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Abstract The pure mechanical wear (PMW) component

of the corrosive wear of carbon steel (CS) in oil–water

fluids was investigated by surface morphology and com-

position analysis after tests. Negative potential protection

method and sacrificial anode (SA) of Zn–Al–Cd and Mg–

Mn were used to eliminate the corrosion effect in oil–water

fluids with different flow patterns and explore the optimal

program for the PMW research. The influences of the area

ratios of SA to CS samples on the PMW behaviour of CS

samples were also studied. Experimental results demon-

strated that the system of oil–NaHCO3 aqueous solu-

tion ? SA of Mg–Mn was the best mean. The area ratio of

SA to CS samples should be controlled within a proper

range of 0.5–2.

Keywords Steel � Sliding wear � Surface analysis �

Corrosive wear � Electrochemistry

1 Introduction

Water flooding is the primary technique for oil exploration

in oil production. This approach enhances the efficiency of

oil recovery but induces many corrosive wear problems of

carbon steel (CS), which is widely employed in the oil

industry, such as in sucker rods and production tubes. The

shutdown of oil wells as a result of the repair and re-

placement of sucker rods and production tubes causes

tremendous economic loss. Thus, many researchers have

investigated the corrosive wear of CS in the oil industry.

Ko [1] studied the effects of load, sliding rate and fluid

composition on sucker rod/tube wear in large-scale and

small-scale tests. The wear rate increased with the normal

contact load and the sliding rate, and the wear rates were

lower in an oil–water emulsion environment than in an

aerated water environment. Zheng [2] simulated the actual

working conditions of drill pipes to investigate the effects

of Cl-, S2- and pH on the corrosion fatigue of CS in

drilling fluids. The fatigue loss of CS was accelerated by

pitting and hydrogen permeation induced by Cl- and S2-,

respectively. However, the fatigue life of CS was length-

ened when pH was increased. Our group [3] studied the

corrosive wear behaviour of CS in oil–water fluid on the

basis of surface wetting state. The corrosive wear be-

haviour of CS was related to the surface wetting film and

surface reaction film.

To study the corrosive wear and find the predominant

factor in the corrosive wear, corrosive wear loss has been

divided into three parts, namely, loss caused only by che-

mical corrosion, loss caused only by mechanical wear and

the synergistic loss of corrosion and wear [4–10]. The

weight loss of CS under cathodic protection has been ac-

cepted as the pure mechanical wear (PMW) component in

the corrosive environment. Cheng [11], Mischler [12] and

Assi [4] claimed that the weight loss under the protection

of impressed current could be considered as the PMW in

corrosive media. Nevertheless, Cheng [11] pointed out that

the existence of alternating current would dramatically

decrease the cathodic protection efficiency. Jiang [13] and

Akonkoa [7] found that corrosion could be limited under

negative potential (NP) protection. Akonkoa [7] demon-

strated that a high wearing force or considerable negative

cathodic potential was not beneficial to the cathodic pro-

tection efficiency because of hydrogen embrittlement. Yaro
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[14] and Shehadeh [15] found that sacrificial anode (SA)

protection could be utilised to control corrosion in corro-

sive media and research the PMW component of corrosive

wear, although the protection efficiency was affected by

temperature, flow rate, pH and time.

However, almost all studies on the PMW component of

corrosive wear have been conducted in an aqueous water

solution, and the PMW study of CS in an oil–water con-

dition has not attracted enough attention. The main factor

that aggravates CS corrosive wear in oil–water fluids was

difficult to determine because existing protection methods

remain empirical and inefficient.

In this study, the PMW component of the corrosive wear

of CS in oil–water fluids was investigated. SA and NP

protection were applied to control CS corrosion. The effi-

ciency of the two methods was inspected by surface mor-

phology and surface elemental analysis of samples after

tests. Meanwhile, in order to select the optimal protection

system including cathode protection method and aqueous

solution condition for the PMW study of CS in oil–water

two-phase fluids, the effect of fluid patterns and the area

ratios(r) of SA to the samples exposed in the fluids on the

PMW behaviours were investigated. The best protection

system should be used in oil–water fluids with three flow

patterns, namely, oil-in-water (O/W), phase inversion point

(PIP) and water-in-oil (W/O). Therefore, tests were con-

ducted in three kinds of fluids until the best protection

system could be selected. This study finds the best pro-

tection system and proper parameter for the CS PMW

study in a white oil–water fluid and lays a foundation for

the corrosive wear study of CS in oil–water fluids.

2 Experimental Work

2.1 Oil–Water Fluids

Skaln type 3 white oil, with a density of 832 kg/m3, a

viscosity of 2.88 mm2/s and a surface tension of 27.27 mN/

m at 25 �C, was selected as the oil phase of the oil–water

fluid. NaCl and NaHCO3 with a salinity of 3 % (wt%) and

distilled water (DW) were chosen as the water phase. Ex-

periments were conducted in white oil–water fluids with

water contents of 5, 25 and 45 %, which represented W/O,

PIP and O/W patterns according to the research results of

fluid patterns of the oil–water mixture, respectively [16–

20]. The fluid velocity during experiments was adjusted to

0.24 m/s.

2.2 Samples

The samples and frictional pairs were made of AISI 1045 CS

with a chemical composition of (wt%) 0.45 C, 0.2 Si, 0.62

Mn, 0.22 Cr, 0.2 Ni, 0.05 Cu and balance Fe. They were

machined with dimensions of 60 mm 9 36 mm 9 5 mm

and 17 mm 9 U3 mm, respectively. To achieve uniform

and adequate surface finish, all samples and frictional pairs

were ground with a grinder and polished using a diamond

polishing liquid with a particle size of 2.5 lm. They were

then cleanedwith anhydrous ethanol in an ultrasonic cleaner,

dried, weighted by an electronic balance with a precision of

0.1 mg and stored in a desiccator. After the experiments, the

samples were cleaned by DW and ethanol, dried and re-

weighted to calculate weight loss. The experimental were

conducted with a stroke length of 50 mm, stroke frequency

of 60 min-1, normal contact load of 100 N and testing span

of 1 h.

2.3 Experimental Details

Experimental data were obtained using a pin on disc re-

ciprocating tribocorrosion apparatus manufactured by Jinan

Shunmao Test Instrument Limited Company. The

schematic diagram of the apparatus is shown in Fig. 1. The

sample 7 was mounted in a rectangle-shaped sample

chamber 22, leaving a testing area of 60 mm 9 5 mm,

with the remaining surface sealed by tape. The sample

chamber placed on the sample platform 6 was connected to

the hydraulic press 8 below. The press could adjust the

normal contact force by lifting the test sample platform to

contact with the pin 14 until the predetermined value was

reached. Four vertical transducers 5 and a horizontal

transducer 16 were mounted beneath and on the side of the

sample platform, respectively, to measure the normal and

frictional forces. The pin was installed in a cylindrical

holder 13 connected to the sliding rail 19. A SGMGV-

Fig. 1 Schematic of the reciprocating corrosive wear apparatus. 1-

Pump; 2-oval gear volume flow metre; 3-reservoir; 4-outlet; 5-normal

force transducer; 6-sample platform; 7-sample; 8-hydraulic machine;

9-Cu wire; 10-SA; 11-flow rate control valve; 12-salt bridge; 13-

holder; 14-pin; 15-Pt plate; 16-friction force transducer; 17-inlet; 18-

control cabinet; 19-sliding rail; 20-driving rod; 21-motor; 22-sample

chamber
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20ADA61 motor 21 with a rated power of 1.8 kW was

connected to the pin holder by a driving rod 20 to provide

reciprocating motion between the pin and the test sample.

All the aforementioned operations were controlled and

recorded by a computer (PC).

NP protection and SA protection were employed in the

experiments to inhibit corrosion. NP protection was con-

ducted via Potentiostat/Galvanostat Princeton MODEL 273

in a conventional three-electrode electrochemical cell. The

CS sample worked as working electrode (W.E.), a standard

saturated calomel electrode as reference electrode (R.E.)

and a Pt plate as auxiliary electrode (A.E.). Meanwhile,

Zn–Al–Cd, with a composition of (wt%) 0.12 Al, 0.0034

Pb, 0.0017 Cu, 0.0033 Cd, 0.0032 Fe, 0.0023 Sn and bal-

ance Zn, and Mg–Mn, with a composition of (wt%) 0.004

Al, 0.024 Zn, 1.3 Mn, 0.0032 Fe, 0.0023 Cu and balance

Mg, were selected as SA. They were ground and polished

with no rust on the surface and connected to the CS sample

by a thin Cu wire, which was isolated with solution by

tapes. In additional, the three-electrode electrochemical

cell was also used to monitor the polarisation potential on

the CS samples with 4000 points detected during the ex-

periments under SA protection.

2.4 Surface Characterisation

M-N3D video microscopy and scanning electron mi-

croscopy (SEM) coupled with energy dispersive spec-

trometry (EDS) were employed to characterise the surface

morphology and chemical composition.

3 Results and Discussion

3.1 Measurement of PMW in the O/W Fluids

Fluids with a water content of 45 % were chosen as the

representative of the O/W fluids. The surface morphology

and elements distribution of the CS samples under NP

protection (SCE) of -0.3 V vs. open circuit potential

(OCP) and SA of Mg–Mn and Zn–Al–Cd with an area

ratio of 0.5 in salt-containing and salt-free fluids were

detected.

3.1.1 NP Protection Method

Figure 2 shows the surface morphology views and EDS

results of the CS samples under NP protection in the three

kinds of oil–water fluids. Apparent corrosion occurred in

the DW–oil fluid and corrosion was limited in the salt-

containing fluids according to the macro-morphology

views. Though the salt-containing fluid was conducive to

inhibit corrosion under NP protection, corrosion was stilled

detected in SEM views and EDS results.

Figure 3 displays the current density in the three-

electrode circuit. The high solution resistivity in the salt-

free fluid lowered the current density and induced large

IR drop, which made the real protection potential on the

CS sample not negative enough and thus could not protect

the CS sample from corrosion as shown in Fig. 2d and g.

Corrosion still remained in the salt-containing fluids ac-

cording to the surface morphology analysis of the unworn

Fig. 2 Macro-morphology and

SEM images of the unworn

place of CS under NP

protection, respectively, in

a and d DW-, b and e NaCl-,

c and f NaHCO3-oil fluids with

a water content of 45 %; EDS

spectra obtained at g A, h B and

i C
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place and the elemental analysis as shown in Fig. 2e, f, h

and i though the solution resistivity and IR drop both

decreased.

The corrosion in the salt-containing fluid might be

ascribed to the instability of the OCP of CS samples in the

O/W fluids, as shown in Fig. 4. Under the NP protection,

the protection potentials were applied according to the

OCP detected before. However, the OCP changed when

protection potentials were applied which would negatively

or positively shift the protect potentials in comparison with

-0.3 V and amplified the instability of the applied pro-

tection potentials in the O/W fluids, thus lowering the

protection efficiency and causing corrosion.

The surface morphologies and EDS analysis of CS

samples on the unworn locations under NP protection

generally implied that the method used was not suitable for

the PMW study of CS in oil–water fluid because of the

unstable OCP.

3.1.2 SA Protection of Zn–Al–Cd

Figure 5 shows the macro-morphology views of the wear

surface under the protection of Zn–Al–Cd. Serious corro-

sion occurred in the salt-free fluid and a yellow–brown

layer existed on the CS sample surface in the NaHCO3–oil

fluid while the surface of the CS sample in the NaCl-

containing fluid was smooth and clean.

It is well known that the OCP (Ecorr) of the CS samples,

which is between the anode equilibrium potential (E(e,a))

and the cathode equilibrium potential (E(e,c)), is a mixed

potential of anode and cathode reactions on the CS surface.

When the Zn–Al–Cd anode was connected with the CS

sample, an extra cathodic current was employed on the CS

sample. Consequently, the polarisation potential of the CS

samples shifted negatively from Ecorr, and the anodic cur-

rent of the CS sample decreased. The CS samples could be

perfectly protected from corrosion when the polarisation

potential of the CS samples was lower than E(e,a).

Fig. 3 Cathodic protection current density under NP protection in the

O/W fluids with a water content of 45 %

Fig. 4 OCP and the polarisation potential under SA protection of CS

in the salt-containing fluids with a water content of 45 %

Fig. 5 Macro-morphology of

CS under Zn–Al–Cd and Mg–

Mn protection, respectively, in

a and d DW-, b and e NaCl-,

c and f NaHCO3-oil fluids with

a water content of 45 %
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The consumption of Zn–Al–Cd was low in the salt-free

fluid as shown in Table 1. The low consumption of Zn–Al–

Cd in salt-free fluids could be attributed to the high solution

resistance and the tendency of passivity of Zn–Al–Cd [21,

22]. As a result, Zn–Al–Cd could not provide enough ca-

thodic current to polarise the CS potential beneath E(e,a)

and decreased the protection efficiency of the anode.

The electrode potential of the CS sample in the NaCl-

containing fluid was polarised down to approximately

-800 mv (SCE) as shown in Fig. 4, owing to the cathodic

protection current produced by Zn–Al–Cd anode. No cor-

rosion was observed in the system of Zn–Al–Cd ?NaCl-

containing fluid in SEM views and EDS results shown in

Fig. 6b and f. Thus, the system was suitable for the cor-

rosion inhibition in the O/W fluid, and E(e,a) here must be

above -800 mv (SCE).

The SEM views and elemental analysis of the yellow-

brown layer on the CS unworn surface in the NaHCO3-

containing fluid in Fig. 6a and e demonstrated that serious

corrosion happened because of the presence of O.

On one hand, the formation of Zn(OH)2�ZnCO3 pre-

cipitation on the surface of Zn–Al–Cd [21] would decrease

the consumption of SA and reduce the cathodic protection

current. On the other hand, the decrement of protection

current would accelerate the anodic polarisation of Zn–Al–

Cd [21, 23]. Both the factors would low protection current

and result in the positive shift of the electrode potential of

the CS sample as shown in Fig. 4. The electrode potential

of the CS sample almost approached the OCP and damaged

the protection efficiency of Zn–Al–Cd. Consequently,

corrosion still occurred in the Zn–Al–Cd ? NaHCO3

system.

According to the preceding analysis, corrosion could

only be inhibited in the NaCl–containing O/W fluid under

Zn–Al–Cd protection. And this system could be chosen as

the cathodic protection method to study the PMW of CS

here.

3.1.3 SA Protection of Mg–Mn

The macro-morphology views of the wear surface under

Mg–Mn protection could also be seen in Fig. 5. The sur-

face of the CS samples in the salt-containing fluids was

smooth and clean, with no corrosion detected. By contrast,

apparent corrosion was observed in the DW–white oil fluid.

The salt-containing fluid was thus prior than the salt-free

one to inhibit corrosion.

In the salt-free fluid, corrosion could not be inhibited

under the protection of Mg–Mn because of the low dis-

solving rate of SA as shown in Table 1. In the salt-con-

taining fluids, the high dissolving rate of Mg–Mn and the

high driving voltage [21, 22, 24, 25] could generate enough

protecting current to polarise the electrode potential be-

neath E(e,a) (Fig. 4) and maintain the CS sample in the

protective potential region during the entire tests. Conse-

quently, corrosion was relieved to the maximum extent.

The alkaline atmosphere [21], which was beneficial to form

precipitation film on the anode, should be responsible for

the gradually decreasing of the protection current in the

NaHCO3-containing fluid.

SEM views and EDS results of the unworn surface of

the CS samples in the salt-containing fluids was displayed

in Fig. 6. The CS sample surfaces were smooth and clean,

and the EDS spectrum gave the main elements of the CS

with no corrosion. Therefore, the Mg–Mn anode was

suitable to be used in the salt-containing fluid for the cor-

rosion inhibition, in which the polarisation potential of the

CS samples at -1000 mv (SCE) was competent to inhibit

corrosion. According to the surface morphology and

Table 1 Consumption of Zn–

Al–Cd and Mg–Mn in the O/W

fluids (mg)

Fluids DW–white oil fluid NaCl–white oil fluid NaHCO3–white oil fluid

Zn–Al–Cd 0.2 2.7 0.6

Mg–Mn 0.2 4.2 3.5

Fig. 6 SEM views of the unworn place of CS under Zn–Al–Cd and

Mg–Mn protection, respectively, in a and c NaHCO3-, b and d NaCl-

oil fluids with a water content of 45 %; EDS spectra obtained at

e A and f B
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elemental analysis, the CS sample could be protected from

corrosion in the salt-containing fluid via Mg–Mn protection

in the O/W fluids.

In summary, systems of Zn–Al–Cd ? NaCl, Mg–

Mn ? NaHCO3 and Mg–Mn ? NaCl were competent to

investigate the PMW behaviour in the O/W fluids due to

their perfect corrosion inhibition. E(e,a) was more positive

than -800 mv (SCE) and the polarisation potential range

of -800 to -1000 mv (SCE) was proper to inhibit

corrosion.

3.2 Measurement of PMW in Fluids Near PIP

The aforementioned three protection systems were utilised

to discuss the PMW behaviour of CS in the oil–water fluid

near PIP with a water content of 25 %. Figure 7 shows the

surface morphology of the CS samples. Severe corrosion

arose in the Zn–Al–Cd ? NaCl system, pitting corrosion

damage occurred in the Mg–Mn ? NaCl system, and no

corrosion or pit was observed in the Mg–Mn ? NaHCO3

system according to the macro-morphology.

Figure 8 displays the polarisation potential of the CS

samples and the OCP in the salt-containing fluids obtained

by the three-electrode system. All potentials were instable,

which should be ascribed to the high instability of the fluid

because of the frequent changing between W/O and O/W

near PIP [17, 18, 20]. SA was not dissolved when oil

wetting occurred on the surface. Hence, a change in flow

patterns near PIP would result in the fluctuation and de-

crease of SA consumption rate, as shown in Table 2, which

caused the fluctuation of the protecting current and the

polarisation potential of the CS electrode.

In the Zn–Al–Cd ? NaCl system, the polarisation po-

tential of the CS sample was close to OCP as shown in

Fig. 8. The decreased protecting current could not guar-

antee the polarisation potential of the CS samples beneath

E(e,a) in the fluid near PIP, which should be the reason why

serious corrosion still occurred under the protection of Zn–

Al–Cd. The strong anode polarisation of Zn–Al–Cd caused

by the drop of protection current density [21, 23] would

narrow the driving voltage, thereby undermining the cur-

rent efficiency. Therefore, discussing the PMW behaviour

of CS in the NaCl-containing fluid under the protection of

Zn–Al–Cd was inappropriate.

Figure 7b shows the surface morphology of the CS

sample in the Mg–Mn ? NaCl system. General corrosion

was inhibited to some extent, but apparent pitting corro-

sion was detected. The high driving voltage and the

consumption of Mg–Mn anode could generate enough

cathodic current to protect the CS sample from serious

corrosion. However, the violent fluctuation of the po-

larisation potential caused by the instability of cathodic

protection current should be responsible for the serious

pitting corrosion, especially in the fluid containing Cl-.

This finding was in accordance with the research of

Cheng [26, 27], who also confirmed that the fluctuation of

cathodic polarisation protection potential on the CS

samples would trigger serious pitting corrosion with no

passivity film.

In the Mg–Mn ? NaHCO3 system, no corrosion was

detected because the micro-views of the unworn place was

clean and smooth and the EDS results was the same to that

in Fig. 6f, although polarisation protection potential fluc-

tuation occurred. The existence of HCO3
- and CO3

2-

could dutifully appease pitting corrosion by inhibiting the

initiation and growth of pits [28, 29].

In general, the Mg–Mn sacrifice anode was not qualified

for the PMW study of CS in the salt-free and NaCl-con-

taining fluid because of serious corrosion and pitting

Fig. 7 Macro-morphology of CS in systems of a Zn–Al–Cd ? NaCl

b Mg–Mn ? NaCl and c Mg–Mn ? NaHCO3 near PIP; d SEM

image of CS in system of Mg–Mn ? NaHCO3

Fig. 8 OCP and Polarisation potentials under Mg–Mn protection of

CS in fluids near PIP
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corrosion while corrosion and pit nucleation were perfectly

controlled in the NaHCO3-containing fluid. Only the later

system could thus be applied to discuss the PMW be-

haviour of CS in fluids near PIP.

3.3 Measurement of PMW in the W/O Fluids

The Mg–Mn ? NaHCO3 system was selected to investi-

gate the PMW behaviour of CS in the W/O fluids, and the

fluid with 5 % water component was selected.

The surface morphology in Fig. 9 shows the CS surface

was clean and smooth with no corrosion, which demon-

strated that the Mg–Mn anode was suitable to inhibit cor-

rosion in the W/O fluid. The weak corrosive fluid and the

alkaline environment should be commended for the ex-

cellent corrosion inhibition behaviour.

Overall, NaHCO3 ? Mg–Mn system was the optimal

method to investigate the PMW component of the corro-

sive wear of CS in oil–water fluid through investigating the

PMW of CS in three kinds of fluids. However, the area of

SA significantly influenced the protective efficiency of SA

protection, and the Mg–Mn anode exhibited a strong ten-

dency of hydrogen generation with increasing SA area.

Thus, the effect of the area ratio between the anode and CS

sample on the PMW research in oil–water fluid is also

important and worthwhile to inspect.

3.4 Effect of Area Ratio on PMW

Figure 10 displays the variation of weight loss of CS

samples with an increment in area ratio. The weight loss

increased before the area ratio came up to 2, and a small

valley appeared at 4. The weight loss did not change much

with the area ratio, except 0.5. And the polarisation po-

tential of the CS samples shifted negatively and positively

with the increasing of area ratio and testing span, respec-

tively, as shown in Fig. 11.

The consumption of SA increased with an increment of

the area ratio, which would enhanced the protection current

on the CS surface. The enhancement of protection current

would launch much stronger cathodic polarisation on CS

Table 2 Consumption of Mg–

Mn in the fluids near PIP (mg)
Systems Zn–Al–Cd ? NaCl Mg–Mn ? NaCl Mg–Mn ? NaHCO3

Weight loss (mg) 0.6 1.5 1

Fig. 9 a Macro-morphology

and b SEM view of CS in the

system of Mg–Mn ? NaHCO3

in the W/O fluids

Fig. 10 Weight loss of CS with the increasing of area ratio in the

O/W fluids

Fig. 11 Polarisation potential of CS with time at different area ratios

in the O/W fluids
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and allow a more negative shift of the electrode potential of

CS. But the precipitation of magnesium hydrate

(Mg(OH)2) would settle down on the surface of Mg–Mn

little by little, which would decrease the consumption rate

of SA [21, 22], decrease the protection current and induce a

positive shift of the electrode potential of CS. In addition,

the fluctuation of polarisation potential could be attributed

to the instability of the fluid, especially near PIP.

Figure 12 displays the micro-views and EDS results.

The surfaces of the unworn places and scars were all

smooth and clean when the area ratios were 0.5 and 1.

Oxygen was only inspected on the scar with an area ratio of

0.5. Considering that corrosion was controlled, oxygen

could be generated by frictional oxidation in the scar be-

cause area ratio of 0.5 was too small to limit frictional

oxidation. The protection of the frictional oxidation film

could be a reason why the weight loss was low at an area

ratio of 0.5 [3].

When the area ratio continued to increase, considerable

debris was observed on the surface, as shown in Fig. 13.

The debris should be ascribed to hydrogen embrittlement

induced by the continuous negative shift of the cathodic

polarisation potential on the CS samples [9, 12, 30, 31]

with an increment in protection current. Hydrogen em-

brittlement would weaken the anti-wear capability of CS.

Some large debris may be trapped in the scars when a large

amount of debris was generated, and the trapped debris was

rolled, oxidised and flattened there. During the experiment,

hydrogen embrittlement enhanced weight loss and aggra-

vated surface damage, whereas the trapping process would

relieve the weight loss.

When the hydrogen generation process was not severe,

the amount of debris trapped on the sample could com-

pensate the weight loss and even cut down the weight loss.

However, the weight loss would increase obviously as se-

rious hydrogen embrittlement occurred. Clear evidence of

hydrogen embrittlement was detected on the unworn lo-

cations when area ratio was more than 2 as shown in

Fig. 14, where serious damage occurred with no corrosion

product detected.

The area ratio would significantly affect the protection

efficiency of the Mg–Mn anode generally. Frictional

oxidation film would be generated when the area ratio was

small, and the tendency of hydrogen embrittlement boosted

with an enhancement in area ratio. The hydrogen embrit-

tlement would improve weight loss but would reduce

weight loss by enhancing the probability of debris trapping.

Therefore, the PMW of materials should be determined by

morphology and elemental analysis. Consequently, the area

Fig. 12 SEM view of wear scar with area ratios of a 0.5, c 1 and the

unworn place with area ratio of b 0.5 and d 1; EDS spectra obtained at

e A and f B

Fig. 13 SEM view of wear scar

with area ratios of a 2, b 4 and

c 6; EDS spectra obtained at

d A, e B and f C
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ratio should be emphasised when SA was used to inhibit

corrosion and it should not exceed 2 here.

4 Conclusions

The PMW behaviour of CS samples was investigated in

three kinds of oil–water fluids. Surface morphology and

elemental inspection were considered to determine the

PMW measurement of CS in the oil–water fluids.

The NP protection method was not suitable to study the

PMW of CS samples in oil–water fluids because of the

unstable OCP of CS samples in the fluids. Zn–Al–

Cd ? NaHCO3 and Zn–Al–Cd ? NaCl systems were also

not fitted to discuss the PMW of CS samples in oil–water

fluids owing to the gradual anodic passivation of Zn–Al–

Cd. Mg–Mn ? NaCl could not inhibit the pitting corrosion

of the CS sample in oil–water fluids, which resulted from

the significant fluctuation of polarisation potential and the

existence of Cl-.

The Mg–Mn ? NaHCO3 system was the best way to

evaluate the PMW of CS samples in oil–water fluids with

different flow patterns because Mg–Mn could provide a

high protection current, and HCO3- and CO3
2- could re-

tard pitting corrosion. Meanwhile, the area ratio should be

investigated because hydrogen embrittlement would occur

when the area ratio was more than 2.
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