g g’;
%zlﬂaﬂum"lﬂcluvmau GhﬂlaﬂHm$L"]5uu!,!ﬁﬂ\‘]ﬂ\3ﬂ']ﬁlﬂ@IWﬁflﬁL“ﬁG])'u"U@\?anVNﬁ’fN AT N
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18

=
+
<
g
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¢
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L

51U 2.4 iduns il Twan lsiasiu (McCafferty, 2010)

Wenituainnuagng iiinisdanieunaz aanurudunszua Iidinig
AANIOUUAITINITONIOATINITAANTOU (Corrosion rate) AV INANNITN 4 ATWUIATFIU

ASTM G102-89

0.00327XEW Xi
CR — - corr (4)

[

@ J ' IS a a v
CR o oasimsnansoulviuily Jadmasaoll (mm/yr)

D) D

. 1 1 @ 1 ] I
lcorr ND aanurnundunszud ldiinsdanisutniredly lulasueuiluld
ADATNLFUAAT (LA/cm’)
Y
EW fo Wmineauya A1 28.32 MUNIATFIU ASTM G102-89
] 1 3 1 Y] 1 4 a
p A0 ANV 1Y (HANNAT AISI 1045 A1 7.807 NINADYNUIANLEUAINAT
3 < = @ [ 4 a 3. 9 A

(7.807 g/em’) agtvian J55UA1 7.814 NTUADYNUIANIFUALUAT (7.814 g/em’) AIYIATO

IAANUAUIUY (Radwag AS220 R2+Density Kit, Poland)
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2.6 MINABIT-MINANITON
1Y 1Y 1 - a d‘ 9 [ 7 [ d’d
nmsiaz-nsnanseu Wninalulangignldnuduianvves lvanilioynin
[ < ' 1% ' = A A o v J ]
YOILUIVUIALANLYIUBDYDY 1ABYDd lHanina1IlnIsindeunduiniuaz sy
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(Impingement) WuAIUDI TanzAeoai 15111 dawaldid TanzgninaradaTomalnves
' k4
Ina (@unadoumsnansou) inlgnsen lidualinuiiTanzldesrhldinamsgaderiio
Tavzuagigdnimsnamz-naniousziined WAoo a0 i lanegnldnududany

¥o9 lvadina1n Taglaugasna lnmsnamz-msnaniou (Tait, 2018) aagdi 2.5

« Fluid Flow

Protective film

///////////////

37 2.5 upusmesna lnmsnaz-nsnanseu ("Chapter 4 - Drilling

and Well Completions," 2016)
Taana'l1mas1u80310159A1H1%-n5AANTBY (Total erosion-corrosion rate, T) 14114
I 1 A [ [ A @ U . @
ponilu 4 U0 0ATINMINAIZNUIIAIINNITAANTOU (Pure erosion rate, Eg) 9A51115

@ 1 { @ s a £ o
NANTeUNUTIANNMINAE (Pure corrosion rate, Cp) 1AZDIALTENOUUBINMTIATUYNT AU

(Synergistic components, AC, + AE ) Swaasluaunisi 5

S = AC, + AE, 6)



20

4 a a“‘ 1 [ v '
S Ao MasweInlsznouvedmIdsugNEIEHINMINAEIZIazNTNANTou
1 I Aa A 1
nielu Jaamasaell (mm/yr)
A = [ @ 1 A A [ = ] I
AC, ao minasuniasgnsimsnanisuninansznunnmsnaeinulelu
Haawnsnell (mm/yr)
A A o [ A o 1 = ] I
AE, ao manasuniasgniinmsnasiziinansznunmsnansoululeilu
Haawasaed (mm/yr)

J [ J
NaIINVDI0IAYTENOUMTNALLIE (Total erosion components, E) uazesnlszney

e

M3NANTBU (Total corrosion components, C,,) 81115011 1AINAUAITN 7 Az duAITN 8 Adll
E, = E, + AE, (7)
C, = Cy + AC, ®)

MIAMUIUIATINTNAIZNUTIAINNITAANTOU (Pure erosion rate, Eg) 1AZHATIY

VDINMIAAKIZ-NITAANTOU (Total erosion-corrosion, T) AIMAAI 1 UFNAITN 9

mass loss,g ] % 24L % 365 day

E =
o day year

)

exposed area of specimen,mm2Xdensity,(#)xtime,h

A A = Qy [ =\ [} I [
Mass loss o wiafgyde lvesiunumaimsnageuiiniaduniu (o)
. A dy ti'Qy d' o o g’/
exposed area of specimen 19 WUNFUNUNTURNTEITAzA1w TUMINATOUATY
F4
T UAUNIND 4938.2 M5 NNAAINAT (4938.2 mm’)
. ] Qy < 1 o 1
density A9 ANMUHUMUUVOIFUY Tasinannal AISI 1045 A1 7.807 NSuse
4 a <3 1 [ 1 4 a
QNUIANIFUAINAST (7.807 g/lem’) LALINAN J55 WA 7.814 NTUABYAUIAN LT UALNAS
(7.814 g/lem’) MUIATBITANNUHUILUY (Radwag AS220 R2+Density Kit, Poland)

v Y Y v
time Ao nanldnaaov lumsnaaeuasiailgnauniny 2 $2734 (2 hrs.)
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dsUmsmuinnnmsiimsnagoy 4 dau Ae MInanseunlsAnnmsname
o ] 1 [
(Pure corrosion rate, Cy) 29A1U52NOUNITAANTOUITIN (Total corrosion component, Cy,,) IADHN I
[ 1 9 tﬂl a d' 1 Aa a 901 v A o w 9
AsnaniaudlenIed lnmus Teauan nlumuuaz@unsieluiiniuauaiuaidy vagldy
aunsh 4 lumsamuiaanudenie ludiuvesnisnasiznlsiAnmsnansoy (Pure
° <3 1 { a . .
erosion rate, E) mmi‘vm’dfmﬁ’wﬁwmwmeﬂmwwuﬁum (Impingement jet systems)

@ 1

37U usﬁ’ma"mﬂmﬁmmma Impressed current cathodic protection (ICCP) asHATINVDINIG

'
A o

o o 1 . . k4 < 1
A1z -NM3NANTOU (Total erosion-corrosion, T) N INIINATOUAILTZUVIINYDI Inansyu
¥ a . . { [ Y o Y
WURA7 (Impingement jet systems) IﬂﬂﬁUlllG]E]Lﬂl1ﬂﬂ$§]ji]18”l‘1/\|ﬁ1ﬂizuﬁﬁﬂ Impressed current
. . a = v A ~ 9 ~
cathodic protection (ICCP) Usziiiuanudemesiourangade 1 waz 1daunish o lunis
AMUIUANUA SV
d' = = [ d‘ 1 1 =~ =1 [ 1 9
WofnyInaaIteNaananonNUAeMIeUsnIINMSITsumeumsnaniou a4y
o 1 Yy 9 Y o ° o o o ' ] ~
AUMIAINANTIAULAD FaeTofuInn1adensnaz-minaniau ldanaunsn
= ~
10 DEUNITN 12
MIMUIATIVENFINAADA NMUASHIBVDINTAALKIZ-MTNANTOU aattana luauns

110 D98UNI3N 12 (ASTM G119)

T/(T-S) Total Synergism Factor (10)
(Co + AC,)/Cy Corrosion Augmentation Factor (11)
(Ey + AEL)/E, Erosion Augmentation Factor (12)

v
1 @ 1

Total Synergism Factor 1a@a4091f938MAATINAUTEHINMINANL-MINANTOU
Corrosion Augmentation Factor a4 41fademsnanseudinadenNudemie

Erosion Augmentation Factor Laa4041fa3um3faz dananenudeiig
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v Al
v A k4

=
2.7 NIINUNIHUITIUNTITIN uazx‘lmemﬂmﬂmmm
< Y < ° Y Y Y a ¥ o
mannal AISI 1045 uazvian J55 gniunleediannavnglunssuaumsnaniingiu
1 A 1 a 1 [ A <3 o
Tagmmizedngslunondauaznevuds mizliguautianuuidwsage s1a1gn 1490
v Aaw W Yo = & A ' Y Y . =
17398 1411AsAN Y UMANNY 2 ¥ilaed19n 319U 39 (Guo et al., 2005; Li et al., 2019) ANH
Y
WOANTTUMITAALEIZ-NITAANTOUVDN J55 1Az AISI 1045 Tudisazarei i unaunse uag
Tuaisazarelmasusama (Na,SO,) HENAUNIBTAN LaznadeuluszuunadoULUY
A a ‘a
TsimanalsaunasatanInsa (Rotating cylinder electrode) agANUIFeH 18049 J55 11
aol v Aa d’d =Y J - d' é o 1 1 Y + d‘ A [ 1
uniuauailS e lumsvea (HCo ) g i l)gmsnedives H fiiumsiansou
= <3 Y = 9 v [
ANUTOMBYDUHANNAT AISI 1045 Tuasazate Is@ondamla (Na,S0,) @ lnauainnis
Y Y
AANTBUUUTAIUTINLINNMTAALEIE UONINLEINIAITENA18AU Guo et al., 2006; Islam
and Farhat, 2013; Madsen, 1988; Nguyen et al., 2016; Stack and Abd El-Badia, 2008; Tang et al.,
2008; Tian and Cheng, 2008; Yang and Cheng, 2012 14n529@0 1AM T811891ANITAALS L -
MINANTOUVDUNANNAIAIS VDU 13U 155 X65 X70 AISI 1018 11ag AISI 1045 Usziiuau
= 9 [ = < 1 dy a . .
domeaemsiania iluafiuagszuudnves lvansyuiiuid (Impingement jet systems) Tu
1 .dy 1 1 H % Qv U (] %} %

msanyurartaz ldnouazszuunenduianUaIsaza1991a0 9T UNTUNT10UNY
41382019934 NMIANHIAINGIIVLANHINIT NN NAINAADANNITIN1OWA100819 1Y

< '
ANULTIVOIFITATAY YUANNIENUVDNDUMNALVIUADY ﬂ’nmeﬁ}mafwummiaxmﬂ Iﬂﬂhlﬂﬁ

v
AaAa

a ' I~ a Ao w a 1 =)
msdsziiumansgnuvesvinanedaiumnnimesiddyhianinanonnudenieves
Pl [
Vo lunquuaniiuauNIIN J55 uaz AISI 1045
Islam, Md A., Farhat, Z., 2017 la@neInganssunmsnaig-nsnanseuvesnalu

v
v v A

[ So‘ o 9 Y [ 1 { a 2 ¥ 1 1
iznmumumuuazmmﬁﬁmwﬁﬂummﬂﬁ%mmsﬂﬂﬂmu ﬂ??ﬂl%ﬂﬁ?ﬂﬁlﬂﬂﬁuﬁﬁﬂwaﬁﬂ

N A

ANNEEN1TUIFIFIND TIRDIANHUNOINUIBONTINTAALEIL -MIINANTDUNUNUE LAY

9
A A .

a o v d
wedela Tasluaidenifuillddauman API X42 API X70 uag API X100 luaisazaly
¥ A Yy 9 v "l a A = '
HUNADANNLUVNUVUIDYNS 5 Iﬂflllflﬁ@]i‘]ﬂill"l@ﬁ llfﬂiﬂﬁglllUﬂ’J"IiJLﬁEJTTTfJiuﬁ'JH"U@Qﬂ"Ii
v ' '
ﬂmmzﬁ"mumuﬂﬁq@%ﬂﬂ LAZNSAANTBUAIY Potentiodynamic polarization 91ANAN1T
' F
Tlﬂﬁ’ﬂﬂW”]J’JWla@ﬂﬂig‘]J'J‘L!ﬂ"liﬂﬂl,“]ﬂz-fﬂ5ﬂﬂﬂ'i’f]Lli]$LW3J§UE’)?JN§U?J??WTEUUI@?JTWT§ﬂﬂ!,“]ﬂg
Y i v
uuﬁWafﬂiﬂﬂﬂii’]ul"ﬁ}"lllTLﬁiﬂiﬁjlﬂﬂﬂﬁTNLaﬂﬁTﬂ Lm%!,ﬁi’)\ﬁnﬂfﬂﬁﬂﬂﬂﬁ’JU!,WﬂJﬂ’NﬂJ‘ViEJT]JN'J
o Li‘ a g’/ a d 1 Y < [V cﬂy a Qy dy dy
uazmmﬂwum‘nuﬂauﬁwaslwmgmﬂmmlmﬁﬂmuuwuwwmmummu uaﬂmﬂuﬁlu
¥ a i A @ o g’/ ad A ¥ a a3 1 a (% 1 {
ﬁum‘ﬁmﬂmiﬂmmzmmﬂ%uWau LLaZLWNﬂ'NiJGU?U38UuﬁuW')ﬂﬂf’Jﬂﬁ\uﬁiNﬂWiﬂﬂﬂﬁ@uﬁ
A 2 & < a ¥ o o 4 A <
IWUUINVU FILHan API X100 Nﬂ')uJ@]’lu“V]']l.lﬂ']ﬁﬂﬂ!“]fw-ﬂWiﬂﬂﬂiGUﬂQ\iﬂq@ﬁlulﬁaﬂ API

g’/ A < = S A ~ 1 <= 1 Y
MNUA IUDINNKAN APL X100 UAIANNLUINGINGA Tﬂ&lmmmum\mWaﬂ’ammmumu
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9
MIAALIZ-NMINANTOU HAVDINITNINIUIIVAUTZHINMIAALIZ -NTAANTOUUUNNS

o I [ v A a o 1 1 Y a =)
naziudederanidgsumsnansoutazaina liinannudeviie lagsiu

e e - e S B SR B

204 ——APIX42 3
] ——API X70 ]
183 —— API X100 .

1.6 3
1.4 4
1.2 4

1.0

Synergy, S (ums™)

0.8 3

0.6

R AR RN -~ A B . VA R U )
30 40 50 60 70 80

Velocity (ms’)

] Y
517 2.6 HAVDINTINIUTINAUTEHINMTAAUBIZ-NTIANTOUVDITUIIU APT X42

U

API X70 tta API X100 (Islam & Farhat, 2017)

Tang, X., Xu, L.Y., Cheng, Y.F. 2008 lafn¥1mgAnssun13naesiz-n1snansauues
J < o ¥ o 1 . .
noian X-65 1umia$mamamumu-mw WIUNITINAT DU Impingement jet system I@]EJ

a =) (] [ 9 ?f o A a2 @ 1 Y
ﬂ‘i%thuﬂ’ﬂhlﬁﬂ“ﬁﬁliuﬁﬂuﬂ]@ﬁﬂh'ﬂﬂl,“]ﬂzﬂ’)ﬂuTﬂuﬂﬂgﬂluLﬁﬂllﬂ HAagNIINANIDUAIY
Potentiodynamic polarization 101s Electrochemical impedance spectroscopy WUIINTLUIUNS
F ] [

AALE1Z-N1TNANTOUNIAY Passive film Uuﬁuﬂ’llﬁﬂﬁ%1ﬂlﬁﬂﬁﬂ1ill1’iﬁ"uf)\1 VU AINTU

[ 1

9 ] Y Y
FUUILN1AY Passive film 1¥UNMAAVUUURITUIIUAADAIAT DINNUITIAINAIIAY
= A A [ 1 I~ [ [ [ 9 =y I @ v
@erennanmsnansoiudadiu 30% uamsnamsasanudsatludaaiu
Y v Y

70% YDIANUFIHININUATD AU

Toloei, A.S., Stoilov, V., Northwood, D.O. 2013 Ta@NH109AMNUANAIN UYDIANIN
dy a & U U aan =} % [ U Qy a a 9 d' A
Wuradwansgnuasljnson lulualivazdasinisdanseuresunuiinmhadionioeio
Electrochemical impedance spectroscopy (EIS) (18 ¢ Profilometry test 91ANAN1TINATD U 1o

= % % 1 dld Ay a dl 1 % J A” a d'
Llﬁﬂﬂmﬂﬂﬂ@]ﬁﬂ"ﬁﬂﬂﬂi@u‘ﬂﬂNaﬂi%‘i/l']ﬁ]”lﬂﬂ’.l"msll?]]33611’0\1‘1/‘!1!W’JV]LLG]ﬂG]NﬂUW‘]J’J”IWUW’J‘V]
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P
= Y =

= Y (L} Y o o 1 A A ;’ﬂ Al d A a ds! tg a
llﬂ'ﬂllsll?lﬁ%u@fJﬂ'Nﬁ\?WaGlﬁf)ﬂﬁ'lﬂ'lﬁﬂﬂﬂﬁﬂu‘l’llﬂﬂ‘lluu@fJaQL!ﬁZ‘BHV‘I@NﬂLﬂﬂﬂJHUHWUN?N

1 [] [ [ 1 A s = [ 9 A [ [ 1 Y
ﬁ?l&‘ﬁ?ﬂﬂ@ﬁﬂﬂﬂﬁﬂﬂﬂiﬂu L‘Llf)\‘lﬂ1ﬂ3Jﬂ’)']3JLﬁﬂEJ'D'LLZW‘VI'I‘ViuWVIﬂ’ENﬂuﬂﬁﬂﬂﬂﬁﬂullﬂﬂ

1600
I Before Corrosion Test

1400 A - [ After Corrosion Test
1200 A
E
=
o 1000 4
=2
S
w 800 4 - - - =
7]
4]
£
S, 600
-
]
400

200

0 T T L}
G120 G240 G400 G600 G1200 D10L20 D20L20
Surface Finish

519 2.7 AANUNVAINBULALHAINITNATOUMITNANTOU

QU

(Toloei, Stoilov, & Northwood, 2013)

Gou, W., Zhang, H., Li, H., Liu, F., Lian, J. 2018 5lum3finynansenuueangedan
fiRamsfamy Tag VUL UM ERNg AISI 1045 Taslsznoudas 2 nau N
HINANYINAVOIVUIADYNIANT IIFAN AL ANV TUADN1TNAIHIZT WY (Synergistic
erosion) 1119491AP131RA TWF 991719 (Cavitation) 1AL N15VAT (Abrasion) Tui11lszalwa
N899 0.001 mm 0.02 mm 0.03 mm 0.04 mm 0.068 mm HAZ 0.1 mm IABLABZANVTNIATY
21T U1wUNI18 6 kg/m’ 12 kg/ m’ 20 kg/m’ 30 kg/m’ 60 kg/m’ 100 kg/m’ 150 kg/m’ 200 kg/m’
oz 300 keg/m’® nguiidesAnyInavesvINABYMANTIBTANIazANUTITUAE M ST
FIUNU (Synergistic erosion) L‘Ld:lf’NMﬂﬂ”lilﬁﬂIWN@”lﬂWﬂ (Cavitation) RERC! (Abrasion) U
MsAANToU (Corrosion) luthilszamayasazats Nacl luanuduiuesas 0.51 1.5 3.5
10 ez 15 Taguranol5u195 5IUAUNTIWVUIA 0.01 mm 0.04 mm 1AL 0.1 mm laguaAaznIw
U IS N9 30 kg/m’ 60 kg/m’ 100 kg/m’ 150 kg/m® 200 kg/m’ 11ag 300 kg/m’ Ta

4 C o < 4
1#1AT94 KJ-1000 magneto strictive induced cavitation instrument \WuszuUN1SauU 19.6 kHz
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= Y a [ A Y I 1 A

nazasNRAeUANUFIMERIMATanIanlanie 1l wanisnaaswaasldiiuiiuran

tﬂ' = [ 1 1 A da! tﬂ' A 9 9J ]

e lilitiesnniimsianiousmnuiu WemuaNududutaz AU YN IANT 18 111

1 o Y a [ 1 sol [ <3

131 0.04 mm (0.068 t1az 0.1 mm) i1 1viAamsiansounuvesomaluiszi egralsn

AWAMTUILIADYNIANTIY 0.01 mm 0.02 mm 0.03 mm 4az0.04 mm WIaNwiew liiiiesain

MINANTOUTINADY 9 AAAY BINUANUANTUNTIBN 30-150 ke/m’ TAawYAIAVUIA 0.01
' 4 k1 o A

mm JUUITINIIOYNIAYUIA 0.02 mm Hazh 0UNIAYUIA 0.04 mm WuIIinme'liies

d' d’ 1 dal 1 U 2.'/ v J ﬂo}
qumuﬁ]{li]'lﬂﬂi'lﬂﬂQNu%’JﬂﬂﬂfNNa"lJ’E’Nﬂﬁﬂﬂﬂi’(’)uLL’U’U‘V\IENEﬂﬂ1ﬁGluuT]Ji$ﬂ1

0.18 T T v T T T T T v T
o [ —=—Tap water //§
= |l +—30 kg/m’ ‘/// 2 ]
014 —*—60kg/m’ ¥ S0l |
= I +— 100 kg/m’ / L :
» 0121  —+— 150 keg/m’ / /5 ,,,-/‘ ‘
2 I / : | o ,,/// ]
% 0.10 7, ' & 2l 1
:A / / —
S - & L~ 4 i
= 008} ; 1
0.06 |- 1

. - I

0.00 0.02 0.04 0.06 0.08 0.10

Particle size (mm)

A v o 1 A Ay A [
gﬂﬂ 2.8 ﬂ’NiJﬁ'?JWH‘ﬁiVI’i’N\HJ’)ﬁ‘VH’HEIVl‘]J (MUAIULU YUV U) NUVUIAUDIDUNIANGY
1 Y 1% I
ANUTNTHANA UK G INAT oI 260 WA (Gou, Zhang, Li, Liu, & Lian,

2018)

:
? 1

Y a Y]
Mehdi, M., Mohammadi, F. 2016 laann1n151i1 Wil niuauunagiiseuiingiuy

a

1 H a a A ) 1
aaaaszl 2.9 Tasmsasrvtamaih lwheesiniuduwiiaais 9 5 stafguwgil 22 40 50

G

60 1AL 70 DIAUBALTE
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Transformer

507 2.9 FFmsTadimsii laihue winiudy (Mohammadi & Mohammadi, 2016)

Y

d‘ 1 ) ao’ v Aa A =< d' a
vinwanmsnadeulugdd 2.10 nuamsi ldhaesihiudvszmuiwiogungl

A 2 ~ A a I AdA ° A 1 1 A v o W
NNTU Lagnguvigy 50 @Qﬁ’]i“ﬁﬂ!“ﬁﬂﬁlﬂuqmﬁﬂu1]W?Jﬂ’]iu']llwvi‘hlwuquluafn\nJUﬂﬁWﬂ
A A a ~ ° A 2 1 o T A A A Y g
oguUrguIinu 50 mﬁw]fmclmﬁﬂﬁufMﬂuWN"Uu"hJiJmeﬂ LLaZWU'J'IUJﬂNL]JﬁiJ']m ']!‘]J

. 2 o a 0 2 ]
dailszneulniniuaviovas 30 Taersias Hnalinmsii Trlifunugannau

v a A o

aw o A { a 4 v 3
TuaAdnniitudennadeunguvgl 50 esraaFod e Tiiuauiianumi

@ 1 (] [ 1 ay Y
Tihuazansatasanuruusiunsyua imssansouvesruaula

1000 5

——— Crude-A

—t— Crude-B

~w— Crude.-C
100 +

=—e— Crude-D

=8 Crude-E

—
o
"

Conductivity (nS'm)

1 ~—tt+—t———
20 30 40 50 60 70
Temp. (°C)

310 2.10 mmsih IdhvewiniuAuaoguigil (Mohammadi & Mohammadi, 2016)
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Guo, HX., Lu, B.T., Luo, J.L. 2005 Ansmsgaydeiaaainmsinausmnuveifady
=\ [ % 1 < 9 4
manavazmand i lunszuiumsdamng-mMsfansauveuranndInIsuou AISI 1045
Tuasazane IsRsudanla (Na,80,) sufums@unesamuuia 212-300 Tulaswasn
Y 9 ¥ ¥ o A
ANUTNIUYDINIT18TBIAL 020 Az 35 1ABIINIIN A28 VVDIAN INTANTSVDNTUHYY
a = %’ v A = o o 1 1 I
Usziliuanuidemoriminigade 1 msnageumsnamzuazmsnansou ulsosnily
[ J @ [ [ 1 4
MINANTOUTNANTENUIINMINALHIZHALMINALTIZIHANIZNUIINMINANTOU YA T2 A
4 [ v da = o o [ [ [ 1
HOMIANUFUNUTIFIUTUIUINNTIINUATUAUVINITAAIZUAZNITHANTOU 1ANA
3 Y v
MINATRUNUI MIALLT NI ITANuAILMUMTIANToUYRIBUNUTAIaNAT 4

1 g}qy a =) 2 49! [ A
Aawa 1 FuRAfNUFBgLINTUAaA Ty 2.11
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200 20%
0 35%

150

7

o/
i’/

100

S

A
77

Rp/ohms cm?

s
s

7

S0

77
el

7
//

N
3000 6000 9000
V/rpm

1 vy 1 1
51 2.11 anwdumumsnanseuvesuniulumsazarehiioymansenanm

RY

Y
Wuau fosaz 020 tag 35 1Ag1nin (Guo, Lu, & Luo, 2005)

e lussunssudinantedy nunmsietasAnyuneIfungangsu
1 1 a ?7, % a g’/ o
minaiz-minanseulunenaainiuauivezidenldarsazarodianenioarsazale

H % v QI J 1
‘Lﬂlﬂﬁ’ﬂ eTimmmemqmﬂmwuazaﬁﬂsmaumu@mmmmzawmﬂa 1 UAMUAN
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31 Yaq
(% d' 9 o A Aa v
Jeagn g lumsautiunsigg
4 Ao ¥ a o o 1 I
iHesnnuideiiaulangAinssunsfamiz-nsnanTeUveLHannal AISI 1045
uaz 155 Taedinsnsaaeua N a NN IUANAI8IAI 09 Optical emission spectroscopy (Spectro
] <3 4
lab Model: M8, Type: LAVWA 18A) HAZATIVABUAINNULUIAIBLATA Rockwell hardness
v Y 4 Y
test AMUNIATFIU ASTM E18 31911 1u0avu1a 1/16 11 aanaasluaisiad 3.1 TasFuau

vainsaeuInTeadeganInal1onanaganssmituuLe (Olympus BX51M) uaadlugda

Y
a

{q 9 @ Y 1 @ o Y [ 4
3.1 G]ﬂNThlﬁSL%‘VI@@"EJ'UT‘H?ﬂ@lﬁ]ﬂg-ﬂWiﬂﬂﬂi@uﬁaﬂ‘ﬂmgﬂiflﬂigﬂﬂﬂ@ulﬁuW'I‘LlﬁuﬂﬂﬁN 20

D

a a

v
a ~ a A 4 =
UAALNAT U 6 WaaLUAT ngmiElllN’J“]fu\ﬂu@af’lﬂﬂigﬂﬁeﬁ/ﬁ'lﬂlﬂﬂi100 uag 180 NN

v
=

A1 0.4 TuTasiuns asvdeuRlemALia Optical profiler (Bruker Contour GT-K, United States)

D

v 1

nd' % = a 1 a 1 1 ﬂo} a ‘d
aatandlunsen 3.2 G?leﬁEJ‘]JLﬂEJ\‘iﬂ’NiJWEJﬁJN’J"lJEN‘ﬂE)NﬁG] NoUUFIINUAVNTAIAIY

ne1HI9E U511 Smooth Bore

15197 3.1 FIURNTUNIUANUDL AISI 1045 11ae J55 (Wongpanya, Saramas, Chumkratoke, &

Wannakomol, 2020)

, . R GRGTRPY
. dunaumaAil (Sesaz lagumiin) .
IMannal N
C Si Mn P S Mo Fe HRB
AISI
0.4700 | 0.2523 | 0.7168 | 0.0117 | 0.0033 | 0.0053 | balance 92.73
1045

J55 0.4696 | 0.3449 | 0.8764 | 0.0157 | 0.0298 | 0.0087 | balance 96.80
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AIST 1045

J55

U7 3.1 Tnssa¥1aganinve AISI 1045 1o 155 (Wongpanya, Saramas,

Chumkratoke, & Wannakomol, 2020)
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[ Y
A9 3.2 wamﬁﬁ’ﬂmmmwamﬁummmmﬁﬂﬂﬁﬁ AISI 1045 tuag J55 noUNAaoU

5 NIEATY _
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Nn3IYy
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AISI 240 0.246 0.291 0.281 0.273
1045 320 0.193 0.178 0.185 0.185
400 0.167 0.171 0.169 0.169
180 0.493 0.401 0.504 0.466
240 0.297 0.315 0.345 0.319
J55
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400 0.148 0.201 0.202 0.183
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1 wAa % v oA d o a
M3 3.3 paauianememwiazmaaiveuihiuaunnguanani Tnsideunamile
ATUNITNAINIUNTIT 81N 391 IA1Fe 9143 (Wongpanya, Saramas, Chum-

kratoke, & Wannakomol, 2020)

AuduTAinIITel mauduainsdenld maiiaildasnaen
99 lvam 36 °C ASTM D97
manuilunsa-ang 7.4140.02 pH meter
ANUNA 4.7 centipoise Marsh funnel ASTM D6910/D6910M
AU NI UNIE 0.86 Mud balance ASTM D4380
89515 lna 3.81 x 107 gRUIARNATAD U MIMUIN
miveu 70.61 Zooaz Tagthmin ASTM D5291-16
laTasau 12.92 ¥ovazTasimin ASTM D5291-16
TuTasu 0.32 Yovaz Tagiiin ASTM D5291-16
Falos 0.20 ¥avaz Tavriin ASTM D4294-16el
2ONFIIU 15.93 $ovaz Tagrimiin MIMUIN
i 0.02 Yovas Tagrhwiin ASTM D482-13
Wananh 16 ovavalsinag ASTM D95-13
Ca” 40 HadNTN ASTM D6470-99 (R15)
Na’ 28 4AANIY ASTM D6470-99 (R15)
K’ 6 Naaniu ASTM D6470-99 (R15)
cr 16 HaanIu UOP 389-04
HCO, ffaand1 0.01 Jesaz Taeimin Potentiometric method
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A1519% 3. 4 99AU5ZNOUMUATVOINT 1N 3 VUIA (Wongpanya, Saramas, Chumkratoke, &

Wannakomol, 2020)

p9A15znEUNIAL] 500 Ty TInsiues 1000 luTasmas | 2000 TuTaswas
M09 (Quartz) 56.31 35.69 37.22
wnlodlud
12.39 18.26 15.80
(Kaolinite (BISH))
a J
90 lag (Illite) 20.53 30.58 31.30
Aa9'15¢ (Chlorite 11b) 2.40 3.67 491
uaa'lad (Calcite) 0.00 0.15 0.96
wlada1hs (Feldspar) 5.43 7.74 5.62
youguosalalud
0.31 0.70 0.45
(Montmorillonite)
=\ 4
31116 (Hematite) 0.73 1.32 1.83
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A) NsTAENTIBILES 100 uaz 180 Aauaasluzlii 3.6

319 3.6 nszanynen 14 umsive

A . . Y A gy v A
3) IA593 Sieve analysis 1GHLlfJﬂ5Uu1@’E)léﬂ”lﬂﬂi']ﬂl‘l/‘lﬂclclﬂﬂuallﬂyjﬁL‘].I%EJ‘]JWIfJ‘]J
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3.4.2 QUnsaldmIunadauMINALKIZ-NMINANTDU
d o [ @ o { o 1
34.2.1 gUnsaldmiunadeudnsInnaIznlanmsnanseu (Pure
erosion rate, E,) taznasanueimsnanz-nsnanieu (Total erosion-corrosion, T)
1 a g a
N) Copper/Copper Sulfate Reference Electrode 31 RE-7 Ao 91anIN3AB19D 9
9 13 v A 3 A (% a (3 ' dy a Qy EY
dmsuiadisudnd 1 wietdesdumsiianssansouy uiiuiiyuau 1¥lunszuiums

nadeusnIIMInaeIzNlsasnmsnanseu (Pure erosion rate, Ep) dananadluzii 3.8

3 1N 3.8 Copper/Copper Sulfate Reference Electrode ‘gl U RE-7

1 o [ 1 o [ Qy
) DC power supply 31 Hi mini rectifier 1115 utfounuarednd ldnusuau
1 4 [ [ U a [
sazunawns IWd lunszuiumstlessumsdanseuunuunInan Tunszuiumsnaasusas

manaes1znlsrnnsnanseu (Pure erosion rate, E,) aduandluzil 3.9
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-ourdlL ) on &rr FU-2A.

vl

] 1 3.9 DC power supply ’g‘ U Hi mini rectifier

o e d' % U - d‘
A) nuudaeImInaiznliidnmInaniou (Pure erosion rate, Ey) 0
9

aﬂﬁﬂﬁi e lihnszuanss Impressed current cathodic protection (ICCP) ﬁmﬁﬂﬂugﬂﬁ 3.10

o o . . A ° =

HazHasINYRININAIZ-N3NanIou (Total erosion-corrosion, T) Asuuusiasdlugin
9

< 9 ] ' dy a . . 1a Y
3.10 WluminadouA3z DUIINV IHawasu NI (Impingement jet systems) 1UAAAIG10

Tihnszueans Impressed current cathodic protection (ICCP)
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inseadienszualilih

(DC current supply)

v aa g
Vadiines

s Tultimeter
Tuelua & )

(Anode)

a =2 v =
B1dnInsA01904
Cu/CuSO, (RE-7)

317 3.10 vuvTavIMINATIUBATIMINAENIE N3 1A INMINANITBU (Pure erosion
rate, E,) tagnasinuoInsnaeiz-msnansou (Total erosion-corrosion,

T) (Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)

A & a a A Y Yo L I Y
1) IATDIFUYIUATIEH 8119 METTLER TOLEDO Blﬂn%qma%mmmaﬂﬂm
' o 3w { < '
1N3A AIST 1045 g J55 NBULASHAINITNATDU TﬂaﬁmmmmgﬂummmﬁLﬂummamm

Faguumihvense (5 dunia) saaaslugla 3.1

310 3.11 195eKuFaAns 121 8 METTLER TOLEDO
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7 o [ [ (% 1 { (%
3.42.2 qﬂﬂimmm‘umﬁamﬁﬁmsﬂﬂﬂi@uﬁﬂﬁﬁmnmiﬂmmz (Pure
- o o 1 .
corrosion rate, C,) tazedalsznounisnanieusdu (Total corrosion components, C,,)
M) 1n599 TnuT Toauan (Potentiostat) 80 Metrohm autolab 1¥d 15U IAd0I
[ 1 1 Y4 1 [] o
msnansouarnardng lviluazaranuvuindunszua i duadensivuaag
o v J [ 1 g’/ 9 A 1 Y % . .
ANVFUNUT Tz NIINIa099g 1ans NGB end1 s 1iduIwarlssdu (Polarization curve)
Wanurmenansnanieu’ld e mdnd lfnmsdanson (Corrosion potential, E.,)
uaz anunuulunszualiiinisiansew (Corrosion current density, igopy) Adtaaslu

31 3.12

4 4 - _
319 3.12 1503 TwmnuF Toauan (Potentiostat)
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w) danInsanlFlumsnagoumsnaniou
- 91anInsad1994 (Reference electrode) Ao Ag/AgCl (3.0M KCI)

(Silver/Silver chloride electrode) AdLLE m‘lug 17 3.13

51/ 3.13 9180 1N3081999 (Ag/AgCl 3.0M KCI)

a a o 1 4 o
- 91anInsadansLua (Counter electrode) ABLNILAT 19A (Graphite) A4

weraelugilin 3.14

14 3.14 BianTnsadanszua unans 1We (Graphite)
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- 21an INTAAI0819 A FUNIUVDUHANNAN AISI 1045 wag J55 VIEN'hJ

FuMInAaRUMINAKIZ-MInanIon Awaaluglin 3.15

FUU AISI 1045 FUU IS5

P a s @ 1 .
gﬂ‘l/l 3.15 9420 INSANI0E14 (Working electrode)

A1) LUUTIMINMINATIVOATINITNANTOUNYTIAIINNITAAIE (Pure

§ 1 a %‘ v a
corrosion rate, Cy) sanansluza 3.16 inrsnaaonTas ludunsieluiniuay vas
padilszneunsfianieusay (Total corrosion components, C,,) faaaslugilii 3.16 Midu
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SiEnTnsadaese Potentlostat‘analyzer

O auroLas e
2 Ag/AgCl R
drdnInsadanszua 006686888008
a5 lvld X v -

NoVa (Metrohm AutoLab)

319 3.16 vuuTIRRININATO VORI INMINANTOUNTIAINMTAALKE (Pure corrosion
s v 1 -
rate, C,) tazednlsznouniinaniausau (Total corrosion components, C,,)

(Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)
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3.4.3 gunsaldmTunsnnaeuiudatazaisazae
n) NADIANTIAUUVULE (Optical microscope) 31 Olympus BX51M 14 1un1s

Y v
mailaaﬂmaa%’n@ammm%mmneumﬁﬂu muam“lugﬂ‘ﬁ 3.17
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a3 U
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f) X-ray Photoelectron Spectroscopy (XPS) 1¥lumsasiziesnlsznavuu
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p| 19 3.19 X-ray Photoelectron Spectroscopy (XPS)

4) X-ray Diffraction 8%1® BRUKER §4 D2 Phaser 19d@115un1531A519 %

o [ d'
pef1lsznouveIoyNIANI 1Y Al lugili 3.20

gﬂﬁ 3.20 19509 X-ray Diftraction D2

9) Inductively couple plasma-optical emission spectrometer (ICP-OES) G
a J %‘ ?:l v oA o
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‘]J‘ﬁ 3.21 Lﬂi 84 Inductively Couple Plasma-Optical Emission Spectrometer (ICP-OES)
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f) Carbon, Hydrogen, Nitrogen, Sulphured Analysis (CHNS) @0 Leco uyuilu
a Y o a '
cHNG28 1¥imszisigaiuen lelasnu naz luTasnuluminiuduneummagey uas

4 a 1 2 1
6288 19 answrmgdrames liniuiuauneunmsnaden saaaslugili 3.22

°JJ‘17I 3.22 mim Carbon, Hydrogen, Nitrogen, Sulphured Analysis (CHNS)
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AU Gluﬂw‘ﬂﬁﬁﬂi']“b' 2533 UJu38‘]JUﬂ']'i“l/lﬂfff’ﬁ')ll‘1/'Ih],ﬂ‘ﬂQiuﬂ?‘iﬂﬂl%’lgllﬁgﬂ'ﬁﬂﬂﬂ‘i’f]ll

Y A

[ ~ = [~ 1 A 1 I 2 [ A o %’ v A
muﬁﬂﬂugﬂm 3.10 FauUuiu 2 @ Ao ﬁ’JLll,Liﬂl,‘ﬂu‘]jll!liﬁﬂugﬂﬂﬂWﬂuﬁﬂﬂﬂuWNHﬂU!L’ﬁ%

U

v v s 901 v A = 1 1 v A A s A o
N3191NNIDUNVAITAL A (HIUUAD) %Qﬂggﬂﬁﬂﬁﬂqﬂﬂﬂﬁﬁuﬂﬁﬂﬂ F18 IMAINAIVAVLLIIAY

v
v A IS

o < o ' a % o <
1/]Tﬁﬁﬁﬂ’ﬂjﬂNﬂ’ﬂiJLi’Jﬂ1iulWﬁ"ll’éJ\1u11Ju@1JVl 1.4 Lll@]i@l't]’)lﬂﬁ %Qﬁ@ﬂﬂéjﬂﬂﬂﬂﬂ’ﬂﬂliﬂﬂ1i
v 9 Y v

Talndveariniudy 8 I nas 3L IOV URUAI U (Devold, 2007) 34Tl
MstleeanuUMInANToUAIBTEUY ICCP ﬁﬁimﬁﬂﬁﬁ’mwm%mm'lwavjwuﬁluﬁa (Impingement
et systems) 3301 1CCP Hunaandaauiilddoudnd luli lUsaiufagaod1a (un Tna) fu
e Tuail¥aamos Aunsdinlfunians ild) msdoudnsliliuitedeatumssansou

L)

S I3 9y Y Y ' o a Y Y o
wnvzgimuaamdulnInar lsadulugrednd Iidualndn vinduTdaTwar lsdu
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vounanndl AIst 1045 linufudn wudigaedndllihnisfansen (Ecorr) 0811529 -605
fiaaThad dmTumanndr AISI 1045 uaz -637 iad a8 dmSuman Jss saaaslumsai
42 (IHeUFUT Ag/AgCl) mstfeunszualilfuiedostumsianieuniuauTasnsilon
#nd 1 f 1981031 Euppr 0819300 300 Had Taad Seargu1831Teudnd ldihii -1000
fadaThad doieusui lilihérideneilnlesmeilesdanla (Cucuso,)
372 SamimsfanieuiilsiAnmssaEg (Pure corrosion rate, Co)

Gl%'szum%mmm"lwmﬁwuﬁluﬁa (Impingement jet systems) A913 1111103 0
TwinudTolnos PGATAT 128N (Metrohm AG, Switzerland) Tudvfuaui lidunsie
UsznoudiedidnTnga 311 Ao 12 lfnszua (ins'Tid) 321181989 (AgAeCh tas
321100 Fuaumanndn AISI 1045 naziman I55) Fanaaaluzld 3.6 1dulds

9
a 4 ~ v

v [ g}/ 1 a a 4 a
T‘wm"lim%u%zuﬁm%&ﬂﬂﬁmum -1200 uaai’m@ ’S\? 400 ilﬁﬁi]ﬁ@] (W]EJUﬂ’UeU')]l‘V\l‘VQ\h
a A o A a Aa 1 a ~ { Ao o
819499 Ag/AgCl) NEAs1MsauAU 1.0 Jad hadnedui lenundudaaisazaiy 4.9382
MINUFUANAT
o [ 1
3.7.3 93AlsznoumInanTousIY (Total corrosion components, Cy,)
Y < ' A a . . ' o A
“l%swmwmm"lwawwuwum (Impingement jet systems) 3INNULAT O

TwinudTeitnes PGATAT 128N (Metrohm AG, Switzerland) 11 u@unauns1eninig

laguvuIans1e Ao 500 1000 az 2000 luTaswas NSura 18 a5y Tuahaiuay 150

[
=1

Haaans N lidinstdesnumsnaniouals 1CCP aanaasluzd 3.16 idulse Tnan lsiwdun
9 [ g’/ 1 = a A o d’ [ = [ [
18 nanadndg luiaaue -1300 949 400 HadTrad NeATIALAUAIINUNITNATDUOATING
U 1 d' U .
AanTauUNUsIHINMITNAKE (Pure corrosion rate, Cy)
3.7.4 WATINYBINTNAIFIZ-NITNANTOU (Total erosion-corrosion, T)
NAAOUIFUAGINUAUMINATDUOATINTAAIZNUITIHNNATAANTOU (Pure
. (% Yy a Y Y 1 dy 1a K o
erosion rate, Eg) a4 1903 U8 ludadu ualunisnaaenil ludadsszuunisilesnunis
fangauUdIeszUL ICCP
o A A o o o 1
3.8 YHADUAIIDADIUNWHNIUASAIIAS AN URAINATIUNIINALBIC-NANIDU
Y 9 9
3.8.1 TUABUATATIVADUNURIFUNUNAINTNATOUMIAAZ-NMINANT DU
Y
AMENTINAFDUNTAALKIZ-MIAANToU 11FHIU ldas1vasuaNwFene
4 AAa da! dil a 1 9 9 Qg‘ 9 a
Haz0IAlsznoUMUANMAAVUUUNUAY AOUATIVTOVADIANFUNUAIIDET IAULAL

1 v Y Y
emusaiieisani 1y lviueen naanmiuhsuauldesrnaeudiamaiingg 9 dall
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) Funumondmaaeumsiamz-msfanieurinsasIvTe U
ﬂﬁlﬂmaﬂﬁiﬁﬁlmuﬁmﬂim (Scanning electron microscope, SEM)
V) FUNUMENAMATBUMIRAMZ-MIfAnIeuIMIATIIIBURIAsEADY
~ X A 2 v ~
NMUAVUUNUNI (Chemical composition) YUDIFUITUAIYINAUA X-ray photoelectron
spectroscopy (XPS)
382 TUABUMIATIVIBUMTALAUROUIALHAINARDUMIAAIZ-MIRANT oY
N) NOUNATOUNITAALLIL-NITNANTOU dniniuaulasrvaeudsuna
arfveu laTasiou lulasiou @1819309 LECO CHN628 AIVVINTFIU ASTM D5291-16
a3 §161aT 4 Oxford X-Supreme 8000 A1UIIATFIH ASTM D4294-16¢1 U31a loaow
Ca® Na' K’ @281304 Perkin Elmer Optima 7300DV AWVINTFIY UOP method 389-04 1/3114)
CI' §201A399 Metrohm 785 DMP Tritino AIUNINTFIU ASTM D6470-99 (R15) Vnaniiay
11A59 71U ASTM D95-13 uazif3unar HCO's A8inAlln Water extraction-titration method
¥) Mevdmageumsiamiz-nmsianseu riuayllasivaeulSinw
At losaumaniitiannmatamng-masaniouluriuiuaudlemaiia Inductively

coupled plasma-optical emission spectrometer (ICP-OES)
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unn4

d
NANIINAABILAZNIT VAT IZHNANITNAADY

W w \
41 WANATBUNMINALBIZ-NMINANION
4.1.1 WanageuonsIMIna1zNls1AINNISAANToY (Pure erosion rate, Eg) 1@
HATINVDINITAALEIZ-NITNANTOU (Total erosion-corrosion , T) uaadlun1519% 4.1 1ionse

Idal = Y = [ dgl o A a A
ﬂJuTﬂﬂlﬁﬂJu‘lluilNﬁGlﬁﬂ?ﬁgﬂlulﬁﬂuﬂﬁﬂlﬂ\‘]’lﬁﬂNWﬂ‘Uu sz luuaunnsenuiudasundas

E4
A A

<3 { =Y @ g’/ { ]
MUVIAVDINTIY DU TS ANNGIAN 1.4 HATADIUIN AITUVLIAVDINITWWIINTHAAD
o A o Y a = 1 é/ a 2 <3 Y =
Tuwuauny lvinaanuaevieasNuAIvo LI Taensa uaz luwiannal AISI 1045 Ing
a ! < ~ A Y = 3
qUIAINIAGINIUNAN J55 NNI1NNVUIA 113910 1ATIATIN9aNIAVO J55 WNTULAN
= 1 I~ 9 o ~ 1 Y < 1R A Y
azPeANIUNANNAT AISI 1045 danaaalugai 3.1 dawalinuuiegandnnauanudiumu

ﬂ1§ﬁlﬂl‘ﬂﬂgiﬂﬂﬂ’jnﬂaﬂﬂé}1 AISI 1045 (L. Li, Li, Mahmoodian, & Wasim, 2018)

M3NN 4.1 WIagTennmMInadeusaIMsnamznilsireinnisnansew (Pure erosion

rate, E,) 1agHaianaedn1anaz-n1snaniou (Total erosion-corrosion, T)

Fuam WA gYTY (Haaniw)
E, 1045_500 0.12
E, 1045_1000 0.13
E, 10452000 0.38
E,_J55_500 0.08
E, J55_1000 0.13
E, J55_2000 0.25
T_1045_500 0.20
T_1045_1000 0.22
T_1045_2000 0.48
T_J55_500 0.15
T J55_1000 0.21
T_J55_2000 0.34
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412 9951 INANToUNUS1A91NN15AALE1Z (Pure corrosion rate, Cy) HAZHANIT
4 o 1 {
NAFDVDIATENOUMITAANTOUT IV (Total corrosion components, C,,) Llﬁﬂﬂug‘ﬂﬁ 4.1 a8
4.2 mudwuardrdai ldnnduld war lnadulugui 4.1 wag 4.2 Ae drdnd luins
AanToU (Eqory) MANUnUIunszua lfimssansou (i) A11nar lssduiiiesnin
aANuMumIY (R,) dunuadiuue Tua (B,) idunuadiuualng (B,) uazensinis
@ U [ { 1 4 [ 1
nansou (CR) asuaaslumsni 4.2 uag 43 wunwamsnadoussnlsznounisnansou
- S v U 1 d‘ 1 % o 1 d'
(Total corrosion components, C,,) H8a31M3AANTBUNGINIIBATINIAANTOUNYIIAIIN

%

nsnatae (Pure corrosion rate, Cp) ifleeninnae UA9 Lﬁﬂﬂﬁuuﬁ:’uﬁaémm 1NANIT
waeilauuuisuauiuduldanadndlifimssaniou (B, luFuauiiiiums
nadeudasINsfanseunlsimnmstame (Pure corrosion rate, Co) UaNuedesn
paAlsyaauMIiAnsausIn (Total corrosion components, C,,) uazludiunisnaaou
pef1szneumIianTou (Total corrosion components, C,,) fvuanse 500 lulnswas
iRansfanseuiiqeiiqa Ao 0.08161 Tadwnsaeil Svsumanndr AISI 1045 uag 0.07881

a A A o [ [~ A =%
Nﬁﬁlﬂﬁi@]ﬁ]ﬂﬁ'lﬂﬁﬂlﬂaﬂ J55 Glmlmwmwﬂlum 1000 ttag 2000 lllliﬂ‘i!llﬂi UBAITINIT
o ' A o A A a '
NANIBUNNINI mmmﬂﬂ%mmﬁummmmum 500 Ulhiﬂﬁmﬂi Nﬂ%uiﬂ!‘ﬂiTﬂlﬂﬂﬂ’ﬂﬂﬁTﬂ
! vy 1
YUIA 1000 Ltkag 2000 lllliﬂﬁlllﬂﬁ Lﬁi’)!,ﬂﬂfﬂﬁﬂigVIULLaZL%ﬂﬂ%‘ll’t’]QTIﬁTfJUHW’J%lNTHﬁVIﬁTfJ
=L A o g’/ dy a 1 = a =
VYUIA 500 lliliﬂil,ll@3%\11]%11!'31!?]3Qiﬂﬂ]iﬂﬁ%‘ﬂﬂﬂuwuwﬁhiﬂﬂ’ﬂ IUNAANNLITYNY
A Ay a U 1 Y Ao £ o U Y o aan 9 tg
LﬁﬂﬂﬁﬂTWﬂJ@QWHN’J?HLLiQﬂUT ﬁ\?Wﬁclﬁulﬂ@@uﬂllf]ﬂ‘ﬁﬂﬂﬂﬁ@uﬂﬂﬂTﬂ&]ﬂiﬂTllﬂiﬂﬂﬂlu
(Lindgren, Siljander, Suihkonen, Pohjanne, & Vuorinen, 2016; Stack & Abd El-Badia, 2008; Tang,
1 < o o [ 1 I
Xu, & Cheng, 2008) UaZNNANITNATDUNUIUNAN J55 ﬁ@ﬂiTﬂTﬁﬂﬂﬂiﬂuﬁﬂﬂﬂ'ﬂ!ﬁaﬂ
4 {3 (R < o v
AISI 1045 Lﬁf’]x‘lﬁﬂﬂﬂlﬂ"lﬂlﬂil!‘ﬁlﬁﬂﬂ'ﬂﬁﬂNahlﬁ]ﬂ’nuu"l]\iLLﬂSﬂ’JﬁJ{gﬁuVﬂuﬂ"ﬁﬂﬂﬂii’)uq\ill"lﬂ

VU (L. Li et al., 2018; Ralston & Birbilis, 2010)
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Jin 4.1 g Tnan lsduvesmsianieuiidsannms famne (Pure corrosion rate,

Co) (Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)

400
_ C_J55.500 = = = =C__1045_500
% C 155 1000 = = = =C (045 000 .
<) 0 . § - i
< C_J55 2000 = = = =C 1045 2000 ¢ !
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1200 | A OES
W
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manunuiunszua i wenildemsiauwudings)
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51 4.2 1du T Inan lsFuvesmanadevssdilszneundanieusau (Total corrosion

components, C,,) (Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)
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1057 4.1 way 42 ardnd llihmsdansou (Egyy) Aanunuindunszue lui
MINANTOU (igorr) UM UM AR LD TUA (8,) WuNUHamuLAIna (8,) taza Twan lsiFu
A Y Y o A v 2 a
He9InaNuA UMY (R,) dwnsaaglladwaasluaisiei 42 wunduaiu 155 ian
Twanlsiduiloaninanudiuniu (r,) Nganin AISI 1045 danal#oas1n15nANTo UV
J55 @31 AISI 1045 iesnnmanuvusunsua Tihmssansou (izep) HUsHARUAY
1 @ A Y [ 3’; ~ Y o J = 1
a1 Twar lsduiioninanudiuniu (R,) A91Y 155 TAUAUNIUMTAIaNTouanI

~ Y I o 1 a ﬂoJ v Aa '
AISI 1045 tagtnanznog lailudag lunenaniiuauuinn i

a15199 4.2 adnd llihmsdaniou (Eqyy) Annunuiniunszua lfinissaniou
(icorr) Eunulac e Tua (8,) :unuvlasuuana (5.) wazar Twan s

(HBI91NANUMUNY (R,) (Wongpanya, Saramas, Chumkratoke, & Wannakomol,

2020)
, E, B, B, R,
FUITU

(-mV) (uA/cmz) (mV/decade) | (mV/decade) (Q cm)
C, 1045 605 5.88 140.660 177.760 1320.15
C, J55 637 2.49 139.360 138.470 2757.48
Cw_1045 500 839 6.88 127.810 122.880 900.00
Cw_1045 1000 850 6.43 145.870 178.670 1234.63
Cw_1045 2000 836 6.77 153.480 162.590 1152.84
Cw_J55 500 688 6.65 178.580 190.630 1370.65
Cw_J55 1000 736 6.12 124.930 135.940 1051.56
Cw_J55 2000 796 6.29 168.560 192.950 1413.92

ANANTNIN 4.1 wag 4.2 1l aauaunsi 49 Aumasgiu ASTM G119-09
Aaaadluasneh 43 nunaungaNuaeriell 3 Ysenis 1) onsinsnaiznlaannms
nanseu (Pure erosion rate, Ey) 2) oas1msnanssundsianinmsname (Pure corrosion

4 [ 1 - %
rate, C,) uag 3) o9alsznaumanansousau (Total corrosion components, C,,) Fana'ln
o A o o A Y a = A Y Y
msnazidiudiayndwaliinannudenie iweean lassaiteganialsenounie

g Q

M2 ad s o { 4 o o 4 o
wlos lsduazinisalad aweaaalugii 3.1 Alanudumumsdamzd (lenfFouioni
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< Y s a2 s 7 P ' ya <
manndimsveugeniaid luaituesalsznoululaseadie sreldiinnundags anw
MUNULTIA Lmzmmé]’mmumﬁﬁ’mngq) (Fernandes, Correa, & Ramanathan, 2008)
o 1 1 % v A Y ] 4
nszuaumsnansouinyluiniuduinnaninTuanavesnsa 1¥u nsaueaan
[ 4 so’ a [ U 1
(Asphaltic acids) la Tastauda vl (H,8) W1 (H,0) 99n%H1aU Haz@15TIMINUTFI LFU
7 W N 7 } 7 o 2
aaelsd leeou (C) Falalessu (50,7 waz lumsvema (HCO,) Tumsveunrieduds
o Y, 9 A (s o @ L a2 o
mM3nanIeumemMIa3emadiilay esamsuoun (FeCO,) DUNUAIFUIIUNONAINTS

AanseuAaaad luauns 13 ag 14
HCO3 & H" + C0%~ (13)

Fet + CO3™ & FeCO,4 (14)
na'lnmsianseundniiildifamsidevaniniainaaslsslesey Yiuas
pondrouiiazarvegluhiuauinljisenad pitufF I RT sz Sz
ﬂixﬁ’uuamﬂ@ﬁ’;ﬁ?ﬂyumuclﬁ’ﬁ’mﬁﬁﬁumiazawnm@lqeﬁu NILVIUMINAIIZIALMIAANTOU
ﬂj”uﬁWa“lumsa%'NﬂamL%ﬂmmmm'mﬁ’uuazm’%uqm‘émmgﬁﬂmﬂéﬁaﬁ’uuazf‘fu (Lindgren
et al., 2016; Stack & Abd El-Badia, 2008) §UNSNNE1 AISI 1045 AW Fen1811AN I UNEN

=2 =3

H Y Y [
155 Tasgnsen lduaiinmatiuuniuid Taneduaas luaums 15 uaz 16
2Fe - 2Fe?* + 4e” Ugnsee Tuan (15)

2Fe + 2H,0 + 0, — 2Fe(0H), UfnsewnInan (16)
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AN 4.3 HATINVBIOATININANZ-NsHansou (Total erosion-corrosion, T) 8A51013
v ti' Q 1 - % % 1 tﬁ'
natgizndsraainniananseu (Pure erosion rate, Ey) 09310130aN38UN

[ . 4 [ 1
Usirnmanawe (Pure corrosion rate, Cp) tazedAllsznounananisusm
( Total corrosion components, C,,) (Wongpanya, Saramas, Chumkratoke, &

Wannakomol, 2020)

P gnIMInansoeu (Nadmasaoll)
FUY

T E, Co C, S AC, AE,
1045 _500 0.25512 | 0.15307 | 0.06975 | 0.08161 | 0.03230 | 0.01186 | 0.02044

1045_1000 | 0.28063 | 0.16583 | 0.06975 | 0.07627 | 0.04505 | 0.00652 | 0.03853

1045_2000 | 0.61229 | 0.48473 | 0.06975 | 0.08031 | 0.05781 | 0.01056 | 0.04725

J55_500 0.19117 | 0.10196 | 0.02951 | 0.07881 | 0.05970 | 0.04930 | 0.01040

J55_1000 0.26764 | 0.16568 | 0.02951 | 0.07253 | 0.07245 | 0.04302 | 0.02943

J55 2000 0.43332 | 0.31861 | 0.02951 | 0.07454 | 0.08520 | 0.04504 | 0.04016

4.1.3 venawanonnu@emielumsnamz-mMsnansou
U A A 9y [ A 19
UNUAIIANIT19N 4.3 Tuaumsn 10-12 1dradauanaliunisnai 4.4 uaaeseauniu
o [ I 1 @ @ T % <3 [ @
A891NAITNINIUIINAUTEWININTHAIZ-P1THANToU F11man J55 Uafadenis

S 1 ]

AANTOU 521319 2.45783 D19 2.67068 A2U1HANNA AISI 1045 A10GTZNI19 1.09354 B4
~ < = o o ' ~ 1 4 = i [ ~
1.17007 g unaiunan 155 Jifavemsnanseungendn iieean 155 Ginsuiandna ldiveu
o Y A ° Y A d 2 o '
P5UNN Tagveunsuvinmdure Tua wazaelumsusnwinnduun Ina ¥90as51d87u
1 1l Y 1 1 (% 1 = a AaAaAa U
o Tuaaoun Inavos J55 ge dawaln 155 18 lademinansou Junalidemeniniatents
o 1 I o w 1 ] <3 < I o 1 1
nansowiludiny uaed1elsnauman 155 nianuduniumsnansouuINAI AISI 1045
4 H v
MsIzeaTI@IUNUNL Tuadona Tnaues 155 gand1 AISI 1045 aaudaalua1s19i 4.3 (Laleh,
Hughes, Xu, Gibson, & Tan, 2019; Nourani, Sajadifar, Ketabchi, S. Milani, & Yannacopoulos,
[ < 1 Y] =Y ] 1 1 1
2012) @man AISI 1045 Nvu1anite 500 lulaswes HiadeaSumsianssudinananis
A

9 = d' 1 [ d‘d d‘
TINANUTIVIWUINNGA VUI1ANT1Y 1000 LLag 2000 hliJIﬂ’iLiJ@liW’U’Nﬂi]ﬁ]El“l/liJNﬂﬁﬂﬂ“lﬂ’cjﬂﬂ’E)

MIHIUTINAUTENINM TSI -LazNITNANTOU LiloIInoYnIANT1evuIa Tl

g

[

k3
Tumudugaih ldnsvaduazadennuvgussuuiuiidanaldaisazareinlfnseny

NURIWINUY (Islam & Farhat, 2013; Telfer, Stack, & Jana, 2012)
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A1519%0 4.4 5ZAVANVITINIGINNITHINIUIINAUTEHINNITNALEIZ-NITNANT DU

(Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)

P FEAUMIINNIUTINAUTEHINMIAANL-MINANTOY
U T (CO+ACe) (E0+AEC)
(T—S) Co Eq

1045_500 1.14496 1.17007 1.13162
1045_1000 1.19126 1.09354 1.22859
1045_2000 1.10426 1.15136 1.09592
J55_500 1.45413 2.67068 1.10041
J55_1000 1.37116 2.45783 1.17486
J55_2000 1.24472 2.52610 1.12411

d 1
42  MSANTTHAITAZAYHAINATOUMINABIZ-NITNANTON
- Y 9 < <3 %} v a
A15199 4.5 uaaaSuannuvudu looowman AISI 1045 uag man J55 Turiniuay
1 = 1 %1
NAINATBUMINAIZ-NITAANTBUAIBNALA [CP-OES ADUNAADY ICP-OES #0481
%I v Aa Y axy g’/ o %’ ] Y a Y 9 9
29NNNU N UAVAIEIT Free water method 31011111110 Ildoadensaluasndududesay 65
4 I ¥ = @
Tae1/51105 A28l Tn519% (Milestone ETHOS One, Ttaly) 1o 1¥ansazaneiihuiie@ednuaiy
< ~ (=
WIATFIU U.S. EPA Method 3051A nranuauiu losoumvanuaasluaisian 4.5 wund
] Y ]
ANVABAARDINVAIANNIAENIINNATUATNAITIN 4.3 ADNATINYDINTAAYIL-AF
@ 1 . 4 =\ Y 9 < 1 o o
nansou (Total erosion-corrosion, T) finnudnduvesloosumanginil sasimsnamz
d‘ o 1 - % % 1 d' U
Nsirvnnisnaniou (Pure erosion rate, Ey) 9a51n15nansasuidsiainmsnamie
. o [ 1 .
(Pure corrosion rate, C,) tazeiflsznounisnaniausan (Total corrosion components,
4‘ (% (% 1 g}/ 1 9 [ (% 1 9 é
C,,) tHeannNasInyeansnaz-nMsianseuiu liladesdunsianseuale ICCP &4
Y I [ 70 ¥ o o 1 [ =
ueraaldiiun midszgnd ldszuumstesiumsnansounuy ICCP $roaannuideisnaz
A [ < Y a ] o o 1 ~ A Y 9
MIEdeNaaIsvINeman 1avsa sanasasiNsnansouiuaaslumsen 4.3 anuduiuves
< o [ 1 . .
looaumanainmsnagounasINYBINSHAIZ-MIHanseu (Total erosion-corrosion, T)
[ v Y
LaznageuonIINITnAIzNUs1rInNIsnAnseu (Pure erosion rate, E,) tNuAUANIUIA
1 A o o [ dy = 4 [ 1
n31wed1lted1ay venvntilunsaimsnadevesnlszneumsnansousau (Total
- { < { 1 Aa [ [ 1 {
corrosion components, C,,) AN 18VUIAANNFALANATATINITAANTOULINTFANAIIY

[ { 1 1Y J o [ ' {
Lsﬁ'wﬁ’umaﬂaaaumaﬂumﬁqm%uﬂuuazqqmﬂuﬂitﬁmimaau’e)mwmsﬂﬂﬂiauﬂ
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Usiennmsnamny (Pure corrosion rate, Cy) ¥eeoandesnunaniinansouluasei 4.3

(Guo et al., 2005)

{ a [ 1% 1% 1% 1
msnﬁ 4.5 ﬂ'JﬂJLsﬁ}ﬂJsﬁju"UﬁNﬂill'lill]l’ilﬂBHLWQﬂWﬂQ%ﬂﬁ@UﬂWﬁﬂﬂL“BW%-ﬂ1§ﬂﬂﬂ5ﬁ]u

(Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)

9 9 3 A a o 1A
2 anudutdu lovouman (ladnsuneans)
FUIY
T Eo Co Cw
1045 - - 8.96 -
J55 - - 2.95 -
1045_500 42.79 25.82 - 18.86
1045_1000 46.58 30.83 - 15.03
1045_2000 77.86 69.52 - 18.22
J55_500 35.69 19.42 - 16.11
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NAADUNATINUDINITAALEIZ-NITNANTOU (Total erosion-corrosion, T) UaY 4.4 HAAINY
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o - o ~ dy a Qy Y] 4
a1z (Pure corrosion rate, Cy) Auaadlugli 4.5 uagiurIFUNUaIiIueIAlszno1
3 1 - 2 dl g‘/ 1 =)

msnansou (Total corrosion components, C,,) Aduandluzili 4.6 1 wuNANEsYY

tg a J Y 1 - Y
YOINUHIIN 3Rl TznBUMINANIToU (Total corrosion components, C,,) ¥1NNNOATING

X 1 d‘ Q.I - dy a =S d‘ dﬂz g
AANTOUNYAMINMITAALE (Pure corrosion rate, CO) UASWURNIANUFIHIINUINUVUIN
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gﬂﬂ 4.4 ANHULNUAITUNUHEINATIUIATINMINAIZNUS1A0INNsAANT oY (Pure

erosion rate, E,) (Wongpanya, Saramas, Chumkratoke, & Wannakomol, 2020)
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MsAANTOU
A ] a o o ' a3 Y <
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I'4 I 4 [ sol v Aa 1 g j’ a < 3
c (msveuilusanilszneunanluiinivauuazuavenaNnuluilouuuNuiI) Fe (vanmily
¢ d <L . Aaa & ¢
29A15LNOUMUATVDIFUITU AISI 1045 tag 155) Si (Fanoulusanllseneunsie) uaz O
Y
(Uvenm1slsznousendauuuiuEl) aremaiin XPS aslugy 4.7 uaasdiedismssuun

Y Y
19g9gAu09n3 19l (XPS-fitted curve) 1NNATA XPS DUNUHITUIIUA0 TuiAa Gaussian-

Q )

v
=

Y
Lorentzian line shapes ttazailnasusiuueaduiunoutas HaInaaouonI 1M Ina 1z i
Us1e91nnsianseu (Pure erosion rate, E,) Wu31 1) 83Alsenauuuiiuiivesaiveu
A o ' ad S = o s
(Cls) NAHU 283.4 284.2 285.0 286.0 uae 288.5 atanasou 1iad Uauendelanzas hua
(Metal carbide) NguLoaAY (C=C) NgudaIAY (C-C) NaudIMeT (C-0-C) uaznguaiuoiia
(C=0) MW a4 (Abdallah & Taylor, 2008; C. Li, Wang, Sui, Cui, & Deng, 2013) Ngudainil
¥ ~ A ) o
(c-C) Wlumsiszaouluiniuauimihndluildudesdumsdiamie mMsdnrseuazanin
M3NANTOU (Jahn, Cook, & Graham, 2008; Negm, Yousef, & Tawfik, 2013) ﬂ’cjmmaﬁu (C=0)
dy a o A 4 I o =1 1 A 4 1 4 a
WUUUNUAIIFANNAT VoM UeeAlsEnoUMAN NUBINeT (C-0-C) Hazngua1sueila
: z y . 2 <40 W - y
(c=0) iHudstludlonvuiuiFunundudadueendioulue1nmauaz il (Guzman et al.,
4 [
2017; Johnson et al., 2003) 2) aansznouUURUAIvO AN (Fe2p) NENUKUI 707.0 710.0 LA
712.2 8idnaseuTlad 141en Fe metal Fe (1) Ao FeO 1ag Fe,0, ag Fe (II) AD Fe,0; Fe,0,
i1ae FeOOH) 11 a1 (Hashim et al., 2019; Idczak, Idczak, & Konieczny, 2016; Yamashita &
4 dy Aa aa . o 1 ad Jd A
Hayes, 2008) 3) 89AU52NOUUUNUAIVOIFAADU (Si2p) A1LHUS 100.3 Btanasou1Ian Ao
Fanoua1s lug (Sic) (HUHaINATZATENI Y 1Az NANUL 102.4 103.5 104.7 DIANATOU-
Thad Uavendaganoueenlos Sio, 111edRlsEnaUVYDINT Y (Logofatu et al., 2011; Zeng,
Guo, & Zhang, 2017) 112 % 4) 84AUTENBUVDY Ols NAN U 529.70 531.32 539.92 532.43
aa 4 ] = k4 I 4
532.93 uag 534.50 Dranasou1an @110 UIUENDIeIRlIENoUVERanaen A (Fe,0,
[ J AaAa J . o w .
Fe,0, FeO) thanlaason loa (FeOOH) uazFanouaon laq (Si0,) AMua1ay (Nam, Hien,

Hoai, & Thu, 2018; Ralkhal, Shahrabi, Ramezanzadeh, & Bahlakeh, 2019; Zeng et al., 2017)
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AANTOU (Pure erosion rate, E;) (Wongpanya, Saramas, Chumkratoke, &

Wannakomol, 2020)
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NANANITTIUNYAGIGAVBINT I (XPS-fitted curve) 111/5uaasilszneuveaus
asmqmmmﬁuﬁ’uﬁ%ﬁqﬂ?mm (Semi-quantitative analysis) 74 11A13197 4.6 uaAITAd I
09f52NeUVBINT DY N FaneY HAzEONFIIU FaT FAdINUBI C-C/(C=C + C-O-C +
C=0) ms%zﬁﬂ'wﬁqqLﬁasﬁaaiumﬁﬂmﬁ'uuazf‘]’uﬁy’mﬁﬁ'ﬂmx—mﬁﬁ’ﬂﬂﬁ'au 184910 C—C ¥

{ I a d [ @ ¥ a g =Y 3
ninntludandeadumsvaduunua uennil (C-0-C + C=0) uaalfsuamsduilou

v
a A

Y b 4 ' 9
VUNUAI GINURUNAMTAAIZ-NITNANTOUNIN mmsugeuizuuﬁummmmﬁumvm“lﬁ’
wum%uﬂuﬁuWﬁﬂuaaﬂmﬂuuazmﬂmiﬂmﬂaugwu

) 4 Y
aaaIu Fe(Il)/Fe(I1T) HAAIDIANNATUMUMIAAHIZ-MITAANT DU LHDNUAIFUIY
4 Y v
DANITNALEIZ-NITAANTOUNIN mmmgmzuuﬁumumﬁumwaiﬁ'gﬂﬂﬂgﬂiﬂmaﬂmm%’u
<3 I [l = a a ¢
Nnman (Fe’) 1l Fe’ (Fe 1) arean1ug Fe'(Fe 1) hiiadesdunaoond lasiily Fe' (Felll)
(Bian, Wang, Han, Chen, & Zhang, 2015; Yamashita & Hayes, 2008; Zhong et al., 2019) SIEEVREY
' Yo 1 Ao ' = 9 o
Y04 Fe(III) g4 gana I dadIu Fe(I)/Fe(I) UAIA1 UIUONDIAIIUATUNIUMITNAEIZ -5
AANTOUAT (Fernandes et al., 2008; Sun, Shi, Lytle, Bai, & Wang, 2014)
1 Aaa 1 aa 14 14 ~
Tuaivvesganou (Si2p) WuNFanouAS e (SiC) NATIINVUIINNTEATHNIT Y
Aaa J . I~ 4 <3 Y '
ae Fanousen loa (Si0,) Wueenisgnounsie wulumannal AISI 1045 qIn31 J55
A 3 Y A ] A ' < o q ¥ . . @
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4 [ [ 4 14 < Aaa a ¥ a Qy I
A15197 4.6 FAaIU09AYTLAOVVDIAISUBY (HAN FandM HATDONTIULUNUAIFUNUNAA
NATOUNITNALFIZ-NITNANTOU (Wongpanya, Saramas, Chumkratoke, &

Wannakomol, 2020)

Cls Fe 2p Si2p
GTfymm (C—0—0) C—C/((C=C) + SiO,
Fe (Me) Fe(II)/Fe(I1I)
+C=0) (C—0—-C) +(C=0)) (102.4)

1045 27.74 0.00 13.62 0.73

J55 5.80 0.00 15.81 1.48
E, 1045 500 19.45 1.99 0.65 52.32
E, 1045 2000 29.65 0.35 0.50 69.40
E, J55_500 16.37 2.32 9.33 2.33 48.16
E, J55_2000 29.03 1.34 6.70 1.47 65.82

C,_1045 24.26 0.97 0.84

C,_J55 16.49 0.95 7.06 0.81
C,_1045_500 15.89 1.19 1.23 60.00
C,_1045_1000 11.55 1.59 0.73 56.29
C,_J55 500 14.88 1.93 0.86 58.59

C,_J55 1000 29.05 0.95 0.70 31.96
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ARTICLE INFO ABSTRACT

Keywords: The erosion-corrosion behaviors of 1045 and J55 steels in crude oil with a variation in sand sizes between 500
msmﬂ'_m"mﬂ"“ and 2000 pm were studied using the impingement jet system incorporated with an electrochemical measurement
Penetration and were characterized with a scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS), and
g::;nmslteel an inductively couple plasma-optical emission spectrometer (ICP-OES). All the erosion-corrosion results agreed

ICP-OES well with the ICP-OES measurement that the released iron ions increase with the high wastage of steels,

XPS particularly for the 1045 steel, which showed a greater number of released iron ions and a higher penetration
rate than the J55 steel. The degree of synergism between the erosion and corrosion drastically changed with the
impingement sand size and the microstructure of the steels. The XPS results showed a notable correlation be-
tween the ion-corrosion behaviors and the pounds generated after the wastage of the specimens. A high
atomic percentage (at%) of SiO; and the high amount of C—0—C + C=0 were found on the highly degraded-
surface. Classification of the degradation mode was made distinct by considering the Fe(II)/Fe(III) atomic ratio.
A high ratio of the Fe(II)/Fe(Ill) compounds represents better pure erosion resistance, whereas a low ratio
demonstrates better pure corrosion resistance and total corrosion component resistance.

1. Introduction etal., 2019; Kadhum et al., 2019; Zeng et al., 2017) because tubing parts

cannot be changed until severe damage is observed.

The refining of crude oil produces various petroleum products (An
et al., 2019) such as gasoline, diesel, and fuel (Shamseddini et al., 2019)
and materials used in the polymer, cosmetics, and pharmaceutical in-
dustries (Jones and Treese, 2006). The crude oil production process is a
vital first step to obtaining good-quality crude oil that reduces produc-
tion costs in subsequent steps, particularly in the refining process.
Throughout the crude oil production process, the tubing (Devold, 2007,
2013) is exposed to crude oil that is contaminated with water (H20),
hydrogen sulfide (H,S), carbon dioxide (CO,), sodium chloride (NaCl),
potassium hydroxide (KOH) and to solid particles such as sand, mud,

and clay (Aurepatipan et al., 2018; Ghosh et al, 2019). Subsequent
damage to the tubing is caused by the synergy between erosion and
corrosion (Hamzah.et al., 1995; Yang and Cheng, 2012). Erosion is

caused by the flow of suspended particles in the crude oil and corrosion
is caused by electrochemical reactions, causing loss of electrons and
mass loss (Guo et al., 2005), both of which result in the degradation of
the tubing. This damage significantly affects the production efficiency,
cost of business operations, and the environment in that area (Ghosh
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Carbon steels, especially J55 whose carbon content varies across a
wide range (L.opez et al., 2003) and AISI 1045 (1045), are widely used in
the oil production process, especially in casing and tubing, not only
because of their high strength properties but also because of their low
price (economic efficiency). Researchers have extensively studied (Guo
etal., 2005; Li et al., 2019a) the erosion-corrosion behaviors of J55 and
1045 in oil sand reservoirs and in NapSO4 solution/silica sand slurries
with a rotating cylindrical electrode system. The degradation of J55 in
the oil sand reservoir was from the high content of bicarbonate (HCO3)
in the environment, leading to the formation of H'; subsequently, the
corrosion process increased. The wastage of 1045 in NaySO4 solution
was mainly from corrosion-enhanced erosion. In addition, numerous
researchers (Guo et al., 2006; Islam and Farhat, 2013; Madsen, 1988;
Nguyen et al., 2016; Stack and Abd El-Badia, 2008; Tang et al., 2008;

Tian and Cheng, 2008; Yang/amd Cheng, 2012) have investigated
erosion-corrosion damage to carbon steels such as J55, X65, X70, AISI
1018, and 1045 using mass loss electroch | mea-

impi jet sy , and wet erosion test rigs. These
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studies covered various metal parts, such as the tubing, casing, and pipe
system exposed to an oil-sand slurry in the hydro-transport system, the
oil itself, and the gas that erosion-corrosion damage caused by using a
simulated oil-sand slurry and saline solution. Such studies focused on
parameters such as the solution velocity, impact angle of the solid sus-
pended particles, additive concentration, and sand concentration
without assessing the effect of the sand size, which is an important
parameter influencing the wastage of piping and casing materials,
especially J55 and 1045, in crude oil wells. Additionally, there is no
report on the corrosion products formed on steel surfaces after the
degradation caused by the synergism between the erosion and corrosion.
X-ray photoelectron spectroscopy (XPS) is used to characterize the local
surfaces of metals, in particular for corrosion products and passive films
(Fredriksson et al., 2012; Michelin et al., 2013; Tougaard, 2013). The
results obtained from XPS analysis provide helpful information on the
atomic and molecular structure of a material, such as the oxidation state
of metals. Therefore, this technique was a useful tool for specifying the
erosion-corrosion behaviors of 1045 and J55 steels in this study.

The goal of the current study was to clarify the effect of sand size on
the erosion-corrosion behaviors of 1045 and J55 steels in crude oil by
using an impingement jet system incorp d with electroct 1
measurements and surface characterization. Elucidating the effect of the
sand size combined with crude oil might improve our ability to predict
the lifetime and performance of metal parts. The degraded surfaces of
1045 and J55 steels were investigated using a scanning electron mi-
croscope (SEM) and XPS. The amount of Fe dissolved in the crude oil as
an indicator of erosion-corrosion was determined with an inductively
coupled plasma-optical emission spectrometer (ICP-OES).

2. Experimental details
2.1. Materials, crude oil and sand

The two types of low-alloy steels used for the erosion-corrosion
testing in this work were 1045 and J55 steels, and the nominal chemi-
cal compositions determined by optical emission spectroscopy (Spec-
trolab Model: M8, Type: LAVWA 18A) are shown in Table 1. All the
specimens were cut into cylindrical shapes 6 mm thick and 20 mm in
diameter. The specimens were then polished with silicon carbide paper
with grit numbers up to 180 to prepare samples with an average surface
roughness of 0.4 pm as determined with an optical profiler (Bruker
Contour GT-K, United States). The average surface roughness was nearly
equivalent to the surface roughness of pipelines and tubing in actual use
through the honing process (National Oilwell Vareo, 2014). The hard-
ness of the specimens was investigated by the Rockwell hardness test
method defined in ASTM E18, with a ball indenter of diameter 1/16 in.,
as shown in Table 1. Five indentations were conducted to obtain reli-
ability and the average values for each specimen. Finally, each specimen
was cl d with ethanol and deionized water to remove the contami-
nation before testing. The exposed area of each specimen for all the
testing, including erosion where corrosion is a possible factor, pure
erosion, pure corrosion, and synergistic component testing, was fixed to
be 4.9382 cm® Examination with an optical microscope (Olympus
BX51M, Japan) revealed that the microstructures of the 1045 and J55
steels, as shown in Fig. 1(a) and Fig. 1(b), respectively, consisted of
ferrite and pearlite. As illustrated in Fig. 1, the J55 steel had a finer
microstructure than the 1045 steel, corresponding to the hardness value
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Fig. 1. Microstructure of (a) the 1045 steel and (b) the J55 steel.

the ferrite-pearlite structure of the J55 steel had a smaller grain size than
the 1045 steel (Alam et al., 2015).

Crude oil from northern Thailand was used as the corrosive envi-
ronment in this work. The vital physical properties of the crude oil, such
as the pour point, pH, viscosity, specific gravity, and volumetric flow
rate, were measured using a pour point test according to ASTM D97, a
pH meter, a marsh funnel for the viscosity test according to ASTM
D6910/D6910M, and a mud balance for measuring the specific gravity
according to ASTM D4380, respectively, and the results are shown in
Table 2. In all the experiments, the amount of the crude oil was set to be
150 mL with a controlled temperature of 50 °C =+ 0.50 °C (Vilcaez et al.,
2018), which corresponds to the temperature of crude oil production, in
particular for drilling and drawing oil through the pipe from the bottom

Table 2
Vital physical properties of crude oil measured according to the
ASTM D97, ASTM D6910/D6910M, and ASTM D4380 standards.

Properties Values
Pour point 36°C

pH 7.41 £ 0.02
Viscosity 4.7 mPas
Specific gravity 0.86

in Table 1. The J55 steel was formed using cold extrusion and surface Volumetric flow rate 3.81x10* m%s

honing (National Oilwell Varco, 2014; Sharma, 2017). Consequently,

Table 1

Chemical composition and hardness of the 1045 and J55 steels.
Steels C si Mn P s Mo Fe HRB
1045 0.4700 0.2523 07168 0.0117 0.0033 0.0053 balance 92.73
155 0.4696 0.3449 0.8764 0.0157 0.0298 0.0087 balance 96.80
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to the top of the hole. The nominal compositions of the crude oil (in this
study) in 100 wt% were carbon (C): 70.61, hydrogen (H, included
water): 12.92 (calculation), nitrogen (N): 0.32, sulfur (S): 0.20, oxygen
(0): 15.93 (calculation), and ash: 0.02. The C, H, and N were measured
according to ASTM D5291-16 (LECO CHN628, United States), whereas
the S and ash contents were determined according to ASTM D4294-16¢1
(Oxford X-Supreme 8000, United Kingdom) and ASTM D482-13,
respectively. The water was 16 vol% and was determined according to
ASTM D95-13 (2018). The chemical composition of the crude oil in ppm
was Ca”*: 40.00, Na*: 28.00, K 6.00, and C1 " 16.00, according to UOP
LLC. UOP389-04 (PerkinElmer Optima 7300DV, United States) for the
Ca*t, Na*, and K™, respectively, and according to the ASTM D6470-99
(R15) potentiometric method (Metrohm 785 DMP Tritino, United
Kingdom) for the Cl™. Less than 0.01 wt% of HCO3 was measured ac-
cording to the water extraction-titration method.

The sand used in this work was from the area around the crude oil
production well. The sieve analysis (ASTM E11) was used to determine
the sand sizes to ensure the same size distribution in all the experiments.
A sand sample of 3121.34 g was sieve analyzed, and the results are
shown in Fig. 2. It was obvious that the sand size distribution was be-
tween medium and very coarse grains. Sand particles of 500, 1000, and
2000 pm were therefore used in this work. Moreover, the sand shape,
evaluated using the SEM (JEOL JSM-6010LV, Japan), was a sub-rounded
shape, according to ASTM F1632-03 (2010), as shown in Fig. 3. The
components of the sand were determined with an X-ray diffractometer
(Bruker D2 Phaser, United States), and its main component was quartz
(Si0y), as illustrated in Table 3. Ordinarily, erosion-corrosion mecha-
nisms vary considerably at different impact angles together with the
impingement force of particles on the steel surface, which affects both
the horizontal and vertical components (Zhang et al., 2016; Yaug and
Cheng, 2012). Nevertheless, to simulate the collision angle according to
the real environment, in which crude oil flows parallel to the surface of
the specimen, an impact angle of 180° was used in this work (Devold,
2007).

2.2. Calculation and preparation of erosion-corrosion testing

In general, the total erosion-corrosion rate (T, n-m"—';'%,) is composed of

four main parts, including the pure erosion rate [the erosion rate in the
3

absence of corrosion, (E,, %')], the pure corrosion rate [the corrosion

rate in the absence of erosion, (Ca.ﬁ—"})], and the synergistic compo-

*mm? —yr

nents (AC, + AR, - ), as in the following equations:
T=E+Co+S§ (€]

S=AC, + AE, 2)
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Fig. 2. Grain-size distribution curve for the sand used in this work.
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Fig. 3. SEM images of sand morphology at the sizes of (a) 500 pm, (b) 1000 pm,
and (c) 2000 pm.

Table 3
Components of sand determined by X-ray diffraction (XRD) (Bruker, D2 Phaser,
United States).

Composition 500 pm 1000 ym 2000 ym
Quartz, 56.31 35.69 37.22
Kaolinite (BISH) 12.39 18.26 15.80
Tllite 20.53 30.58 31.30
Ghlorite Iib 2.40 3.67 4.91
Calcite 0.00 0.15 0.96
Feldspar 5.43 7.74 5.62
Montmorillonite 0.31 0.70 0.45
Hematite 0.73 1.32 1.83
Cobalt 0.29 0.41 0.52
Sodium 1.61 1.48 1.39




95

P. Wongpanya et al.

where S is the total synergism between the erosion and corrosion, AC, is
the change of the corrosion rate due to erosion and AE, is the change in
the erosion rate due to corrosion.

The total corrosion and erosion components, C,, and E, are defined
as follows:

C.=Co+AC, 3)

E.=Ey+ AE, 4

To achieve the entire material loss rate (the corrosion rate usually
expressed as the penetration rate), which is called the penetration rate
hereafter, the experimental procedures were divided into four parts.
Pure erosion (E;), pure corrosion (Cy), total corrosion component (C,,),
and total erosion-corrosion (T) were determined by the impingement jet

DC current supply

(a)
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system associated with the impressed-current cathodic protection
(ICCP) system, potentiodynamic polarization measurement without and
with sand-mixed in the crude oil, and the impingement jet system
without the ICCP system, respectively. The details of each experiment
are explained below.

2.2.1. Pure erosion

The impingement jet system based on the design by Zu et al. (1990)
was adjusted and applied to both the pure erosion testing and the total
erosion-corrosion testing, as illustrated in Fig. 4(a). The main compo-
nents of the system were a tank (which acts as a reservoir), a
high-pressure pump, a valve, and a specimen holder. The high-pressure
pump sucked the crude oil from the reservoir tank through the pipe and
valve system, which was used to maintain the flow velocity of the crude
oil at 1.4 m/s, which corresponds to the regular flow velocity in a

Multimeter

/CuSO, (RE-7)

(b)

Fig. 4. Schematic of the impingement jet system for (a) pure erosion testing with an
corrosion testing without the ICCP system and (b) pure corrosion testing and total

NoVa (Metrohm AutoLab)

rrent dic protection system and total erosion-
testing in the between erosion and corrosion

with a dard thi 1 de system, i.e., a electrode, counter

and working de for ing the el de p ials and currents.
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realistic case. After that, the crude oil flowed parallel to the surfaces of
the specimens (Devold, 2007). The controlled flow velocity and impact
angle of the crude oil corresponded to the flow characteristics of crude
oil passing through a pipe surface (Devold, 2013). The ICCP system was
applied to the impingement jet system for erosion testing in the absence
of corrosion (to avoid corrosion of the specimen from the crude oil). An
external direct current power source was used to deliver controlled
amounts of current to the surfaces of the specimens (cathode) in the
crude oil with the aid of an inert anode (graphite was used as an inert
anode). In this work, the minimum current needed to cathodically
protect the specimen was determined from the polarization curve of the
1045 steel in the crude oil, in particular at the anodic and cathodic
interaction zone (the active region in the polarization curve according to
the ASTM G3-14 standard). We found that the corrosion potential (Ecor,)
was —605 and —637 mV for the 1045 and J55 steels, respectively (as
shown in Table 4), with respect to the Ag/AgCl electrode. Therefore, a
cathodic current was applied to this system by shifting the potential in
the negative direction below the E,; value to at least 300 mV (Cicek,
2013). Finally, the externally applied current was sufficient to shift the
potential to —1000 mV compared to the saturated copper/copper sulfate
(CSE, Cu/CuS0,) reference electrode that was used in the external ICCP
system, as shown in Fig. 4(a). Each specimen was weighed with a digital
balance (Mettler Toledo Balance XPR105, Switzerland) up to five deci-
mal places before and after the pure erosion testing.

The obtained mass loss was used to calculate E, according to the
ASTM G119-09 standard as follows:

massloss, g h

E,=

X 24—
3 day

exposed area of specimen, mm® x density, (——) x time, h

e
day

" year

(5)

To find the proper operating conditions in terms of applied sand
concentration and applied time, preliminary experiments of the total
erosion-corrosion testing were performed. First, the erosion tests were
conducted in crude oil mixed with a sand size of 1000 pm at various sand
concentrations from 80 to 160 kg/m® at the constant time of 240 min
and a constant crude oil flow velocity of 1.4 m/s. According to the sand
size distribution in Fig. 2, the sand size of 1000 pm was in the middle
range of the sampled sands; therefore, this size was used as the
impingement particles to approach suitable momentum in the primary
experiments. As illustrated in Fig. 5(a), the mass loss gradually increased
and reached a maximum value of 0.38 mg at the sand concentration of
120 kg/m3 (18 g/150 mL); after that, it immediately decreased to 0.18
mg at 140 kg/m® and to 0.11 mg at 160 kg/m">. This was because the
amount of sand was excessively high for the crude oil flow velocity to
transport the sand to impinge on the steel surface; ly, the
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Fig. 5. Mass loss of the 1045 steel in crude oil mixed with sand size of 1000 pm
for pure erosion testing (a) as a function of sand concentration and (b) as a
function of time.

Finally, the degradation of the steel surface (mass loss) in the crude oil
mixed with the high sand concentration was low. The applied maximum
sand concentration was therefore 120 kg/m3 (18 g/150 mL) for subse-
quent experiments. The total erosion-corrosion tests were run again with
the same conditions: crude oil flow velocity of 1.4 m/s, sand size of
1000 pm, and sand concentration of 120 kg/m® (fresh sand for each
test). This time, however, the erosion times were varied between 30 and
240 min. It was obvious that the mass loss continuously increased with
increasing erosion time and reached the highest mass loss of 0.34 mg at
120 min; after that, the mass loss was nearly constant at 180 and 240
min, as shown in Fig. 5(b). This might be because the sharp edges of the
sand particles were degraded owing to the long experimental times,

kinetic energy of the impact of the high concentration of sand was quite
low (Lynn et al., 1991). Therefore, the mass loss significantly decreased.

Table 4
Obtained results from the polarization curves under the pure corrosion testing
and the total corrosion component testing.

Specimens Ecor Teorr B Pe Ry
mV)  (pA/ (mV/ (mVy/ (@ em?)
cm?) decade) decade)
Co_1045 605 5.88 140.660 177.760 1320.15
CoJ55 637 2.49 139.360 138.470 2757.48
Cw_1045_500 839 6.88 127.810 122.880 900.00
Cw_1045.1000 850 6.43 145.870 178.670 1234.63
Cw_10452000 836 6.77 153.480 162.590 1152.84
Cw_J55_500 688 6.65 178.580 190.630 1370.65
Cw_J55_1000 736 6.12 124.930 135.940 1051.56
Cw_J55_2000 796 6.29 168.560 192,950 1413.92

cc itly reducing the eroding ability of the sands (Zhang et al.,
2016; Islam and Farhat, 2013). As discussed above, the applied
maximum time and the maximum sand concentration were 120 min (2
h) and 120 kg/m® (18 g/150 mL), respectively, values that were applied
for the later experiments. These sand concentrations and the applied
maximum time were in nearly the same range as in other works (Gou
et al., 2018; Ji et al., 2016; Samni et’al., 2019; Zhang et al., 2016).

2.2.2. Pure corrosion

An Autolab potentiostat PGSTAT 128N (Metrohm AG, Switzerland)
is a three-electrode cell with a graphite counter electrode (CE), a silver-
to-silver chloride (Ag/AgCl) electrode as the reference electrode (RE),
and a working electrode (WE). The 1045 and J55 specimens were used
as the working electrodes for the pure corrosion testing (without sand)
and the total corrosion component testing for the synergism between the
erosion and corrosion (with sand). The impingement jet system for pure
corrosion testing and total corrosion component testing is shown in
Fig. 4(b). The polarization curves were obtained at the potentials from




97

P. Wongpanya et al.

~1200 mV to 400 mV (with respect to the Ag/AgCl electrode) at a scan
rate of 1.0 mV/s with an exposed area of 4.9382 cm? in the crude oil.
From the obtained polarization curves, important corrosion parameters,
such as the corrosion potential (Eqr), corrosion current density (icor),
polarization resistance (Rp), and anodic and cathodic Tafel constants (f,
and f, respectively), were determined. The ic,, value was used to
calculate the C, according to Faraday's law, the Tafel extrapolation
technique, and ASTM G102-89, as shown in Equation (6).

G :()4()()327 X EW X icorr 6)

P

where icorr is the corrosion current density (pA/cm2), EW is the equiv-
alent weight (28.32) according ASTM G102-89 (2015), and p is the
density (g/cm®); for example, the 1045 steel's density is 7.807 g/cm®
and the J55 steel's density is 7.814 g/cm®. The densities of the 1045 and
J55 steels were measured with a density meter (Radwag AS220
R2+Density Kit, Poland).

2.2.3. Total corrosion component

The total corrosion component in the synergism between erosion and
corrosion on the 1045 and J55 steels in the crude oil mixed with the
different sand sizes, i.e., 500, 1000, and 2000 pm, was determined using
the impingement jet system. In this case, the erosion specimen was used
as the working electrode in the three-electrode system using the Autolab
potentiostat PGSTAT 128N (Metrohm AG, Switzerland) without the
ICCP system, as illustrated in Fig. 4(b). Electrochemical measurements
were conducted at potentials from —1300 mV to 400 mV at the same
scan rate as applied for the pure corrosion test in 150 mL of the crude oil
mixed with 18 g of sand. The obtained results for the potentiodynamic
polarization curves, as in ASTM G3-14, were interpreted in terms of the
Ecorr, icorrs Rp, fas and fic values. After that, the C,, was calculated by
replacing the obtained i, in Equation (6) with the same calculation for
the pure corrosion.

2.2.4. Total erosion-corrosion

An erosion test similar to the pure erosion test described in Section
2.2.1 was run, but in this case the ICCP system was not applied. Sub-
sequently, the T value was calculated by replacing the mass loss ob-
tained from these measurements into Equation (5). After that, AC, and
AE, were calculated according to Equations (1)-(4).

2.3. Code names of specimens

The code names of all the specimens in the different tests are as
follows. For example, Cy_1045 and C;_J55 denote that pure corrosion
testing was applied to the 1045 and J55 steels. In the case of various
sand sizes from 500 pm to 2000 pm applied under the pure erosion
testing and total corrosion component testing, Eg_steel sand size and
Cy.steel_sand size, respectively, were used. For example, Eg_1045_500
and Cy_J55.1000 denote that pure erosion testing and total corrosion
component testing were applied to the 1045 and J55 steels with sand
sizes of 500 pm and 1000 pm, respectively. For total erosion-corrosion
testing, T_1045_500, T_1045_1000, and T_1045_2000 denote that total
erosion-corrosion testing was applied to the 1045 steel with various sand
sizes from 500 pm to 2000 pm, respectively. These codes were also
applied to the J55 steel, such as T_J55500, T.J55.1000, and
T_J55.2000.

2.4. Liquid analysis

A CHN analyzer, X-ray spectrophotometer, ICP-OES, automatic
titrator and water extraction (titration) were used to measure the
chemical compositions of the crude oil, such as C, H, N, S, Ca®*, Na*, K*,
Cl™, and HCO3. The steel degradation in terms of the iron (Fe) ion
concentration after testing according to the synergism between the
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erosion and corrosion was evaluated using ICP-OES (Agilent Technology
7700 Series, United States). A high-temperature plasma source, gener-
ated by the ICP-OES analyzer, was applied to the pre-treated samples. At
a high temperature, the elements in a sample were ionized and passed
into the mass spectrometry (MS). The ions, depending on their mass/
charge ratio, were sorted by the MS through an electron multiplier tube
detector. Finally, each ion was identified and quantified.

2.5. Surface characterization

After all the testing, a general overview of the degraded surfaces of
the specimens was observed with SEM (FEI Quanta 450, United States),
whereas the outermost surface to thickness of 1.5-10 nm (Fredriksson
et al., 2012; Tougaard, 2013) was evaluated by XPS (PHI 5000 Versa
Probe 11, Japan) at Beamline 5.3, Synchrotron Light Research Institute
(SLRI), Thailand. A high vacuum condition of ~1.4 x 10 ® Pa was
applied for the XPS operation. Before measurement, removal of the
native oxide layers was performed with Ar™ ion gun sputtering with a
kinetic energy of 1 kV for 1 min. All the XPS peaks were referenced to the
neutral (C-C) carbon C 1s peak at a binding energy of 284.8 eV.

3. Results and discussion
3.1. Erosion-corrosion results

Fig. 6 shows the mass loss of the 1045 and J55 steels from the pure
erosion test (Ep) and the total erosion-corrosion test (T). In general,
momentum is directly proportional to the mass and velocity of an object.
In this study, the velocity was maintained at 1.4 m/s; thus, the mo-
mentum of the sand that affects the surface of the specimen significantly
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200.50 - I E,_J55_1000 E,_1045_1000
% 040 MME,_J55 2000 Ey 1045 2000
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Fig. 6. Mass loss of the 1045 and J55 steels in crude oil with various sand sizes:
(a) pure erosion testing and (b) total erosion-corrosion testing.
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depends on the size of the sand. As a result, the mass loss of both the
steels in the Ep and the T tests increased with increasing sand size
(Desale et al., 2009; Lain and Sommerfeld, 2019). The obtained results
correspond to other works (Nguyen et al., 2016; Stack and Pungwiwat,
2004; Zhang et al., 2016; Zheng et al., 2017). The differences between
the 1045 and J55 steels are evident. The 1045 steel had a higher mass
loss than the J55 steel at all sand sizes. This might be because the
microstructure of the J55 steel is a more fine-grained pearlite-ferrite
than that of the 1045 steel, as illustrated in Fig. 1, which resulted in
higher erosion resistance (Li et al., 2018; Lu and Luo, 2006).

Fig. 7 shows the polarization curves for all the steel specimens under
the pure corrosion and the total corrosion component in the synergism
between the erosion-corrosion. The vital parameters obtained from the
polarization curves, Ecorr, icorrs Rps fas and fic, and the penetration rate
(CR), were determined, and the results are summarized in Tables 4 and
5. The CR under the total corrosion component in the synergism be-
tween erosion and corrosion (C,) was higher than that of the CR under
the pure corrosion (Cp) for all the steel specimens. It is believed that the
impingement of sand (suspended solid particles) onto the surface of a
specimen results in the destruction and removal of the protective surface
film (Islam and Farhat, 2017; Zeng et al., 2017). As illustrated in Fig. 7,
not only the protective surface film but also the corrosion potential
(Ecory) of the Cy specimen were more stable (more corrosion potential
and less passive current density) than those of the C,, specimen because
there was no impingement of suspended solid particles during testing.
The sand size not only affected Ey and T but also influenced C,, as
indicated by the CR in Table 5. It is interesting that the large size of the
sand considerably affected the mass loss of the steels under the pure
erosion, the total erosion-corrosion and the change in erosion due to the
corrosion (AE;), whereas the small size of the sand significantly
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Fig. 7. Potentiodynamic polarization curves of the 1045 and J55 steels in crude
oil: (a) pure corrosion testing and (b) total corrosion component testing.
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degraded the steels under the total corrosion component in the syner-
gism between erosion-corrosion (C,) and the change in corrosion due to
the erosion (AC,). At the sand size of 500 pm, the CR had the highest
values of 0.08161 and 0.07881 m”'",['—y, for the 1045 and J55 steels,
respectively, whereas at sand sizes of 1000 and 2000 pm, the CR was
lower. This is because of the amount of sand at the size of 500 pm was
much higher than the amount of sand at the sizes of 1000 and 2000 pm;

ubsequently, the impi of sand at the size of 500 pm onto the
specimen surface was higher than that for the sand at the sizes of 1000
and 2000 pm. The number of degraded surfaces sensitive to corrosion
was, therefore, higher with the small size of sand (Guo et al., 2005;
Lindgren et al., 2016; Stack and Abd El-Badia, 2008; Tang et al., 2008).
Again, the J55 steel showed better total corrosion component resistance
in the synergism between erosion and corrosion than the 1045 steel
because it had a smaller grain size, resulting in higher hardness and
higher erosion-corrosion resistance (Li et al., 2018; Ralston and Birbilis,
2010).

From Figs. 6 and 7, all erosion-corrosion data, T, Eg, Co, Cw, AC,, and
AE,, in terms of the CR were calculated by using Equations (1)-(6); then,
the degree of synergism between erosion and corrosion was determined
by using Equations (7) (9), according to the ASTM G119-09 standard.
All the synergistic data of erosion-corrosion are summarized in Table 5.

T /(T—S) Total Synergism Factor (7)
(Co + AC,)/ Cy Corrosion Augmentation Factor ®)
(Eo+ AE.) [ E; Erosion Augmentation Factor ©

The data show that synergism existed between erosion and corrosion
of both steels tested in the crude oil with variations of sand size. The first
three major causes for the wastage of steels in the crude oil were E, C,,,
and C,. Erosion was a major mechanism for the degradation of steel
pipes (low- to medium-alloy carbon steels) because the microstructure
was composed of a ferrite-pearlite structure (Fig. 1), low erosion resis-
tance (as compared to high carbon steels that have carbide, high hard-
ness, and high tensile strength, providing erosion resistance) (Fernandes
et al., 2019; Tyuftyaev et al., 2015). Moreover, erosion significantly
influenced the corrosion process, as illustrated in the C,,. Corrosion was
a secondary mechanism for the wastage of the alloy carbon steels in this
study, as shown by C,. Corrosion phenomena observed in crude oil are
typically from the presence of acidic molecules such as asphaltic acids
and H3S [generally expressed by the total acid number (TAN)], water,
and oxygen combined with non-acidic substances, especially mineral
salts (Bharatiya et al., 2019; Tang et al., 2008; Yang and Cheng, 2012).
The main mineral salts dissolved in an oil-water emulsion in crude oils
are composed of K*, Na*, Ca?, Mgz‘, a; SO% , and HCO3 (Renpu,
2011). The influence of chloride ions (CI™) on the corrosion of steel pipe
in oilfields is well known, and it significantly enhances the corrosion rate
(Tang et al,, 2008; Yang and Cheng, 2012) whereas bicarbonate (HCO3)
shows inhibition behavior by forming ferrous carbonate (FeCOs) as a
passive film on the surfaces of corroded steel pipe (Li et al., 2019a).
Nevertheless, the effects of cations in oilfield production, particularly
K*, Na*, Ca®*, and Mg>*, are still ambiguous. This might be because of
the complexity of compositions in the crude oil, especially water
chemistry in which the speciation can vary from simple to very complex
with numerous species (Nesié, 2007; Renpu, 2011). On one hand, re-
searchers claim:(Mansoori-et al., 2018; Nesi¢, 2007; Zhao et al., 2005)
that Ca®* and Mgz’ promote the formation of a protective layer on steel
surfaces, such as MgCO3 and CaCOj3, resulting in a lower corrosion rate
of tube steel in CO; corrosion. On the other hand, salts in the forms of
sodium chloride (NaCl), magnesium chloride (MgCly), and calcium
chloride (CaCly), indirectly attack the steel pipe through decomposition
and hydrolysis in the presence of moisture and naphthenic acid in the
crude oil to form hydrochloric acid, promoting corrosion of metal parts
exposed to the crude oil (Aluvihara and Premachandra, 2018; Gray
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Table 5
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Erosion-corrosion data in terms of the corrosion rate (usually expressed as a penetration rate) and degree of synergism between erosion and corrosion of the 1045 and

J55 steels in crude oil with various sand sizes.

Specimens Penetration rate ( m:;ﬁ ) Degree of synergism
mm? — yr.
T Ey Co Cu s faXs AN T Ca + AG. Ep + AE,
() (e (&)

1045500 0.25512 0.15307 0.06975 0.08161 0.03230 0.01186 0.02044 1.14496 1.17007 1.13162
10451000 0.28063 0.16583 0.06975 0.07627 0.04505 0.00652 0.03853 1.19126 1.09354 1.22859
10452000 0.61229 0.48473 0.06975 0.08031 0.05781 0.01056 0.04725 1.10426 1.15136 1.09592
J55.500 0.19117 0.101% 0.02951 0.07881 0.05970 0.04930 0.01040 1.45413 2.67068 1.10041
J55_1000 0.26764 0.16568 0.02951 0.07253 0.07245 0.04302 0.02943 1.37116 2.45783 1.17486
J55 2000 0.43332 0.31861 0.02951 0.07454 0.08520 0.04504 0.04016 1.24472 2.52610 112411

et al., 2008). Potassium chloride (KCl) in combination with NaCl also
increases the rate of corrosion (Crumpton, 2017),

As discussed above and from the chemical analysis results of the
crude oil presented in Section 2.1 in combination with the XPS results
represented in Section 2.3 (no detection of CaCO3 on the corroded-
eroded steel surface), the corrosion mechanism inducing the degrada-
tion of the carbon steels in this work would be from Cl, water, and
dissolved oxygen in the crude oil that attack the specimen’s surface,
allowing the metal surface to be removed and dissolved easily by the
corrosion reaction, and the mechanical forces from the impingement of
sand via the erosion process (Guo et al.,, 2005; Lindgren et al., 2016;
Stack and Abd El-Badia, 2008; Tang et al., 2008; Yang and Cheng, 2012).
Additionally, both the erosion process and the corrosion process impact
each other, as shown by AC, and AE,. Not only does the erosion promote
higher corrosion (AC,), but the corrosive environment on the specimen’s
surface can enhance the erosion (AE.). Again, most of the
erosion-corrosion data of the 1045 steel, except for AC,, were higher
than those of the J55 steel.

The contribution due to corrosion evidently affected the wastage of
most of the specimens, except for the 1045 steel tested under the sand
size of 1000 pm, as compared to the total synergism factor and erosion
augmentation factor. For the J55 steel, the corrosion augmentation
factor was quite significant, between 2.45783 and 2.67068, whereas this
factor was lower, between 1.09354 and 1.17007, for the 1045 steel. The
reason the corrosion contribution was higher than the other contribu-
tions for the J55 steel is due to its grain size being quite small. A grain
boundary is well known to be prone to more spontaneous imperfections
than the inside of the grain, resulting in the preferred dissolution of the
grain boundary attacked by a corrosive environment. The grain
boundary, therefore, acts as an anode, whereas the inside of the grain
acts as a cathode during the corrosion reaction (Jones, 1996). In fact, for
the J55 steel (small grain size), the grain boundary density was quite
high; the ratio of the grain boundary area to the inside of the grain area
was almost equal to one. The 1045 steel (large grain size), however, has
a low grain boundary density, with the ratio of the grain boundary area
to the inside of the grain area being less than one, resulting in low
corrosion resistance (the area effect or the ratio of the anodic to the
cathodic area). Thus, the J55 steel showed a higher corrosion resistance
than the 1045 steel, as seen from the CR in Table 5. Nevertheless, for the
J55 steel, the higher the ratio of grain boundary area to the inside of the
grain area, the more the anodic area was attacked (Argade et al., 2012;
Laleh et al., 2019; Nourani etal., 201 2; Ralston and Birbilis, 2010). Asa
result, the corrosion augmentation factor was quite distinctive in the J55
steel.

The degree of synergism was significantly dependent on the sand size
in the 1045 steel. At 500 pm, all the contributions, the total synergism,
corrosion, and erosion augmentation factors, equally influenced the
wastage of the 1045 steel. When the large sand size was applied (1000
and 2000 pm), the erosion and corrosion augmentation factors became
the main contributions. The contribution due to erosion had a high
impact on the degradation of the 1045 steel at 1000 pm because of the
larger sand size, resulting in higher momentum to erode the surface (Ji

et al., 2013; Rajahram et al., 2009; Telfer et al., 2012). However,
corrosion contribution was the main factor at 2000 pm because the
largest sand size resulted in the greater removal of the surface, allowing
the corrosive environment to attack easily (Gou et al., 2018; Islam and
Farhat, 2013; Malik et al., 2014),

3.2. Liquid analysis

Before the ICP-OES was applied to measure the concentration of the
released iron ions from the erosion-corrosion test, the free water method
(Abdel-Aal et al., 2018) was used to extract an aqueous solution from the
crude oil after the erosion-corrosion test; then, the aqueous solution was
digested using 65 wt% concentrated nitric acid (HNO3) with a micro-
wave digestion system (Milestone ETHOS One, Italy) to prepare a ho-
mogeneous solution, according to U.S. EPA, 2007 Method 3051A.
‘Table 6 shows the concentration of iron ions released from the 1045 and
J55 steels after the erosion-corrosion test in the crude oil with various
sand sizes. As anticipated, the number of released iron ions in T was
higher than those in £y , Gy , and C,,. This is because the corrosion
protection in the form of the ICCP system was not applied during the
total erosion-corrosion test. Furthermore, application of the ICCP system
decreased the degradation of all steels, as seen in terms of the CR and the
concentration of released iron ions. The concentration of released iron
ions significantly increased with increasing sand sizes for T and Eg in all
the steel specimens, as illustrated in Table 6, In contrast, decreasing the
sand sizes significantly increased the concentration of released iron ions
for C,, in all the steel specimens, Furthermore, the released iron ions in
C,, were higher than those in Cy. All these results correspond to the CR in
Table 5 (Guo et al., 2005; Tang et al., 2008).

3.3. Surface characterizations

Fig. 8 shows the SEM images of the 1045 and J55 steels after the total
erosion-corrosion testing in crude oil with various sand sizes. As the sand
size increased, the damaged surface increased in size for all the steel
specimens, corresponding to the mass loss results shown in Fig. 6(b). To
better understand the erosion-corrosion behavior of alloy carbon steel in
crude oil with various sand sizes, the chemical compositions and

Table 6
Concentrations of released iron ions of the 1045 and J55 steels erosion-corrosion
tested in crude oil with various sand sizes.

Specimens Concentration of released iron ions (mg/L)
T Ey Co C

1045 = = 8.96 N

Js55 - - 2,95 -

1045500 42.79 25.82 - 18.86
1045_1000 46.58 30.83 - 15.03
1045 2000 77.86 69.52 - 18.22
J55.500 35.69 19.42 - 16.11
J55.1000 44.20 27.38 - 10.43
J55.2000 65.11 49.64 - 12.52
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Fig. 8. SEM images after total erosion-corrosion testing in crude oil with various sand sizes of (a)-(c) the 1045 steel and (d)—(f) the J55 steel at 500 pm, 1000 pm, and

2000 pm, respectively.

compounds on the damaged surfaces of each test, Ey, Cp, and C,,, were
investigated by XPS; this was also done to clarify which compounds were
responsible for the erosion-corrosion resistance enhancement of the
steels in crude oil. Fig. 9 shows examples of the XPS-fitted curves of the C
1s, Fe 2p, Si 2p, and O 1s peaks for the J55 steel after the pure erosion
testing at sand sizes of 500 and 2000 pm. No Ca 2p peak was detected in
the form of CaCOjg in our study because bicarbonate (HCO3) in the
observed crude oil was less than 0.01 wt%, as shown in Section 2.1. The
XPS curves were fitted according to the Gaussian-Lorentzian line shapes
(Jain et al., 2018; McIntyre/and Zetaruk, 1977; Strein, 2008; Yamashita
and Hayes, 2008); then, the compounds fitting in the at% were deter-
mined and the results are shown in Table 7.

The five XPS peaks of C 1s at 283.4, 284.2, 285.0, 286.0, and 288.5
eV represent the metal carbide, the alkene group (C=C), the alkane
group (C—C), the ether group (C—O—C), and the carbonyl group
(C=0), respectively (Abdallah and Taylor, 2008; Karthick et al., 2018;
Lietal., 2013; Lietal., 2019b). It is believed that metal carbide and C—C
enhance erosion-corrosion resistance because metal carbide is quite
hard and C—C is a compound in the crude oil that acts as a passive film

to protect the metal surface from wear and corrosive environments
(Jahn et al., 2008; Negm et al., 2013). C=C is found on the surfaces of
carbon-¢ ining specimens, wh C—0—C and C=O0 are contam-
inants found on the specimen’s surface that is exposed to oxygen in the
air/water (Guzman et al., 2017; Johnson et al., 2003; Zhang et al.,
2010). Three XPS peaks of the Fe 2p at 707.0, 710.0 and 712.2 eV
indicate metallic iron (Fe metal), Fe(Il) oxides (FeO and Fe304), and Fe
(I17) oxides and hydroxide (Fe;03, Fe304, FEOOH), respectively (Hashim
et al., 2019; Idczak et al., 2016y Liu et al., 2019; Yamashita and Hayes,
2008). There are two main compounds found in the Si 2p, namely, SiC
and 8iO,. The SiC peak found at 100.3 eV (Logofatu et al., 2011) was
from the silicon carbide paper used for preparing the specimen surface
(Zeng etal.; 2017). The SiC in at% in the 1045 steel was higher than that
in the J55 steel, as shown in Table 7 because the 1045 steel had a softer
microstructure than the J55 steel. Moreover, much of the SiO, appearing
at the peak of 102.4 eV is a component of the sand, and it was on the
surface of the specimen that the highest wastage was found. SiO, at
peaks of 103.5 and 104.7 eV appeared to be due to a limitation of XPS in
that it cannot eliminate and control the number of released secondary
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Fig. 9. Examples of XPS-fitted curves of (a) C 1s (b) Fe 2p (c) Si 2p and (d) O 1s for the J55 steel after the pure erosion testing at the sand size of 500 and 2000 pm.

electrons. Such a limitation results in the appearance of stray electrons
affecting the energy change and the width of the Gaussian peak (Ghosh
et al,, 2019; HerrerasGomez et al., 2011; Ulgut and Suzer, 2003). The
mixture of oxides and hydroxide in all the specimens is related directly
to the XPS profiles of the O 1s and the percentage of O compounds, as
shown in Fig. 9(c) and (d)-and summarized in Table 7. The binding
energies of the iron oxides (Fe3O4, Fez03, FeO), iron hydroxide
(FeOOH), silicon dioxide (SiO2), and C—0/H20 are 529.7, 531.32,
539.92, 532.43, 532.9, and 534.5 eV, respectively (Nam et al,, 2018;
Ralkhal et al., 2019; Xu et al., 2019; Zeng"et al,, 2017).

The contamination (C—0—C + C=0), SiO, (102.4 eV), the amount
of metallic iron (Fe metal), and the chemical compound ratios of C—C/
(C=C + C—0—C + C=0) and Fe(ll)/Fe(lll) of the best and worst
erosion-corrosion resistance results are constructed to understand and to
build up the correlation of those compounds and how they affect the
erosion and corrosion behaviors, as shown in Table 8. It is evident that
C—0—C + C—=0 and SiO2 (102.4 eV) remarkably point out the degree of

erosion-corrosion damage on the surfaces of the specimens for all the
tests. The penetration rate presented in Table 5 drastically increases
with increasing amounts of C—0-—C + C=0 and SiOp, as illustrated in
Table 8. Moreover, the amount of G—0—C + C=0 and SiO, is signifi-
cantly related to the penetration rate and is ranked from Ey, Cy, and Co,
consecutively. For example, C—0—C + C=0 was highly detected in Ey
because the specimen’s surface was significantly eroded from the sand
particles, allowing the bare surface to be exposed to the oxygen and
react with the crude oil after the contamination (Chen et al., 2019; Desai
and Desai, 1984; Dubey and Singh, 2007). This trend of damage was also
confirmed by the amount of SiO, detected with the XPS profiles; the
amount of SiO; in E; was higher than that in C,,, which corresponds to
the penetration rate (Ep > C,) (Liu et al., 2018; Scheidegger et al., 1993;
Sui et al., 2007).

Nevertheless, it is interesting when the chemical compound ratios of
C—C/(C=C + C—0—C + C=0) and Fe(II)/Fe(Ill), shown in Table 8,
were assessed. As described previously, C—C forms a chemical bond in
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Table 8
[}
#¥5 § &F Chemical compound ratios of the best and worst erosion-corrosion resistance
- 8 P
B I results of the 1045 and J55 steels after pure erosion, pure corrosion, and total
- corrosion component testing in crude oil with various sand sizes.
g g298 2oige . .
3 maEa =i Specimens Cls Fe 2p Si2p
(C-0-C)  C-CA(C=C) Fe Fe(l)/ S0y
e g cnamTaszeeay (—CAO) +EGC—:00—;] (Me) Fe(ll) (102.4)
=3 {95 DY gn — ‘
5 E |F22I58-REaARY
5 1045 27.74 0.00 13.62 073
2
- — o] J55 5.80 0.00 15.81 148
z g [83xsszgsagny Eo 1045500  19.45 1.99 065 5232
_é & mHAaNAnaRMNnd Eq_1045_2000 29.65 0.35 0.50 69.40
g Eq_J55_500 16.37 2.32 9.33 2.33 48.16
= 2 LPINTEER2Q EqJ55_2000 29.03 1.34 6.70 1.47 65.82
3 2 |2 dtdd@sssgs QIO 2026 097 054
= Cy J55 16.49 0.95 7.06 0.81
3 . - w " - 1045500 15.89 119 123 60.00
| =19 Higg Ds2phSe C,.10451000  11.55 1.59 0.73 56.29
5 ol& R Seied=< 155 500 14.88 1.93 086 5859
£ Cy_J55_1000 29.05 0.95 0.70 31.96
£ &
Z z
E & . oo @ crude oil; it covers the specimen’s surface and avoids the corrosive
g 2 2 o = environment, resulting in corrosion inhibition. The chemical compound
é- ratios of C—C/(C—C + C—0—C + C—0) should thus be as high as
8 @ possible to protect against erosion-corrosion. Such ratios were quite low
k5 g in the specimens tested under the large size of the sand in the pure
é ;«: 2F28 2238 erosion (Ep) (Jahn et al., 2008; Johnson et al., 2003; Zhang et al., 2010)
S 7] REF BRI and under a high amount of sand in the total corrosion component in the
k= synergism between the erosion and corrosion (C,,). Most of the speci-
_*E Y mens, except for C,,_J55_500 and C,,_J55_1000, presented high ratios of
g =2 JR ool 8 C—C/(C=C + C—0—C + C=0). It may be said that the J55 steel under
.S ) ‘&: % %‘% ‘é g g; erosion-corrosion tested without the ICCP system showed different
4 - ’ erosion-corrosion behavior from the other tests. Moreover, it is clear that
5 o . the pure erosion testing (Eg) stimulated the formation of corrosion
o o . P . .
@ Tg g i E a5 E E produets, differing from the pure corrosion testing (Co) and the total
2 a corrosion component testing (C,), as illustrated in the ratios of Fe(II)/Fe
'E = IR O (IM0). In the case of pure erosion, the different kinds of steels, 1045 and
g g (2938 RRIISRGS J55, also showed differences in the iron oxides/hydroxide, as shown in
5] £ ERSERBRERTILER : o A Lo
© Table 7, The differences of the Fe(IT)/Fe(IIT) atomic ratios between 0.65
= - BEYSReARENgY and 0.50 in the 1045 steel (high erosion) and 2.33 and 1.47 in the J55
E T ddodgdusndgg steel (low erusm]f) at sand 5}zes of 5(.)0 and 2000 pm, resl?ecuvely,
. showed that the different erosion behaviors of the steels, relating to the
E = formation of Fe(I) and Fe(IIl) compounds. The highest erosion was
o r? % E E 2e = found in the specimen having the lowest Fe(II)/Fe(lll) ratios, i.e., the
S P B e e o Sk Ep_1045_2000 specimen (0.50) because the large sand size eroded the
£ specimen’s surface, which allowed high surface degradation due to the
e 3 2 =@ 28 = high momentum; it also allowed the newly opened surface to react with
= Sy > - & " the oxygen, resulting in the high amount of Fe(Ill) (Fernandes et al.,
.5” o 2008; Howes, 1996; Ohtsuka, 2006; Sun et al., 2014; Zhao et al., 2008).
‘8 o § 2 R E 3 i § % 2 5 § S The Fe(II)/Fe(Ill) atomic ratios were therefore low. In contrast, the
P 2 =1
= Ny Y ag ~al ™ o highest pure corrosion and the highest total corrosion component were
E_ v/ /{7 ] encountered in the specimens having the high Fe(Il)/Fe(Ill) atomic ra-
% 3 b = el o tios (between 0.70 and 1.23), as seen in Table 8 (Cp and C,, specimens)
? b < for all the steel specimens. As observed from the Fe(II) and Fe(IIT)
£ E o sganegasyans compounds in Table 7, it is noteworthy that the number of the iron
F1E 3 fgidisrgdgnes compounds formed in Cp and Gy, was quite different from the number of
£ E iron compounds formed in Eg. In this study, the crude oil was from
.-‘; g 2 northern Thailand, where the depth of a production zone is less than
£ E = 3000 ft; commonly found the water accompanied with dissolved oxygen.
] E
;’ E L - As shown by the nominal compositions of the crude oil in Section 2.1,
B o s - .
2| 8|22 N 3 28 the water was 16 vol%, and the oxygen (calculation) was 15.93 wt%.
Slo g w i ol . S i
El Therefore, the corrosion products of steel in this study were mainly from
é- = -8 the oxidation of iron and the reduction of oxygen in the water; these
S| § § =] § 72 § § corrosion products are different from those of production zones at great
~E|2 e hs .88 o depths, in which the dissolved oxygen and aggressive ions are altered (L.i
%‘ 'E g g 2 5:-% E g % 3 g :? }:{-(}- et al., 2019a; Tang et al., 2008). In an aqueous environment without the
EE|C = = imping of solids suspended in the corrosive environment, the
1
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formation of iron oxide is a manifold process; it begins with the oxida-
tion of iron to Fe** ions, resulting in the formation of Fe(II) oxides. The
subsequent reaction requires oxygen and water to oxidize Fe(II) further
to form Fe(III) oxides. Based on the thermodynamic point of view, the Fe
(I1) oxides are not stable; they can be oxidized and transformed to Fe(III)
oxides (Bian et al., 2015; Yamashita and Hayes, 2008; Zhong et al.,
2019). Therefa the iron c ds of Fe(Il) and Fe(IIl) are nearly
equal to each other, as shown in Table 7 for Cp and Cy,.

4. Conclusion

The erosion-corrosion behaviors of 1045 and J55 steels in crude oil
with various sand sizes between 500 and 2000 pm were investigated
using the impingement jet system incorporated with electrochemical
measurements and surface characterization. The results indicated that
the J55 steel showed higher erosion-corrosion resistance than the 1045
steel and that the major cause for the wastage of low-alloy steels is from
the erosion process because their microstructure is composed of a ferrite
and pearlite structure that has a low resistance to erosion. The T value
decreases when the finer grain microstructure is applied, as illustrated in
the J55 steel, which showed better erosion-corrosion resistance than the
1045 steel. The sand size significantly increased T, Ep, and AE, because
the high momentum from the large sand size activated a highly eroded
surface, allowing the opened surface to react easily with the oxygen/
water. A high amount of the small sand size influenced C, and AC,
because the impingement of the small sand size onto the specimen
surface is higher than the impingement of the large sand size. Therefore,
the degraded surfaces’ sensitivity to corrosion was high when tested
under the small sand size. Results from the XPS analysis indicated that
there is a correlation between the erosion-corrosion behaviors and the
compounds generated after the wastage of the specimens. SiOz and
compound ratios of C—C/(C—=C + C—0—C + C—0) and Fe(II)/Fe(III)
are useful for pointing out the erosion-corrosion behaviors. The high
amount of SiO; and the high amount of C—0—C + C=O0 appeared on
the highly degraded-surfaces of the specimens. The Fe(II)/Fe(IIl) atomic
ratio can be used to classify the mode of degradation because a high ratio
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