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The critical ratio ofClI” to HCO concerning the corrosion rate has beetednined with and without
electrolyteerosion in 0.3 M NaHC®by usingvarious concentrations of NaCl for X52 and X100
steds. The open circuit potentiafOPC)was recorded for both steelsetectrolytescontaining 0.3 M
NaHCG; and 0.1 M NaCwithout erosion, with electrolyterosion and with electrolytesilica sand
erosion.The electrochemical techniques like linear poktian resistance (LPR) and potentiodynamic
polarization scans were used to study and compare the material resistance against synergistic impact ¢
erosion and corrosion. Scanning electron microscope (SEM) and optical microscope were used to
study the morpblogy of pitting corrosion in the absence and presence of erosion. The change i
pitting potential due to electrolyte amdectrolytesilica sandimpingement has been discussed. The
microstructure and hardnee$ X52 and X100 steels were evaluated andudised with respect the

erosion corrosion behaviors. Cracks were observed at the inner wall of a pit becaulseafasd
impingementduring erosiorenhanced pitting corrosiorX100 steel ismore stable than X52 steel
against pitting corrosion with andiithout erosion.X52 steel suffered pitting corrosion in standstill
electrolyte containing chloride where as X100 ea#n in the presence of erosi®its propagate in the
direction of erosion becausetbkimpingementand disruption ofthe passive layein that direction
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1. INTRODUCTION

Many materials used in chemical industries and other engineering appkcabafront
erosion corrosion[1] damages caused by impingement of solid partiddsctrachemical reactions
deteriorate the material surface during corrosion wherth@mechanical fazes by solid particles
during erosion.The sum of individual damagas less than the synergisttamage [P caused by
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corrosion anderosion.In an ageous medim, the electrochemical reaction rate is law passive
material where aflowing streams withsolid particles can damage the passive layer partly or fully
[3,4] based on the impact angle, velocity, mechanical properties and shpgeidés involvedThe
breakup of passive filmcauses the depassivation of the swfa€onsequently the rate of
electrochemical reactions increases due to repassivation as viele ds metallic dissolution [5,.6

The rate of passivation will be higher than the rate of lie@@issolutionprovided the metal potential

Is kept within the passivation rangenmediatelyafter the impact and befotle repassivationthe

current transient peak is observed for a fraction of second. The level of this peak caused by erosion
enhancd corrosion depends on the scale of surface depassivatoy. short impact periods and
highly localized deformations result in a very complicated impact phenomenon.

X52 and X100 are the low carbon steels having the carbon content of 0.15 % and 0.05 % by
weight. The chemical composition dfoth steelsby wt.% is $iown in Table lin good comparison to
other work [7] The primary differencediween X52 and X100 steels concernatigying elements is
the higher content of molybdenum, copper and nialselvel asthe lower carbon contenih case of
X100 steel.Carbon steel pipes [&re useduniversallyfor transporting crude oil andas inbulky
volumes over long distanceBainitic ferrite exhibiting lathand granular type morphology][®vas
discovered the mjor phase while martensiteitenite the second phase for X100 stde® and CGQ,
if present inaqueougphases, can create very aggressive sour solution to damage the inner surfaces of
pipeline material for its early failurdJniform or localized corrosin including hydrogen induced
damage creating blistering and cracking might be involved during material damage.

Corrosion study10] indicates that savings can be madaibiyng smaller wall thickness high
strength steelsn long sections but the longter corrosionof such steelsmust beaddressedcand
managedOperating at high pressurdyetprobability of internal corrosiorfor high strength pipelines
increass because of the reducesdrain hardeningFurthermore high strength steels do not show
plastidaty in zones away from the groove atie risk per unit time increases for materiaith high
yield to ultimae tensile strerth ratios When the plasticity isocally limited to the corrosion groove
then the burst pressure argliability decrease. Se-qualification and optimal planning for inspection
of the high strength steel is required.

Corrcsion pattern can beniform or localized depending on thenstituents and conditions of
the corrosive environmentl55 steel[11] may confront severe corrosicand protectionproblems
because ofCI" and HCO present in oil and gas fieldghang[11] observed thabelow the critical
ratio for CI" toHCO , the corrosion e of J55 increasedith added NaCl, and conversalgcreased
above that level.

Table 1: Chemical composition of X52 and X100 steels by wt. %

Steel C Mn Cr Nb  Ni Ti Vv ‘Others

X52 |0.13]1.09| 0.017| 0.035| 0.013| 0.005| 0.036| Si=0.273 P=0.0176
S=0.012

Mo=0.19 Cu=0.24
Carbonequivalent0.46

X100 0.08| 1.83| 0.016| 0.043| 0.12 | 0.02 | 0.003
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To withstand high pressure and transmission rate for oil and gas transportation at long
distance, the pipelines should be manufactured from high grade steel with high strehgiitellent
low temperature toughness. Therefore much research work about low carbon high strength steels i:
going on for testing mechanical and electrochemical properties as well as for developing new steels in
place of currently used APl X52 and X70 deasteels as pipeline materials.

2. EXPERIMENTAL

Cylindrical shaped metallic specimens were prepared from X52 and X100 steels to embed them
individually in an epoxy with exposed surface area of 0.8 and 0?5vitim 1 cm (X52 steel) and 0.8
cm (X100 stel) corresponding diameter8efore starting the electrochemical measurements, the
exposed surface of each metallic sample grasind with silicon carbideS{C) paper up to 600 grit,
washed witrsoapywater and ethanol ¢EisOH), and dried witlithe hotair stream.

The electrochemical cell fitted overmaagneticstirrer with three basic electrodes is used to
perform boththe simple and erosion inducedrrosion measuremenibhe reference electrodesed in
the chloride containing electrolyte wassaturateadalomel electrode (SCE) via a salt bridge with a
luggin probe.The salt bridgeavoids the contamination otlectrolyte from theeference electrodand
vice versaThe size ofceramic membrane used at the tip of luggin probe shouldrger enough to
provide conductive contact argaller enough to avoidny solutioncontamination The electrolyte
solutionwas purged with nitrogefor 5 minutes before staring the teéstremove any traces of oxygen.
A gas dispenser was used for this purpose as shownureFig

Linear polarization resistance (LPR) measurements were carried out by polarizing the specimen
from -10 mV to +10 mV versus open circuit potential at a scanning rate of 0.5 mVhe sample
period of 0.2 s and repeat time of 2 min were used to unedke corrosion rate with the help of
Gamry potentiostat. It was determined that how the corrosion rate increased with added NaCl below
the critical ratio and decreased above that level by using liner polarization resistance (LPR) method.
The behaviors fopitting corrosion were investigated with the help of different electrochemical
techniques like potentiodynamic polarization curves and open circuit potential (OCP) measurements at
different ratio of CI" to HCO . The potential sweep rate of 0.5 mV/s was used for scanning the
polarization curves to obtain the passivation and pitting potential values with and without erosion. The
changes in corrosion potential, pitting potential and pitting current were moniioredferent
corrosive environments for making comparisons among various corrosive and -emysbgive
behaviors. For this purpose the corrosion was analyzed in different electrolytes (50:50) such as (a) 0.:
mol/l NaHCG;; (b) 0.3mol/l NaHCQ@+ 0.1mol/IN&CI; (c) 0.3 mol/l NaHC@+ 0.2 mol/l NaCl; (d) 0.3
mol/l NaHCQ; + 0.3 mol/l NaCl, (e) 0.3 mol/l NaHCGG 0.4 mol/INaCl and (f) 0.3 mol/l NaHGG-
0.5 mol/l NaCl made from regent grade chemicals.

Magnetic stirrer with 350 revolutions per minute (rpsiiring speed was used to create
erosion in the electrolyte with and without 12 g of 75 pheaisand The OCP and potentiodynamic
polarization scans were recorded for X52 and X100 steels. Scanning electron microscope (SEM) anc
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optical microscope were used doalyze the surface morphology after the eregioliced corrosion
tests.

In this work the mechanical properties of X52 and X100 steels were measured by conducting
Rockwell indentation hardness tests. Hardness test was carried out on the piece cuversérans
direction from the steel bars of APl X52 & X100 grades (Figure 1). Universal Hardness Tester of
Indentec, UK (Model 8187.5 LKV) was used to determine Rockwell hardness according to ASTM E18
05.
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Figure 1: Electrochemical cell withhree basielectodes and stirring facilityor performing simple
corrosion and erosiecorrosion tests

3. RESULTS

3.1.Hardness and microstructure

The hardness of X100 steel was found to be higher than X52 steel as shown in Tdlde 2.
microstructure of X52 steel shovim Figure 2consiss of alternate bands of preutectoid ferrite and
pearlite in a matriypredominantly of ferrite. fie microstructureof X52 steelt higher magnificatiom
which pearlie is completely resolved showtearly alternate lamellae of feitand cementiteThe
microstructure of X100 steedhown in Figure Zonsists of bainitic ferrite having lath type (at few
locations) and mostly granular morphology and martensite/austenite as the predominanXiftase.
steelis harder than X52 steel due the presence of bainitiderrite in the microstructuralong with
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martensite/austenite as teecond phaseas compared with ghmicrostructuref X52 steelconsisting
of pro-eutectoid ferrite and pearlite in a matrix predominantly of ferrite

Table 2: Hardnessneasured for X52 and X100 steels

Material Direction Hardness Average Hardness
1 X52 Surface | 78.7|78.5|79.0| 78.7| 78.6| 78.7
to core HRB
2 X100 Surface |24.9|25.6|25.7| 25.6| 26.0| 25.6
to core HRC

A 4 1& g .
4/112011 WD Mag HV Det - 50.0um ‘ 4/11/2011 WD | Mag HV Det
1:12:24 PM 10.4 mm 2000x 25.0 kV ETD! X52 1:17:23 PM 10.4 mm 20000x 25.0 kV ETD

\ [ QP -
291 1 Mag = HV 4/11/2011 WD Mag | HV | Det
12:59:16 PM 11.4 mm 3000x 25.0 KV ETD 1:06:04 PM 11.4 mm 20000x 25.0 kV ETD

Figure 3. Microstructure of X100 steel at 3000X and 20000X magnifications
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3.2 Critical ratio (Cl' to HCO) for X52 steel

Below the critical ratio (1.66) foEl' to HCO, the corrosion rate increased with addNaCl,
and conversely, decreased above that lierdboth steels (Figure 4 and Figure 6) without erasion
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Figure 4. Corrosion rate meased for X52 steel in unstirredlectrolyte with different chloride
concentrations

3.22. Stirredelectrolyte
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Figure 5. Corrosion rate measured for X52 steel with different chloride concentratistiséal
electrolyte
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3.3 Critical ratio (CI' to HCO) for X100 steel

With erosion, below the critical ratio (1.33) f6i' to HCO, the corrosion rate increased with
added NaCl, and conversely, decreased above thafdev€l00 steel as shown in Figure 7
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Figure 6. Corrosion rate measured for X100 steel with different chloride concentrations withdut fl
erosion
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Figure 7. Corrosion rate measured for X100 steel with different chloride concentrations with fluid
erosion
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3.4. Open circuit potentia(OCP)

3.41. OCPi without erosion

In unstirredelectrolyte containing.@ M NaHCQ + 0.1 M NacCl (50:50xhe OCP was
recordedwithout erosion. After measuring the OCP for 20 h, circular pits were observed at the surface
of X52 steelwhere as X100 steekhibited good resistance against pitting corrosion.
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Figure 8. The OCPmeasured foK52 andX100 steed in unstirredelectrolyte containing chloride
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Figure 9. Circular pitsobserved after measng OCPfor X52 steel in unstirredlectrolytewhere as
no pitting was observed for X100 steel in chloride containing sodium bicarbonate electrolyte

3.4.2. OCP1 with electrolyteerosion

Again ptting was observed only for X52 steel after 20 h experimenwhich the OCP
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fluctuated with many positive and negative peaks because of pitting corrg&ion steel suffered no
pitting corrosionandhencethe behavior of the OCP remained stable.
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Figure 10. The OCP measured for X52 and X100 steels in electrolytenst at 350 rpm.
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Figure 11. Pits were observed for X52 steel after measuhe@CP instirredelectrolyte Pits tend to
grow towards the direction of fluid impingememt100 steel suffered no pitting corrosion
unlike X52steelafter measuringhe OCP in the presence of solution erosion at 350 rpm

3.43. OCP1 with electrolyte and silicaanderosion

In stirred electrlyte containing silica sandhe belvior of the OCP(Figure 12)did not
changesignificantly aswith the cas€Figure 10)of electrolyteerosion. X52 steel again suffered pitting
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corrosion having special pattern along the direction of fluid impingement as shown in BgXH0
steel suffered erosion markiue to the impingement efectrolytesilica sang but again resisted well
against pitting corrosion as shown in Figaige
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Figure 12. The OCP measured for X52 and X100 steels in electraitytang at 350 rpmwith silica
sand

X52 steel X52 steel X100 stee

Figure 13. In electrolyte stirringat 350 rpm speed containing silica sak82 steelsuffered pitting
corrosion while X100 steelight sidg suffered erosion andniform corrosion but no pitting
corrosion.

3.5. Potentiodynamic polarization scans
3.5.1. Polarization £ansi without erosion

During polarization scan in unstirredlectrolyte, X52 steel yieldedanultiple corrosion
potentiab suggesting the instability of the passive layer at the sample surface. X52 steel is relatively
more prone to localized corrosion due to the weaker or fragile surface passivation. Therefore X52 steel
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demonstrates lower resistance against localized corrosn chloride containing corrosive
environment.On the other hand X100 steel shows better stability foretitee passivation regian
Although no pitting was observed perhaps due to high concentration of bicarbonate (0.3 M) but
transpassive potentiavas obtained.Alwaranbi [L2] observed pitting corrosion for X100 steel only
when the bicarbonate concentrativaslower (0.01 M or0.05 M) am no pitting when bicarbonate
corcentration was higher (0.1 M 6r5 M).
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Figure 14. Potentiodynamic polarizatioras for X52 and X100 steels in unstirretectrolytes.

Figure 15. Pits were observed after polaimon of X52 steel in unstirresblution.

3.5.2. Polarization scariswith electrolyte erosion

X52 steel suffered pitting corrosion in the prese of electrolyte erosion but X100 steel
yielded multiple corrosion potentials showing instability of the passive HEfleough pitting was not
observed.



