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ABSTRACT 

The formation and development of pitting corrosion on carbon steel surface during the initial stage 

of immersion test in tap water have been studied by scanning electron microscopy. The pitting was 

analyzed for static and rotating specimens during immersion. The results showed that the features of 

the pits formed on the surfaces of samples that are rotating are different from those on the surfaces 

of static samples. Since the rotating-pit samples were followed by a tubular structure of corrosion 

products in the reverse direction of rotation. The results showed also that this tubular structure 

depends on the size of the pit and test time. Moreover, this tubular structure plays an important role 

in the development of damage to the surface. This shows that the corrosion products have a hostile 

influence. Interactions localized corrosion pits occurred between large and small pits in its 

configuration, as well as between the tubular structures. The features of formed pits were a cavity at 

the center of the pit and a rough circular band or ring of products around the cavity. 

Keywords: corrosion, pitting corrosion, tubular structure, pit interactions, immersion test, carbon steel, tap 

water 

1. Introduction 

In general, it is considered that pitting corrosion is the most disastrous form of corrosion 

as its occurrence can be extremely difficult to predict. Pitting is regarded as one of the 

most insidious forms of corrosion, since it often leads to perforation and to a consequent 

corrosion failure [1-4]. Predictors are less accurate as the complexity of the corrosive 

environment increases. The pitting process occurs as the result of a series of stages. In 

some cases, the most important such step is the initiation stage, which is still the subject of 

a great number of studies and various assumptions.  

Pitting is a highly localized form of corrosion that produces sharply defined holes. These 

holes may be small or large in diameter, but in most cases, they are relatively small. Pits 

may be isolated from each other on the surface or so close together that they resemble a 

roughened surface.  

Many metals and their alloys are susceptible to pitting. Pitting occurs when one area of a 

metal becomes anodic with respect to the rest of the surface or when highly localized 

changes in the corrodent in contact with the metal, as in crevices, cause accelerated 

localized attack. Understanding pit initiation will lead to an increased accuracy in lifetime 

predictions and reliability. Such an understanding could lead to new corrosion monitoring 
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schemes as well as corrosion inhibition schemes, including new alloy chemistries with 

microstructures resistant to pitting corrosion. Overall, an understanding of the pit initiation 

process will make an impact on many of the existing efforts in metal corrosion studies.  

Carbon steel, the most widely used engineering material, accounts for approximately 

85%, of the annual steel production worldwide. Despite its relatively limited corrosion 

resistance, carbon steel is used in large tonnages in marine applications, nuclear power and 

fossil fuel power plants, transportation, chemical processing, petroleum production and 

refining, pipelines, mining, construction and metal-processing equipment [5].  

The objective of this study is to investigate the pitting corrosion of carbon steel 

immersed in tap water with the test time for two cases namely; stationary and. rotated 

specimens. 

2. Pitting initiation 

The pitting process occurs as the result of a sequence of stages that includes: (1) pitting 

initiation or nucleation, (2) meta-stable pitting, (3) stable pitting and (4) repassivation or 

stable pit death [6].  In some cases, the most important such stage is the initiation stage, 

which is still the subject of a great number of studies and various assumptions [7-12]. The 

initiation of pits can be considered as an event that results from conjunction of various 

phenomena. These phenomena are related to several factors that are mainly properties of 

the solution and those of the metal, which exert themselves through a broad range scale. 

It is well known that the inclusions and their concentrations play a vital role in pitting 

initiation [13-16].  Manganese sulphide inclusions (MnS) are known to be often precursor 

sites for pitting corrosion [17-19]. It must be also emphasized that the size [20] and 

geometry [13] of a MnS inclusion seem to be relevant to the propagation or repassivation 

of a pit embryo. In addition, the presence of mechanical stresses reduces pitting potential 

appreciably in the presence of MnS inclusions [13]. 

In addition to the inclusions, the phase structure of the material seems to play an 

important part in the pitting initiation. Grain boundaries are sites of structural 

discontinuity, and they can also have microstructural and chemical differences with respect 

to the bulk grains. These discontinuities and differences can affect the corrosion behavior 

of the metal. The important consideration within the context of corrosion pitting is that 

many alloys are not homogeneous, pure materials, but rather are a mixture of multiple 

phases. Each phase has its characteristic crystallographic structure and chemical 

composition. When these structures are then exposed to a corrosive environment, it is not 

surprising that the different phases exhibit different corrosion behaviors. This leads to 

preferential corrosion of specific constituents of the alloy. Krawiec et al. [21] has shown 

that ADI (Austempered ductile iron) austempered at 430oC has upper ausferritic 

microstructure and reveals a better corrosion resistance in sodium chloride solution than 

ADI austempered at 280oC. Moreover, the corrosion resistance increases as the volume 

fracture of ferrite increases and the carbon content of austenite decreases. The good 

corrosion behaviour of ADI austempered at 430oC was also related to the good coaresing 

of the austenite grains and broad ferrite needles (less ferrite/austenite interfaces). It has 
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been demonstrated that silicon is the alloying element hindering the anodic dissolution of 

the alloy. Boucherit et al. [12] studied the behavior of four steels: Fe.06C, Fe.18C, Fe.22C 

and Fe.43C in basic pitting solutions. Their results showed that in a solution with a low 

chlorine concentration, the performance of the steels according to pitting corrosion 

resistance decreased with the increase in carbon content. Using potentiodynamic 

polarization and immersion test, Bhagavathi et al.[22] evaluated corrosion properties of 

dual-phase steels with different volume fractions of martensite. They found that the 

corrosion rate and the pitting for dual-phase steels is found to be lower than that for 

subcritically heat treated ferrite–pearlite steel. They added that the higher corrosion 

resistance of dual-phase steels is explained on the basis of microstructural features. 

Another key factor in pit initiation is the presence of hydrogen in hydro-electrolytes, 

which may diffuse to metal, when the metal is not covered with an oxide layer. The 

resulting dissolved hydrogen can thereafter influence the electrochemical behavior of the 

metals and alloys. It has been found that hydrogen increases the corrosion rate and 

decreases the pitting resistance of some metals. The decrease in the stability of the passive 

film by the presence of hydrogen has been reported for some time [23]. Recently, however, 

Yuan [24] investigated the effects of hydrogen on the pitting processes of X70 carbon steel 

in neutral chloride ions containing solution by using the scanning electrochemical 

microscope (SECM) technique. Pitting is much more easily observed after the specimen 

has been pre-charged with hydrogen, for the oxidation of the hydrogen in the X70 

decreases the pH value at the X70/solution interface, which retards the formation of an 

oxide film and subsequently promotes the pitting processes. The observed behaviour is 

further verified by the decrease of the solution's pH. 

Although it has been well known for many decades that Cl– gives rise to local pitting 

corrosion of metals and alloys, the precise role of Cl– in achieving pitting is not well 

understood [25]. Cheng et al. [26] studied the role of chloride ions in metastable pitting of 

A516-70 carbon steel based on the statistical analysis of recorded current and potential 

noise. An analysis of the probability distribution of pit repassivation time vs. chloride 

concentration shows that the main role of chloride ions in pitting is to increase the chance 

of the breakdown of passive film, rather than to inhibit the surface repassivation 

3. Experimental procedure 

A rotating corrosion-test equipment was used for studying pitting corrosion behavior. 

The specimen was immersed in 1200 ml open pot having 700 ml of tap water. The pot was 

fitted with four vertical baffles to break up the rotational flow pattern. The pot and the 

baffles were made from plastic material. Because of the rotational speed, turbulence was 

generated in the test water, together with a tendency for a rise in water temperature.  Since 

the test water temperature markedly affects the corrosion rate [27], the test water was 

changed every one hour. The temperatures at the beginning and the end of test were 23 C
o
 

and 24 C
o
, respectively. Table 1 shows the composition of test water determined by 

chemical analysis. 

   Coupon specimens with dimensions of 50×30×1 mm were cut from a single sheet of 

carbon steel to ensure metallurgical uniformity. Since the surface roughness plays an 
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important role in developing the corrosion [28,29], Therefore the specimen's working faces 

were polished with grade 800 silicon carbide paper. A typical polished surface is shown in 

Fig.1. The inclined vertical lines shown in the figure are the traces of polishing. Each 

specimen was attached to a rotating shaft with pvc washer and a plastic screw to avoid the 

galvanic corrosion. Specimens were rotated at 160 rpm (linear velocity of 0.5 m/s) for test 

periods of 1, 3, 5, and 7 h. An immersion tests were carried out with zero specimen's 

velocity for 1 h to explore the effect of velocity.  At the end of test period the rotating shaft 

with specimen was withdrawn, and air dried. The corroded surfaces were examined by a 

Scanning electron microscope (SEM).  

Table 1  

Chemical analysis of test water 
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Fig.1. The polished surface before test 

4. Results and discussion 

At the first the photographs were taken at four positions to thoroughly highlight the 

pitting corrosion formation and to investigate the effect of velocity in case of specimen 

rotation at different times. 
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4.1. Static immersion tests 

The typical corrosion pits formed on the polished surfaces after 1 h immersed in tap 

water are shown in Fig. 2. Pits showed similar characteristics for all positions on the test 

surfaces. The characteristic features of these pits are the presence of two parts: a cavity at 

the pit centre and a rough circular band around the cavity, which is labeled 1, as well as 

circular rings, labeled 2. The same shape for these pits has been observed before in the 

literature on corrosion tests (e.g. Budiansky et al. [30] and Wang et al. [31], Karrab et al. 

[32, 33]). With respect to the size of these pits, they have different sizes ranged from few 

micrometers to the order of one hundred micrometers. The number of pits was calculated 

from three micrographs (each micrograph has an area of 4.051 mm2) and the average 

number of pits was 912 pits/cm2.   

To elucidate the pit formation, a slightly high magnification for the areas bounded by 

box in Fig. 2 is presented in Fig. 3. In this figure, we can distinguish three areas: A1 area in 

the centre of the pit and which is the inclusion; A2 area is the ring area of product 

corrosion formed around the inclusion and the A3 area is the dissolution of the oxide film 

around the ring area. The mechanism of formation will be explained in the next paragraph.  

 

 

 

 

 

 

 

 

 

 

Fig.2. Corrosion pits formed after 1 h immersion and at stationary conditions 

The thing worth noting in these photographs is the interaction amongst the localized 

corrosion sites. These interactions are illustrated by arrows in Fig 2(a).  For more clarity 

some of these interactions are magnified as shown in Fig. 4. The spatial interactions have 

been seen visually in the form of satellite pits, labeled Ps ,that tend to form patterns around 

larger primary pits, labeled PL as shown in Fig. 4. This is in agreement with that reported 

in the literature [30, 34].  It can also be observed from this figure and Fig. 3 the dissolution 
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of oxide film around the pits. This can be explained [34], when a pit begins to form, the 

local environment changes. Concentration changes in solution occur when metal cations 

enter solution and hydrolyze, bringing about an increase in both the local chloride 

concentration and local acidity. The environment in this way becomes more aggressive. 

Solution concentration and potential gradients develop that can affect pitting susceptibility 

on adjacent surfaces. These factors can also affect nearby oxide film and non-metallic 

inclusions to produce more permanent interactions. Taking into account these local 

changes, pitting can have a significant influence on the susceptibility of adjacent surfaces 

to localized corrosion. However, the time constant associated with each of these interactive 

processes differs. 

 

 

 

 

 

 

 

 

Fig.2. Continued 

 

 

 

 

 

 

 
Fig. 3. SEM photos representing a slightly high magnification for the pit bounded 

by boxes in Fig. 2(b) 
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Fig. 4. Showing the interaction amongst the localized corrosion sites. 

4.2. rotation tests 

Figure 5 presents a pitting corrosion formed at the different positions on surface of 

rotated specimens for 1 h. At first glance, the pit formed during rotation test differed from 

that formed during static tests. The photos in Fig. 5 show that each pit formed has a track 

accompanied it which appears as black in photos and which looks like a comet streak tail. 

These comet tails were formed in opposite direction to the rotation of the specimen. The 

comet tails take the form of cone tubular structure. The circular base of cone is the ring 

that formed around the inclusion and which referred to it in the static immersion test. This 

phenomenon has been observed in the literature [ 35-37].The geometric dimensions of 

these tubular depend upon the pit sizes, the tubular corrosion products, conjoint of nearly 

tubular and the local velocity at which pit formed. The conjoint of the tubular 

longitudinally or transversely will be more developed for the lager test time.  The number 

of pits was calculated from four photos (each photo has an area of 4.051 mm2) it was 600 

pits/ cm2. By comparing the number of pits for the two tests, static and rotation tests, i.e. 

912 versus 600 pits/ cm2, it is seen that the number of pits are less when the specimen is 

rotated.  This can be attributed that many pits in the static tests are metastable, while for 

rotation tests all the pits are often stable. 

The pit's rings formed around inclusions and the material dissolution around the ring as 

well as the tubular structure formed due specimen rotation can be explained by the tube 

growth mechanisms. Schematic representation of the proposed corrosion mechanism, and 

which is called corrosion tube growth mechanism is shown in Fig.6 [38]. The carbon steel 

is oxidized in the anodic region inside the pit and oxygen reduction occurs in the cathodic 

region:  
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                                              (Anodic region) 

                           (Cathodic region)  

Further oxidation of ferrous hydroxides leads to the formation of a semi-permeable solid 

membrane of various iron oxide layers which form around the pits. The hydrolysis of 

ferrous ions results in a lower pH inside the pits and the negatively charged chloride anions 

diffuse into the pits to maintain the charge neutrality. The buildup of a highly acidic 

chloride environment inside the pits accelerates the corrosion process. This SEM study 

revealed formation of unique corrosion product structures on pitted carbon steel surfaces 

which are consistent with the tubular growth corrosion mechanism in a pit. For more 

clarity about this phenomenon, the tube structure can be revealed from Fig. 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5. Pitting corrosion formed at different positions on the surface of specimen 

immersed for 1 h and rotated at 160 rpm 
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Fig. 5. Continued 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Schematic representation of tubular growth of corrosion products on 

carbon steel [38] 
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Fig. 7. SEM images of tubular corrosion structures on carbon steel. 

4.3. Pit developing with the test time 

The effect of time on the pitting corrosion development for rotation test is illustrated in 

Fig. 8. The striking feature is the remarkable increase in the track length with time. It was 

noted that the track length was 2200 µm, equivalent 15 times the size of pit that formed 

that tubular structure. Another feature for the tracks is the joined of tubular structure 

transversely or longitudinally as illustrated in Figs 9and 10, respectively. The role of 

interaction of the tubular structure is not clear and will be investigated in the future. The 

role of tracks in developing the corrosion damage can be revealed from Fig. 11. It can be 

seen that many pits formed and material removed along the track direction. This gives 

evidence that the corrosion products are aggressive. 

For the same test time the pit size for the rotation test was larger than that for the static 

test. As the test time of rotation increases the pit size increases. However, for the rotation 

test,the pit interactions which was discussed for static test became more pronounced as 

shown in Fig. 12 for different exposure times.  The photos illustrate that many satellite 

pits, labelled Ps, formed around the large pit, labelled PL. These visual patterrns give 

evidence of spatial interactions amongst the localized corrosion sites. 
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Fig. 8. Pitting corrosion development with time for the rotated specimens; 

(a) 1 h, (b) 3 h, (c) 5 h, (d) 7 h 
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Fig. 8. Continued 
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Fig. 9. Transversely Joint of tubular corrosion structures 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10. longitudinally joint of tubular corrosion structures 
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Fig. 11. Showing the damage effect of tubular corrosion structures 
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Fig. 12. The interaction amongst the localized corrosion sites for rotation test  

For different test times: (a) 3h, (b) 5h, (c) 7h 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Continued 
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5. Conclusions 

From the results and discussions presented above, the following conclusions can be 

drawn. 

1. A tubular corrosion product structure developed with corrosion pit in reverse 

direction of rotation. The size of tubular structure depends on the test time of 

rotation and the pit size. 

2. Along the tubular structure track, surface damage was observed. This gives 

evidence that the corrosion products are aggressive in-nature. 

3. Interactions of localized corrosion sites amongst the pits were observed.       

Along with this interaction between tubular structure was also observed. 

4. All the pits formed for static and rotated immersion-tests have similar features, in 

which ring areas formed around micropits and rough circular bands around 

micropits were developed on the surface.   
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تكو نتيجة تنقر التآكل   على سطح الصلب الكربونيراسة الهيكل اأنبوبي ال  

ص:  مل

و تنق ت و  اسة ت بحث تم د ا ال ح في ه كل عل س ربونير الت رر  الصلب ال ج ة ال ل بواس رحلة اأ خا ال
ر فري ياراا ال ذلك باختبا الغ ني  تر ا  خرا صرنبواإل ذاا الحركرة الرل . ترم تحلارل التنقارر علر التانراا ال ابترة 

وىرود  علر  ح التانراا التري ترل ت تلرت عرا تلرك ال سر ونة عل  ت ال النقر ال را النتائج  يايح تش ر.  الغ
تحركة  ونة عل التاناا ال ت ذلك بأ النقر ال ح التاناا ال ابتة.   نبوبي س ل  ا كل في ااتجاا تبتت  ب يا نواتج الت

عرا  علر   . ميرا ااختبرا ل عل حجم الحفرر   ل اأنبوبي يتت ا ا ال يضا  ه را النتائج   . ا تاكس للل ال
را  كرل ل ا يل عل  ينتجراا الت ه ح.  وير اأضرا التي لحقت الس ا هايا في ت ل اأنبوبي يلتب د ا ا ال ذلك ه

ااكل اأنبوبارة.  تأثاراا يتادية.  لك باا ال ك ا,  الصغار  في كون بار   كل باا النقر ال نه حلثت تفاعاا لنقر الت ا  ك
نتجاا حو التجويت. شريط دائر خشا  حلقة يا ال ونة هي تجويت في يركز النقر   ت  يايح النقر ال
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