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An investigation was conducted to assess the performance of a commercially available high shear carbon
dioxide (CO2) corrosion inhibitor in a series of flow-induced corrosion and erosion–corrosion environ-
ments. The purpose of the study was to understand the role that high shear stress and sand particle
impingement play in influencing the in-situ corrosion rate of API 5L X65 carbon steel in blank and
inhibited conditions. Tests were conducted at 45 1C in CO2-saturated conditions using a rotating cylinder
electrode (RCE) for low shear stress tests (18–260 Pa) and a submerged impinging jet (SIJ) for high shear
environments (104–740 Pa). The inhibitor was studied at concentrations of 0, 25, 50, 75 and 100 ppm.
The application of computational fluid dynamics to model the SIJ and the use of ring shaped samples
allowed for an accurate prediction of shear stress across the specimen surface that could be correlated
with in-situ corrosion rate and inhibitor efficiency over a range of concentrations. The incorporation of
500 mg/L of sand to the system helped to quantify the increase of the in-situ corrosion rate due to the
impingement of the particles. All corrosion rates were determined through the application of linear
polarization measurements throughout the duration of the test. Post-test analysis of the material
degradation mechanisms was examined using scanning electron microscopy (SEM).
& 2013 Elsevier Ltd Open access under CC BY-NC-ND license.
1. Introduction

Flow-induced carbon dioxide (CO2) corrosion and erosion–
corrosion, which normally results in severe pipeline degradation,
are important and inevitable challenges in the oil and gas industry.
Erosion–corrosion in oil and gas production tends to occur due to
the presence of a corrosive CO2 environment coupled with the
presence of sand particles and hydrocarbon [1]. Numerous failures
have been associated with erosion–corrosion in the oil and gas
industry, with this particular form of attack contributing to 15% of
the total failures [2]. The consequences of such failures result in
economic loss, increased downtime and maintenance costs [3].
Erosion–corrosion damage within pipelines and associated fluid
handling equipment is prevalent in the oil and gas sector,
particularly on facilities where low formation strength is found
in wells [4].

For oil and gas transportation pipelines, internal corrosion
mitigation can be achieved by the use of chemical inhibitors,
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which have been found to be effective in reducing corrosion to
acceptable levels. One concern operators have with corrosion
inhibitors is their film efficiency when subjected to high velocity
and high shear stress environments. Inhibitor efficiency may be
affected through lack of film formation due to high shear forces or
destruction of pre-formed protective films [5]. Effective chemical
inhibition of steel in CO2 environments under high shear has long
been a challenge, particularly if sand is also present in the system.
It was believed that if inhibitors adsorb on the metal (or corrosion
product) surface the resulting corrosion rate would only be
dependent on concentration and not on flow rate [6]. Furthermore,
there is a general belief that above a certain critical fluid velocity,
corrosion inhibition would no longer be possible. Systematic
research efforts have shown that corrosion inhibition is possible
at higher flow rates for certain types of inhibitors, but at the cost of
significantly higher concentrations [6]. In multiphase systems
experiencing high velocity there is a need for high shear corrosion
inhibitors to prevent corrosion [7]. Many studies have established
the effectiveness of high shear resistant inhibitors in providing
protection under erosion–corrosion environments as well as in
areas of high turbulent [8–13]. A study examined the performance
of a high shear corrosion inhibitor in CO2 and CO2/H2S environ-
ments with and without sand [14]. It was concluded that the
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Fig. 1. Optical microscope image of X 65 carbon steel parent metal after being
polished and etched in 2% nital solution for 10 s indicating regions of pearlite and
ferrite.

Table 1
Nominal compositions of API 5L X65 carbon
steel (wt%).

Elements Mass %

Carbon 0.10
Silicon 0.18
Manganese 1.21
Phosphorus 0.009
Sulfur 0.003
Chromium 0.10
Molybdenum 0.16
Nickel 0.07
Titanium <0.01
Iron Balance
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product used in their study is suitable for deepwater and on-shore
applications. Also the product exhibits better water quality attri-
butes than other high shear corrosion inhibitors that work in CO2

environment in the presence of sand [7].
One way to estimate pipeline degradation rates in the field is to

determine the hydrodynamic parameters on the field and conduct
laboratory corrosion tests accordingly to simulate the hydrody-
namic parameters as closely as possible. The fundamental assump-
tion in this approach is that, when the hydrodynamic parameters
in two different geometries are the same, then the corrosion rates
are the same and hence the inhibitor performances are similar
[15]. The two geometry independent parameters used to describe
the flow conditions in a pipe are wall shear stress and mass
transfer coefficient.

Several researchers have used the jet impingement technique
to study erosion–corrosion in the laboratories [9,16–18]. It has
been shown that corrosion rates obtained using the jet impinge-
ment method have good correlation to pipe flow and the operating
systems based on wall shear stress for r/ro¼3, where r is the radial
distance from the centerline of the pipe and ro is the pipe radius
[19]. The flow pattern at the impinged surface has been exten-
sively studied and several detailed mathematical expressions of
the hydrodynamics are available.

These have mainly focused on the stagnation and the transition
region [20–22]. It has been found that a relationship exists
between fluid flow (flow rate, turbulence) and corrosion [23]. It
is for this reason that corrosion models have been developed over
the years with attempt to establish the relationship between fluid
dynamics, mass transport and ultimately the chemical and elec-
trochemical reactions rates occurring on the surface of metal [6].
CFD is one of the numerous tools used by researchers to investi-
gate flow assisted corrosion and erosion–corrosion [24]. Experi-
mental investigation of flow assisted corrosion behavior of X65
pipeline steel was carried out in the CO2-saturated formation
water by electrochemical measurements using an impingement
jet system. The flow field distribution on the electrode surface was
determined by computational fluid dynamics (CFD) simulation.
The role of fluid hydrodynamics in FAC of the steel was mechan-
istically determined and also the effect of impact angle on
corrosion of the steel is attributed to the distribution of fluid flow
field and shear stress on the electrode surface [25].

In this study, computational fluid dynamics (CFD) is used along
with a rotating cylinder electrode (RCE) and a submerged imping-
ing jet (SIJ) to enable a correlation to be established between shear
stress and corrosion rate/inhibitor efficiency over a range of
inhibitor concentrations from 0 to 100 ppm. The study focuses
primarily on the in-situ corrosion rate in both environments.
Whilst there is a large volume of literature on the use of CFD to
predict materials selection, material degradation mechanisms, and
sand concentration on the flow assisted corrosion [6,26,27]; little
attention has been paid on the effect of shear stress on an
inhibited and uninhibited solution in the wall jet hydrodynamic
zone. The goals of the study presented below are to investigate the
influence of shear stress on the efficiency of a high shear CO2

corrosion inhibitor by electrochemical techniques.
The effects of sand loading and particle impingement on in-situ

corrosion rate are also determined in both environments for a
concentration of 500 mg/L. The in-situ corrosion rate is the
corrosion rate, measured electrochemically, when there is impin-
gement by liquid or a liquid–solid stream at the surface. It there-
fore includes a measurement of the erosion or fluid enhanced
corrosion term. Also, investigated are the additional effects of
increased mass transfer and the effect of physical damage by sand
impact on the surface [9]. The research presented in this paper
focuses purely on the in-situ corrosion rate and the influence of
shear stress and particle impingement on this particular compo-
nent of material loss in the system. The total degradation rates in
the system (i.e. the contribution of pure erosion and the effect of
corrosion on erosion) are not considered here.
2. Experimental procedure

2.1. Materials

The material used in this study is API 5L X65 carbon steel with
Vickers hardness of 228HV. The microstructure revealed a typical
hypo eutectoid steel having less than 0.8% carbon content. The
steel consists of a ferrite–pearlite microstructure as shown in
Fig. 1. The chemical composition is as listed in Table 1.

The RCE samples were cylindrically shaped (12 mm diameter,
8.1 mm height and 3.13 cm2 area).

The geometry of the samples chosen for the SIJ test was
annular rings with external and internal diameters of 25 mm
and 15 mm, respectively. The explanation for the choice in
geometry will be provided later.

Prior to every test the specimens were polished with 1200
silicon carbide paper, degreased in acetone, rinsed with distilled
water and dried with compressed air.

2.2. Brine preparation

Brine composition for the study is provided in Table 2 accord-
ing to the work of Hu et al. [28]. Prior to starting every experiment,
the brine solution was sparged with CO2 for a minimum of 12 h to
achieve an oxygen concentration of below 20 ppb to simulate the
field conditions. The vessels were sealed in every test and CO2 was
bubbled into the system throughout the experiment to maintain
CO2 partial pressure at 1 bar.



Table 2
Composition of brine used in flow-induced corrosion and erosion–corrosion tests.

Preparation (mg/L)

NaCl (sodium chloride) 24,090
KCl (potassium chloride) 706
CaCl2 �2H2O (calcium chloride di-hydrate) 1387
MgCl2 (magnesium chloride) 4360
BaCl2 �2H2O (barium chloride di-hydrate) 16
SrCl2 � 6H2O (strontium chloride hexa-hydrate) 33
Na2SO4 (sodium sulfate) 3522
NaHCO3 (sodium bicarbonate) 304

Fig. 2. The setup of the rotating cylinder electrode (RCE).
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2.3. Inhibitors

A commercially available, high shear CO2 inhibitor was used in
the test presented and is referred to as Inhibitor A. The chemical
package is based on a combination of anhydrides, polyamines,
ethoxylated imidazolines, quaternary ammonium salts, ethanodiol
and thioalcohol. Inhibitor A was tested at concentrations of 0, 25,
50, 75, and 100 ppm.

The inhibition efficiency was calculated using Eq. (1) which is
based purely on the reduction of the in-situ corrosion rate from
electrochemical measurements over the test duration [28], such
that

Inhibition efficiency¼ ½ðCRNI–CRWIÞ=CRNI�100 ð1Þ
where, CRWI and CRNI are the in-situ corrosion rates with and
without inhibition respectively.

2.4. Flow-induced corrosion and erosion–corrosion setup

The flow-induced corrosion and erosion–corrosion experiments
were conducted using a rotating cylinder electrode (RCE) and a
submerged impingement jet (SIJ) apparatus as shown in
Figs. 2 and 3, respectively. The two sets of apparatus were used
in order to achieve a wide range of shear stress values and flow
velocities.

RCE tests were conducted at rotational speeds of 1000, 3000
and 5000 rpm. The RCE working electrodes were held between
polytetrafluoroethylene (PTFE) washers and mounted on the
rotating disk. The electrochemical measurements were conducted
as reported by Wang et al. [10]. The corrosion rate for the SIJ was
determined by using the linear polarization resistance (LPR)
technique according to the work of Xu and Neville [27]. retain–
>A recirculating system is adopted by the rig which delivers the
process fluid (with or without sand) through two nozzles which
impinge onto flat specimens at an angle of 901. The both nozzles
have a diameter of 4 mm with the standoff distance being kept
constant at 5 mm. Velocities chosen for the tests were 5, 10, and
15 m/s.

Tests were conducted without solid loading for flow-induced
corrosion and with the addition of 500 mg/L of sand to create an
erosion–corrosion environment. Round silicon sand particles
which are un-ground were used in these studies with an average
diameter of 250 mm. The shape and size distribution are as
illustrated in Fig. 4(a) and (b). All experiments were conducted
for 4 h at a temperature of 50 1C.

2.5. Surface analysis

The post-test analysis of the material damage mechanisms was
examined by a scanning electron microscope (SEM). The analysis
revealed the extent and nature of mechanical and electrochemical
damage in the absence and presence of inhibitors. Also, the effects
of loading with or without solid particles were observed.

2.6. Computational fluid dynamic (CFD) modeling

The shear stress over the surface of RCE samples has been well
characterized [19,26,30,31]. However, the hydrodynamic condi-
tions over SIJ specimens in the wall jet region have received less
attention. Therefore, CFD modeling of the SIJ was adopted to
determine the shear stress distribution over the sample surface.

The model for the SIJ is assumed to be axisymmetric about the
centerline of the pipework. A 2D model was implemented; hence,
the resulting flow domain on any particular plane along this
centerline and perpendicular to the test surface is expected to be
representative of the entire flow domain. Adopting this technique
helped to minimize computing resources without compromising
solution accuracy. The computational domain consisted of over
130,000 triangular elements and the fluid was treated as viscous,
turbulent, incompressible and isothermal. A larger number of cells
were used to resolve the region closer to the sample surface. The
computational mesh was refined to ensure that the boundary layer
was adequately resolved and grid independence obtained. An
inflow condition at the SIJ nozzle inlet was used where the mean
velocity of flow was specified. The k–ε model was chosen to
numerically simulate the effects of turbulence over the jet. All
numerical simulations were solved using the second order upwind
interpolation scheme. The simple algorithm was also employed to
guarantee a cross linkage between the pressure and velocity,
which predominantly accounts for the mass conservation within
the flow domain. All numerical simulations were converged when
the residuals of all flow parameters fell below 1�10−5. An image
of the velocity flow field is provided in Fig. 4(a) for flow at 5 m/s as
an example. Modeling the flow from the SIJ allows the wall shear
stress on the surface of the specimen to be determined (Fig. 4(b)).
The distributions indicated that the shear stress across the surface
is relatively constant at a radial distance of between 7.5 and
12.5 mm from the center of the sample. This is the reason why
ring samples were manufactured, as this helped to ensure a stable
shear stress was applied to the surface in the SIJ, just as in the RCE.

The CFD simulation was performed using the following
conditions:
i.
 Grid resolution: 47116 elements.

ii.
 Criterion used to finish each calculation, 1�10−5.

iii.
 The wall boundary condition is assigned to no flow across the

surface, that is the flow velocities on all solid walls are zero due
to the implementation of no slip-condition [29].
iv.
 Inflow conditions: 5, 7, 10, 12, and 15 m/s.

v.
 Outflow condition: atmospheric pressure (101.325 kPa).

vi.
 Turbulent κ–ε and dissipation: RNG κ–ε.



Fig. 3. Re-circulation rig for CO2 erosion–corrosion experiments.
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Fig. 4. (a) Velocity contours of flow from submerged impinging jet onto a sample at 901 at 5 m/s and (b) wall shear stress as a function of radial distance from the center of
the carbon steel specimens extracted from the CFD model.
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3. Results and discussion

3.1. Uninhibited conditions

In order to evaluate the inhibitor performance at different
velocities, the corrosion rates for the API 5L X65 steel were
monitored over 4 h. Fig. 5a and b shows that the in-situ corrosion
rate values remain relatively constant as a function of time in both
RCE and SIJ environments at various velocities without presence of
corrosion inhibitor. The steady-state corrosion potential ranges
between 653 and 677 mV for the SIJ conditions. The corrosion
rates in the SIJ were much higher than RCE values as expected.

Corrosion rate results for tests conducted with addition of
500 mg/L sand are provided in Fig. 6(a) for the RCE and Fig. 6
(b) for the SIJ systems. It is clear that there is only a very small
effect of the addition of sand on the corrosion degradation rate.

The average of the final corrosion rates over the duration of the
tests are summarized in Fig. 7. The introduction of solid particles
into the environment for the SIJ increased the extent of degrada-
tion at all flow velocities. However, no noticeable increase in the
in-situ corrosion rate can be observed for tests in the RCE at the
rotating speeds of 3000 and 5000 rpm. Whereas there is a sharp
difference in the degradation rates between the flow induced
corrosion and erosion–corrosion for samples subjected to rotating
speed of 1000 rpm. The shear stress is considered to be too low
such that the harmful effects of mass transfer are highly negligible.
With the introduction of solid particles there is an increased
impingement and escalation in the adsorption–desorption cycles
(exposure of the active metal) on the steel surfaces. It can also be
postulated that the kinetic energy increased the adsorption–
desorption cycle of the electrode thereby increasing the corrosion
products removal rate from the material surface [32].

The shear stress values for the RCE were calculated by using
equations derived by Silverman [31]:

τw ¼ 0:0791Re−0:3ρr2ω2 ð2Þ
where, Re is the Reynolds number, ρ is the solution density
(g cm−3), ω is the rotation rate (rad/s), and r is the radius of the
outer diameter (cm).

The corrosion rates of the samples as a function of wall shear
stress for the flow-induced corrosion tests can be plotted as shown
in Fig. 8. This result is in agreement with an earlier work as
reported by Effird et al. [19]. It is clear that corrosion rate increases
as a function of the flow shear stress. The ring samples subjected
to SIJ exhibit a higher corrosion rate compared with the RCE at
equivalent values of shear stress. This can be attributed to the
difference in the behavior of the RCE and SIJ. This difference is not
well understood [19]. The only explanation for the difference can
be offered only on the basis of transfer phenomena that are
whether the material is charge transfer controlled or is under
diffusion controlled. Also shear stress has been conceived to be a
geometry-independent indicator of the degree of turbulence in the
flow [19]. In this study the nonlinear relationship is considered to
be mild in nature [33,34]. The logarithmic relationship between
the corrosion rate and the shear stress for both systems with and
without sand is believed to be governed by a diffusion reaction
mechanism. This mechanism is based on the case whereby the



Fig. 5. In-situ corrosion rate as a function of time for API 5L X65 at different (a) rotational speeds in RCE and (b) impingement velocities in SIJ for a blank flow-induced
corrosion environment.

Fig. 6. In-situ corrosion rate as a function of time for API 5L X65 at different (a) rotational speeds in RCE and (b) impingement velocities in SIJ for a blank erosion–corrosion
environment with 500 mg/L sand.

Fig. 7. The in-situ corrosion rates for flow-induced corrosion and erosion–corrosion tests in blank conditions for (a) RCE and (b) SIJ.
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reactants influence the chemical reactions in which the electrode–
electrolyte is transferred into each other, and the diffusion which
causes the reacting species and corroded products to spread out.
The addition of solid particles will enhance the cutting mechanism
on the steel surface [35,36]. It will also increase the movement of
the reacting species to the steel substrate and the removal of the
corroded products from the steel surface.
3.2. Inhibited conditions

All the tests performed in blank conditions were repeated with
the addition of 25, 50, 75 and 100 ppm Inhibitor A. The steel
samples were immersed into the inhibited process fluid after the
inhibited solution must have achieved a steady-state potential.
Typical corrosion rate behavior as a function of time is provided in
Fig. 9(a) for the RCE and Fig. 9(b) for the SIJ at a concentration of
100 ppm Inhibitor A. The results indicate the immediate effect in
reducing the corrosion rate as inhibitor is introduced into the
system.
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Fig. 10 compares the RCE and SIJ results for the inhibited system
at various shear stresses at various corrosion inhibitor concentra-
tions. There is a linear relationship between the shear stress and
corrosion rate. This is in contrast to the results as obtained for the
uninhibited system and Effird et al.'s study in blank solution which
reported that the corrosion rate increases with shear stress as a
power function with linear relationship on a full logarithm scale
[19]. The linear relationship indicates that the reaction rates and
equilibriums greatly influenced the corrosion reactions. This
implies that the presence of inhibitors will promote the formation
of corrosion products and boost the adsorption of the inhibitor
constituents on the steel surface. It has been reported the limiting
current for H2CO3 have two components, namely; a flow-
independent part – chemical reaction controlled, and a flow-
dependent part – mass transfer controlled. The blank solution is
governed by the latter part while the inhibited environment is
controlled by the chemical reaction. It must also be noted that the
inhibitor is an imidazoline based chemical package which is a
family of organic inhibitor. Hence the inhibitor is an adsorption
type and the limiting current will be determined by the surface
chemistry reactions [37].
3.3. Inhibitor efficiency in the RCE

The inhibition efficiencies (IE) of the RCE system are as
presented in Fig. 11. There is an increase in the efficiency as the
concentration of the inhibitor increases while there is a very slight
decrease as the shear stress increases. The acceleration of corro-
sion under flowing conditions has been ascribed to either mechan-
ical removal of corrosion products from the metal surfaces or to
mass transfer effects or both [38].
The introduction of solid particles increases the rate of degra-
dation both for uninhibited and inhibited samples. Hence the
addition of sand significantly reduces performance and reduction
in performance is more significant at 3000 and 5000 rpm than at
1000 rpm. There is a large difference between the inhibition
efficiencies at 1000 and 3000/5000 rpm when sand is present
for the system inhibited with 25–75 ppm concentration. The
introduction of 100 ppm inhibitor significantly reduces the effi-
ciency between 1000 and 3000 rpm transition. The inhibitor is
regarded to be responsible for the reduction in the mechanical
damage caused by sand and this is an additional effect not often
realised in inhibited systems [10]. The anodic electrochemical
reactions for low carbon steel corrosion in CO2—containing shows
that iron dissolution is predominant and it is according to the
following equation [39]:

Fe¼ Fe2þ þ 2e− ð3Þ

It is believed that the metal corrosion is suppressed by the
inhibitors. The inhibitors being organic are regarded as adsorption
or film forming inhibitors on metal surface even at high shear
stress multiphase system and in the presence of sand particles
[10,40].

With the introduction of an organic inhibitor, the first step
during the adsorption of an organic inhibitor on a metal surface is
usually regarded as replacement of water molecules absorbed on
the metal surface [41].

Inhsol þ xH2O¼ Inhads þ xH2Osol ð4Þ

The adsorbed inhibitor will combine with freshly generated
Fe2+ ions on the steel surface to form metal inhibitor
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complexes [42, 43]

Fe¼ Fe2þ þ 2e− ð5Þ

Fe2þ þ Inhads ¼ Fe−Inh2þ
ads ð6Þ

The resulting complex, depending on its relative solubility, can
either inhibit or catalyze further metal dissolution.

The effect of sand on the inhibitor efficiency is clearly shown in
Fig. 11c. Obviously the efficiency decreases as the shear stress
increases and it is more noticeable in the presence of sand. Based
on the international practice the inhibitor is recommended for FIC
and EC at inhibitor concentration of 100 ppm because the effi-
ciency is above 90% for all the shear stresses under investigation.
The maximum efficiency reduction is about 5% at 5000 rpm
(260 Pa). The inhibition mechanism is to affects the impact
dynamics. It has been reported that inhibitor can reduce the
impact energy on the metal surface by either adsorbing on the
metal surface or as well adsorb onto the sand [44] .

3.4. Efficiency of inhibitor in SIJ

The inhibition efficiency as a function of inhibitor concentra-
tion for SIJ is given in Fig. 12. Calculation shows that the surface
shear stress increased markedly as the flow velocity is increased in
this system. The surface shear stress is regarded to be directly
proportional to the flow velocity [45]. The surface shear stress also



Fig. 13. SEM micrograph of erosion corrosion samples at 50 1C and different
velocities: (a) 1000 rpm, (b) 3000 rpm and (c) 5000 rpm.

Fig. 14. SEM micrograph of erosion corrosion samples inhibited with 100 ppm at
50 1C and different velocities: (a) 1000 rpm, (b) 3000 rpm and (c) 5000 rpm.
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leads to continuous removal of corrosion product, thereby expos-
ing fresh surface matrix to the environment and ultimately
aggravates the degradation mechanism. Invariably high fluid
velocity will increase the surface shear stress and then the
corrosion rate. This may be due to longitudinal impact motion
energy which is as a result of surface pressure stress on the
corrosion scale and this made cracks appeared in the corrosion
scale [45]. Furthermore the data show that high frequency impact
of sand particles occur, which increases the material degradation
rate. The material removal mechanisms are different for both SIJ
and RCE systems based on factors such as the geometry, flow
velocity, impingement angles among others. This implies that
there will be reduction in the in-situ corrosion rate for RCE when
compared with that of SIJ.

Also, there is a drop in efficiency between 10 and 15 m/s and is
largely removed by increasing the inhibitor concentration from 75
to 100 ppm. This is also in agreement with a previous study [10]. It
is assumed that this will also reduce the local turbulent intensity
and thereby reduce the erosion component of damage [10].
Similarly, the introduction of sand into the system also reduces
the inhibition efficiency as obtained in the RCE. There is a
reduction in the IE (%) as shown in Fig. 12b. However the reduction
is more significant for SIJ but there is no pronounced reduction in
the efficiency as the shear stress increases. This was made obvious
by comparing the flow-induced corrosion and erosion–corrosion at
inhibitor concentration of 100 ppm (Fig. 12c). The efficiency
reduction is about 20% at all shear stress levels. For example, the
efficiency of samples subjected to FIC at 10 m/s is around 90%
whereas it is about 65% for EC samples.

Obviously, the additions of sand have harmful effect on the
inhibitor efficiency which concur with Neville and Wang [10,44]
study that stated that sand reduces inhibitor efficiency. In another
of their work, they concluded that corrosion is a controlling
parameter in erosion–corrosion. They also stated that corrosion
aligned in the same way in erosion–corrosion for both inhibitors
even though erosion is a significant part of the total damage [9].
There is a need for further work to determine whether the
inhibitor adsorbed on the metal surface or on the sand.

3.5. SEM

The micrographs from SEM analysis confirm the quantitative
results from in-situ corrosion measurements presented in the



Fig. 15. SEM micrograph of uninhibited samples at 50 1C: (a) without sand at 5 m/s, (b) with sand at 5 m/s, (c) without sand at 10 m/s, (d) with sand at 10 m/s, (e) without
sand at 15 m/s and (f) with sand at 15 m/s.
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previous sections. Fig. 13(a–c) shows the material surfaces after
exposure to the RCE system in presence of 500 mg/L sand particles
at different rotating speeds. It is clear that the severity of
mechanical attack increases as the flow velocity on the surface
increases. There is a widespread localized attack on the substrate
at 1000 rpm and there is a significant material dissolution on the
steel surface (Fig. 13a). The degradation mechanism tends to be
material dissolution along the flow direction. Fig. 13(b) shows that
at 3000 rpm the material is subjected to plastic deformation with
fewer pits distribution but of larger geometry and negligible
impact scars. Material degradation occurs from massive plastic
deformation and there is evidence of impact trails which exhibits a
directional pattern (Fig. 13c).

The materials removal is suspected to be due to the scouring
action of the sand particles. Addition of 100 ppm inhibitor shows
that the material degradation is less pronounced (Fig. 14). How-
ever the mechanism of degradation is similar. Material dissolution
and localized attack occurred in the low velocity regime (Fig. 14a)
and at flow velocity of 3000 rpm (Fig. 14b). There is presence of
plastic deformation with scattered large pits. While Fig. 14
(c) presents that at 5000 rpm there is considerable plastic defor-
mation with insignificant material dissolution.

SEM analysis for SIJ systems was also conducted on the surfaces
of ring samples for blank conditions with sand particles as
presented in Fig. 15. Generally, the flow induced samples are
characterized by uniform attack over the whole surface of the
samples exposed. Fig. 15(a) shows pearlite regions (dark areas) and
the light regions which are ferrite between the pearlite colonies.
There are signs of material dissolution indicating the removal of
ferrite regions had taken place. The micrograph of the erosion–
corrosion sample at 5 m/s shows massive dissolution and cemen-
tite are more pronounced (Fig. 15b).

The increase in flow velocity to 10 m/s reveals that the ferrite
region is widespread with scattered pearlite zones along the grain
boundaries. This mismatch in grain size will further aggravate the
material dissolution (Fig. 15c). The introduction of sand at this
velocity reveals grain boundaries of the substrates, presence of few
localized attacks with severe sizes, and plastic deformation
(Fig. 15d). It is realized that as the flow velocity increases the
localized attack is predominant on the grain boundaries. This
corroborates the earlier trend as reported that grain boundaries
have their own metallurgy which differs from that of the grains
that makes them a source of corrosion initiation and propagation
[29]. The increase of the flow velocity to 15 m/s shows that the
ferrite regions are smaller with the pearlite segregating along the
grain boundaries (Fig. 15e). The network of the pearlite–ferrite is
homogeneous in size and spacing. This will further reduce the
spacing between ferrite and cementite and the smaller the



Fig. 16. SEM results for the samples inhibited by 100 ppm: (a) without sand at 5 m/s, (b) with sand at 5 m/s, (c) without sand at 10 m/s, (d) with sand at 10 m/s, (e) without
sand at 15 m/s and (f) with sand at 15 m/s.
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spacing, the larger the area and hence the energy of the ferrite-
cementite interfaces become weaken. This will reduce the overall
free energy of reaction and increase the material dissolution. As
shown in Fig. 15(f), retain–>there is a huge scouring action with a
heavy plastic deformation due to the particle impacts and highly
localized attack resulting in perforation. There is flake generation
produced from the impact scars and also material removals due to
erosion cutting. On the strength of visual observation there is an
increase in the total damage which may be attributed to erosion
damage on the surface as a result of sand particle velocity in the
flow [29].

The surface analysis of samples in the presence of 100 ppm
inhibitor was as presented in Fig. 16. The inhibited samples
without the presence of sand at 5 m/s have smooth surface with
no sign of material loss (Fig. 16a) while the presence of sand on the
images was not noticeable (Fig. 16b). This tends to show that
material dissolution was dominant as against materials removal
mechanism. However the introduction of solid particles slightly
increases the dissolution rate as observed which corroborates the
increase in corrosion rate. The increase of the flow velocity to
10 m/s for the flow-induced samples with 100 ppm of inhibitor
show an increase in the rate of dissolution, and also there is
presence of localized attacks (Fig. 16c). The addition of sand
particles into the system characterized the images with beach
marks and plastic deformation were not remarkable (Fig. 16d). The
trend changed from material dissolution to removal of materials
despite the presence of inhibitors at this flow velocity. This can be
attributed to the influence of the shear stress and the impact
energy of the sand particles. The flow-induced samples subjected
to 15 m/s characterized with severe materials removal (Fig. 16e).
The material degradation results from heavy plastic deformation
and there is evidence of ductile tearing where lips have been
formed [46]. The SEM analysis for the erosion–corrosion test in
100 ppm inhibited conditions revealed signs of significant material
dissolution and relative degree of materials removal (Fig. 16f). The
material dissolution shows pearlite regions protruding which
indicate that the removal of ferrite regions has taken place and
the materials removal were in the form of impingement marks
and formation of flakes due to the sand particles.
4. Conclusions
�
 The rate of degradation increases as the shear stress retain–
>increases for both systems (RCE and SIJ); however the
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corrosion rate for SIJ is higher than that of RCE at a given shear
stress level.
�
 The addition of sand increased the corrosion rate in SIJ but have
little effects in RCE. The material degradation mechanism based
on the surface roughening accounted for this and the difference
in the area of geometry for the samples.
�
 The introduction of inhibitors decreased significantly the rate
of corrosion for flow-induced and erosion–corrosion.
�
 The shear stresses are linearly related to the corrosion rates in
the presence of inhibitor with and without sand particles.
While the blank solution have a power function with linear
relationship on a full logarithm scale. The relationship is
affected by the transfer phenomena—mass transfer controlled
or diffusion controlled.
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