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Abstract 

 

Determining the corrosive response of pipeline steel under laboratory immersion 

conditions can be difficult when an adequate reproduction of feild conditions is required.  

The difficulty is multiplied when testing an oxide-covered surface.  Corrosion standards 

do not adequately cover testing oxide-covered steels.  Methodology is developed to test 

the corrosive response of oxide-covered steels, especially pre-immersion surface oxides 

such as millscale.  The methodology focuses on open-circuit potential monitoring, 

polarization, mass loss and surface examination.  Procedures are recommended for 

specimen preparation, equipment to handle hostile media, test sequencing, specimen 

cleaning, and preparation for post-immersion examination. 

 

Long standing belief’s regarding the interaction of millscale in the corrosive response of 

a steel originating from pre-1950’s steel immersed in sea water that have propagated are: 

the presence of millscale causes pitting and scatter in corrosive testing results or is 

negligible due to quick removal.  Results from A36 and X70 steels in dearated high 

chloride ion containing environments indicate that an adjustment of historical industry 

perspectives of millscale is required. 

 

Millscale does not cause pitting.  Pitting is material/environment dependent.  A 

material/environment that is prone to pitting will, at least initially, experience a 

concentration of the corrosion at breaks in the millscale.  The presence of millscale does 

not ensure pitting will occur. 



iv 

Scatter in the corrosion parameters determined from mass loss and polarizations are not 

related to the presence or absence of millscale but due to a combination of testing 

methodology and material/environment. 

 

Removal of millscale is material/environment dependent requiring very acidic conditions 

to negate the interaction in the materials corrosive response.  The presence of millscale 

can be enhanced by oxide growth during immersion. 
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ipy  inch per year 
M mass loss 
mdd mg/dm2·day 
NACE National Association of Corrosion Engineers 
NIIR National Institute of Industrial Research 
PAR Princeton Applied Research 
r corrosion rate 
R red millscale 
Rol hot rolled millscale, no outdoor atmospheric exposure 
RPM rotations per minute 
S millscale-covered specimen 
SB sandblasted surface 
SEM scanning electron microscope 
SCC stress corrosion cracking 
SOEP spark-optical emission spectroscopy 
SCE Saturated Calomel Electrode 
SS stainless steel 
St. Dev.  standard deviation 
t time 
TOW time of wetness 
VHCl volume hydrochloric acid 
VH2O volume water 
VSCE Reference voltage Saturated Calomel Electrode 
WE working electrode 
wt. weight 
X multiplication 
XRD X-ray Diffraction 
ρ density 
~ approximately 
ºC degrees Celsius 
Ø diameter 
4G 400-grit surface 
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Chapter One: Introduction 

 

 

Pipelines cover thousands of kilometres above ground, underground, and through bodies 

of water, transmitting products varying from clean potable water to fluids containing very 

corrosive ions and gases.  Corrosion, internal and external, is a leading cause of leaks and 

ruptures in pipelines.  Therefore, ensuring pipeline integrity is vital for uninterrupted 

operation of the energy sector.  Millscale is an oxide layer formed during the 

manufacturing processing of a pipe.  Installed pipe will have millscale on the interior 

surface.  The external millscale is removed to facilitate external coating application.  

Rarely, if ever, is any attempt made to remove internal millscale before initial operation.  

Therefore, internal corrosion of a pipeline will, at least in the initial operation stages, 

include the presence of millscale.   

 

Millscale is often completely ignored when considering internal corrosion of a pipeline.  

There are many methods used to predict the internal corrosion of a pipeline from 

laboratory tests to complicated computer models.  All methods tend to ignore the 

presence of millscale.  The two arguments for disregarding millscale oppose each other.  

The first arguments comes from industry’s general assumption that millscale is quickly 

removed during initial service and therefore has little effect on the overall long term 

corrosion rate.  This will be highly dependent on the corrosive environment as some will 

promote degradation of the oxide while other environments will cause growth that 

protects the substrate metal.  Small changes in an environment can cause a material’s 

response to change drastically from promoting passive film growth to promotion of film 

breakdown and active corrosion.  Today, many steels promote formation of protective 

oxides due to advances in steel composition. 

 

The other argument for disregarding the presence of millscale in corrosion testing is that 

its presence on steel leads to pitting.  This belief originates from pre-1950’s experience 



 

2 

with pitting in marine environments [1].  The belief is based on the galvanic nature of the 

interaction between iron oxides and pure iron.  Iron oxides are cathodic with respect to 

the substrate steel which acts anodically at breaks in the millscale.  The galvanic 

corrosion should be more intense at breaks in the millscale due to area effects.  The small 

anodic area and large cathodic area lead to an increased corrosion rate, and thus pits 

should be formed at the breaks in the millscale.  

 

The interaction between the millscale covered steel and the corrosive environment must 

be studied to determine if the long standing views either that millscale has negligible 

effect on the overall corrosion or if the presence of millscale leads to pitting are correct.  

The purpose of this work is to investigate the aspects of the corrosive response of 

millscale covered mild steel and pipeline steel as related to the oxide, the substrate, and 

the interactions between the oxide layer and the substrate as a function of time. 

 

The work will investigate salts such as NaCl, NaSO4, and NaHCO3 , with the majority of 

the tests being conducted in aqueous solutions of 3 % NaCl.  Various pH levels will be 

investigated to begin to quantify millscale interactions as a function of pH and time.   pH 

is known to be a dominant factor in the corrosive response especially in terms of oxide 

growth and breakdown.  The 3 % concentration has been chosen to demonstrate a severe 

service condition with excess anions to ensure solution conductivity with a close 

connection to the marine environment where many views on millscale originated.  The 

research will be conducted under deaerated sweet service conditions purged with 

nitrogen, N2. 

 

1.1 Background 
Direct oxidation is the mechanism that causes the formation of millscale which is the 

oxide formed during hot rolling.  Direct oxidation is also known as: tarnishing, high 

temperature oxidation, scaling, or gaseous corrosion [2].  Direct oxidation is important at 

high temperatures [3], while the more familiar electrochemical rusting/corrosion is 

important at ambient temperatures.  For the purpose of this report when referring to the 
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corrosive response of the material, only the low temperature aqueous electrochemical 

corrosive response is referred to.  There have been many studies on aqueous 

electrochemical corrosion of steel, [4-27] but few studied direct oxidation beyond growth 

kinetics [28-32], and high temperature service [33, 34].  The difficulty lies in finding out 

how the direct oxidation that occurs during manufacturing affects the aqueous 

electrochemical corrosion at ambient temperatures during regular pipeline operation.  

 

The study of millscale is further complicated by the nature of millscale formation, 

including initial formation by direct oxidation during rolling, followed by 

electrochemical corrosion that occurs during handling and storage of the produced steel 

coil.  Electrochemical corrosion will generally be responsible for any transformations in 

the composition of the millscale subsequent to cooling after hot rolling.  The combined 

effects of direct oxidation and electrochemical corrosion are further complicated due to 

the initial variation of millscale composition along a single coil. 

 

Previous research involving millscale is extremely limited.  It focused on the mechanisms 

of oxide growth as related to rolling techniques/parameters and the surface finishes 

produced.  An even more limited amount of research has considered the interaction of 

millscale as a factor in the corrosive response during immersion service [9, 10, 46, 80] 

unless related to rebar corrosion within concrete.  To fully define the interaction of 

millscale in the electrochemical corrosion process many factors must be considered, 

including:  

 

• extent of galvanic effects due to the cathodic nature of the oxide layer 

with respect to the substrate metal 

• porosity, thickness, tenacity and the composition of oxide formation 

• composition of substrate steel 

• a fully described corrosive environment, including the ionic and 

gaseous species present in aqueous electrolyte 
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• the length of time after manufacture, due to possible transformations 

within the oxide layer caused by electrochemical rusting during 

storage and handling 

• manufacturing process that created the oxide layer 

 rolling temperatures 

 roller gaps/tolerances 

 cooling time and methodology 

 atmospheric conditions during manufacture and storing 

 handling and storage of the material 

 affect of pipe formation on oxide  

 

Pipeline corrosion is often studied through the use of mass loss and/or polarization tests.  

The application of mass loss experiments are covered by ASTM G31-72:  Standard 

Practice for Laboratory Immersion Corrosion Testing of Metals, and ASTM G4-01: 

Guide for Conducting Corrosion Coupon Tests in Field Applications.  NACE also 

provides TM0169-2000: Standard Test Method: Laboratory Corrosion Testing of Metals 

and RP0497-2004: Standard Recommended Practice: Field Corrosion Evaluation Using 

Metallic Test Specimens.  Polarization scans are covered by ASTM G5-94: Reference 

Test Method for Making Potentiostatic and Potentiodynamic Anodic Polarization 

Measurements.  Specimen preparation is covered by ASTM G1-03: Standard Practice for 

Preparing, Cleaning, and Evaluating Corrosion Test Specimens.  Statistics has always 

played a key role in analyzing corrosion data for decades especially when considering 

millscale, as a long held belief is that it causes scatter in the data.  Corrosion statistics are 

covered by ASTM G16-95: Guide for Applying Statistics to Analysis of Corrosion Data. 

 

The internal surface of a newly installed pipe will be covered with millscale.  The 

presence of millscale is, as a general rule, ignored and removed during standard test 

sample preparation.  Not only is the millscale removed during standard surface 

preparation but the surfaces are also cleaned and ground to standard finishes.  By 

removing the millscale during specimen preparation the commercial surface (according to 
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G1) is lost and thus the true nature of the corrosion response is lost.  In another section of 

G1, the standard recommends the removal of millscale. 

 

Electrochemically, a ground surface and a surface covered by millscale cannot be 

considered equivalent for corrosion testing.  The corrosion rate is dependent on surface 

factors such as the “true” surface area of an electrode which is dependent on 

contamination, surface finish, and the presence of oxides.  A simple example is of a 

surface that has been cleaned, degreased and prepared to a 600-grit finish.  Once this 

surface has been polarized extensively, greater than approximately ± 30 mV from the 

equilibrium corrosion potential, Ecorr, it will not give the same polarization response, even 

with time allowed for charge dissipation.  Chemical reactions have occurred on or at the 

metal surface that change the surface features, such as roughness and the presence of 

oxides.  Another example of varying polarization response is a polarization conducted on 

a surface prepared to 600-grit and one that has been silica shot blasted.  Each polarization 

response will be different even under the same corrosion conditions.  This is due to the 

increased surface area for the silica blasted surface due to surface roughness and there 

may also be changes in the response due to surface hardening from the silica shot blast 

process. 

 

1.2 Objectives of Study 
The purpose of this investigation is first to develop test methodology and second to use 

this methodology to study the overall corrosive response of an oxide covered steel. 

Following a review of the standards, test methods are developed to test an oxide covered 

steel.  This is accomplished through mass loss, polarization and surface analysis.  A 

statistical analysis of the corrosion parameters combined with correlations between the 

mass loss demonstrate the test methodology. 

 

The objectives of this project are as follows:  

1. to review standard corrosion methodology as related to determining the corrosive 

response of oxide covered steel. 
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2. develop test methodology to prepare, test, and examine the corrosive response of 

oxide covered steels. 

3. to demonstrate the test methodology on a millscale covered pipeline steel in 

ambient deareated 3% NaCl solution. 

4. to correlate the corrosion rates determined via polarization with those of mass 

loss. 

 

1.3 Thesis Organization 
The thesis is organized as follows: 

Chapter 2 provides background and a literature review of millscale formation and 

interaction in the corrosive response. 

 

Chapter 3 presents a reanalysis of LaQue’s marine exposure data where many industry 

perspectives on millscale initiated. 

 

Chapter 4 addresses the development of experimental procedure and equipment. 

 

Chapter 5 is concerned with the basic material properties. 

 

Chapter 6 presents and discuss the open-circuit potential response. 

 

Chapters 7 and 8 present and discuss the experimental polarization response. 

 

Chapter 9 presents and discuss the mass loss response. 

 

Chapter 10 shows the material pre-immersion characteristics. 

 

Chapters 11-13 show the material surface post immersion. 

 

Chapter 14 discusses the findings from chapters 5-13. 
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Chapter 15 concludes the thesis. 

 

Chapter 16 provides recommendations for future work and is followed by a list of 

references. 

 

The Appendix shows the X70 rolling parameters and tensile test results. 
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Chapter Two: Background and Literature Review 

 

 

2.1 Pipelines 
Pipelines provide an extensive transportation network for energy to flow between 

regions.  The importance of insuring pipeline integrity continues to be highlighted by 

recent incidences such as the pipeline rupture in Michigan in July 2010 [35].  The rupture 

appears to be a consequence of inadequate monitoring and prevention of internal 

corrosion.  The rupture caused extensive environmental damage due to contamination of 

nearby water supplies.  Another major consequence of ruptures is to the reputation of the 

industry as a whole, especially of the Edmonton based Enbridge whom operated the 

Michigan pipeline.  This incident is among thousands of pipeline leaks and ruptures 

occurring worldwide annually caused by internal corrosion.  These incidents are more 

frequently making the daily news headlines.  

 

Pipelines are classified under three categories: gathering, transmission, and distribution. 

Gathering pipelines are connected directly to the wells and transmit product to clean up 

plants or upstream facilities.  The treatment of the product as it travels through these 

pipelines is often the addition of inhibitor and is highly contaminated with the same 

highly corrosive environment as the wells being both ions and gases.  Transmission 

pipelines connect the upstream facilities to either refineries or to distribution centers, the 

first being for oil and the latter for gas.  Distribution pipelines distribute the product to 

individual users, such as a natural gas pipelines through a city to heat one’s home.  

Transmission and distribution pipelines generally have clean products.  “Clean” means 

that high levels of ions have been minimized or removed during refining.  These ions 

include, but are not limited to: chloride, Cl-, sulphate, SO4
-, and bicarbonate, HCO3

-2.  

The gases that are commonly removed are: oxygen, O2, carbon dioxide, CO2, and 

hydrogen sulphide, H2S.  These ions and gases cause a highly synergistic corrosive 

response for many materials. 
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As new areas are explored that are deeper and sourer, the product flowing through 

pipelines has become more corrosive.  Older pipelines are often made from plain mild 

carbon steels, while newer pipelines are normally high strength low alloy, HSLA, steels.  

As the severity of the corrosive environment increases, a much wider selection of 

materials have found use such as stainless steels, SS, aluminum alloys, and polymers 

[36].  These materials often provide a better corrosive resistance than the common 

pipeline steels but are cost prohibitive especially in transmission lines covering long 

distances and requiring greater pipe diameters.  Instead, the corrosive resistance of 

pipeline steels is enhanced through steel composition assisted by the implementation of 

pipeline integrity programs which includes: cathodic protection, CP, external coatings, 

internal liners, internal inhibitors, corrosion rate monitoring, and implementing a regular 

maintenance and inspection program.  

 

External coatings and CP can only protect a pipeline against external corrosion.  Internal 

liners often provide the required corrosive resistance in gathering pipelines but cannot 

meet the strength requirements within the larger diameter transmission lines.  Industry 

best practices to defend against internal corrosion use a combination of material selection 

and internal inhibitors, used in conjunction with a regular cleaning/maintenance 

programs, routine inspection and where possible continuous corrosion rate monitoring.  A 

major disadvantage of continuous corrosion rate monitoring is its limited applicability in 

non-conductive electrolytes.  

 

2.2 Millscale in research 
Millscale is among the most ignored corrosion phenomenon in research and industry 

practice especially in relation to pipeline corrosion.  Published results including millscale 

are extremely scarce unless related to rebar in concrete for structural applications.  In 

1948, LaQue stated “as a general rule that steel exposed with millscale present will be 

pitted about three times as deeply [1].”  Corrosion textbooks by Uhlig [37] and Shrier 

[38] have propagated this view, specifically stating that millscale causes pitting.  Uhlig’s 

comments give no description of the environmental conditions associated with millscale 
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pitting.  Shrier begins with the blanket statement regarding millscale and pitting but later 

in the test describes that millscale causes pitting in oxygenated chloride environments.  

Shrier also clarifies that in highly acidic environments, such as those used for acid 

pickling, the millscale will be quickly removed and no pitting is expected. 

 

In 1973, the views on millscale were directly applied to pipeline corrosion.  An article 

supplied by Winn & Coales (Denso) Ltd. was published in Pipe & Pipelines International 

[39].  With the aim of educating pipeline operators about the basics of corrosion, the 

article helped to propagate the idea that millscale, specifically, leads to pitting with no 

specifics to environmental conditions or substrate composition.  The article asks the 

reader to substitute the term “coating” for millscale to remind of the importance of 

avoiding pinholes and small voids [39].  Shown in Figure 2-1 is a representation of the 

interaction of millscale with substrate steel to cause pitting.  A significant importance is 

attributed to the sulphide inclusion. 

 

 

Figure 2-1: Electrochemical reactions within a pit on carbon steel at a sulphide 

inclusion [after Shreir, 38] 
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In 1959, Bruckner and Myles [9], published results including millscale, although it was 

not the focus of their studies.   It was not until 2004, that Qin et al. conducted a direct 

corrosion study on millscale-covered pipeline steel, although the objective of the study 

was related to external corrosion and stress corrosion cracking, SCC [10].  Numerous 

tests have been conducted on oxide films that have been carefully generated under 

laboratory conditions [5, 13-15-21, 23-25, 30, 40-45, 47, 52, 54, 61, 72, 73].  These films 

are formed at room temperature in clean electrolytes or at elevated temperatures in 

controlled furnace environments.  These produced films cannot reproduce the oxides 

formed by direct oxidation in an environment as highly variable as a steel mill, including 

the effect of compressive stresses on oxide formation caused by hot rolling.  This was 

confirmed by Zhang et al., whom showed differences in an oxide grown in a furnace and 

one produced by hot rolling [46]. 

 

It has been known for a long time, that the formation of oxide layers during corrosion can 

drastically change the corrosive response [8].  Bruckner and Myles [9] showed that by 

removing the millscale before immersion, severe cracks formed after 5 months of CP 

while the same material with the same CP only formed superficial cracks after 4 months 

exposure when the millscale was left intact.  Qin’s work showed that it took ~60 hours 

for the Ecorr, equilibrium corrosion potential, of a millscale covered specimen to converge 

with the Ecorr of the millscale removed specimen [10].  The Ecorr referred to by Qin should 

more accurately be termed the open circuit potential, Eoc.  Scanning electron microscope, 

SEM, pictures from the same studies showed the presence of millscale after 42 days 

exposure.  They found the millscale became more porous with extended exposure. 

 

2.3 Industry Perspective on Millscale 
Millscale is removed as part of standard corrosion sample preparation and completely 

ignored in the complicated computer models used to estimate pipeline corrosion rates. 

Many views on millscale have originated from other industrial applications, such as 

marine exposure and acid pickling operations.  There are many industry opinions that 

have led to the current operational practices ignoring the presence of millscale in internal 
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pipeline corrosion.  The ability of millscale to possibly provide protection has been 

ignored due to industry’s long held beliefs that millscale: 

 

 leads to pitting, and/or 

 can cause a large amount of scatter in the results, and/or 

 is quickly removed and thus has negligible effects on the overall corrosion rate. 

 

Marine exposure is known to be one of the most severe corrosive environments.  The 

documentation that corrosion of a millscale covered surface leads to pitting originates 

from LaQue’s report: “Behaviour of Metals and Alloys in Sea Water.”  LaQue analysed 

mass loss and pitting data for various metals exposed to marine service worldwide.  The 

statements have been given greater weight as they were published in Uhlig’s 1948 first 

edition of The Corrosion Handbook, LaQue states:  

“as a general rule that steel exposed with millscale present will be pitted about 

three times as deeply as descaled steel for short periods of exposure, such as a few 

months. This ratio decreases as the exposure is prolonged and would be about 1.5 

to 1 for a 10-year exposure period...A normal pitting factor for exposures of about 

10 years would be 2.5 for descaled steel, and 3.5 for steel exposed with millscale 

[1].”  

 

The view that has propagated throughout industry is simply “that steel exposed with 

millscale present will be pitted...”  

 

It is universally agreed that material composition, length of exposure, and environment 

are the main controlling factors in the pitting response of a material.  LaQue’s report has 

propagated the view that millscale causes pitting, with little, if any, distinction of material 

composition, exposure time and environment.  A reanalysis of the data provided in 

LaQue’s report in Chapter 3 reveals that, from his limited data, little if any conclusions 

can be made when considering the uncontroversial controlling factors in the pitting 

process.  This is not to say that LaQue’s conclusion that millscale leads to more extensive 
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pitting in aerated marine environments is unfounded but the factors he ignored in his 

analysis may control the pitting response more substantially than the presence of 

millscale.  

 

The second argument to support the argument that the presence of millscale leads to 

pitting, originates from studies on the pitting process.  There have been many attempts to 

explain the fundamentals of why and how pitting occurs.  The majority of fundamental 

pitting research regarding steels has been conducted on passivated SS alloys in chloride 

containing environments [12, 20, 21, 79].  The pitting process readily occurs in this 

material/environment combinations.  It is important to note that the oxide formed on SS 

is very different than mild carbon steel, due to the excess chromium content in SS alloys.  

Theories on pitting mechanisms often prescribe a key role to chloride ions in the 

breakdown of the passive film.  At the location of passive film breakdown the substrate 

metal becomes exposed and pitting is initiated.  The same view is applied to breaks in the 

millscale.  Recently, Schmuki et al. showed on GaAs that the presence of an oxide was 

not necessary for pitting to occur, [50]. 

 

The origins of the view that millscale causes extensive scatter may only be speculated at.  

No documented scatter on millscale covered steel corrosion result could be found for 

either field or laboratory corrosion testing.  It may originate from the pitting process, 

which is commonly associated with millscale exposure.  Pitting is a statistical 

phenomenon and is often associated with a larger scatter.  The scatter may also originate 

from the normal techniques used to evaluate corrosion data, as they have been developed 

for clean metal surfaces.  Finally the scatter could originate from the nature of millscale 

composition.  Industry is quick to point out the extreme variability of millscale 

composition along a single coil.  This is not an unfounded concern as not only is the 

composition different on each side of the coil but can vary across the length and width of 

a single coil.  Scatter should be expected when comparing results from steels covered in 

various oxide compositions, even if they are all called millscale.  
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Industry may believe that a great deal of scatter is due to the presence of millscale, but 

G4-01 states, for immersion corrosion tests in the field, that “a variation of  20 % from 

the mean would be considered normal, while a variation of  50 % might be expected in 

some circumstances.”  For immersion corrosion tests under laboratory conditions, G31 

states: “uniform corrosion rates of duplicate specimens are usually within ± 10 % under 

the same test conditions.”  The larger variability in the field has many sources including 

the surface condition of the specimens and field specimens are often immersed for longer 

periods than a laboratory environment allows.  

 

The view that millscale is quickly removed and has a negligible effect on the corrosive 

response could originate from acid pickling operations, where the millscale is easily 

removed.  It could also originate from the history of millscale formation.  Early rolling 

operations had little control over surface temperature and often produced thick flakey 

oxide layers.  New rolling techniques are highly controlled and have led to formation of 

extremely thin films with large areas of extremely tenacious and possibly protective 

oxides.  

 

In 2004, Qin et al. showed the presence of millscale after 42 days exposure to a solution 

of sodium bicarbonate, sodium chloride, sodium sulfate purged with a combination of 

carbon dioxide and argon to maintain a near neutral pH [10].  They included millscale in 

their study because they believe that millscale will lead to pitting followed by stress 

corrosion cracking, SCC.  This view of millscale likely developed due to the large 

number of SCC occurrences caused by improper coating application on external pipeline 

surfaces.  Many of these coating failures stemmed from inadequate surface preparation 

that should have included the full removal of millscale.  External coating failures related 

to millscale will not predict the behaviour of a millscale covered steel in immersion 

service such as that occurring on the interior of a pipeline.  
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2.4 Hot Rolling to manufacture Linepipe 
According to the National Institute of Industrial Research, NIIR, “[r]olling is the process 

of reducing the thickness or changing the cross-section of a workpiece by compressive 

forces applied through a set of rolls” and “accounts for 90% of all metals produced by 

metalworking processes, [51].”  Rolling was first developed in the late 1500’s [51].  The 

basic operation is flat rolling which produces plates or sheets.  Plates and sheets are 

generally defined by dimensions.  Within the steel making industry dimensions are 

commonly the only difference between the two terminologies.  The final form of linepipe 

can be seamless or welded.  Seamless pipe can be made by three processes: hot piercing, 

hot extrusion, or cupping and drawing [51].  Welded pipe can be fabricated from flat-

rolled steel (including bar, plate, sheet, and stripe) by methods such as furnace, electric 

resistance, electric flash and fusion welding [51].  The pipe can be welded longitudinally 

or spirally.  Welded pipe has economic advantages over seamless pipe. 

 

Rolling is either termed “hot” or “cold”.  Hot rolling occurs above the metal’s 

recrystalization temperature.  The point of heating above the recrystalization temperature 

is to fully austenize the steel microstructure.  Hot rolling of steel is conducted within the 

range of 800 ºC -1250 ºC [52].  

 

The flat-rolled steel products are derived from a slab that has often been produced by a 

continuous pour.  In the past, products were derived from ingots that were first rolled at 

the slabbing mill, then reheated later and rolled into plate (or another form of finished 

product) [51].  The use of continuous pouring now allows for slabs and billets to be 

continuously cast and sized by inline rollers.  Before 1970, most steel produced in the 

US, was accomplished through casting into ingots.  Today the continuous casting method 

produces approximately 90 % of steel [53]. 

 

Depending on the mill processes and capabilities, following the continuous pouring of the 

slab, the steel may then be processed through a scalebreaker, descaling sprays, roughing 

stands, crop shear, descaling sprays, a finishing train, and a coiler [51]. Note in the above 
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list, three of the seven processes are related to scale: scalebreaker, and the two possible 

descaling spray steps.  The first two “scale” related steps could be attributed to reducing 

millscale that has initially been produced from the continuous casting operation.  The 

final descaling spray is directed at minimising millscale formed from hot rolling.  This is 

generally performed for hot rolled products that will be further processed by cold rolling.  

Hot rolling of steel is normally done without lubrication, but graphite can be used [50].  

Water based solutions may be used to cool rolls or to break up scale on the rolled 

material [51]. 

 

Linepipe is more often hot rolled than cold rolled due to the economic advantages.  The 

removal of slab millscale (primary mill scale) is called conditioning and can be done by 

the use of a torch (a process known as scarfing) or by rough grinding to smoothen 

surfaces.  Conditioning is done to reduce the energy required during hot rolling as oxides 

are generally much harder than the substrate steel and may become embedded in the final 

steel coil.  

 

Steel manufacturers often produce hot rolled steel in coils.  Figure 2-2 shows an example 

of a hot rolled steel coil.  The coils are usually produced from a continuously poured slab, 

then reheated above the recrystallization temperature, and rolled repeatedly until the 

desired final thickness is obtained.  The slabs at Evraz, formerly IPSCO, begin with a 

width of approximately 1.5m (5 feet) which is maintained during the entire rolling 

process, meaning deformation occurs longitudinally.  The final length of the coil depends 

on the final thickness of the steel.  A thinner grade of steel will produce a longer coil.  

There are many factors that affect the final dimensions and are outlined extensively by 

the NIIR [51]. 

 

To produce longitudinally welded linepipe, the finished steel coil is sent to a pipe mill 

where the coil is unwound, edged for welding ease, formed into pipe, welded, and then 

normally receives a final heat treatment.  At this point the pipe is subjected to various 

tests to insure pipe integrity before shipment for field installation.  Before shipment, the 
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pipe ends are capped to prevent internal corrosion during shipping and to protect 

prepared edges for in field installation and welding. 

 

 
Figure 2-2: Hot rolled steel coil 

 

2.5 Oxides on Mild Steel 
The most important features of an oxide layer are thickness, composition, structure, 

adherence and coherence [54].  Knowledge of oxide formation on mild steel is important 

in the prediction of substrate metal response to corrosive situations.  The type of oxide 

formed may: 

 control the corrosion rate by protecting the substrate metal from mass loss,  

 retard the corrosion rate of the substrate metal, 

 concentrate the corrosive action, leading to pits and crevices, and/or 

 cause minimal interaction due to formation/dissolution rates. 

 

Oxide formation on mild steel can occur electrochemically (in an aqueous environment) 

or by direct oxidation.  Direct oxidation occurs at high temperatures and there is no 

requirement of water for the process to proceed.  Principles of direct oxidation began to 
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be understood in the 1920’s, whereas electrochemical rusting principles had already been 

developed 100 years earlier [55]. 

 

The type of oxide formed on mild steel and its properties will depend on:  

 temperature, 

 humidity, 

 substrate metallurgy: microstructure and chemical composition,  

 presence of poisons, 

 hydrogen content of substrate, 

 surface condition: roughness, presence of pre-existing oxides, and surface energy 

(i.e. shot peened) 

 external forces, and 

 time. 

 

The basic properties of iron and it’s common oxides are shown in Table 2-1.  When 

considering expansion due to temperature fluctuations or the porosity between the oxide 

and substrate it is important to note the difference in densities between iron and it’s 

oxides.  The oxides are all less dense than pure iron.  This will affect the porosity and 

tenacity of the formed oxide.  There are also various possible crystal structures among the 

oxides adding to the disarray at interfaces. 

 

Table 2-1: Table 2.1 Structure and Properties of Iron and Iron oxides, [55] 

Oxide/Metal Chemical 
Formulas 

Mineral Density,  
g/cm3 

Crystal Structure 

Iron Fe  7.87  

Iron (II) oxide FeO Wüstite 6 Cubic 

Iron(II, III) oxide Fe3O4 Magnetite 5.17 Cubic 

Iron(III) oxide α Fe2O3 Haematite 5.25 Hexagonal-rhombohedral 

Iron(III) oxide γ Fe2O3 Maghemite 4.88 Cubic 
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2.5.1 Direct Oxidation 
The basic process which forms millscale is direct oxidation, which is different from the 

commonly know aqueous corrosion (or electrochemical rusting).  Direct oxidation occurs 

in steps, as shown in Figure 2-3. 

 

STEP 1. The oxidant is first adsorbed on the metal surface in molecular and 

ionic form (that is physical and chemical adsorption), and it may 

also dissolve within the metal. 

STEP 2. Oxides will nucleate at favourable sites, with the greatest 

preference to grow in the lateral direction due to surface diffusion 

forming a complete thin film. 

STEP 3. The metal becomes shielded from the gas as the scale thickens and 

becomes a protective barrier.  For scale growth to occur electrons 

must move through the film to reach the oxidant atoms adsorbed on 

the surface, followed by oxidant ions and/or metal ions that must 

move through the scale barrier.  Internal oxidation can occur due to 

diffusion of the oxidant into the metal. 

STEP 4. The scale growth and thermal stresses can delaminate the scale 

from underlying metal and/or create microcracks [55].  

STEP 5. Continued growth and stresses can lead to macrocracks within the 

scale. 
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Figure 2-3: Schematic of direct oxidation steps for the reaction of metals with 

oxygen [55] 

 

The formation of millscale is considered a dynamic process through the alternate 

formation and reduction of higher iron oxides of iron occur [57].  Iron oxides, formed 

solely by direct oxidation, display a multilayered structure composed of wustite, 

magnetite and haematite depending on the amount of oxygen available and the 

temperature of the reaction as shown in the iron-oxygen phase diagram in Figure 2-4  

Atmospheric air has 20.95 % oxygen [58].  Figure 2-5 shows a simple model for the 

mechanism producing the mulit-layered growth of scale on iron.  The model relies on ion 

mobility at product interfaces.  In the initial stages of oxide growth there is plenty of 

oxygen available to interact with the iron surface.  As the scale grows and thickens the 

oxygen has less mobility and more difficulty reaching the metal surface.  The difference 
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between forming Fe3O4 and Fe2O3 is a small change in the amount of oxygen present as 

seen in Figure 2-4.   

 

 

Figure 2-4: Iron-oxygen phase diagram, after Birks [59] 

 

 

Figure 2-5: Mechanisms to form 3-layered scale, after Birks [59] 
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The reactions occurring at the product interfaces to form multilayered scale on iron are: 

 

At the iron- wüstite interface: 
  eFeFe 22
 Equation 2-1 

 

The iron ions from the above reaction migrate outward through the wüstite layer.  

Magnetite is reduced by iron ions at the wüstite-magnetite interface: 

FeOOFeeFe 42 43
2  

 Equation 2-2 

 

Excess ions and electrons proceed outward through the magnetite layer.  Magnetite is 

formed at the magnetite-haematite interface, n being respective of 2 or 3 depending on 

the oxidation state of iron: 

4332 34 OFeOFeneFen  

 Equation 2-3 

If iron ions are mobile through the haematite layer, new haematite can be formed at the 

haematite-gas interface: 

322
3

3
262 OFeOeFe  

 
Equation 2-4

 

 

The oxygen reactions is: 

  2
2 2

2
1

OeO
 

Equation 2-5
 

 

At the haematite-gas interface, depending on oxygen ion mobility within the haematite 

layer, new haematite can be formed: 

32
23 3 OFeOFe  

 Equation 2-6 
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The overall chemical reactions considered for the sequence of oxide growing on iron are 

[54]: 

 

FeOOFe  22
1

  Equation 2-7 

43223 OFeOFe   Equation 2-8 

3222
32 OFeOFe 

 
Equation 2-9

 

 

The exact composition of the oxide formed on steel depends on the composition of the 

substrate material and environmental factors.   

 

2.5.2 Millscale produced by Hot Rolling 
The millscale produced during hot rolling differs from oxides produced solely by direct 

oxidation.  During hot rolling there are excessive compressive forces acting on the oxide 

due to the roller contact.  The limited oxygen available between the roller and the metal 

surface combined with the compressive stresses result in comparatively thin oxides to 

those developed during basic direct oxidation such as high temperature service or those 

produced in a furnace.  The oxide produced cannot freely grow “outwards” from the 

metal surface but must grow “into” the metal substrate.  Millscale produced from hot 

rolling may or may not display the typical multi-layer iron oxide depending on the 

cooling cycle. 

 

The millscale composition formed from hot rolling low to medium carbon steel above 

540 ºC (843 K) has been estimated to be a combination of FeO, Fe2O3, and Fe3O4 

(wüstite, haematite, and magnetite) [61].  The majority of millscale will be magnetite.  

The ratio of FeO:Fe2O3:Fe3O4 is roughly 95:4:1 between 973 K and 1473 K [59,61].  The 

FeO originally formed during hot rolling will transform into Fe3O4 and Fe during the 

slow, oxygen lacking, coil cooling at relatively high temperatures (~ 400-500 ºC) [61].  
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Cook identified the oxides, comprising the millscale formed on the surface of a sheet of 

type A-36 grade carbon steel rolled to a thickness of 0.375 ” at 560 ºC, using Mössbauer 

scattering geometry [60].  Cook’s “spectral analysis showed that the millscale consists of 

three iron oxides, wüstite FeO (53 %), magnetite Fe3O4 (33 %), and haematite α-Fe2O3 

(14 %).  Optical and micro-Raman spectrometry on metallographic cross-sections of the 

millscale showed that the oxides are layered with wüstite forming next to the steel 

substrate and hematite forming at the outer millscale surface.”  [60] 

  

Specific documented millscale compositions do not state any length of time since the 

manufacture of the product.  They often do not define any of the rolling process 

parameters such as rolling temperature.  There is no mention if any cooling methods are 

used that can dictate millscale growth and composition.  They also do not state how the 

steel was stored and handed so that any atmospheric corrosion cannot be accounted for.  

As most steel manufacturers do not have the capability to house the coils indoors, they 

are subjected to atmospheric corrosion after rolling.  Therefore, the millscale encountered 

on linepipe will be a combination of direct oxidation, atmospheric corrosion, and finally 

pure electrochemical corrosion after installation. 

 

There are three type of millscale formed during normal hot rolling procedures: primary, 

secondary and tertiary scales.  The primary scale, often a few millimetres thick [60], is 

associated with the reheating of slabs or billets [51].  Secondary scale, encountered 

during roughing can range from a few to several hundred micrometers [51], formed 

between 600-1200 ºC [41].  Tertiary scale is formed during the finishing passes and is 

generally between a few and less than one hundred micrometers [51].  The millscale 

tested within this document is tertiary scale or tertiary scale followed by electrochemical 

atmospheric corrosion. 

 

Zhang et al. found the grain size was different within the oxide of samples taken from the 

center and the edge of the hot rolled steel stripe.  The edge millscale had a much smaller 

average grain size of 0.25 µm2 compared to 3.39 µm2 at the edges of the strip, shown in 
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Figure 2-6.  This is attributed to a quicker cooling rate at the edges of the strip.  The 

center millscale was more easily removed than edge millscale, by pickling in a bath of 

VHCL:VH20, at a 1:1 ratio [46]. 

 

 
Figure 2-6: Finishing temperature 850 ºC and coiling temperature of 660 ºC, a) 

center of coil, b) edge of coil, [46]. 

 
Zhang et al. also showed a significant difference in the structure of oxides formed freely 

in a furnace versus that formed by hot rolling as can be seen in Figure 2-7.  The furnace 

oxide had a columnar structure, while the millscale had varying grain shape and size.  

They also found the “grown” oxide, formed under equivalent temperature and cooling 

times, was thicker, but still took approximately the same amount of time to remove by 

pickling.  The furnace grown oxide had a larger content of FeO than the hot-rolled 

millscale [46].  
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a.   b.  

Figure 2-7: a) oxide grown on 120 grit surface, 800ºC for 30 minutes, cooled at 

60ºC/min in free flowing atmosphere, b) hot rolled millscale, finishing temperature 

850ºC and coiling temperature of 660ºC, after Zhang, [46]. 

 

2.5.3 Electrochemical Corrosion 
Electrochemical corrosion is the most common form of corrosion, including many forms 

such as general corrosion, atmospheric corrosion and localised corrosion.  

Electrochemical corrosion includes all forms of corrosion requiring an aqueous 

environment.  Oxide formation in various aqueous environments is difficult to predict 

without previous experience or testing.  The simple change of pH or ion concentration 

can cause a stable oxide to degrade and lead to substrate material corrosion.  Minor 

changes in steel composition can change the corrosive response from the growth of a 

flakey oxide to the formation of a tenacious protective oxide. 

 

Poubaix has described the oxide formation in relationship to pH and potential in simple 

aqueous water as shown for the Fe-H2O system in Figure 2-8.  However, the Pourbaix 

diagram does not indicate the kinetics of the reactions to form the oxide or whether the 

oxide will be protective.  The Pourbaix diagrams shows which chemical reactions are 

thermodynamically possible.  Developing Pourbaix diagrams in the presence of multiple 
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ionic and gaseous species was extremely difficult in the past.  Today, computer programs 

have been developed to handle/model these complex systems.  Figure 2-9 and Figure 

2-10 show the Pourbaix diagrams for the Fe-Cl-H2O system, considering α- and γ-ferric 

oxide species, respectively.  Comparing Figure 2-8 with Figure 2-9 and Figure 2-10, it is 

clear that the domain of stability of iron oxides is drastically changed by the addition of 

chloride.  

 

 
Figure 2-8: Pourbaix diagram for iron in aqueous water, [61] 
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Figure 2-9: Potential-pH equilibrium diagram for the system Fe-Cl-H2O at 25 ºC, 

considering the α ferric oxides, activity of Cl- ion = 1., after Yang. [62] 
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Figure 2-10: Potential-pH equilibrium diagram for the system Fe-Cl-H2O at 25 ºC, 

considering the γ ferric oxides, activity of Cl- ion = 1., after Yang. [62] 

 

2.5.3.1 Atmospheric Corrosion 

The millscale encountered by industry is not simply an oxide formed due to direct 

oxidation during hot rolling.  Millscale is an oxide originally formed by direct oxidation 

during hot rolling, followed by electrochemical corrosion.  The electrochemical corrosion 
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will likely include a period of atmospheric corrosion during manufacturing.  After coils 

are produced they are transferred to the pipe forming mill.  Scheduling between mills 

often dictates the length of exposure to atmospheric corrosion.  Internal atmospheric 

corrosion is not generally an issue following pipe formation during transportation, as part 

the shipping preparation often includes capping pipe ends. 

 

Atmospheric corrosion is a special form of electrochemical corrosion that is characterised 

by wet and dry cycles that can cause oxides to become very protective to the substrate 

metal.  Evans postulated a model to explain the effect of wet and dry cycles on the 

protective nature of the film [7, 63].  During high water content within the oxide the 

oxygen transfer from the atmosphere is hindered and the cathodic reduction of ferric 

oxides supports the corrosive process [5].  Dry periods cause the reduced iron oxide to re-

oxidize by oxygen.  The cycle continues through the wet and dry periods promoting the 

growth of magnetite, which has a reputation for being very protective, especially against 

further atmospheric corrosion.  The reduced phase can also produce intermediate ferrous 

hydroxide or green rust and the oxidized phase can include both γ-Fe2O3 and γ-FeOOH 

[5, 15]. 

 

The environmental factors that affect the atmospheric corrosion are: sun radiation, air 

temperature, relative humidity, air chemistry, precipitation, winds, the mechanical and 

chemical action of natural forces (such as sand and rack particles, soil dust, volcanic dust, 

organic matter, and industrial dust).  The most important factors are: temperature, relative 

humidity, precipitation, and time of wetness, TOW [2]. 

 

2.5.3.2 Potential-Time Curves 

A metal corroding in equilibrium will demonstrate a distinctive equilibrium corrosion 

potential, Ecorr, for each environment, where the exchange current density between anode 

and cathode is zero.  The equilibrium potential of the anodic (oxidation) reaction, 
AE , is 
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less than the measured corrosion potential and the equilibrium potential of the cathodic 

(reduction) reaction, 
CE , is more than the measured corrosion potential. 

 


CcorrA EEE   Equation 2-10 


AE  is the equilibrium potential of the anodic half-reaction 


CE  is the equilibrium potential of the cathodic half reaction 

 

For corrosion to occur there must be a consistent electron transfer through the oxidation 

of the metal (electron donor) and the reduction of the solution species (electron acceptor).  

For iron, when no oxygen is present the hydrogen evolution reaction, HER, will be the 

only possible cathodic reaction.  The reactions for iron in deareated water are: 

 

The oxidation of iron: 
  eFeFe 22
 Equation 2-11 

)log(0295.0440.0/
 FeE

FeFe



 Equation 2-12 

 

The reduction reaction will be a HER, depending on solution pH: 

 
acid:

 

OHHeOH 223 2
1

   Equation 2-13 

neutral and alkaline solutions:
 

  OHHeOH 22 2
1   Equation 2-14 

 

Both HERs will cause a local increase in solution pH due to consumption of hydrogen 

protons. 
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The possible reduction reactions become more complicated when the steel surface is 

millscale-covered.  The reduction of millscale is often ignored due to the long held belief 

that millscale has flaws that allow direct access of the solution to the substrate iron.  The 

addition of millscale reduction reactions can cause galvanic interactions between 

competing chemical reactions.  The amount of interaction caused by the millscale will be 

linked to the environment and the amount of oxide coverage.  The surface coverage will 

be controlled by the millscale tenacity, porosity and composition.  The environment will 

control the oxide growth and degradation of the millscale.  The combined environment 

and material will dictate the direction of the hematite and magnetite reactions below.  

When oxide formation is favoured then the reactions will be reverse direction to that 

shown below.  Depending on the millscale composition, the reduction reactions can 

involve a HER, as above, as well as:  

 

The reduction of haematite: 

 
OHFeeHOFe 2

2
32 3226  

 Equation 2-15 

)log(0591.01773.0728.0/32

 FepHE
FeOFe



  Equation 2-16 

 

and the reduction of and magnetite: 

 
OHFeeHOFe 2

2
43 4328  

 Equation 2-17 

)log(0886.02364.0980.0/3 4

 FepHE
FeOFe



  Equation 2-18 

 
At an alkaline pH, it is possible for the electrochemical reactions to occur without iron 

ion interaction: 

OHFeeHOFe 243 4388  

 Equation 2-19 

pHE FeOFe 0591.0085.0/43


  Equation 2-20 
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OHOFeeHOFe 24332 2223  

 Equation 2-21

pHE FeOFe 0591.0085.0/43


  Equation 2-22 

 

A potential-time curve can give no information on the corrosion rate of a system but can 

indicate the level of equilibrium and the potential reactions occurring.  When a metallic 

specimen is placed in solution there will be a transient period for equilibrium to occur as 

the dominating chemical reaction respond.  One of the main causes of the transients in 

corrosion potential are due to the breakdown and formation of oxides.  During the 

transient periods it is more appropriate to call potential the open-circuit potential, Eoc. 

 

Qin compared the “Ecorr” of a bare steel specimen to that of millscale-covered steel and is 

shown in Figure 2-11.  “Ecorr” should more appropriately be called the Eoc.  The “Ecorr” of 

the millscale covered specimen appears to converge with the bare steel specimen after 

~60h.  They also found that “Ecorr” did not reach a stead state within the 7 days of 

immersion [10].  They defined three regions based on the value of “Ecorr”.  Testing was 

conducted at a pH of 6.8.  The equilibrium potentials are shown on the right hand axis of 

Figure 2-11. 

 

Region 1: Ferric oxides are stable and only the solution is believed to be 

contacting the oxide. 

 

Region 2: Possibility of galvanic couple between steel dissolution and oxide 

dissolution. The continuous drop in Ecorr suggests that a coupling of 

reactions may be “opening” the porous structure of the oxide as the 

oxide dissolves.  The name given to the reduction in solution of a film 

of ferric oxide by iron acting as the anode is autoreduction [64].  

Nelson’s findings indicate that autoreduction will occur in solutions up 

to a pH of 7 [64]. 
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Region 3: Possibility of active corrosion involving water reduction of the exposed 

steel or on the surface of the millscale. 

 

As more the millscale is reduced, more metal becomes exposed, after Ecorr < EH2O/H+, and 

the dominate reaction should be the dissolution of iron and the reduction of hydrogen 

from water. 

 

 
Figure 2-11: Regions of measured “Ecorr” for millscale-covered and millscale-

removed in 0.01 mol/L sodium bicarbonate + 0.00028 mol/L sodium chloride + 

0.00031 mol/L sodium sulphate [10] 

 

Qin et al. also modelled an equivalent circuit to fit their EIS, electrochemical impedance 

spectroscopy, data of the millscale covered surface shown in Figure 2-12.  The model 

circuit included: 

 Solution resistance 

 Polarization resistance 
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 Pore resistance 

 Double layer capacitance at the metal surface (related to the area of exposed 

metal) 

 Oxide capacitance  (related to pre-existing millscale) 

 

Their analysis showed the pore resistance was sporadic but continually decreased for  

~ 500 h, with the sharpest decreases occurring in the first ~ 20 h.  They associated the 

decrease in pore resistance with a change in pore dimension and/or an increase in solution 

conductivity within the pore. 

 

 
Figure 2-12: Equivalent circuit model used to fit EIS data [after Qin 10] 

 

2.5.3.3 Effect of Chloride Ions on Iron 

It is clear by comparing the Pourbaix diagram for Fe-H2O, in Figure 2-8, with the ones 

for Fe-Cl-H2O, in Figure 2-9 and Figure 2-10, that the addition of chloride drastically 

changes the thermodynamics of the corrosive environments.  Chloride ions also have a 

marked affect on the kinetics of the reactions.  Schwabe showed that the hydrogen 

activity in unbuffered HCl solution increases significantly when Cl- ions are added [65].  

Chloride ions, Cl-, are among the halide group that accelerate the ionization of iron and 

increase local corrosion through the following reactions [6]: 
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2
2 2 FeClClFe  Equation 2-23 

 222 )(22 OHFeHClOHFeCl  Equation 2-24 

 222 HFeClFeHCl  Equation 2-25 

 

3
3 FeClClFe  Equation 2-26

 23 2/33 HFeClFeHCl
 

Equation 2-27 

 

It is believed that chloride ions reduce the bond to the steel surface of many protective 

films during corrosion.  Cl- ions adsorb on surface in competition with O2 or OH-.  Cl- 

favour the hydration of metal ions, which increases the ease metal ions enter solution.  

This is the opposite for adsorbed oxygen which often decreases metal dissolution.  

 

2.5.3.4 Passivity 

The tendency for a steel to passivate is based on composition, microstructure, coatings, 

flow conditions, temperature, and corrosive environment composition, including the 

presence of any poisons.  For iron it has been shown that pH plays a key role in 

passiviation.  It has been known for decades that the passivation decay potential or the 

Flade potential is a function of pH. 

 

There are two types of passivity that have been defined by Uhlig and Revie [37]: 

 

Type 1: “A metal is passive is it substantially resists corrosion in a given 

environment resulting from marked anodic polarization” (low corrosion 

rate, noble potential). 

 

Type 2: “A metal is passive if it substantially resists corrosion in a given 

environment despite a marked thermodynamic tendency to react” (low 

corrosion rate, active potential). 
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Type 1 passivity is the most familiar form, due to the simplicity of identifying materials 

through anodic polarization scans.  Type 2 passivity is harder to predict as it is associated 

with any kind of corrosion product film while type 1 requires the growth of a “passive 

film.”  Type 2 passivity is often associated with a list of specific material/environmental 

interactions in a similar way to SCC, which can only occur in certain 

material/stress/environment combinations.  “Type 2 passivity examples are lead in 

sulphuric acid and iron in an inhibited pickling acid [37].”  

 

There are two common views to explain the protective properties of passive films.  The 

first, also known as “oxide-film theory”, is that the passive film acts as a diffusion barrier 

layer between reaction products.  The second, known as “adsorption theory of passivity,” 

is that a layer as thin as a monolayer covers the metal by chemisorbtion.  Such a layer 

displaces adsorbed H2O molecules and slows the rate of anodic dissolution.  According to 

theory 2, theory 1 is inadequate as a film cannot act primarily as a diffusion barrier.  

 

The presence of a passive oxide can reduce the dissolution of the underlying steel even 

though thermodynamics dictates a tendency for active corrosion.  Passivity is not 

determined solely by the presence of an oxide, but by the structure of the oxide.  The 

structure of the passive oxide is still a controveral topic.  The controversy begins with 

determination of oxide properties in-situ versus ex-situ.  X-ray absorption spectroscopic 

studies have been carried out in-situ and ex-situ on the passive films of iron.  When the 

results are compared there is a marked difference between the films measured in aqueous 

solution and those measured ex-situ, such as in a vacuum [66].  Proposed compositions 

for the composition of the passive film on iron is that it contains one or more layers of the 

following, hydroxides or oxy-hydroxides: Fe3O4, γ-Fe2O3 and γ-FeOOH, a polymeric 

layered [Fe(OH)2]x, a non-stoichiometric cation deficient γ-Fe2O3 containing various 

amounts of protons (Fe2xH2O3) and a cation deficient γ-Fe2O3 (Fe2-2x  xO3) [66].  Pang 

has conducted a detailed review of passive oxide structure [67]. 
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The ex-situ technique of electron diffraction is commonly used to determine the structure 

of passive films and has determined that the passive film on iron has cubic spinel 

structure (this includes Fe3O4, and γ-Fe2O3).  It is often difficult to distinguish between 

the two spinels during measurements due to the similarities in structure.  It has become 

generally accepted that for a passive oxide on iron, that the Fe2O3 layer is responsible for 

passivity.  The presence of Fe3O4 does not provide protection but allows for the 

transformation into the higher oxidation state while not directly contributing to lower 

anodic dissolution [66].  

 

Over the past 15 years, the extensive application of Mössbauer spectroscopy to the study 

of the atmospheric corrosion of structural steels has shown that XRD frequently provides 

very incorrect identification of the composition of the rust formed on weathering and 

carbon steels.  An example of this is the identification of magnetite Fe3O4 and maghemite 

γ -Fe2O3.  Both oxides have a cubic structure and nearly identical lattice parameters at 

room temperature, making them indistinguishable by XRD.  However, their magnetic and 

electric properties are quite different, thereby allowing Mössbauer spectroscopy to 

uniquely identify each [60]. 

 

Mössbauer spectroscopy, Micro-Raman spectrometry, X-ray diffraction and Infrared 

spectrometry are important for complete oxide identification including measurement of 

the fraction of each phase present.  Corrosion morphology requires the use of Electron 

Probe Micro-Analysis (EPMA), Energy Dispersive X-ray analysis (EDS), and Scanning 

Electron Microscopy (SEM).  X-ray diffraction (XRD) has been the most popular method 

for identifying the oxides in rust, but only with careful calibration can XRD be used to 

determine the amount of each oxide comprising the corrosion products [60].   

 

2.6 Localized corrosion 
Localized corrosion is the most detrimental form of corrosion a pipeline can experience. 

The most commonly encountered forms of localized corrosion are pitting and crevice 

corrosion.  The severity of such corrosion is due to localized thinning of the pipe walls 
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which leads to leaks, which cause a loss of productivity, damage to the environment, and 

can possibly lead to catastrophic failure by rupture.  A great deal of insight has been 

gained into localized corrosion processes showing the importance of physical design, 

temperature, surface condition, microstructure and alloying especially as related to 

composition and distribution of inclusions.  The general industry perspective is that 

pitting corrosion is caused by the breakdown of a passive film in the presence of halide 

ions.  The same general opinion has been placed on millscale, while ignoring the possible 

benefits of leaving the millscale intact.  Detailed research into the pitting process has 

shown that neither an oxide film nor chloride ions are required for pitting to initiate.  

Schmuki et al. showed on GaAs that the presence of an oxide was not necessary for 

pitting to occur [50].  Both can act as contributing factors to the pitting process but in 

combination they often provide a situation susceptible to pitting.  

 

Most models of pitting are associated with the breakdown of a passive film and the 

interaction of Cl-.  Strehblow describes 3 possible mechanisms for the breakdown of a 

passive film: the penetration method, the film breaking mechanism, and the adsorption 

mechanism [68].   

 

 The penetration method requires anions from the electrolyte to migrate through 

the oxide to the metal/oxide interface.  The anions build up and cause breaks in 

the film.   

 The film breaking mechanism requires breaks within the oxide so that electrolyte 

can contact bare metal.   

 The adsorption mechanism involves the adsorption of anions on the oxide 

surfaces which act to enhance the transfer of metallic ions into the electrolyte.  

This leads to a thinning of the oxide, which will expose the substrate metal at 

localized sites.   
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It must be noted that “most of the theoretical models for pit initiation have not been 

verified experimentally.”  A detailed review of localized corrosion can be found 

elsewhere [69]. 

 

Many multistage models for pitting have been proposed, but the stages for pitting to 

occur can be described simply as: 

Stage 1. Pitting initiation 

Stage 2. Pitting propagation 

 

Stage 1 is defined by the breakdown of the passive film without repassivation. Stage 2 is 

when small anodic sites, formed during stage 1, develop into pits.   

The initial step for pitting to occur on a millscale surface may not be necessary if a large 

enough area of metal is exposed through either the porous structure, or through voids and 

small cracks in the millscale.  If the millscale separates from the substrate metal, low 

temperature oxidation and/or atmospheric corrosion will form a thin oxide, just as it does 

on clean steel surfaces. 

 

A smooth, polished surface is less likely to experience pitting than on rough, etched, 

ground or machined surfaces [38].  Crolet et al. found pitting was dependent on surface 

treatment, but crevice corrosion was independent of surface treatment [70, 71].  There is 

evidence that pits initiate at flaws and discontinuities in the film caused by mechanical, 

geometrical, or compositional inhomogenities at the metal surface [72, 73].  

 

2.6.1 Chloride ions and Localized Corrosion 
In 1925, Baylis was the first to report the phenomenon that in the Fe-H2O-Cl system the 

electrochemical conditions inside the localized corrosion and the bulk solution are 

independent [74].  Uhlig confirmed these results when he conducted an analysis of the 

electrolyte around an artificial pit on a steel sample in 5 % NaCl.  The pH decreased from 

~10.5 to 1.5 as the electrolysis occurred and the transport of Cl- to the anode was 6 times 

greater within the pit [74].   
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2.6.2 Microalloyed Steel Localized Corrosion 
Zeng found that a microalloyed X70 pipeline steel produced by ISPCO was more 

sensitive to crevice corrosion than pitting corrosion [75].  Zeng also found that pitting 

initiated almost immediately.  Zeng did not conduct long term tests to determine if the 

pits were stable or propagating. 

 

2.7 Polarization 
Polarization of a surface requires changing the potential of the metal surface.  The 

amount of current required to maintain a voltage is proportional to the corrosion rate 

occurring.  The simplicity and short time required for conducting measurements has 

made polarization popular in laboratory and field corrosion studies.  Butler and Carter 

pointed out “that the weight loss test is less desirable because it required 120 h compared 

to 2 h or less for the electrochemical test [76].”  There are two main types of polarization 

techniques: the polarization resistance method and a full polarization scan.  The main 

benefit of linear polarization is that the surface is not extensively altered by the 

measurement.  During full polarizations when a large anodic current density is imposed 

the surface can dissolve, can roughen, or surface films can form.  If the film covered 

surface is polarized cathodically the pre-existing films can be reduced which introduces 

additional cathodic currents.  The reactions during polarization can change the surface so 

greatly that further polarization measurements of the same surface will lead to 

inconsistent corrosion response [76].  The results can differ even if the used working 

electrode surface has been prepared as initially [77].  

 

Gonzalez et al. summarize the ability of the polarization resistance method to determine 

the correct corrosion rate as being limited by one or more of the following: 

1. unknown Tafel slopes, or slopes that vary with time, 

2. lack of linearity in the vicinity of the corrosion potential, 

3. high resistivity due to the medium or the corrosion product layers, 

4. corrosion potential varies during measurement, 

5. occurrence of pitting or other localized corrosion, 
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6. the corrosion reaction is diffusion controlled, or the metal is passivated, 

7. the equilibrium potentials of the individual reactions are near Ecorr, 

8. the system requires time to reach steady-state during polarization, and/or 

9. perturbations in the working electrode-electrolyte interphase during measurement 

[78]. 

 

When considering a millscale covered surface, all of the above factors can occur 

simultaneously during polarization.  A surface covered with millscale (oxide) reacts 

differently to polarizations than a bare metal.  The oxide acts as a semiconductor.  Pang 

found that the passive oxide on X70 steel produced by Evraz is a n-type semiconductor 

[67].  Any change in potential will require longer times to settle due to the capacitance of 

the oxide.  Toncre et al. found that millscale covered SS specimens polarized slower and 

to a lesser degree under cathodic protection than sandblasted surfaces [79].   

 

Kumar [80] studied the polarization behaviour of cold-twisted-deformed C-M steel bars 

used to reinforce concrete with and without millscale.  The test environment was 

3.5 % NaCl.  The solution pH was not identified.  Kumar tested the reinforcement bars in 

the untwisted condition and twisted to various degrees.  The ratio of twisting was related 

to the amount of exposed surface.  The untwisted bar had the greatest amount of millscale 

present.  As the degree of twisted increased, the amount of millscale present on the 

surface decreased due to poor adherence during deformation.  He stated the “decease in 

the ratio of cathodic to anodic area shifts the potential in the active direction.”  Thus 

removing the millscale should shift the potential in the active direction.  Huang showed 

in a sour environment, that coldwork, CW, caused the polarization curve to shift in the 

active direction [81].  Huang also showed a decrease in Ecorr and icorr that after 72 hours 

preconditioning in sour environment, a 600-grit, 1020 steel, with a similar composition to 

the A36 tested within this thesis [81]. 
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Kumar also found the cathodic and anodic Tafel slopes did not always intersect at Ecorr.  

This was attributed this to galvanic coupling between the millscale and the substrate steel 

[80].   

 

2.8 Applicable Standards 
Corrosion testing requires knowledge of a large number of standards.  Applicable test 

standards describe everything from the quality of the water to the required test methods.  

The standards allow for a great deal of flexibility depending on testing requirements.  The 

large flexibility in the standards makes setting up initial tests difficult without extensive 

background knowledge of corrosion mechanisms.  For this research special attention has 

been paid to the standard recommended surface preparation and test methodology.  

Applicable test standards include, but are not limited to: 

 

 ASTM D1193-06: Standard Specification for Reagent Water 

 ASTM D1293-99: Standard Test Method for pH of Water 

 ASTM D5245-92: Standard Practice for Cleaning Laboratory Glassware, 

Plasticware, and Equipment Used in Microbiological Analyses 

 ASTM E3-11: Standard Methods of Preparation of Metallographic Specimens. 

 ASTM E8/E8M-09: Standard Test Method for Tension Testing of Metallic 

Materials. 

 ASTM E384-09: Standard Test Method for Microindentation Hardness of 

Materials 

 ASTM E140-07: Standard Hardness Conversion Tables for Metals Relationship 

Among Brinell Hardness, Vickers Hardness, Rockwell Hardness, Superficial 

Hardness, Knoop Hardness, and Sclerscope Hardness 

 ASTM E407-07e1: Standard Practice for Microetching Metals and Alloys 

 ASTM E883-11: Standard guide for Reflected-Light Photomicrography 

 ASTM E1806-09: Standard Practice for Sampling Steel and Iron for 

Determination of Chemical Composition. 
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 ASTM E1920-03: Standard Guide for Preparation of Thermal Sprayed Coatings 

 ASTM G1-03: Standard Practice for Preparing, Cleaning, and Evaluating 

Corrosion Test Specimens. 

 ASTM G3-89: Standard Practice for Convention Applicable to Electrochemical 

Measurements in Corrosion Testing 

 ASTM G4-01: Guide for Conducting Corrosion Coupon Tests in Field 

Applications   

 ASTM G5-94: Reference Test Method for Making Potentiostatic and 

Potentiodynamic Anodic Polarization Measurements 

 ASTM G15-08: Standard Terminology Relating to Corrosion and Corrosion 

Testing 

 ASTM G16-95: Guide for Applying Statistics to Analysis of Corrosion Data 

 ASTM G31-72: Standard Practice for Laboratory Immersion Corrosion Testing of 

Metals 

 ASTM G59-97: Standard Test Method for Conducting Potentiodynamic 

Polarization Resistance Measurements 

 ASTM G61-86: Standard Test Method for Conducting Cyclic Potentiodynamic 

Polarization Measurements for localized Corrosion Susceptibility of Iron-, 

Nickel-, or Cobalt-Based Alloys 

 ASTM G102-89: Standard Practice for Calculation of Corrosion Rates and 

Related Information from Electrochemical Measurements 

 NACE Standard RP0497-2004: Standard Recommended Practice: Field Corrosion 

Evaluation Using Metallic Test Specimens 

 NACE Standard TM0169-2000: Standard Test Method: Laboratory Corrosion 

Testing of Metals 

 

2.9 Surface Preparation 
Surface preparation in corrosion studies is a highly debated topic.  The debate revolves 

around whether or not to remove surface oxides to reveal a bare “clean” metal surface.  
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Once the decision has been made to remove the oxide there is debate about how the oxide 

should be removed and the surface prepared for testing.  Corrosion specimen surface 

preparation is mentioned in no less than six ASTM and NACE standards:

 G1 

 G31 

 G4 

 TM0169 

 G5 

 G59

 

Most of the corrosion standards have extensive description of surface preparation before 

testing can commence or refer the reader to G1.  G1 states that “for laboratory corrosion 

tests that simulate exposure to service environment, a commercial surface, closely 

resembling the one that would be used in service, will yield the most meaningful results” 

(6.1).  The standard continues in section 6.3 to state “for more searching tests of either 

metal or the environment, standard surface finishes may be preferred.”  The standard 

follows by describing sample surface preparation with degreasing (6.3.1), pickling 

(6.3.2), and abrasion (6.6.3).   

 

ASTM standard G4, the standard for field immersion tests, states in section 7: 

 

“Ideally, the surface finish of the specimen should replicate that of the surface finish 

of the material to be used for equipment fabrication.  However, this is often difficult 

because of the finish on material varies between mills, between sheet and plate, and 

even between heat treatments.  The millscale and the amount of oxides on the surface 

can vary as well… Since the preliminary requirement is usually to determine the 

corrosion resistance of the material itself, a clean metal surface is most often used… 

Some of the available finishes are: 

 

 mill finish (pickled, bright annealed, or shot blasted), 

 electrolytic polished, 

 blasted with sand or steel shot, 

 sanded with abrasive cloth or paper, 
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 machine finished, and 

 passivation of stainless steel with nitric acid. 

 

The surface finish most widely used is produced by sanding with an abrasive cloth or 

paper.  Sanding removes millscale and oxides as well as other defects in the material 

such as scratches, pits, etc., that could produce misleading results when data are being 

analyzed.  A 120-grit finish is generally acceptable.” 

 

Section 7.4 of G31, the standard for laboratory immersion tests, states: “more uniform 

results may be expected if a substantial layer of metal is removed from the specimen to 

eliminate variation in condition of the original metallic surface.  This can be done by 

chemical treatment (pickling), electrolytic removal, or by grinding.”  Section 7.4 then 

finishes with: “the choice of specific treatment must be considered on the basis of the 

alloy to be tested and the reasons for testing.  A commercial surface may sometimes yield 

the most significant results.  Too much surface preparation may remove segregated 

elements, surface contamination, and so forth, and therefore not be representative.”  As 

the standard continue in section 7.7: “the final surface of the specimens should include 

finishing with No. 120 abrasive paper or cloth or the equivalent, unless surface is to be 

used in the mill finished condition.  This resurfacing may cause some surface work 

hardening…” Section 7.7 finishes with: “the surface finish to be encountered in service 

may be more appropriate for some testing.”  G31 finishes specimen preparation 

recommendations with: “the specimens should be finally degreased by scrubbing with 

bleach-free scouring powder, followed by thorough rinsing in water and in a suitable 

solvent, … and air dried.” 

 

Section 2.3 of TM0169, NACE standard for laboratory immersion tests, states “more 

reproducible results can be expected is a substantial layer of metal is removed from the 

test specimens to eliminate variation in the condition of the original metallic surface… 

Final surface treatment of the specimen shall include finishing with new No. 120 abrasive 

paper or cloth, or the equivalent, unless the surface is to be mill-finished condition…test 
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specimens shall be scrubbed with a bleach-free scouring powder followed by thorough 

rinsing in water…the test specimens shall be rinsed in a suitable solvent and dried using 

warm air or inert gas”  TM0169 and G31 are in agreement on the surface preparation. 

 

When preparing for polarizations G5 specifies to “prepare the working electrode surface 

within 1 h of the experiment.  Wet grind with 240-grit SiC paper.  Wet polish with 600-

grit SiC paper until previous coarse scratches are removed, rinse, dry….Degrease the 

specimen just prior to immersion and then rinse with distilled water.” 

 

2.10 Effect of Surface Preparation on Corrosion Parameters 
Little research has been directed on the influence of surface preparation on measured 

corrosion parameters.  The research has been more interested in the effect of surface 

roughness on hydrogen permeation characteristics [82].  He [82] tested X65 steel in a 

NS4 solution.  NS4 is the solution suggested by Parkins for study of near-neutral pH SCC 

[83]. 

 

He determined the surface roughness as determined by the surface morphology inspector. 

The surface area increment referes to the difference of actual surface area (micro scale) 

and the apparent surface area (macro scale).  He found that the difference in surface 

roughness/ area increment is insignificant for surfaces prepared to 400-grit and 600-grit 

as compare to 240-grit and a 0.05 Al2O3 polished surface [82].  He also found that the 

value of Ecorr increased with decreasing surface roughness and the corrosion rate (as 

indicated by icorr) increased with increased surface roughness [82].  
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Chapter Three: Reanalysis of LaQue’s 1948 Conclusions 

 

 

In 1948, LaQue’s review of steels exposed to sea water was published in the Corrosion 

Handbook, 1st Edition, edited by Uhlig [1].  In his analysis LaQue compared the mass 

loss and pitting penetration rates between “scaled and descaled” steel specimens.  The 

descaled steels are listed as pickled or sandblasted.  The scaled steels are stated to be 

millscale covered surfaces.  LaQue’s conclusions support the claim or “fact” that 

millscale leads to pitting.  This view has been accepted as truth indiscriminately without 

consideration of material composition, environment, or length of exposure.  The 

propagation of this view does not fall solely on LaQue as he states “that the data provided 

be considered illustrative rather then definitive [1].” 

 

LaQue’s analysis was not concerned with pipeline materials or operational conditions.  

The data not only included test racks exposed to sea water, but also plates welded to 

ships, and “inspections of ships or other structures exposed to marine corrosion that had 

suffered excessive corrosion and of vessels of historic interest withdrawn for breaking up 

after long periods of service [84].”  LaQue’s analysis included data from steels, wrought 

iron, and cast iron.  Wrought irons and cast irons are not comparable to average pipeline 

steels.  LaQue’s conclusions are based on specimens immersed continuously and 

intermittently (half tide) in natural aerated sea waters.  Corrosion at half-tide is often the 

most severe in marine conditions, as it involves wet-dry cycles, with continuous 

replenishment of harmful species, such as oxygen and chloride ions.  Similar situations 

are specifically avoided in pipelines.  A reanalysis of LaQue’s data has been conducted to 

determine if his conclusions are still valid when excluding data from wrought iron, cast 

iron, and partially immersed specimens. 

 

Attempts were made to retrieve LaQue’s references, for immersed steel data, to access 

the original data.  Out of the six applicable references, two were unpublished.  Of the 
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remaining four, only 3 references could be obtained [84, 85, 86].  The reference that 

could not be obtained was published in 1928.  The references that were obtained only 

provided a description of the findings on a particular location and did not provide any of 

the original data.  The description in one reference contradicted LaQue’s conclusions.  

“The behaviour of large quantities of full-sized members of ordinary medium-carbon-

steel, driven1 with mill scale attached, has apparently been much better than is indicated 

by tests of small totally immersed specimens of comparable grade.”  The driven members 

will also experience a very different corrosive environment than a pipeline [85].  Another 

reference stated “the most striking observation was that the totally immersed specimens 

still retained the greater part of their rolling scale, rusting having been confined to about 

15 % of their surface (area), where severe pitting, up to 0.05 in. deep, had occurred.  

Most of the rolling scale was covered with a thin white deposit, which could not be 

removed by means of a scrubbing brush. [84]” 

 

Test methodology is extremely important when evaluating corrosive results.  LaQue 

provide no description of test methodology.  A significant aspect of mass loss 

experimentation is the specimen cleaning procedure.  The one reference noted that “there 

would have been no point in derusting the specimens in an acid bath, since most of the 

rolling scale was still on them.  The losses in weight on exposure were, therefore, 

determined after the rusted areas had been cleaned out as much as possible by 

scratchbrushing; the total area rusted on each specimen was also estimated [84].” 

 

LaQue’s data was from locations worldwide but the total number of samples appears to 

be extremely limited.  The data is likely averages from a larger sample set, but with no 

description of test methodology this can only be inferred.  In another paper, LaQue stated 

that over 15,000 specimens were used but this included all types of metal and alloys, not 

just steel [87].  Ignoring wrought iron and cast iron, there are only 25 data points for 

immersed steel specimens that were tested with descaled and/or scaled surfaces.  The data 
                                                 

1 driven: members that are partially underground below sea water 
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analysed is taken from LaQue’s report from Table 1 of the Corrosion Handbook and is 

shown in Table 3-1.  The 25 data points are for 10 locations.  Of the 10 locations a direct 

comparison can be attempted for 7 locations that had both scaled and descaled specimens.  

The seven locations are Auckland, N.Z., Colombo, Ceylon, Freeport, TX, Gosport, Eng., 

Halifax, N.S., Kure Beach, N.C., and Plymouth, Eng.  The largest data set for a single 

location, Kure Beach, N.C., has 8 data points on 7 different steel alloys.  The composition 

of the material is significant in determining susceptibility to pitting; therefore it is 

unreliable to compare information from 7 different materials, especially within such a 

small data set.   

 

LaQue uses an even smaller data set from Table 2 of the Corrosion Handbook, to show 

that the depth of pitting increases as the area of bare metal exposed to millscale 

decreases.    There is no experimental description of how the scale was removed or how 

any of the data was obtained beyond “specimens immersed in sea water for 4 months at 

Fore River, Mass.” [1] 

 

Table 3-2 shows LaQue’s conclusions on the mass loss for continuously immersed steel, 

irrespective of surface preparation, as reported in the Corrosion Handbook [1].  Table 3-4 

shows the mass loss values when considering all 25 data points in Table 3-1.  Table 3-5 

shows the average mass loss results when considering the 14 data points from the seven 

locations where both scaled and descaled specimens were tested.  Table 3-3 shows 

LaQue’s conclusion, regarding pitting and the affect of surface condition.  Table 3-6 and 

Table 3-7 show the average pitting depth for all 25 data points and for the seven 

locations, respectively.  The data from the 14 points are shown in Figure 3-8 to Figure 

3-13.  An important note is that the mass loss and the pitting depths listed by LaQue are 

not normally distributed as shown in Figure 3-1to Figure 3-7.  All normal probability 

plots are produced using Minitab 14. 
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Table 3-1: Immersed Steel data, [1] 

 



 

 

52 

Table 3-2: LaQue’s mass loss conclusions, continuous immersion in sea water under 

natural conditions, surface preparation unknown* 

Average, ipy (~mdd) 0.0043 (23) 

Range, ipy (~mdd) 0.001 to 0.0077 (6 to 42) 

LaQue’s Reasonable estimate, ipy (~mdd) 0.005 (25) 
 

Table 3-3: LaQue’s pitting conclusions, continuous immersion in sea water under 

natural conditions* 

 millscale descaled exposure period 

pitting depth 3X 1X few months 

pitting depth 1.5-1.0 X 1X 10 years 

pitting factor 3.5X 2.5X 10 years 

deepest attack (ipy) 0.020 0.015 10 years 

deepest attack (ipy) 0.1 0.04 less than a year 
 

Table 3-4: Average Mass Loss, immersed specimens, 25 data points* 

 Scaled descaled Percent Dif. 
(%) 

Ratio (Scaled/ 
Descaled) 

Average mass loss (mdd) 22.2 22.6 2.1 0.98 

Standard Deviation (mdd) 5.0 7.2 45.3 0.69 

Variance (mdd) 24.8 52.3 111 0.47 
 
 

Table 3-5: Average Mass Loss, immersed specimens, 7 locations* 

 Scaled descaled Percent Dif. (%) Ratio (Scaled/ 
Descaled) 

Average mass loss (mdd) 23.0 24.4 5.8 0.94 

Standard Deviation (mdd) 4.7 5.6 16.0 0.84 

Variance (mdd) 22.3 31.6 31.6 0.71 
 
________________________________________________________________________ 
* Data from LaQue [1]. 
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Table 3-6: Average Pitting Depth, immersed specimens, 25 data points* 

 Scaled descaled Percent Dif.  
(%) 

Ratio (Scaled/ 
Descaled) 

Average pitting depth, 
 inches, (mm) 

0.105 
(2.7) 

0.081 
(2.0) 

23.3 1.30 

Standard Deviation, 
 inches, (mm) 

0.074 
(1.9) 

0.056 
(1.4) 

24.9 1.32 

Variance, √inches, (√mm) 0.006 
(3.5) 

0.003 
(2.0) 

43.5 2 

Average length of Exposure 
(years) 

10 8 20 1.25 

 

Table 3-7: Average Pitting Depth, immersed specimens, 7 locations* 

 Scaled descaled Percent Dif. 
 (%) 

Ratio (Scaled/ 
Descaled) 

Average pitting depth, 
 inches, (mm) 

0.123 
(3.1) 

0.069 
(2.9) 

43.7 1.77 

Standard Deviation, 
 inches, (mm) 

0.05 
(2.2) 

0.09 
(1.9) 

43.4 0.56 

Variance, 
 √inches, (√mm) 

0.0088 
 (4.8) 

0.0028 
(3.4) 

67.9 3.14 

Average length of Exposure 
(years) 

8.125 6.125 24.6 1.33 

 

 
Figure 3-1: Normal Probability Plot: LaQue’s millscale-covered mass loss (mdd) 
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Figure 3-2: Normal Probability Plot: LaQue’s descaled mass loss (mdd) 

 

 
Figure 3-3: Normal Probability Plot: LaQue’s mass loss (mdd) 
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Figure 3-4: Normal Probability Plot: LaQue’s millscale-covered maximum pitting 

depth (inches) 

 

 

Figure 3-5: Normal Probability Plot: LaQue’s descaled maximum pitting depth 

(inches) 
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Figure 3-6: Normal Probability Plot: LaQue’s maximum pitting depth (inches) 

 

 

Figure 3-7: Normal Probability Plot: LaQue’s maximum pitting depth (inches) 

 

Figure 3-8 shows that the mass loss for scaled and descaled specimens displays little 

difference.  Table 3-4 and Table 3-5 show that the difference between the average mass 

loss for scaled and descaled specimens is insignificant.  When considering all 25 data 
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points, there is only a 2.1 % difference in mass loss.  When considering the locations 

tested with scaled and descaled specimens the percent difference increases slightly to  

5.7 %.  The data shows that the scaled specimens tend to have a slightly lower mass loss, 

but not by any significant level.  This leads one to assume either the base metal is 

protected by the millscale or experiencing localized pitting.   

 

The standard deviation for the mass loss data for scaled surfaces is less than unscaled 

surfaces.  The standard deviation is greater when considering 25 data points which is an 

indication of the added inconsistency of blindly comparing different material composition 

and operating conditions.  The variance was also less for scaled specimens.  The smaller 

standard deviation and variance for mass loss of scaled specimens discredits the blanket 

industry view that millscale leads to a greater data scatter.  The values obtained from the 

reanalysis agree well with LaQue’s recommendation for predicting mass loss rates 

regardless of surface preparation, at 25 mdd. 

 

Figure 3-9 shows that for 5 out of 7 locations the pitting depth was greater for scaled 

surfaces.  In 3 of 7 locations the pitting rate is 3 to 5 times greater on millscale covered 

surface than on the descaled steel. 2 of 7 indicated extremely small differences in pitting 

rate between scaled and descaled surfaces.  Table 3-6 and Table 3-7 show that the 

average pitting depth is higher for scaled specimens.  This supports LaQue’s and 

industry’s perspective that the presence of millscale leads to pitting.  Table 3-6 and Table 

3-7 also show that the scaled specimens experienced longer average exposure periods.  

The increase in average pitting depth is related to the exposure period and this may be 

more significant than the surface preparation.  The standard deviation and variance for 

pitting depth is larger for the millscale covered specimens.  This supports the industry 

view that millscale causes a larger scatter. 

 

In Figure 3-10 and Figure 3-11 the data from Kure Beach, N.C., for mass loss and depth 

of pitting are plotted against the duration of exposure, respectively. The data consists of 
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at least seven material compositions and shows no distinguishable or dominating trends 

for either mass loss or depth of pitting.   

 

LaQue’s conclusions in Table 3-3 do not agree with Figure 3-13 for the affect of duration 

of exposure on the pitting response.  Figure 3-12 shows that the mass loss of scaled and 

descaled specimens response to the length of exposure is almost indistinguishable. 

 

The results in Table 3-4 to Table 3-7 bring question to why the variability or data scatter 

is attributed to millscale alone.  The descaled metal shows greater variability in mass loss 

data while the scaled specimens show a greater variance in pitting depth.  The statement 

might be truer if stated “when testing with millscale a greater variability is expected in 

pitting resistance than when testing a descaled surface.”  The difference in the average 

mass losses and pitting depths for millscale-covered and descaled surfaces do not appear 

significant. 

 

LaQue’s conclusions were made from an extremely limited data set for marine 

environments and the conclusions have been applied across areas of corrosion that are not 

directly comparable.  The conclusions originated from steels produced in the 1930’s, 

which cannot be considered equivalent to the millscale and substrate steels produced in 

modern mills.  Technology has allowed for improvements in the substrate metal 

properties and exceptional control of rolling temperatures and speeds, which greatly 

affect the final quality of the steel.   
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Figure 3-8: Mass loss (mdd), Immersed specimens 

 

 
Figure 3-9: Pitting Depth (mm), Immersed specimens 
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Figure 3-10: Mass loss (mdd) versus duration of exposure (years): Kure Beach, 

N.C., immersed specimens 

 

 
Figure 3-11: Pitting depth (mm) versus duration of immersion (years): Kure Beach, 

N.C., immersed specimens 
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Figure 3-12: Mass Loss (mdd) versus duration of immersion (years) 

 

 
Figure 3-13: Pitting depth (mm) versus duration of immersion 
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Chapter Four:  Experimental Methods 

 

 

Mass loss tests, polarizations, monitoring open-circuit potential and surface analysis 

methodology were developed to test the effect of millscale interaction in the corrosive 

response of pipeline steel.  Test materials and environments are chosen to reproduce 

environmental conditions possible within an operating pipeline and to link the results to 

the seawater environment where many of the views on millscale originated. 

 

4.1 Test Material 
Pipeline steel can be difficult to perform experiments on directly because it requires 

flattening from the tubular shape to a flat bar.  The deformation process will change the 

steel properties due to work hardening and other possible effects.  The properties of any 

surface oxides and it’s responses to corrosion within an operational field pipeline can also 

be strongly changed when deformed.  There would have been benefits to obtaining 

material in pipe form for the purpose of investigations directly related to pipeline steel 

millscale, but the use of flat plate or strip steels were chosen for their availability and 

ease of machining test specimens, measuring results, and sealing surfaces during testing.   

 

The first material is flat bar steel with a similar chemical composition and reported 

mechanical properties to an API 5L X42 hot rolled steel, and is referred to as A36.  The 

second material, referred to as X70, is linepipe grade hot rolled steel.   

 

The A36 material has properties similar to both the ASTM A36 and the AISI 1018 

specifications.  The second material should meet API standards for X70.  The 

specifications for steel between the various organizations (ASTM, AISI, API) do not 

always differ greatly in required composition or properties as shown in Table 4.1 and 
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Table 4.2.  The main difference between the X42 and the X70 requirements is strength.  

Another difference is the X70 requires a lower max % carbon wt. by 0.05%.  This means  

alloying and manufacturing techniques are responsible for the enhanced strength 

properties of the X70.  The increase in strength is mainly due to grain size refinement. 

 

A36 materials have a reputation of low quality among steel manufacturers.  When steel is 

manufactured the mechanical properties and/or chemical composition are tested to ensure 

they meet specifications.  Many steels may display adequate mechanical properties but 

can not meet the specified chemical composition, which is especially important in 

corrosion resistance.  The steel is not scrapped when the desired properties are not met; 

instead the steel will be given a down graded A36 designation.  The A36 sample steel 

was chosen to be representative of steel in used in older pipelines with API designations: 

X40-X55.   

 
Table 4-1: Standard Material Composition 

Material 
carbon, 
max % 

manganese, 
% 

phosphorous, 
% 

sulphur, 
% 

silicon, 
% 

copper, 
min %3 

ASTM 
A361 

0.25-0.29 1.03 0.04 0.05 0.28 0.2 

AISI 10182 0.15-0.20 0.60-0.90 0.04 0.05   

API 5L X42 0.28  0.04 0.05 ...  

API 5L X70 0.23  0.04 0.05 ...  

1 - ASTM A36 Composition, up to mm (¾”) bar 
2 - From ASM Carbon Steel Handbook 
3 - when copper steel selected 
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Table 4-2: Standard Mechanical Properties 

 Material 
Tensile Strength 

(MPa) 
Yield Strength 

(MPa) 
Elongation 

(%) 
Reduction 

in area, (%) 
Hardness 

(HB) 

ASTM A361 400 – 550 250 23   

AISI 10182 400 220 25 50 116 

API 5L X42 413 min. 289 23   

API 5L X70 565 min. 482 23   

1 - ASTM A36 Composition, up to mm (¾”) bar, Elongation in 2" 
2 - From ASM Carbon Steel Handbook, for 19-32mm round bar 
3- Values shown for 0.2 sq. in. specimen. 

 

To test the affect of millscale-covered pipeline steel, the second material was obtained 

directly from the Evraz mill, where the manufacturing, handling and storage could either 

be controlled or clearly defined.  The material from Evraz is X70 steel of quality used to 

produce large diameter linepipe.  The millscale on the X70 is actual hot-rolled millscale, 

not the deformed, heat treated, millscale encountered on the internal surface of a pipe.  

The pipe forming process can cause any non-adherent millscale to flake off.  The 

specimen preparation procedure includes the attachment and detachment of green 

painters tape from the specimen surface which easily removes any non-adherent 

millscale.  This cannot truly mimic the effect of the extensive deformation caused by pipe 

formation on scale adhesion and performance, but does allow some amount of control.  

 

4.1.1 Material 1 – A36 
When ordering the A36 material, it was requested of the steel manufacturer that all flat 

bar strips of 6.096 m (20 feet) long by 0.1016 m (4 ”) wide and approximately 3.175 mm 

(0.125 ”) in thickness, come from a single melt, or material batch.  The manufacturer 

gave assurances, but to verify each flat bar’s individual properties micro hardness tests 

were conducted.  Samples from each bar were mounted in Bakelite then polished to a  

1 m surface finish.  The averages of 5 - 12 indentations were used to determine the 

Vickers microhardness, HV. 
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The tensile properties were also used to verify that the specimens were from a single 

batch and are reported elsewhere [88].  The average mechanical properties are shown in 

Table 4.3.  The composition of the A36 material is shown in Table 4.4.  The material has 

a much higher level of copper than the designated minimum for an ASTM A36 material, 

which is 0.2 %.  High copper content is also uncommon in 1018 steel generally due to the 

higher monetary costs associated with intentionally adding copper as an alloy. 

 

Table 4-3: A36 mechanical properties [88] 

 Yield Strength 
Tensile (MPa) 

Upper Yield (MPa) Lower Yield (MPa) 

379.2 330.9 461.9 

 

Table 4-4: A36 Composition [88] 

Mn Cr Si Mo Fe Cu V Ni Total 

0.49 0.039 0.047 0.01 95.434 0.445 0.01 0.019 96.495 

 

Two A36 specimen types were required: coupon mass loss and polarization specimens 

shown in Figure 4-1 and Figure 4-2.  The coupon mass loss specimens were prepared by 

laser cutting.  The hole required in the mass loss specimens for suspension was drilled in-

house.  The polarization specimens were punched.  All specimens were tested at full 

thickness, 3.175 mm (0.125 in).  The specimens surfaces were tested as supplied with the 

oxide (millscale) present or ground to 400-grit, unless specified. 
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Figure 4-1: Mass loss specimen 

 

 
Figure 4-2: Polarization specimen 

 

4.1.2 Material 2 - X70 
X70 linepipe grade steel was acquired in July 2008, after two visits to Evraz in Regina, 

Saskatchewan.  Three different samples were donated by Evraz from a single coil of steel 

during different stages of the hot rolling and pipe manufacturing process.  At Evraz, the 

steel is composed of 100 % recycled steel, with alloys added to the melt to create the 

desired properties, composition, and microstructure.  The composition of the steel is 

checked five times from the initial continuous pour into a slab, to the final handover of 
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the finished linepipe.  The composition of the initial slab is shown in Table 4.5.  Due to 

the small addition of titanium the X70 is a microalloyed steel. 

 

The data in Table 4.5 has been supplied by Evraz, along with the rolling temperature 

profiles, which can be found in Appendix.  The product finishing temperature was 787.8 

ºC (1450 F).  The X70 was produced with a target thickness of 10.4 mm (0.409 in) [89].  

The slabs initial dimensions at Evraz are 33 feet long and 8 inches thick. The final coil 

length is 30.75 ft x 8" / final gauge [89].  e.g. for 0.4" material the final coil length is 

30.75 ft x 8"/0.25" = 615 ft.  All testing, except tensile, is conducted on full thickness 

specimens with a mill target thickness of 0.409”. 

 

The mechanical properties have been tested.  As the material is from a single coil, the 

composition and the mechanical properties of the steel should be consistent between 

samples.  This was not verified.  After initial surface preparation to preserve the millscale 

integrity, the X70 material was carefully handled and stored. 

 

Table 4-5: Composition of X70 slab, [89] 

C Mn Si P S Ni Cr Mo Ti Cu 

0.025 1.63 0.26 0.009 0.0022 0.1 0.07 0.175 0.018 0.25 

 

Sn Al Cb N Ca Sa Ce Pb O 

0.015 0.045 0.065 0.0073 0.0028 0.035 0.0002 0.001 0.0034 

 

V B Fe 

0.001 0.0002 97.334 

 

The variation in the millscale is more extensive across a single coil than originally 

imagined from the reported literature.  The millscale produced on the tableside, or the 

bottom of the coil, is completely different than the millscale produced on the roller side, 

or the top of the steel surface.  It is also inconsistent along the length and across the width 

of the coil.   



 

 

68 

Immediately after manufacturing, the roller side of the millscale has a red appearance, 

while the table side has a black appearance.  The roller side millscale visibly changes 

along the length of the coil.  At the ends of the coil the roller side millscale is red and 

orange, while in the middle of the coil length, covering the majority of the coil, the 

millscale is blue and black in color as shown schematically in Figure 4-3.  The roller 

contact produces streaks of red corrosion product along the table side as highly visible in 

Figure 4-4 and Figure 4-5.  The color of the millscale is a good indicator of its main 

chemical composition.  The red/orange appearance indicates that the millscale is mainly 

composed of α-Fe2O3 as shown in Figure 4-4 on the roller side.  The black corrosion 

products are likely magnetite, Fe3O4, as shown in Figure 4-5 on the table side.   

 

When studying the effects of millscale encountered on the internal surface of a pipeline it 

matters if the roller or table side of the steel coil will be the internal surface.  The final 

internal surface of pipe will depend on the final pipe diameter due to the number of times 

the coil is wound and unwound to produce the final pipe.  Coil used to produce smaller 

diameter pipe require an extra step.  As either side of the coil can form the internal 

surface of a pipe, it was intended to test both coil sides in the as-rolled pre-formed state. 

 

Any moisture present during manufacturing will highly affect the oxide formed.  Evraz 

does not use any lubrication or add moisture during the hot rolling process.  The day the 

samples were manufactured was rainy and humid.  The hot rolling process occurs indoors 

but there are large bay doors which are constantly opened and closed adding to the high 

variability of the manufacturing environment.   
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Figure 4-3: Schematic of millscale along length of X70 coil produced by hot rolling 

from a continuously poured slab at Evraz 2008 

 

 

Figure 4-4: Roller side, X70 sample from Evraz, > 30 minutes after rolling 
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Figure 4-5: Table side, X70 sample from Evraz, > 30 minutes after rolling, view 1, 

view 2 

 

4.1.2.1 Surface Condition and Preparation 

The condition of the exposed surface is extremely important in corrosion testing. An 

ASTM standard has been created to address this single factor: ASTM G1: Standard 

Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens, but the topic 

is addressed by many standards. 

 

4.1.2.1.1 X70 Initial Preparation 

The condition of the millscale, and therefore its response to corrosive environments, 

depends on its history of storage and handling.  Samples were obtained immediately 

following rolling and four days later from the same steel coil to determine if the slower 

cooling and atmospheric corrosion of the coil during storage effected the millscale 

composition and thus the corrosive response. 

 

The first sample from the coil was taken immediately following hot rolling.   The sample 

is from the end of the coil that was hot rolled last.  This sample is designated by “Rol”.  

The sample was flame cut by mill personnel approximately 3 m (10 ft) from the end of 
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the coil.  A closer view of the flame cut is shown in Figure 4-6.  The flame cutting heat 

treated the millscale in the vicinity of the cut.  The flame cut also produced flash which 

heat treated and damaged areas of the millscale across the coil, as shown in Figure 4-7.  

The sample was then loaded onto the back of a truck, with a powerful magnet, where it 

was driven across the yard to the research and development facility.  The sample was 

allowed to cool by natural air convection before it was sprayed with Krylon™ coating.  

The coating is used to preserve the millscale surface from further oxidation before testing 

begins by protecting the surface from moisture and electrochemical rusting.  The sample 

was stored in the Evraz research and development facility for four days.  The coated 

surfaces are shown in Figure 4-8 and Figure 4-9, for the roller side and table side 

respectively.  The coating is applied from a spray can which occasionally sputtered as can 

be seen in Figure 4-8. 

 

 
Figure 4-6: Flame cut, table side, roller side 
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Figure 4-7: Flash caused by flame cutting, just following rolling, roller side 

 

 
Figure 4-8: Roller side, X70 sample from Evraz, > 30 minutes after rolling, with 

protective Krylon™ coating 

 



 

 

73 

 
Figure 4-9: Table side, X70 sample from Evraz, > 30 minutes after rolling, with 

protective Krylon™ coating 

 

The remaining coil was stored outside for 4 days following hot rolling, before proceeding 

to the edging mill.  The edging mill prepares the coil edges for immediate longitudinal 

welding at the pipe mill.   

 

At the edging mill two samples were obtained, again approximately 3 m (10 ft) from each 

end of the coil.  The sample from the beginning of the coil is designated by “AB” and the 

sample from the end of the coil is designated as “AE”.  The sample AB is from the same 

end of the coil as sample Rol.  The samples were sheared from the main coil.  After the 

samples were sheared from the coil they drop into a “waste” bin.  The drop into the bin 

caused areas of the millscale to be scratched, gouged and damaged.  An example of the 

damaged millscale is shown in Figure 4-10, with the damaged areas outlined in paint pen.  

Figure 4-10 to Figure 4-22 show that the substrate metal is only clearly visible at the 

areas gouged by the drop into the waste bin. 

  

Samples AB and AE were also coated with Krylon™ and are shown in to Figure 4-11 to 

Figure 4-22.  No samples could be obtained from the middle of the coil length, where the 
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millscale had the blue-black appearance, due to the high waste that would have occurred.  

The donated samples obtained caused at least a 5 % waste of the coil.   

 

For shipping purposes, all three samples were flame cut in half, by research center 

personal, care was taken to protect the millscale surface from further damage caused by 

flash.  To ensure the integrity of the millscale during transportation between Regina and 

Calgary, the Krylon™ coated samples were wrapped in plastic sheets and blankets.  

Excess material was acquired above that required for the intended testing.   

 

 
Figure 4-10: Damage on sample AB table side following shear 

 

 
Figure 4-11: AB, Beginning Coil, table side, not sent for laser cutting 
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Figure 4-12: AB, Beginning Coil, roller side 

 

 
Figure 4-13: AB, Beginning Coil, roller side 
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Figure 4-14: AE End coil, roller side 

 

 
Figure 4-15: AE End coil, roller side, coil edge 

 



 

 

77 

 
Figure 4-16: AE End coil, roller side, middle of coil 

 

 

Figure 4-17: AE End of coil, table side 
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Figure 4-18: AE End of coil, table side, edge of coil 

 

Figure 4-19: AE End of coil, table side 
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Figure 4-20: AE End of coil, table side, middle of coil 

 

 
Figure 4-21: AE End of coil, table side, middle of coil 
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4.1.2.1.2 X70 Preparation for Laser Cutting 

Two types of X70 corrosion specimens were required: circular polarization specimens 

and rectangular mass loss specimens.  To machine test specimens, laser cutting was 

chosen because no fluid or lubrication is required.  Cutting fluids can cause undesired 

electrochemical corrosion of the millscale that had so carefully been avoided on the X70 

samples up to that point.  The previous laser cutting of the A36 samples produced 

satisfactory results.  The edges of the A36 samples had a small amount of slag that could 

easily be removed with a file, without causing excessive damage to the millscale covered 

surfaces.  To determine the extent of heat treatment caused by laser cutting a 

microhardness profile was measured.  The results can be found in Chapter 5. 

 

The X70 samples were marked and wrapped in preparation for laser cutting.  As can be 

seen in the figures above, the millscale has visible differences across a single surface so 

the location that a millscale sample is from on the coil may control the corrosive 

response.  This may be one of the sources of scatter associated with millscale data.  The 

surfaces, still coated with Krylon™, was marked with paint pen, on the millscale 

damaged side being the table side for samples AE and AB and the roller side for sample 

Rol, and the location recorded.  An example of the marked surface can be seen in Figure 

4-22.  Following identification, each sample surface was further protected with bubble 

wrap for transport and handling before laser cutting.  

 

 
Figure 4-22: AE End of coil, table side 



 

 

81 

The X70 material was delivered to Laser Equation with the same instructions that 

accompanied the A36 specimens that had successfully been laser cut previously by the 

same vendor.  The difference in the condition of the A36 and X70 samples delivered to 

Laser Equation was the paint pen identification markings on the X70 material.  The A36 

samples were not marked.  Marking the steel was not discussed with office personal 

before leaving the material. 

 

The careful handling and preparation of the X70 samples before laser cutting proved to 

be futile.  Laser Equation shop personal could identify that the material was prepared 

specially and questioned office staff for clarification on project details.  Office personal 

instructed shop personal to proceed following their standard laser cutting practices.  

Without my consultation the paint pen identification marks were removed as they would 

have interfered with the laser during the cutting process.  The mishandling of the material 

would still have resulted in testable specimens if the identification marks alone had been 

removed. 

 

After removing the identifications marks and completing the laser cutting, the procedure 

for the X70 specimens continued to differ from the A36 laser cutting procedure.  Laser 

Equation staff used a power grinder to remove any slag caused by the laser cutting 

process.  This was also unexpected and unwanted.  The power grinding either removed or 

excessively damaged the millscale.  When the millscale was left intact it was severely 

heat treated.   

 

To salvage as many specimens as possible, each specimen surface was individually 

inspected.  The few specimens with minimally damaged millscale were segregated.  

There were more circular polarization samples than rectangular mass loss specimens that 

could be salvaged, due to the testing methodology.  For the rectangular coupon mass loss 

specimens the entire surface is required for testing.  Only the center area of the circular 

specimens is tested when it is mounted in the Teflon polarization holder described below.  

This means even if severe heat treatment of the millscale occurred on the edge of the 



 

 

82 

specimen the remaining millscale in the center was unaffected and could still be tested 

unless it had been damaged by the mechanical grinding.  The diameter of the circular 

X70 polarization specimens is 33.02 mm (1.3 in) and the polarization test area is 25 mm 

(0.984 in).  

 

The remaining millscale damaged specimens was not scrapped but used to complete the 

substrate metal tests after complete millscale removal by sandblasting with a silica oxide 

media. 

 

4.1.2.1.3 Preparation for Corrosion Testing 

ASTM standards recommend surface preparation techniques, which may or may not be 

specific to the type of test conducted.  The specific surface preparation for each test is 

described below.  To remove the millscale, hand grinding of the A36 specimens was 

attempted.  The A36 material did not have tight flatness tolerances and this required 

removing an extensive depth of material.  A pad sander removed the millscale adequately 

but a drum sander could remove the millscale with less substrate removal required. 

 

The scale on the X70 was removed by sandblasting with silica oxide media.  After the 

millscale was blasted the surface could further be processed by wet grinding at 120-grit, 

240-grit, 320-grit, 400-grit and 600-grit.  During wet grinding, it was observed that the 

silica blast removed the millscale but the substrate metal surface profile was extremely 

variable as shown in Figure 4-23 and Figure 4-24 for roller side and table side specimens, 

respectively.  Figure 4-23 and Figure 4-24 show the millscale removal progression during 

wet grinding with 240-grit, for the roller and table side, respectively.  The roller side has 

more numerous pit sites but they are not as deep or large as the table side pits.  To obtain 

an even surface profile a greater depth of material removal was required for the table side 

surface.  The grinding time between the pictures increases with each picture.  The initial 

images are taken after ~ 15 seconds grinding intervals increasing to ~ 1 minute grinding 

interval between the final images. 
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Figure 4-23: X70 Millscale removal: roller side.  The grinding time between the 

pictures increases with each picture.  The initial images are taken after ~ 15 seconds 

grinding intervals increasing to ~ 1 minute grinding interval between the final 

images. 
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Figure 4-24: X70 Millscale removal: table side.  The grinding time between the 

pictures increases with each picture.  The initial images are taken after ~ 15 seconds 

grinding intervals increasing to ~ 1 minute grinding interval between the final 

images. 
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4.2 Test Environments 
There is no typical environment that a pipeline may be exposed to, but there are ions and 

gases that are commonly found to cause enhanced corrosion.  Beliefs surrounding the 

interaction of millscale in the corrosive response originate from aerated sea water 

environments.  Seawater is composed of various harmful ions of which chloride ions are 

found in greatest abundance.   

 

Aerated high chloride content environments within a pipeline are unlikely and are 

specifically avoided.  Pipelines are not purged of oxygen before introducing corrosive 

electrolytes.  The dearation occurs due to the aerated fluid movement and the oxygen 

being pushed ahead of the corrosive fluid, followed by a slug of partially aerated solution 

until the dearated fluid passes through the pipeline such as depicted in Figure 4-25. 

 

 
Figure 4-25: Initial dearaetion process within a pipeline 

 

Test solutions are prepared with type IV distilled water as specified in ASTM D1193.  

All tests are conducted in deaerated environments obtained through a purge with nitrogen 

gas.  The purge rate is increased during the beginning of tests to facilitate a quicker 

deareation.  The purge is reduced after ~ 30 minutes to maintain a positive pressure and 

ensure continued deareation throughout the test.  The pH of 3 % NaCl electrolyte was 

also varied.  The solution pH values tested varied.  The pH of the solution has been 

measured according to ASTM D1293.  The pH meter is frequently calibrated with a 

combination of buffer solutions. 
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In an effort to produce an environment that is highly corrosive to a pipeline and still had a 

link to the environment where many of the beliefs on millscale originated the majority of 

the tests are conducted in 3 % NaCl.  Polarizations of the A36 material with and without 

millscale have also been conducted in different concentration solutions of chloride, Cl-, 

sulphate, SO4
-, and bicarbonate, HCO3

-2 at various pH values, deareated with nitrogen. 

 

4.3 Experimental Equipment and Procedure 
Standard corrosion testing includes the removal of millscale but can accommodate testing 

with millscale.  This requires re-formulating basic test methodology from specimen 

preparation to analysis for adequate and accurate results.  Test procedures are developed 

to determine the corrosive response of millscale covered steel through coupon mass loss, 

monitoring open-circuit potential, potentiostatic polarization and surface analysis.  

Special mounting techniques are required to prepare specimens for determination of the 

millscale thickness and estimate compositions.  Mechanical properties are determined for 

the material according to ASTM standards. 

 

4.3.1 Mass Loss Tests 
Mass loss tests are frequently used to determine general corrosion rates but can also be 

used to evaluate galvanic corrosion, crevice or concentration cell corrosion, selective 

corrosion, parting or dealloying, pitting, and SCC [31].  Mass loss tests are conducted 

according to ASTM G4: Standard Guide for Conducting Corrosion Tests in Field 

Applications and NACE TM0169:  Laboratory Corrosion Testing of Metals.  The 

standards describe the required sample preparation, number of test specimens, specimen 

identification and measurements, suggested apparatus, duration of exposure, specimen 

cleaning and final examinations.  

 

When investigation into applicable standards began the ASTM standard for laboratory 

immersion tests (ASTM G31: Standard Practice for Laboratory Immersion Corrosion 

Testing of Metals) had been retired.  Later review revealed that the standard had been 
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reapproved and put back into practice.  A review of the document before and after 

retirement showed the only difference to be the addition of values in multiple units. 

 

Among corrosion monitoring techniques mass loss tests are the most commonly used, 

especially in the field.  This is due to the simplicity and cost effectiveness of 

implementing coupon racks in process flows.  It is most beneficial to make coupons out 

of the same material as the vessel of interest experiencing the corrosion.  Another benefit 

is the installed coupons experience the exact same corrosion conditions and fluctuations 

in pH, temperature, flow rate, and solution composition as the vessel they are placed 

within.  However, to be representative of the pipe wall corrosion the coupons must be 

placed flush with the pipe surface. 

 

Many other corrosion monitoring techniques require a conducting electrolyte for accurate 

measurements.  Mass loss tests are an effective corrosion measurement tool in non-

conductive electrolytes, such as crude oil.  A drawback of measuring mass loss through 

coupons is that only an average corrosion rate over the exposure period can be 

determined, not how the corrosion rate changes with time.  In many cases the corrosion 

rate is not constant with time, even when the environmental conditions are constant.  This 

is generally due to the time required for oxide formation and/or degradation, or for the 

onset of localized corrosion such as pitting and/or crevice corrosion. 

 

TM0169 states the most important factors for duplicating field condition in a laboratory 

setting include oxygen concentration, temperature, rate of flow, pH value, and other 

important characteristics of the solution.  Conducting mass loss tests in a laboratory 

environment at first appears as simple as implementing mass loss test in the field.  The 

laboratory conditions are controlled and therefore should be simpler to operate.  The main 

difficulty of producing reliable results in the laboratory is due to the nature of an open 

system in the field compared to the laboratory closed system.  The open system will have 

a natural replenishment of corrosive species; in the closed system they can be consumed.  

Wachter et al. believe “the principal disadvantage of laboratory tests is that not all 
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influential corrosion factors may be recognized or be easily reproduced in a laboratory 

[90].”  During mass loss apparatus design, problems were encountered with maintaining a 

constant pH, temperature, adequate flow, and isolation of the specimens from the testing 

vessel (coating problems).   

 

Four different cell configurations were utilized during the development of mass loss 

apparatus.  The initial mass loss apparatus could not maintain a constant pH for the 

extended test periods required.  This required changing the containment vessel material 

from glass to large steel vats to contain the greater volume of test solution.  Changing to 

steel introduced issues with coating the test vessel to ensure it did not interact in the 

corrosion reactions for extended test periods.   

 

The larger volume of solution required constant agitation to maintain adequate flow.  A 

special circulation pump, in which the corrosive fluids never contact metal, was 

introduced to maintain adequate flow within the larger rectangular steel vessel.  This led 

to unwelcome temperature changes which required the development of a heat exchanger 

to cool the corrosive fluid.  In an attempt to run multiple experiments concurrently, two 

cylindrical steel vats were connected with the circulation pump.  The circulation pump 

worked due to a pressure differential and in combination with the nitrogen purge caused 

the vessel to overflow within 12 hours of operation.  When the cylindrical vats were run 

without the circulation pump and only the nitrogen purge no overflow occurred but the 

flow within the cell was inadequate to simulate the internal environment of a pipeline.  

The final equipment modified had an internal stirring system.  Initially, the problem with 

the stirred apparatus was not inadequate flow but an excessive flow rate that caused a 

vortex to form in the middle of the container.  The original motor was replaced with a 

controllable motor that could bring the revolutions down while still maintaining enough 

torque to turn the stirrer. 
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4.3.1.1 Mass Loss Coupon Preparation 

The mass loss coupon specimens were prepared according to ASTM G1: Standard 

Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens.  The X70 

and A36 coupon specimens are approximately 36.0 x 48.0 mm (1.5 in x 2.0 in) with a 

hole drilled for suspension.  Drawings of the mass loss coupon specimen is shown in 

Figure 4-1. 

 

All the A36 coupons had laser cut edges.  The A36 specimens have one edge as provided 

from the mill and 3 edges that have been laser cut.  The edge from the mill appears to be 

sheared.  A schematic of the specimen cutting scheme for the A36 specimens is shown in 

Figure 4-26.  The dashed lines are the laser cuts.  The laser cutting left a small amount of 

slag on the specimen edge that was easily removed manually with a file. 

 

 
Figure 4-26: A36 Mass Loss Coupon Cutting Schematic 

 

The X70 mass loss specimens have 4 edges that are laser cut.  The specimen test surface 

is either left with millscale in place, sandblasted with a silica blast, or wet hand ground to 

600-grit.  A hole with a minimum diameter of 6.35 mm (0.25 in), is manually drilled so 

each specimen can hang electrically isolated from the specimen holders described below.  

One edge of each coupon is etched with an identification mark and numbered to track the 

individual sample.  

38.1 mm (1.5”)

50.8 mm (2.0”)

101.6 mm (4.0”)
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The dimensions of each specimen are measured to ± 0.01 mm accuracy with manual 

callipers.  The specimens are washed with dish soap, followed by an acetone rinse to 

remove grease and debris according to ASTM G1.  The specimens are weighted to within 

± 0.01 g on a calibrated digital scale.  

 

To protect the identification mark and to provide an accurate surface area for analysis the 

test surface area is masked off with green painters tape.  The edges had a very rough 

surface due to the cutting and would change the calculated surface area if allowed to 

corrode freely.  Green painters tape is chosen for the minimal residual adhesive and 

minimal disturbance of millscale during tape removal.  Any millscale that did not have 

adequate adhesion is easily removed by the tape.  The mass of removed millscale is 

always < 0.01 g.  Generally the patchy areas removed are smaller than 1 mm2.  Figure 

4-27 shows an example of the X70 millscale surface and the millscale removed by the 

green tape showing that the removal is extremely random and patchy with the exception 

of near cut edges and near the drilled hole. 

 

 
Figure 4-27: AE, green painters tape removal from millscale covered surface, 

surface also coated with Krylon™ 
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The unmasked surface is painted with Red Stop-Off Lacquer.  Red Stop-Off Lacquer was 

chosen after other coatings attempted, such as nail polish and a glue gun.  Preliminary 

testing revealed that nail polish and glue gun glue allowed excessive undercutting after 

extremely short immersion periods in concentrated 14 % HCl.   

 

The Red Stop-Off Lacquer is very brittle and care must be taken when removing it from 

the specimen surface.  A utility knife was used to cut an edge between the tape and the 

paint to ensure the paint did not chip during removal.  If chips occurred the specimens 

were re-tapped and recoated.  After removal of the tape the specimen test surfaces are 

given a final degreasing with acetone using a Q-tip before immersion.  Care is required as 

not to affect the paint as acetone is an ideal solvent for the Red Stop-Off Lacquer. 

After specimen preparation was already complete, a carbide grinding bit capable of 

“drilling” designed for use in explosive sensitive environments distributed by TFT- 

Pneumatic, LLC, and was encountered at the NACE 2011 exhibition.  The drilling causes 

no spark and produced extremely minimal specimen heating.  Initial demonstration of the 

drilled hole was on a painted pipe.  The paint around the hole showed minimal damage.  

This shows promise for causing less damage to the millscale around the hole required for 

suspension and future investigation is warranted. 

 

4.3.1.2 Apparatus 

Apparatus for mass loss testing requires ports for: intake gas bubbler, outlet gases, inlet 

fluid and outlet fluid.  Four cell configurations were attempted during the development of 

the mass loss apparatus: glass cells, a rectangular cell, two cylindrical steel vats, and 

stirred mass loss cells.  The initial glass cells were simplistic, and very similar to the cell 

recommended in G31, but controlling environmental conditions of pH, temperature and 

flow required continual apparatus upgrades.  The final apparatus has the ability to adjust 

the pH and flow within the test cell.  All the apparatus’ had been used in previous 

experiments and required modifications.  The apparatus from previous experiments are 

used instead of designing new cells due to limited funding.   
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4.3.1.2.1 Glass mass loss cell 

Initially the coupons were to be tested in two litre capacity glassware that had been 

designed according to G31 and shown in Figure 4-28.  Figure 4-28b shows the four ports 

for fluid and gas exchange.  Eight cells were set up that could each hold 4 specimens.  As 

mass loss results are considered more accurate over longer periods of time the ability to 

run multiple tests concurrently was extremely desirable. 

 

With two litres of solution and four coupons the pH could not be maintained for extended 

periods without continual adjustment.  This required the development of a pH adjustment 

cell, described below.  Figure 4-29 shows that even with adjustment in the glass cell a 

sustainable period of adjustment could not be obtained for the A36 specimens.  The pH 

was most difficult to maintain during the first 24 hours of testing.  The initial 24 hours of 

testing required adjustment at an interval from every 10 minutes to every 3 hours.  This 

could not be maintained for the long test durations required. 

 

a. b.  

Figure 4-28: Glass Corrosion Cell a) specimen suspension b) inlets and outlets 
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Figure 4-29: A36 in 3%NaCl, desired pH 1.9, glass corrosion cell 

 

4.3.1.2.1.1 Rectangular mass loss cell 

A rectangular cell was the second mass loss cell configuration attempted.  The cell could 

be used to for testing vacuum decay response simultaneously with a barnacle cell 

(electrochemical hydrogen permeation measurement) and single surface corrosion in the 

exact same environmental.  A schematic of the special testing cell is shown in Figure 

4-31.  A picture of the cell is shown in Figure 4-30.  The cell was operated with all three 

specimens ports covered.  There are Teflon inserts for Ports # 2 and # 3 and a rubber 

gasket over Port 1, the location that used to contain the foil specimen.  If desired, the 

apparatus can still be used later with the originally intended configuration.  The cell 

required coating and is described below.   

 

The larger reservoir required a pump to produce the desired circulation to simulate 

pipeline flow.  It was possible in the initial glass cell set up to have enough circulation 

with only purge gas.  The circulation pump is a March BC-2CP_MD, which is an 

“Orbital” Magnetic Drive Pump.  The pump was specifically chosen because there are no 



 

 

94 

metallic parts that come in contact with the test solution.  This eliminates the concern for 

galvanic interactions within the pump.   

 

The introduction of the March pump increased the flow adequately within the rectangular 

corrosion cell but also had the unwanted side effect of increasing the solution 

temperature.  Initially an older model pump, available in the lab, LC-2CP-MD, was 

installed with the rectangular cell.  It was found that the corrosive solution temperature 

increased from room temperature, ~ 22 °C, to 32 °C when the pump was run for extended 

periods.  At this point a heat exchanger was developed.  The heat exchanger available did 

not have sufficient capacity or the ability to circulate corrosive fluid without possible 

galvanic interactions so a heat exchanger was constructed by modifying a small 

refrigerator as shown schematically in Figure 4-32.  A coil of Tygon tubing is run 

through a bucket of water or an ice within the refrigerator.  An added benefit of the 

extended coil length is the additional solution volume.  

 

After the heat exchanger was developed a new model of the pump arrived.  The newer 

model of pump included a design change of the material casing around the motor from a 

solid plastic to a vented metal cover; this prevents the pump from excessive heating and 

transferring unwanted heat to the corrosive fluid.  This meant the development of the heat 

exchanger was unnecessary. 

 

 
Figure 4-30: Picture of special testing cell 
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Figure 4-31: Schematic of special testing cell (after Matei, 91) 

 

 
Figure 4-32: Heat exchanger schematic 

 

4.3.1.2.1.2 Cylindrical mass loss cells 

It was desired to run multiple tests concurrently but only one rectangular cell was 

available.  An attempt to transform a set of cylindrical steel vats into another mass loss 

cell was unsuccessful.  The second cell consists of two 254 mm (10 in) diameter, 254 mm 

(10 in) deep steel vats.  The vats were connected with a March BC-2CP_MD pump in an 

attempt to maintain the same corrosive environment between vessels as shown in Figure 

4-33.  Fluid exchange could only be maintained for 12 hours, then one vat would fill with 

nitrogen, leaving the specimen unimmersed, and the other container overflowing test 
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solution.  Design of an overflow prevention system was not considered as within the 

cylindrical vats the March pump could not provide adequate flow alone so stirred mass 

loss cells were developed. 

 

 
Figure 4-33: Cylindrical steel vats schematic 

 

4.3.1.2.2 Stirred Mass Loss Cell 

The final mass loss apparatus has a stirrer that is belt driven and holds approximately 21 

litres of solution.  Two large steel vats with a four bladed radial impeller were available 

within the lab.  The cells required very little modification.  The cell has removable ports 

for gas in and out, drainage, fluid in, and a fluid level indicator.  The cells required 

coating and minor modifications to the stand for the corrosion coupon holders.  A change 

in the motor was the largest modification required.  Initially the stirred apparatus had 

excessive flow.  The DC 0.5 hp motor provided 1725 RMP which was stepped down to  

~ 413 RPM through belt reduction.  When the stirrer operated at ~ 413 RMP a vortex 

formed in the middle of the container.  The DC 0.5 hp motor was replaced with by a 3 

phase 0.33 hp, 1725 RPM, AC motor controlled by a 3 phase to single phase frequency 

inverter SM204 from Lenze-AC Tech.  The controller allows a low RPM while still 

maintaining enough torque to still turn the stirrer.  A picture of the apparatus is shown in 

Figure 4-34.  A schematic of the final stirred mass loss cells is shown in Figure 4-35. 



 

 

97 

 
Figure 4-34: Stirred Mass Loss Apparatus 

 
The AC controlled motor provides enough torque to operate the stirrer from a max of  

~ 413 RPM down to extremely low RPM.  The input signal frequency is set by the 

controller.  The maximum output of 60.0 Hz provides the full 1725 RPM from the motor.  

At 30.0 Hz, the motor spins at approximately 150 RPM.  Meaning the stirrer is moving at 

approximately 38 RPM.  The exact internal flow distribution around the specimens was 

not determined.  The flow will not be constant throughout the cell but the effect on the 

specimens is minimized by the specimen holder mount.  The mount has four legs and is 

tall enough to allow the propeller to turn unimpeded below.  The platform to mount the 

specimen holder has holes drilled through to allow for fluid circulation.  In cell 2, the 

mount is slightly less than the internal cell diameter of the stirred cell with a cut out for 

placement around the fluid level indicator.  As testing continued the diameter of the 

platform had to be reduced to accommodate the increasing container coating thickness.  

In cell 1, the diameter of the mount is 24.13 cm (9.5”).  This means the flow within each 

mass loss cell will differ in magnitude and possibly turbulence.  The difference did not 

appear to affect the final data within the test period.   

 

After thousands of hours of operation, cell 2 began leaking.  After disassembly, it was 

discovered the shaft had been scored as seen in Figure 4-36. 

.

pH adjustment
cell 0.33 hp 

motor

controller
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Figure 4-35: Stirred mass loss cell schematic 

gas vent

solution
gas in

pH adjustment solution

coupons

coupon holder

specimen holder mount
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Figure 4-36: Shaft 
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4.3.1.2.3 Apparatus Coating 

Changing from the initial glass cells required coating the large steel corrosion cells.  

Coating is to ensure electrical isolation between the vessel and the corrosive 

environments.  The initial test plan included testing within a range of very severe 

corrosive environments that are extremely degrading to many coatings.  Planned tests 

included extremely corrosive environments of high and low pH values (~ pH 2 to 11), to 

be adjusted with hydrochloric acid or sodium hydroxide, purged with O2 or H2S, in 

solutions containing chloride ions, sulphate ions, and bicarbonate ions. 

 

Three types of coatings were attempted.  The first coating investigated was a 

mechanically alloyed rubber coating that had been developed at the University of Calgary 

by Shaw over ten years earlier.  The coating was thick, tenacious and provided long term 

protection.  It had previously withstood the extreme test environments initially planned.   

 

To prepare the mechanically alloyed rubber coating several constituents required mixing. 

Following mixing, the coating required degassing under vacuum before application.  

Shaw’s experience dictated that degassing could be completed within one hour.  The 

mixed mechanically alloyed rubber coating would not fully degas even after degassing 

time periods greater than 24 hours had elapsed.  When applied, after 24 hours of 

degassing, the coating was extremely porous due to the presence of entrapped gas 

bubbles.  One or more of the constituent ingredients had expired.  No unexpired 

ingredients could be obtained due to the lapse in time (over 10 years) from the original 

manufacture of certain components. 

 

As the mechanically alloyed rubber could not be used, Shaw’s experience indicated an 

industrial Teflon coating would provide adequate protection to the steel corrosion cell.  

The experience with the industrial Teflon coating was from a two part coating applied in-

house.  In the past when the in-house Teflon coating was used because there were no 

industrial parties in the area offering the service.  Over time the industry demand for 

Teflon coating increased and a company operating out of Innisfail, Alberta offered the 
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application.  C&C Coatings Inc. were contracted to coat the previously used steel vats, 

that had been sandblasted, and some newly machined SS, required for other  tests.  

 

One of the mass loss cells sent for Teflon coating had been used in corrosion experiments 

including H2S.  The cell had not been cleaned following its previous use which had left 

the coating in extremely poor condition requiring removal and replacement.  The cells 

were taken to Consolidated Compressor where the interior surfaces were sandblasted.  

Even after the sandblasting, the interior surfaces were still in poor topographic condition.  

Sandblasting revealed that extensive pitting had occurred during improper storage of the 

vessel.   

 

The application of the Teflon coating did not provide adequate tenacity to the substrate 

metal.  Gentle wiping of the Teflon coating caused chipping and revealed bare metal.  

The small openings in the coating grew easily when solution was introduced to the cell 

through quick undercutting.  The coating was more tenacious on the newly machined SS 

surfaces than the sandblasted steel surface. 

 

Beyond the lack of adhesion on the sandblasted containers, another major draw back of 

the Teflon coating was the blisters that formed under the coating on the stainless steel 

vessels after an H2S environment was tested as can be seen in Figure 4-37.  When a 

coating is showing visible signs of deterioration it is generally a sign of much more 

extensive damage occurring to the substrate metal as seen in Figure 4-38 where the 

coating completely disbonded.  The cells were returned for reapplication of the industrial 

Teflon coating.  After reapplication, the coating still had inadequate tenacity especially 

on the sandblasted surfaces.  
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Figure 4-37: Blisters under Teflon coating on stainless steel after exposure to 

saturated H2S containing environment 

 

 
Figure 4-38: Disbonded Teflon coated on stainless steel after exposure to saturated 

H2S environment 

 

Further investigation into available coatings indicated a two part industrial epoxy coating 

could withstand the proposed test environments.  Epoxy Novolac Heavy Duty Tank 

Lining, produced by Cloverline was selected.  The recommended surface preparation for 

immersion service before spray application is a SSPC-SP10 Near White Metal Blast 
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Cleaning [92] followed by spray application.  Many industrial coaters in the Calgary area 

would not consider the project due to its extremely small scale.  A local merchant was 

found that stated they could accomplish the required surface preparation and power spray 

application.  

 

Initially the applied coating provided good protection but was prone to chipping.  When 

chipping began it was found that the previous Teflon coating had not been removed 

before applying the new epoxy coating.  The surface was not prepared to SSPC-SP10 

Near Metal Blast Cleaning before application.  Once the inadequate surface preparation 

was realized too much time had passed to return to the vendor.  Funding dictated that 

another solution had to be found. 

 

The epoxy tank liner application instruction stated that touch-up application could be 

made with a brush.  The containers were sandblasted at Consolidated Compressor, again, 

and then hand painted with a brush and left for 24 hours to cure.  Figure 4-39 shows the 

stirred mass loss apparatus during the initial coating process.  The brush is not the ideal 

application tool.  Care is required to avoid pooling during application and drying, which 

caused thick paint areas more prone to chipping. 

 

To ensure coating integrity before testing began, the cells are filled with tap water and 

left for 24 hours.  The water is drained and any areas of brown rust, indicating pinholes, 

which provides a strong contrast to the whitish tank liner epoxy coating, are recoated.  

The coating is then left for another 24 hours before the procedure is repeated until no 

obvious corrosion is occurring.  The coating procedure takes approximately 7 days.  The 

data sheet also recommended that before returning to service that the tank lining have 

seven days to cure for maximum chemical resistance [92].  
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Figure 4-39: Epoxy coated stirred mass loss cells 

 

Table 4-6 shows the expected performance of the epoxy coating under various 

conditions.  The coating is excellent in most of the initially planned environments.  It is 

only expected to perform very good in alkaline environments.  It is also not 

recommended for immersion in inorganic acids.  The coating held up well for test 

periods, but upon drying excessive cracking occurred, likely due to the excessive 

thickness caused by brush application.  The coating displayed excellent chemical 

resistance in a neutral 3 % NaCl environment.  After testing in the basic 3 % NaCl 

solution the coating required more extensive repairs than following immersion in a 

neutral environment. 

  



 

105 

Table 4-6: Epoxy Novolac Heavy Duty Tank Lining expected performance [92] 

Condition Performance 

weather very good 

moisture excellent 

solvents excellent 

salt water excellent 

fresh water excellent 

abrasion excellent 

acids excellent 

alkalis very good 

oil excellent 
 

Due to the epoxy coating thickness it could not be applied to threaded components as the 

Teflon could; so many outlets were sealed with epoxy paint during final assembly.  This 

also doubled as a sealant against fluid leaks.  The flexibility of removable ports on the 

stirred vessel was thus rendered useless, unless the entire cell is sandblasted to remove all 

the epoxy coating.  

 

Figure 4-40 to Figure 4-42 show cell 2 after 4 weeks in a 3 % NaCl pH 11.2 solution with 

6, X70, no scale, coupons.  The coating becomes covered with brown rust, which is easily 

wiped off if done before drying can occur.  If drying is allowed the rust becomes very 

adherent and difficult to remove without damaging the brittle coating, leaving the epoxy 

coating stained slightly orange-brown.   

 

 
Figure 4-40: Stirred Mass Loss Cell 2, at pH 11.2 after 4 weeks 
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Figure 4-41 shows the cover from stirred mass loss cell 2 after 4 weeks in 3 % NaCl, pH 

11.2.  The substrate steel showed no corrosion so the coating must have cracked during 

drying after removal from the testing environment.  The coating within the basic solution 

stood up very well, with only small areas of coating disbondment.  An example of the 

coating disbonding is shown in Figure 4-42 on the impeller.  The disbondment was likely 

due to poor coating application practices at locations where globs of paint were allowed 

to dry.  Before beginning new tests the containers are inspected and recoated as 

necessary.  The coating would likely resist all testing environment much better if applied 

according to data sheet instructions. 

 

 
Figure 4-41: Stirred mass loss cell cover at pH 11.2 after 4 weeks 

 

 
Figure 4-42: Impeller, at pH 11.2 after 4 weeks immersion 
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4.3.1.2.4 Constant pH  

It is very important to keep the pH constant within  0.1 during all tests to obtain a 

consistent corrosive environment for analysis.  TM0169 states “the volume of test 

solution shall be large enough to avoid any appreciable change in the test solution’s 

corrosiveness through either exhaustion of corrosive constituents or accumulation of 

corrosion products that might further affect corrosion.  The minimum ratio of test 

solution volume to test specimen surface area is 20 mL/cm2 (130 mL/in2).”  Jones states 

that 10 - 20 mL/cm2 (100 - 200 L/m2) is acceptable [62]. 

 

The mass loss coupons have a test surface area of approximately 38.7 cm2 (6 in2) when 

both 36.0 x 48.0 mm (1.5 in x 2.0 in) surfaces are tested ignoring the hole.  In the first 

apparatus, there were four specimens per 2 L of solution resulting in a ratio of test 

solution volume to test specimen surface area of 12.9 mL/cm2 (83 mL/in2).  This is 

adequate for Jones criteria but not for TM0169.  During initial testing the pH was not 

constant and required almost continuous adjustment. 

 

Further testing was conducted with only one specimen and with one half a specimen, to 

see the affect of increasing the ratio of test solution volume to test specimen surface area, 

at ratios of approximately 50 mL/cm2 and 100 mL/cm2, respectively.  With the increased 

ratio of solution to surface area the solution still required pH adjustment, but the interval 

between adjustments was increased to daily, for the first week or two of testing.  After the 

first two weeks, weekly adjustments were adequate.  During the initial two to three days 

of testing the solution may require adjustment every 9 - 12 h.  Millscale-covered 

specimens required more frequent pH adjustment especially during the initial week of 

immersion. 

 

To adjust the pH of the test solution a process of exchanging deaerated fluid with a lower 

(or higher) pH into the test cell at a low flow rate was developed to ensure that no spikes 

in the overall pH of the system occurred during adjustment.  A schematic of the pH 

adjustment cell is shown in Figure 4-43.  The pH adjustment fluid is initially purged with 
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nitrogen to ensure deaeration and then the gas outlet is blocked causing the positive 

pressure to force the pH adjustment fluid slowly through a valve into the system.  The 

rate of fluid addition can be adjusted by adjusting the input gas flow rate into the pH 

adjustment cell.  The pH adjustment cell can hold up to 1 litre of solution. 

 

If the solution pH is required to be maintained at 2.1 +/- 0.1, then solution pH will be 

adjusted to 2.0.  An example is the adjustment of 3 % NaCl solution at a pH 2.1 through 

the addition of 3 % NaCl solution containing either HCl or NaOH.  This will maintain a 

consistent ion content, as only a few drops of HCl is only a few drops to adjust 

approximately 16 to 20 litres of test solution. 

 

When the pH of the solution was not adjusted, the pH of the solution appeared to 

stabilise.  The approximate value of the pH initially and the unadjusted (stabilized) final 

pH are shown in Table 4-7.  

 

 
Figure 4-43: Schematic of pH adjustment cell 
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Table 4-7: Stabilised pH 

Initial test pH 
(approximately) 

Stabilised unadjusted pH 
(approximately) 

2.2 4 

6-7 8.5 

11.2 10 
 

4.3.1.2.5 Coupon holders 

During the development of the mass loss cells two geometries were used that required 

coupon holders.  The coupon holders are designed according to G31 to fit within the 

rectangular and cylindrical mass loss cells are shown in Figure 4-44 a and b, respectively.  

The coupons on the holder within the cell can be seen in Figure 4-45.  The holders have 

the flexibility to accommodate various specimen thicknesses.  The holders are made of 

acrylic and Delrin™.  Up to three X70 specimens can hang on each Delrin™ rod on 

coupon holder 2.  This allows for nine specimens to be tested concurrently in the same 

cell.  In Figure 4-44b, there is a hole in the acrylic base.  This has been covered, as seen 

in Figure 4-45, with more acrylic in an attempt to further aid in blocking the central 

vortex formed by the original motor in the stirred mass loss apparatus.  

 

a.  
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b.  
Figure 4-44: a. Coupon holder 1, b. Coupon holder 2 

 

 
Figure 4-45: X70 mass loss coupons in epoxy coated stirred mass loss cell 

 

4.3.1.3 Duration of Exposure 

ASTM G4, section 14, states: “the duration of the test should be as long as possible… 

The minimum duration of the test in hours is approximately 50, divided by the expected 

corrosion rate expressed in mm/y…  It is desirable to run the test with various time 

intervals so that the changes in corrosion rate with exposure time can be evaluated.”  G4 

suggests common test periods of 24 to 240 h (1 to 10 days). 
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Ten days in an extremely short time when considering that pipelines are designed with 

minimum life expectancies of 25 years.  It is difficult to predict the corrosion rate over 25 

years, especially from a single measurement taken over common test lengths of days or 

weeks.  G31 states “short-term tests also can give misleading results on alloys that form 

passive films…With borderline conditions, a prolonged test may be needed to permit 

breakdown of the passive film and subsequent more rapid attack.  Consequently, tests run 

for long periods are considerably more realistic than those conducted for short durations.”  

Test durations range from days to months to allow for changes in surface oxides which 

appears extremely important for the X70 material. 

 

4.3.1.4 Cleaning Corrosion Specimens 

ASTM G1 suggests methods for cleaning the corrosion products off steel with mixtures 

of hydrochloric acid and/or sulphuric acid.  ASTM G1 also suggests electrolytic cleaning.  

These strong acids and electrolytic methods could not be used to clean corrosion products 

as any remaining millscale would also be removed.   

 

To determine a suitable cleaning method, uncorroded and millscale covered coupons 

were “cleaned” with solution to determine which leave the millscale intact, then the 

specimens were weighted, with a digital scale accurate to ± 0.01 mg, before and after 

cleaning to ensure no detectible change in mass occurred.  Another cleaning method 

suggested by G1 is a solution of sodium hydroxide with zinc chips.  This provided 

unsatisfactory results.  A solution of sodium hydroxide with tin chips was also 

unsatisfactory.  Various concentrations of citric acid and/or nitric acid solutions were also 

tested.  The initial chemical procedure developed to clean the specimens without 

removing the millscale was found to be: 

 

 an ultrasonic bath for 10 minutes in a nitric acid solution with a pH 5.3,  

 followed with an additional 10 minutes ultrasonic bath  in fresh pH 5.3 nitric 

acid solution. 
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This procedure does not remove the millscale but removes most of the corrosion products 

from the specimens.  Once mass loss immersion tests began it was found that certain 

corrosion products that developed during the corrosion processes could not be removed 

by the nitric acid solution cleaning.  Another method for cleaning millscale covered 

specimens was required. 

 

The procedure known as soda blasting is accomplished through a blast of non toxic 

sodium bicarbonate (baking soda).  “Blasting soda is an extremely friable (easily 

fractured) material that has micro fragmentation on impact, literally exploding away 

surface materials without damage to the substrate [93].”  Soda blasting will not activate 

anode and cathode steel molecules, “which can be observed by the absence of rust on 

(soda blasted) bare metal after extended periods.  Sandblasted and mechanically cleaned 

surfaces will rust in as little as a matter of hours [93].” 

 

Soda blasting is a tool that has found many uses, including its successful use to determine 

if inadequate surface preparation is responsible for coating failures on external pipe 

surfaces.  Soda blasting can remove the coating from a pipeline without affecting any 

oxides present on the surface of the steel substrate.  If millscale is found present they 

know the external pipeline surface was inadequately prepared before coating application.   

 

The aggression of the material removal can be controlled by varying the blast pressure, 

(15-100 psig), the size of the media particle (50 to 275 micron), and by the distance 

between the nozzle and the workpiece [94].  The use of soda blasting removes corrosion 

products while removing less than 0.01 g of millscale.  The time to clean each sample is 

minimum 10 minutes, and can be longer depending on the corrosion products requiring 

removal.  Soda blasting of a bare metal surface will result in a cleaned surface with a dull 

grey finish, unlike other blast methods that leave a shinny metallic surface appearance.  

The material removal rate decreased as time increased from the last media replacement.  

The media required replacement after cleaning ~ 20 specimens.  The process would likely 



 

113 

have a higher efficiency if products specifically designed for soda blasting, such as 

nozzles and blast cabinets, were used instead of the extremely simple equipment used. 

 

4.3.1.5 Calculating corrosion rates 

The overall corrosion rate during the period of immersion can be calculated the from 

mass loss data according to: 

 

at

MC
r 

 
 

Where:
 

r: corrosion rate (mm/y if C =8.76 X 104, mpy if C=3.45 X 106) 

M: mass loss (g to nearest 1 mg) 

C: constant 

a: exposed surface area (cm2 to nearest 0.01cm2) 

t: time (hours to nearest 0.01h) 

ρ: density (g/cm3) (X70: 7.854 g/cm3, calculated from Evraz supplied 

composition according to G1, A36: 7.86 g/cm3, standard value for  1020 

carbon steel)
 

 

4.3.2 Open-Circuit Potential Monitoring and Polarizations 
Many types of tests can be performed utilizing the same specimens and basically the 

same experimental apparatus: potential time response monitoring, and polarizations.  The 

difference in the experimental apparatus is the presence or absence of an external emf, in 

this case a potentiostat.  Polarization tests are covered by: 

 ASTM G5-94: Reference Test Method for Making Potentiostatic and 

Potentiodynamic Anodic Polarization Measurements  

 ASTM G59-97: Standard Test Method for Conducting Potentiodynamic 

Polarization Resistance Measurements, and 
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 ASTM G61-86: Standard Test Method for Conducting Cyclic Potentiodynamic 

Polarization Measurements for localized Corrosion Susceptibility of Iron-, 

Nickel-, or Cobalt-Based Alloys 

 

The tests are run according to the standards with the exception of solution temperature, 

immersion procedure, and scan method.  G5 states the tests should be conducted at 30 C 

 1 C.  All tests are conducted at room temperature with no attempt to regulate the 

temperature.  The room temperature generally fluctuates between 19 and 23 ºC.  The 

immersion and scanning procedures are described below. 

 

There is no standard for monitoring the potential time response.  The corrosion potential 

is not considered useful knowledge.  This is likely because “a particular specimen 

potential is not related in any way to the corrosion rate [95].” as stated by Skold et al. 

whom were confirming earlier observations by Uhlig.  The technique has found use in 

monitoring cathodic protection levels and passive systems of Type 1 as defined by Uhlig 

and Revie [37]. 

 

4.3.2.1 Specimens 

The polarization specimens are either punched, laser cut, or cut manually on the vertical 

bandsaw.  The total diameter of the A36 specimens is 19.1 mm (0.75 in) and is full 

thickness.  The total diameter of the X70 samples is 33.02 mm (1.3 in) and is full 

thickness.  A schematic of the specimens in shown in Figure 4-2.  Due to the increased 

thickness, the X70 samples could not be punched and so laser cutting was chosen because 

neither process required lubrication.  Issues occurred during laser cutting and are 

described above.  The majority of the millscale damaged by the laser was isolated to the 

edges which does not affect the test surface area. 
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4.3.2.2 Apparatus 

Two versions of Teflon specimen holders, designed according to ASTM G61, were 

constructed to hold a punched or machined round specimen.  Mounting in the Teflon 

holder allows for minimal disturbance of the millscale during mounting.  The surface test 

areas for the A36 and X70 specimens are 1.267 cm2 (0.1963 in2) and 5.067 cm2  

(0.785 in2), respectively.  A longer cap was designed to accommodate the greater 

thickness of the X70 specimens.  A quad gasket is placed on the solution side of the 

specimen to ensure an accurate and consistent corrosion area for the polarization tests.  

Figure 4-46 shows an A36 sample mounted in the smaller Teflon holder immersed in 

solution.  Figure 4-46 also shows the Luggin probe placement ~ 1 mm from the specimen 

test surface.  The specimen could also be mounted in Kold Mount attached to an insulated 

wire. 

 

 
Figure 4-46: Luggin probe placement A36 polarization specimen 

 

Two different glass cells were used due to testing specimens of two different thicknesses.  

The first cell is as specified by G5 shown in Figure 4-46 and Figure 4-47.  When 

mounted in the larger X70 Teflon holder the specimen did not fit through the opening.  

The second cell is a reaction kettle where the specimen can be mounted before sealing the 

kettle.  Figure 4-48 shows the three test apparatus’ running concurrently, one A36 and 

two X70.  The only modification from the standard G5 setup is that the salt bridge 
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reservoir has been capped to reduce evaporation during lengthy potential time response 

monitoring.  The reference electrode is a saturated calomel electrode, SCE.   

 

 
Figure 4-47: Typical A36 polarization experimental setup one 

 

 
Figure 4-48: Typical X70 polarization/potential monitoring apparatus in reaction 

kettle 

 

Manual potentiostats, built in house over twenty years earlier, with the ability to produce 

currents as small as 1 µA are used for initial polarization experiments as shown in Figure 

4-49.  The maximum current output is 200 mA.  Due to the large surface area of 

specimens the maximum current output did not allow for the entire + 1.6 V above Ecorr to 
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be scanned as prescribed by G5.  The manual potentiostat died during testing and the 

final tests were completed with a PAR 263A. The 263A has less capacity, requiring 

millscale-removed X70 specimens to be mounted in Kold Mount connected to an 

insulated wire.  Even Kold Mounted specimen has reduced surface test area (0.4736 cm2 

or 1.014648 cm2) the potentiostat could only scan the material ~ ± 0.25 V versus the 

open-circuit potential.  The area was not reduced further as the millscale covered oxides 

are still tested at an area of 5.067 cm2.  A larger surface area is more representative of the 

bulk material’s corrosive response.  Reducing the surface area further would decrease the 

reliability of the results.   

 

 
Figure 4-49: Manual Potentiostat 

 

The use of the PAR 263A allowed for greater control of the scan rate due to software 

control including data acquisition.  Running scans with the data acquisition software 

requires that the auto-current ranging function be turned on.  The auto-current ranging 

combined with the X70’s inherent large current fluctuations produced invalid data around 

the Ecorr as seen in Figure 4-50 when tested at a standard scan rate of 0.6 V/h. 
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Figure 4-50: Scan rate 0.6 V/h, km2, reprepared (a7-G) 

 

All current measurements were recorded manually when using the in-house potentiostat.  

G59 states that the potential and current need to be recorded continuously.  The manual 

potentiostat set-up enabled the potential to be continuously recorded but attempts to 

continuously record the current failed.  When the wiring was connected to the 

potentiostat, the recorded current was different than the current displayed by the 

potentiostat.  The cause of the discrepancy was never identified.   

 

4.3.2.3 Surface Preparation 

The surface preparations required by G5 and G59 are very restrictive.  G5 requires the 

working electrode be “wet grind with 240-grit SiC, followed by 600-grit SiC paper until 

previous coarse scratches are removed, rinse dry, with a final degrease just before 

immersion.”  The test is intended to quickly determine the corrosion rate in hours instead 

of the extended periods required for mass loss testing.  Following G5 cannot account for 

oxide growth and degradation beyond being caused by the simple immersion.  The 

standards also require that the surface be prepared within a 5 minute period before 

immersion. 
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To prepare the millscale-removed specimens, the millscale is removed with a silica oxide 

blast, followed by hand grinding at 240-grit, 320-grit, 400-grit and finally 600-grit.  One 

of the main affects of surface preparation is the true surface area.  The silica blasted 

surface will have the greatest exposed metal, followed by the 600-grit surface.  The 

millscale surface will have a continuously changing amount of surface area of exposed 

metal as the pores in the oxide open or a film forms.  The continuous changing surface 

area can also apply to a millscale-removed surface experiencing oxide growth.  Initiating 

the scan within 60 minutes, as required by G5 and G59, will not allow for this process to 

occur in the tested environments.  Before immersion all the specimens are degreased with 

dish soap and acetone.   

 

4.3.2.4 Standard Polarization Immersion Procedures 

G5 and G59 have very specific immersion procedures.  The recommended immersion 

procedure by G5 is: 

 before specimen immersion begin dearation with a purge with an oxygen-free gas 

at a rate 150 cm3/min for a minimum of 30 minutes, 

 immerse specimen, 

 record open-circuit potential (Eoc) after 55 minutes, 

 start the potential scale or step 1h after specimen immersion. 

 

G59 recommends a procedure for conducting polarization resistance measurements as 

follows: 

 before specimen immersion begin dearation with a purge with an oxygen-free gas 

at a rate 150 cm3/min for a minimum of 30 minutes, 

 immerse specimen, experiment must commence within 1 hour of specimen 

preparation, 

 record open-circuit potential (Eoc) after 5 and 55 minutes immersion. 

 

G5 and G59 both require a minimum purge of 150cm3/min for 30 minutes before 

specimen immersion.  Immersing a specimen by the required procedure does not simulate 
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the exposure that occurs when a pipeline is initially in service as described above in 

section 4.2.  Thus the specimen is immersed, followed by dearation beginning at 

minimum purge rate of 150 cm3/min.  A minimum of 45 minutes elapsed after the 

specimens were first immersed in solution and commencement of polarization.   

 

4.3.2.5 Potential-Time Response 

During initial polarizations it was observed that the millscale covered specimens never 

reached a stable open-circuit potential, Eoc, during the one hour following specimen 

immersion.  The immersion period before polarization begins is supposed to allow the 

test surface to reach its equilibrium potential.  There was always a large initial drop in the 

measured Eoc, followed by a decrease in the rate the voltage decay which continued to 

decrease as the time of immersion increased.  This led to the additional monitoring of Eoc 

to determine the length of time that the open-circuit potential changes following 

immersion.   

 

The Eoc is monitored as a function of time using the same set-up as the polarization.  A 

voltmeter was connected between the saturated calomel electrode and the steel specimen.  

After various length of immersion time the polarization tests can be initiated.  Figure 

4-51 shows a schematic of the set-up to monitor Eoc. 

 

 
Figure 4-51: Schematic of the set-up to monitor open-circuit potential 
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The procedure for monitoring the open-circuit potential time response is: 

 Prepare specimen to desired surface preparation as described above.  Mount in 

appropriate Teflon polarization holder. 

 Ensure all electrical connections are secure. 

 Start data acquisition, at a data acquisition frequency of one reading per second, 

and open nitrogen cylinder. 

 Immerse specimen, seal cell, establish salt bridge, adjust Luggin probe. 

 After 30 minutes decrease nitrogen purge rate. 

 After 60 minutes decrease data acquisition rate to 1 measurement every 60 

seconds. 

 After 24 hours decrease data acquisition rate to 1 measurement every 5 minutes. 

 Save the data files regularly. 

 

The frequency of data acquisition ranged from 1/s to 1/300 seconds.  The rate of change 

in potential is greatest during within the first minutes.  The rate of change decreases 

significantly after the first hour.  The change in potential can continue for months.  The 

potential is recorded at a higher frequency during the first 24 hours of testing followed by 

a reduced rate for the rest of the monitoring period without the loss of data resolution. 

 

4.3.2.6 Polarization Resistance 

Polarization resistance is used to measure corrosion rates by measuring the current 

response to extremely small changes in potential, as long as knowledge of a materials 

response to a full polarization scan is known.  One of the fundamental reasons to use 

polarization resistance is to cause minimal disturbance to the test surface.  The issue with 

conducting polarization resistance measurements on the oxide covered surface is that 

small changes in potential disturb the potential distribution between the oxide and the 

metal, not just the metal and the solution when testing standard surface preparations. 

 

Attempts were made to measure the polarization resistance according to G59, at a 

standard scan rate of 0.6 V/h, but even small change in potential caused the current to 
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fluctuate on the X70 material.  Due to oxide formation/degradation, and possibly pitting, 

the current fluctuations were greater on the oxide covered specimens than for bare metal 

surfaces after 55 minutes immersion.  When the current displayed large fluctuations, 

attempts were made to record the max and min values otherwise the most common 

current recorded is graphed as shown in Figure 4-52a and magnified around Ecorr in 

Figure 4-52b.  The current fluctuations, even on bare metal surfaces, around Ecorr were 

too great to able to determine polarization resistances with any reasonable accuracy.  

After switching to the PAR 263A, linear polarization were once again attempted as the 

system had the ability to continuously monitor potential and current, eliminating any 

personal bias.  Figure 4-53 shows the linear polarization response from two X70 

specimens with different surface areas, km1 and km2.  Specimen km1 had been 

previously scanned and has the smaller surface area.  The magnitude of the current 

fluctuations are greater on the larger surface that had not been previously tested and 

reprepared.  It was not tested if the larger scatter was associated with the larger surface or 

the “new” test surface. 

 

Another linear polarization, using the PAR 263A, at a scan rate of 0.06 V/h was 

attempted around Eoc after 1 hour immersion is shown in Figure 4-54.  The current 

produced a linear portion but never changed signs, meaning the scan did not intersect 

Ecorr and is therefore invalid. 

 

a.  
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b.  
Figure 4-52: a. Current Fluctuations, 3%NaCl pH, manual potentiostat, b. zoom 

 

 
Figure 4-53: Linear Polarization according to G59 on PAR 263A 
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Figure 4-54: Linear Polarization, scan rate 0.06 V/h 

 
4.3.2.7 Poteniostatic Polarizations 

Initially polarizations were conducted potentiodynamically.  Depending on the 

environment/material combination, this may or may not produce reliable data.  There 

were significantly less current fluctuations when testing an A36 surface, regardless if it 

was millscale-covered or millscale removed.  This was especially true of the X70 at 

higher anodic potentials.  At high anodic potentials if time were allowed after the 

application of a new potential the current would gradually increase.  A slower scan rate is 

especially important for the millscale covered specimens as the response time is slower to 

each voltage step due to oxide capacitance.  The decreased scan rate appears more 

important on the X70 millscale-covered specimens than the A36 millscale–covered 

specimens. 

 

The recommended procedure by G5 for potentiostatic tests is: 

 record open-circuit potential (Eoc) after 55 minutes, 

 start the potential scale or step 1 h after specimen immersion, 

o Begin at nearest 50 mV increment above Eoc, 

 use a potentiostatic potential step of 50 mV every 5 minutes, 

 record current at end of each 5 minute period. Repeat until a potential of  

+ 1.6 VSCE is reached.  
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Potentiostatic polarizations conducted with the manual potentiostat were conducted at a 

sweep rate of 5 mV every 6 minutes in the region around Ecorr.  Larger steps were taken at 

higher anodic potentials.  Five minutes were allowed for current stabilization and up to 

one minute is required for data acquisition.  The scan rate was much slower than 

recommended by G5 to allow for current stabilization. 

 

The scan path could also differ from that required by G5.  For scans of millscale-covered 

specimens, beginning in the cathodic region destroys the oxide, although this is common 

practice, especially when passivity is assumed to be Type 1 (as defined by Uhlig and 

Revie, [69]).  This method was attempted on A36 millscale-covered specimens. 

 

The scan can begin at Eoc, or begin in the cathodic region, approximately 0.6 V below the 

recorded pre-test Eoc, and scanned anodically to the limit of the potentiostat.  Once 

reaching the potentiostat limits the scan direction could be reversed and conducted 

cathodically until ~ -0.6 V versus Ecorr was reached.  G5 states that + 1.6 V versus Ecorr be 

reached.  Due to the surface area of the specimens it was not always possible to reach  

+ 1.6 V.  Potentiodynamic polarizations with the PAR 263Awere reattempted with a scan 

rate of 0.6 V/h or 0.06 V/h  

 

During initial testing the electrode was left immersed at ~ -0.6 V versus Ecorr and the 

current monitored.  It was found quickly that the changes in current with respect to time 

at a -0.6 V versus Ecorr were extremely small.  This means bringing the surface to -0.6 V 

versus Ecorr essentially “cleans” or very effectively minimises the affect of the oxide in 

the corrosive response  

 

4.3.3 Oxide Thickness and Composition 
Measuring the oxide thickness and composition requires special mounting and polishing 

procedures.  Millscale and other iron oxides, are much more brittle than the steel they are 

attached to.  Normal metallographic preparation leads to rounding of the samples edges 

which destroy the millscale.  A metal with oxide is particularly susceptible to edge 
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rounding.  Edge rounding can be minimised by increased polishing times, providing 

support to the oxide covered surface with a metal shim, or coating the oxide surface with 

a less brittle material before mounting to reinforce the oxide.  Various methods were 

attempted before a procedure was developed to measure the millscale thickness 

accurately, including: 

 

1. Normal mounting in Bakelite, manual polishing 

2. Added stabilizing ring, manual polishing 

3. Electroless nickel plating, manual polishing 

4. Back-up oxide surface with metal shim, no plating, manual polishing 

5. Back-up oxide surface with metal shim after electroless nickel plating, mounting 

in edge retention Bakelite, with grinding and polishing for double the regular 

interval using the automatic Beuhler Minimet to aluminum oxide 0.5 µm 

6. Mount in Kold Mount.  Cut out on vertical band saw leaving at least 3mm of 

acrylic attached to the oxide surface to provide reinforcement of the brittle oxide 

structure during sectioning.  Section sample with diamond wafer blade.  Re-

mount in Kold Mount.  Hand grind to 600-grit.  Polishing at slower speeds for at 

least triple the regular interval using the automatic Beuhler Minimet, diamond 

polish from 15 to 1.0 µm, aluminum oxide at 0.5 µm.  The polishing loads and 

speeds should be appropriate for preparing the oxide, not the metal section. 

7. Same as procedure 6 above, except only diamond polish to 1.0 µm.  (No 

aluminum oxide.) 

 
The outcome of each of the above procedures is: 

 

1. Bakelite either crushes the oxide or excessive edge rounding occurs. 

2. Less extensive edge rounding than procedure 1, but oxide still not visible at 800X 

magnification on the optical microscope. 

3. The solution to produce the electroless nickel plating is shown in Table 4-8.  Only 

400 mL of prepared solution are required to plate each sample.  The solution is 
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heated to 90 ºC and the specimen is placed with the surface that requires plating 

exposed, that is facing up or to the side.  The specimen is left for approximately 2 

hours for the chemical reactions required to produce a plating of adequate 

thickness.  A picture of the nickel coating on X70 metal substrate is shown in 

Figure 4-55.  The nickel coats bare metal with a greater efficiency than millscale 

covered surfaces.  Millscale surfaces are left with thin patchy coverage even after 

extended plating intervals.  Following mounting and polishing the millscale was 

still not visible.  Only a “fuzzy” gap was visible where the oxide should be, 

between the nickel plating and substrate metal.  The oxide appears to be 

preferentially fractured during manual polishing.  

4. Due to heat and pressure changes when mounting with Bakelite, the metal shim 

loses contact with the millscale covered surface, leaving the oxide only “backed-

up” by Bakelite.  The edge retention Bakelite is composed of smaller granules that 

more easily compacted on the oxide covered surface and may cause more damage 

to the oxide than the larger normal Bakelite. 

5. This procedure produced millscale visible on the SEM but was still not adequate 

in avoiding oxide destruction by the heat and pressure required for mounting in 

Bakelite as can be seen in Figure 4-57 and magnified in Figure 4-58. 

6. The millscale is visible on the SEM as long as extensive polishing periods are 

employed.  The issue with this procedure is when oxide composition 

measurements are required the final polishing step with 0.5 µm aluminum oxide 

contaminates the oxide enough to interfere with EDAX measurements. 

7. Oxide visible on SEM.  The surface quality is not the same as produced by 

procedure 6.  Better surface quality could be obtained without contamination if 

submicron diamond polishing compounds are used.  This was not tested.  
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Table 4-8: Electroless Nickel plating solution to make 1L plating solution 

Sodium Acetate, NaC2H3O2  13g 

Nickelous Sulfate hydrate, NiSO4·H2O 15.5g 

Sodium Hypophosphite, NaPO2H2 14g 

Distilled water, H2O to make 1L 

 

 

Figure 4-55: Electroless Nickel plating on X70 substrate, 800X 

 

Figure 4-56 a, b, c, and d show the specimens produced by procedure 2, 4, 5, and 7, 

respectively.  The oxide was always more easily visible on the SEM than the optical 

microscope, likely due to the way the image is produced. 

 

a.    b.  
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c.    d.  

Figure 4-56: As mounted by procedure a. 2, b. 4, c. 5, d. 7 

 

The final mounting procedure takes approximately 60 hours to prepare each specimen.  

The most important aspects of the final mounting/polishing procedure are: 

 Pre-mount in room temperature curing acrylic before sectioning to fully “back-

up” oxide covered surface.  Kold Mount instructions recommend mixing power to 

liquid at a ratio of 2:1, followed with at least 30 minutes to cure.  It was found that 

mixing at a ratio of 1:1 allowed a better wetting of the surface and thus provides 

better back-up.  Allow at least 24 hours to ensure arylic fully cures. 

 Do not apply excessive force when cutting the acrylic to size for wafer sectioning 

as the acrylic can tear from the surface taking the oxide with it and destroying the 

specimen. 

 Section with low speed and low load with a diamond wafer blade. 

 Use automatic polisher.  Inconsistent pressures during hand polishing lead to 

excessive surface rounding and oxide fracture.  Occasionally, even with the 

excessive care and polishing times (30 minutes plus on each polishing step) the 

oxide may still not be visible.  This is especially true of extremely thin oxides. 
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Figure 4-57: Nickel plated X70 scale 

 

 
Figure 4-58: Nickel plated X70 scale, magnified 

 

4.3.4 Millscale Composition 
The composition of the oxide has been estimated using energy dispersive x-ray 

spectroscopy, EDAX.  The specimens for EDAX are prepared as described above.  The 
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EDAX only provide information on the ratio of iron to oxygen in the oxide and is not 

sensitive enough to distinguish any minor constituents or oxide structure.  EDAX is not 

recommended for exhaustive millscale composition analysis. 

 

4.3.5 Tensile Tests 
Tensile testing is conducted according to ASTM E8: Standard Test Method for Tension 

Testing of Metallic Materials.  Tensile testing is only required for the X70 material.  Due 

to restrictions on load by the tensile test machine, full thickness tensile tests could not be 

performed in-house.  Three duplicate specimens are tested from the X70 material.  The 

tensile specimen is prepared in a bar bell design as shown in Figure 4-59.  All the X70 

tensile specimens are machined from sample AB. 

 

 

Figure 4-59: X70 tensile specimen 

 

4.3.6 Hydrogen Content 
The hydrogen content of the X70 material was measured within one month of the 

majority of the polarizations using the mercury eudiometer technique developed at the 

University of Calgary [96].    
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Chapter Five: Material Properties 

 
 
5.1 Composition 
Table 5-1 shows the material compositions.  They were analyzed using Spark-Optical 

Emission Spectroscopy, SOEP, by MetalTek in Wisconsin, US.  The X70 has high levels 

of magnesium, silicon, nickel and chromium, as compared to the A36 material.  The X70 

falls into the category of microalloyed steel due to the titanium content.  There is nothing 

significant about the A36 material.  It is a plain carbon steel. 

 
The results supplied by Evraz with the X70 and those determined by EDAX for the A36, 

are compared to the values determined by SOEP and shown in Table 5-2 and Table 5-3, 

respectively.  The results provided by Evraz for the X70 material agree well with the 

SOEP results.  The main difference in composition is in trace elements and carbon.  The 

error in carbon % may be a rounding error or as indicated by the A36 that carbon content 

determination by SOEP is not accurate.  The A36 compositions do not match well.  This 

is due to the unreliability of EDAX data to determine complex compositions including its 

inability to accurately determine carbon content. 

 
Table 5-1: Material composition determined by SOEP 

 C Mn Si P S Ni Cr Cu Mo V 

X70 0.03 1.63 0.24 0.012 0.007 0.1 0.072 0.19 0.18  

A36 0.09* 0.45 0.01 0.092 0.015 0.023 0.042 0.14 0 0.001 

 

 Ti Al Nb As Sn Pb Bi Mg Zn 

X70 0.02 0.04 0.07 0.008 0.009  0.0007 0.0001 0.004 

A36 0.001 0.04   0.004 0.001 0.004 0.0002 0.002 

 

 Fe 

X70 97.387 

A36 99.085 

* Examining the dark shades in the ferrite/low pearlite structures within the A36 
microstructure represent a carbon content of 0.15 to 0.20 mass percentages [88]. 
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Table 5-2: X70 composition comparison 

 C Mn Si P S Ni Cr Cu Mo 

SOES 0.03 1.63 0.24 0.012 0.007 0.1 0.072 0.19 0.18 

Evraz 0.025 1.63 0.26 0.009 0.0022 0.1 0.07 0.25 0.175 

% 
difference 16.67 0.00 -0.08 0.25 0.69 0.00 0.03 -0.32 0.03 

 

 Ti Sn Al Fe 

SOES 0.02 0.009 0.04 97.387 

Evraz 0.018 0.015 0.045 97.334 

% difference 0.10 -0.67 -0.13 0.0005 

 

 Nb As Bi Mg Zn 

SOES 0.07 0.008 0.0007 0.0001 0.004 

 

 Cb N Ca Sa Ce O Pb V B 

Evraz 0.065 0.0073 0.0028 0.035 0.0002 0.0034 0.001 0.001 0.0002 
 

Table 5-3: A36 composition comparison 

 Mn Si Ni Cr Cu V Mo Fe 

SOES 0.45 0.01 0.023 0.042 0.14 0.001  99.085 

EDAX 0.49 0.047 0.019 0.039 0.445 0.01 0.01 95.434 

% difference -8.89 -370 17.39 7.14 -218 -900  3.68 

 

 C P S Ti Al Sn Pb Bi Mg Zn 

SOES 0.09 0.092 0.015 0.001 0.04 0.004 0.001 0.004 0.0002 0.002 
 

5.2 Microstructure 
A representative picture of the A36 microstructure is shown in Figure 5-1.  A 

representative picture of the X70 specimen microstructure is shown in Figure 5-2.  The 

A36 has a significantly larger grain size. 
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Figure 5-1: Representative picture of A36 specimen microstructure 

 

 

Figure 5-2: Representative picture of X70 specimen microstructure 
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5.3 Mechanical Properties 
5.3.1 A36 
The changes in microhardness caused by the laser cutting of the A36 material are shown 

in Figure 5-4 and Figure 5-5.  The laser cut changes the hardness of the A36 material 

within 0.1 mm from the edge.  Punching changes the hardness of the material to a greater 

extent and distance than laser cutting.  Figure 5-3 shows a schematic of mounting a 

punched A36 specimen.  Punching changes the hardness of the A36 material within  

0.21 mm from the edge.  The difference in the curve side and flat side of the specimen is 

due to the amount of material required for removal during mounting, thus much of the 

hardened surface on the curved side would not be tested without extensive surface 

removal.  

 

 
Figure 5-3: Schematic of A36 punched specimen mounted in Bakelite 

 

 

Figure 5-4: Microhardness as distance from cut edge 
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Figure 5-5: Microhardness as distance from cut edge, zoom 

 
5.3.2 X70 
5.3.2.1 Tensile Tests 

Table 5-4 shows the average of the mechanical properties for the X70 as determined from 

three duplicate bar bell type tensile specimens.  Figure 5-6 shows a typical stress-strain 

curve for the X70.  The extensive necking can be seen in Figure 5-7 which shows the 

profile of the specimen following tensile testing.  The yield stress was determined by a 

0.2 % offset. 

 

The X70 mechanical properties exceed API X70 specifications. Yield stress of 566 MPa 

(82 ksi), and ultimate of 642 MPa (93 ksi), with exceptional ductility.  The X70 displayed 

extensive necking, almost coming to a point at the location of fracture. 
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Table 5-4: X70 Mechanical Properties 

Sample 1 2 3 Mean 

Yield stress (MPa]) 570 560 567 566 

Yield point elongation, (YPE), (m/m) 0.0078 0.0113 0.0153 0.0115 

Upper Yield Stress (MPa]) 584 576 578 579 

Lower Yield Stress (MPa]) 556 548 550 551 

Ultimate stress  (MPa]) 645 642 638 642 

total strain at ultimate (m/m) 0.09 0.091 0.087 0.089 

plastic strain at ultimate (m/m) 0.087 0.087 0.072 0.082 

stress at fracture (MPa]) 263 256 253 257 

total strain at fracture (m/m) 0.211 0.200 0.216 0.209 

plastic strain at fracture (m/m) 0.209 0.198 0.188 0.198 

strain hardening exponent 0.080 0.097 0.082 0.086 
 

 
Figure 5-6: X70 Stress-Strain Specimen 2 

 

 
Figure 5-7: Specimen 2 profile post tensile testing 
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5.3.2.2 Microhardness 

The changes in microhardness caused by specimen preparation of the X70 are shown in 

Figure 5-8.  The laser cutting and drilling affect the microhardness of the X70 material 

within 0.2 mm from the edge.  The affect of the bandsaw is negligible on the X70 

microhardness. 

 

 
Figure 5-8: Microhardness as distance from edge 
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Chapter Six: Open-Circuit Potential-Time Response 

 

 

The open circuit potential was monitored as a function of time for the A36 and X70 

materials for a combined total of more than 75 weeks.  The test durations ranged from 1 

hour to 21 weeks.  The surface condition for the tests was millscale, sandblasted, 400-grit 

or 600-grit.  The majority of the millscale had a black appearance.  Test solution was 3 % 

NaCl deareated with a nitrogen purge.  The A36 material was tested at a pH of 6.5 and 

11.2.  The X70 material was tested at a various pH values. 

 

The specimens are labelled by the date of immersion followed by a designation of the 

surface condition.  The surface designation codes are shown in Table 6-1.  A millscale 

surface designation may be followed by the sample it was taken from.  The millscale can 

have a red or black appearance and is designated by R or B as shown in Table 6-2.  For 

example, X70 sample a4 S AE R, will have been immersed April 4 and come from AE 

(after atmospheric exposure) and had a red appearance prior to immersion.  

 

Table 6-1: Open circuit potential sample designation 

Surface Designation 

400grit 4G 

600grit G 

millscale S 

sandblast SB 
 

Table 6-2: X70 Millscale sample designation 

Millscale Appearance Designation 

red R 

black B 
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6.1 A36 
6.1.1 pH 6.5 
Table 6-3 and Figure 6-1 show the A36 Eoc response in 3 % NaCl solution at a pH of 6.5.  

In Figure 6-1, the dashed red line is a millscale covered surface.  Figure 6-1c shows that 

the Eoc appears to come to equilibrium within 1 hour for 3 out of 5 surfaces.  Figure 6-1b 

shows that after 24 hours 4 surfaces appear to reach equilibrium.  Figure 6-1a & d show 

that sample a24 G took approximately 90 hours to reach equilibrium after an apparent 

equilibrium from ~5.6 hours to ~56 hours after immersion.  The millscale covered surface 

does not come to equilibrium even after 4 days of immersion. 

 

Figure 6-2 shows the Eoc response at 5 minutes, 55 minutes and at the final point of 

immersion.  The scatter in the value of Eoc decreases as the period of immersion 

increases.  The affect of surface preparation on Eoc is greater at 55 minutes than at 5 

minutes or after extended exposure.   

 

Table 6-3: Open-circuit potential response, pH 6.5 

Designation Eoc 5min Eoc 55min Eoc 
24h 

Eoc 
End 

Time 
(seconds) 

Time 
(days) 

Time 
(weeks) 

a24 G -0.548 -0.753 -0.789 -0.750 12688132 146.85 20.98 

a14 SB -0.527 -0.644 -0.693 -0.687 440525 5.10 0.73 

m10 SB -0.567 -0.758 -0.725 -0.726 341451 3.95 0.56 

m19 SB -0.569 -0.793 -0.772 -0.727 1555110 18.00 2.57 

f18 S -0.415 -0.518 -0.686 -0.705 339475 3.93 0.56 
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a.  

b.  
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c.  

d.  

Figure 6-1: pH 6.5, A36, a. Eoc -time, b. 24 hours, c. 1 hour, d. log-time 
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a.  
 

b.  

Figure 6-2: A36 pH 6.5 Eoc, a) 1 hour, b) log-time 

 

6.1.2 pH 11.2 
Table 6-4 and Figure 6-3 show the A36 Eoc response in 3 % NaCl solution at a pH of 

11.2.  There were issues with the salt-bridge during many of these experiments, as can be 

seen in Figure 6-3, when Eoc takes a value of zero.  During measurements, disturbing the 

salt-bridge may introduce oxygen into the system as can be seen in Figure 6-3 for sample 
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f18 4G.  After the salt bridge is disturbed the almost stable Eoc begins to drop again at an 

increased rate.  The salt bridge was rebuilt and the problem disappeared.   

 

Not a single Eoc measurement at pH 11.2 came to equilibrium within 1 hour.  The open 

circuit potential tends toward any value in the passive region of the polarization scans.  

No millscale covered surfaces were monitored at this condition.   

 

Figure 6-3 shows the Eoc  at 5 minutes, 55 minutes and at the final point of immersion.  

The value of Eoc for scale-removed surfaces appears to continually decrease with 

extended exposure for up to 8 days. 

 

Table 6-4: Open-circuit potential response, pH 11.2 

Designation Eoc 5min Eoc 55min Eoc 
24h 

Eoc 
End 

Time 
(seconds) 

Time 
(days) 

Time 
(weeks) 

f16 400G -0.512 -0.609  -0.690 85400 0.99 0.14 

f18 400G -0.533 -0.581 -0.669 -0.747 681193 7.88 1.13 

f11 SB -0.490 -0.469 NA -0.686 434125 5.02 0.72 

m23 SB -0.504 -0.654 -0.865 -0.918 327094 3.79 0.54 
 

a.  

 



 

145 

b.  

 

c.  

Figure 6-3: ph 11.2, A36, a. Eoc -time, b. log-time 
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a.  
 

b.  

Figure 6-4: A36 pH 11.2 Eoc, a) 1 hour, b) log-time 

 

6.1.3 pH 6.5 and 11.2 
Figure 6-5 shows the Eoc response for the A36 material at pH 6.5 and 11.2.  The Eoc 

experience a quicker stabilization period in the pH 6.5 solution than pH 11.2.  The total 

drop in the value of Eoc in pH 11.2 solution is also greater than the drop at pH 6.5.   
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Figure 6-5 shows the Eoc response as a function of pH, immersion period, and surface 

condition.  The only prevalent trend is the Eoc is more cathodic for at 55 minutes and at 

extended immersion periods for all surface preparations than at 5 minutes. 

 

a.  

 

b.  

Figure 6-5: A36 a. Eoc - time, 1 hour, b. -log time 
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Figure 6-6: A36 Open circuit potential versus pH 

 

6.2 X70 
6.2.1 Neutral pH 
Table 6-5 and Table 6-6 summarize the value of Eoc at various points during the test for 

the X70 material with scale-removed and millscale-covered specimens, respectively, in 

neutral 3 % NaCl solution.  Figure 6-7 and Figure 6-8 show the Eoc response for scale-

removed and millscale-covered specimens, respectively.  Figure 6-9 shows the Eoc 

response for the millscale and scale-removed surfaces together.   

 

Figure 6-7c & d shows that the Eoc appears to come to equilibrium within 1 hour and if 

not then within 24 hours of immersion.  The long immersion tests dispute that 

equilibrium was reached, as the Eoc for sample a24 G steadily increased for at least 13.7 

weeks.  The pH of the solution was checked following immersion and the indicated no 

significant changes occurred to cause the drift in the Eoc.  The continuous drift may be 

due to scale formation or a change in the amount of iron ions participating in the 

chemical reactions. 

 

When the millscale-covered specimens appear to reach equilibrium at a much more 

anodic potential than scale-removed specimens.  The lack of equilibrium potential on the 
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millscale-covered specimens, as compared with scale-removed specimens, is more 

prevalent in Figure 6-9. The millscale-covered specimens experience a greater scatter in 

the Eoc response than the scale-removed specimens in neutral 3 % NaCl.  The greatest 

drop in Eoc occurs during approximately the same time period for both surface 

preparations. 

 
Table 6-5: X70 scale-removed, open-circuit potential response, neutral pH 

Designation Eoc 5min Eoc 55min Eoc 
24h 

Eoc 
End 

Time 
(seconds) 

Time 
(days) 

Time 
(weeks) 

a25 G -0.573 -0.734 - - 2087 0.02 0 

a17 G -0.542 -0.709 - - 2560 0.03 0 

a6 G -0.524 -0.748 - - 2875 0.03 0 

a2 G -0.541 -0.765 - - 2920 0.03 0 

f27-2 G -0.561 -0.731 - - 3000 0.03 0 

a7 G -0.525 -0.755 - - 3013 0.03 0 

f27 G -0.532 -0.706 - - 3115 0.04 0.01 

a22 G -0.514 -0.692 - - 3119 0.04 0.01 

f25 G -0.538 -0.69 - - 3125 0.04 0.01 

m25 G -0.543 -0.693 - - 3127 0.04 0.01 

a23 G -0.538 -0.753 - - 3160 0.04 0.01 

a3 G -0.565 -0.779 - - 3167 0.04 0.01 

a11 G -0.536 -0.74 - - 3188 0.04 0.01 

a4-2 G -0.526 -0.769 - - 3200 0.04 0.01 

a5 G -0.529 -0.774 - - 3257 0.04 0.01 

a4 G -0.548 -0.779 - - 3625 0.04 0.01 

m24 G -0.584 -0.694 - - 4000 0.05 0.01 

a16 G -0.554 -0.727 - -0.742 79797 0.92 0.13 

d3 G -0.536 -0.685 -0.746 -0.751 256849 2.97 0.42 

a24-2 G -0.516 -0.761 -0.76 -0.734 517827 5.99 0.856 

d6 G -0.529 -0.694 -0.769 -0.756 3706686 42.90 6.13 

a24 G -0.566 -0.755 -0.762 -0.742 8284725 95.89 13.70 

a30 SB -0.597 -0.73 -0.743 -0.758 602975 6.98 1.00 
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Table 6-6: X70 millscale, open-circuit potential response, neutral pH 

Designation Eoc 5min Eoc 55min Eoc 
24h 

Eoc 
End 

Time 
(seconds) 

Time 
(days) 

Time 
(weeks) 

a5 S AB B -0.328 -0.534   2394 0.03 0 

f19 S R -0.309 -0.426   3000 0.03 0.00 

a1-2 S AB B -0.29 -0.441   3025 0.04 0.01 

f17 S -0.302 -0.458   3110 0.04 0.01 

a21 S -0.44 -0.613   3125 0.04 0.01 

a20 S -0.363 -0.548   3300 0.04 0.01 

f18 S -0.333 -0.529   3470 0.04 0.01 

a5-3 S AB B -0.25 -0.41   4500 0.05 0.01 

a4 S AB R -0.14 -0.243  -0.453 7323 0.08 0.01 

a1 S AB B -0.367 -0.472  -0.628 64025 0.74 0.11 

a5-2 S AB B -0.301 -0.523  -0.637 75783 0.88 0.13 

a3 S AB B -0.318 -0.575  -0.659 78791 0.91 0.13 

a6 S AE R -0.246 -0.496 -0.664 -0.665 92641 1.07 0.15 

a2 S AB B -0.317 -0.536  -0.675 255973 2.96 0.42 

a13 S -0.354 -0.508 -0.586 -0.657 797068 9.23 1.32 

a6 S AB B -0.31 -0.452 -0.566 -0.658 1144725 13.25 1.89 

d1 S B -0.33 -0.541 -0.704 -0.73 4295009 49.71 7.10 

f19 S R -0.309 -0.426   3000 0.03 0.00 

a1-2 S AB B -0.29 -0.441   3025 0.04 0.01 

f17 S -0.302 -0.458   3110 0.04 0.01 

a21 S -0.44 -0.613   3125 0.04 0.01 

a20 S -0.363 -0.548   3300 0.04 0.01 
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a.  

 

b.  
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c.  

 
 

d.  

Figure 6-7: neutral pH Scale-removed, a. Eoc -time, b. 24 hours, c. 1 hour, d. log-

time 
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a.  

 

b.  
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c.  

 

d.  

Figure 6-8: neutral pH, millscale a. Eoc -time, b. 24 hours, c. 1 hour d. log-time 

. 
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Figure 6-9: X70, neutral pH, Eoc - log-time 

 

6.2.2 pH 11.2 
Table 6-7 and Figure 6-10 show the X70 Eoc response in 3 % NaCl solution at a pH of 

11.2.  Sandblasted surfaces appear the quickest to reach equilibrium potential within 1 

hour following immersion.  Figure 6-10b shows that after 24 hours immersion, regardless 

of surface preparation, the Eoc appears to reach equilibrium.  It is clear from Figure 6-10d 

that equilibrium is not reached, at least, for the millscale-covered specimens after almost 

5 weeks immersion.  Figure 6-10 a & d show that the potential of the millscale-covered 

surface remains fairly constant at extended exposure but experiences continuous 

fluctuations. 

  



 

156 

Table 6-7: Open-circuit potential response, pH 11.2 

Designation Eoc 5min Eoc 55min Eoc 
24h 

Eoc 
End 

Time 
(seconds) 

Time 
(days) 

Time 
(weeks) 

j30 400G -0.487 -0.616 -0.616 -0.627 168529 1.95 0.28 

f11 400G -0.481 -0.562 -0.627 -0.640 513259 5.94 0.85 

o16 SB -0.480 -0.599   2551 0.03 0.00 

o6 SB -0.582 -0.667  -0.661 15950 0.18 0.03 

o3 SB -0.613 -0.657  -0.674 16530 0.19 0.03 

o1 SB -0.523 -0.640  -0.653 81917 0.95 0.14 

o8 SB -0.574 -0.669  -0.670 83022 0.96 0.14 

f1 S -0.270 -0.500 -0.629 -0.642 424820 4.92 0.70 

m31 S -0.459 -0.581 -0.661 -0.709 1550782 17.95 2.56 

f17 S-R-R -0.224 -0.426 -0.592 -0.631 2926686 33.87 4.84 

m7 S pH10.8 -0.299 -0.441 -0.627 -0.667 2672388 30.93 4.42 

 

a.  
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b.  

 

c.  
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d.  

Figure 6-10: X70, pH 11.2, a. Eoc -time, b. 24 hours, c. 1 hour, d. log-time 

 

6.2.3 Neutral pH and 11.2 
Figure 6-11 shows the X70 scale-removed Eoc response in 3 % NaCl solution at a neutral 

pH and pH 11.2.  The doted lines are pH 11.2.  Figure 6-12 show the Eoc response for 

millscale covered X70 in 3 % NaCl solution at a neutral pH and pH 11.2.  The doted lines 

are pH 11.2 and 10.8. 

 

The only significant difference in the Eoc response at a neutral pH and pH 11.2 is at pH 

11.2 specimens tend to reach equilibrium at a more anodic potential.  The millscale-

covered specimen in pH 11.2 solution experience a reduction in the rate of Eoc decay, 

with extended exposure while the neutral millscale-covered specimens experience a 

longer, slower Eoc decay. 

 

Figure 6-13 shows the Eoc response as a function of pH, immersion period, and surface 

condition.  The only dominating trend is that the Eoc is more cathodic at 55 minutes and 

after extended exposure than at 5 minutes.  The scatter at a particular pH is greater for 

millscale-covered specimens than scale-removed specimens. 
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Figure 6-11: Scale-removed, X70, doted lines are pH 11.2 

 

 

Figure 6-12: Millscale all pH, dark dot lines are pH 11.2 and 10.8, others neutral 
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a.  

 

b.  
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c.  

Figure 6-13: X70 Open-circuit potential, a. 600 grit, b. sandblasted, c. millscale 
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Chapter Seven: A36 Polarization 

 

 

The A36 material was scanned in environments of NaCl, NaSO4, and NaHCO3, at various 

concentrations.  The pH of the NaCl solution was also varied.  Polarization scans were 

conducted on scale-removed and millscale-covered surfaces.  See Chapter 6 for a 

description of sample designation.  All A36 scans were initiated within 2 hours following 

immersion the immersion procedure described in Chapter 4.  The scan path is initiated 

from ~ -0.6 V with respect to Eoc generally at 55 minutes.  The scan is then conducted 

anodically at a standard rate of 0.6 V/h.  Many of the scans were conducted on a new 

millscale-covered surface, followed by preparing the millscale scanned surface to 600-

grit and conducting another scan in fresh solution at the same conditions as which the 

millscale-covered specimen was scanned.  Table 7-1 shows the thermodynamic 

equilibrium potentials for the tested solutions. 

 

Table 7-1: Equilibrium Potential, VSCE 

 pH 1.9 pH 2.1 pH 5.5 pH 6.5 pH 7 pH 10.8 pH 11.2 

Fe/Fe++ -0.858 -0.858 -0.858 -0.858 -0.858   

Fe/Fe3O4      -0.964 -0.988 

Fe3O4/Fe2O3      -0.658 -0.682 

Fe++/Fe2O3 0.619 0.596 0.198 0.081 0.022   
 

7.1 NaCl 
7.1.1 neutral pH 
Figure 7-1 shows the polarization response in neutral 1% NaCl solution on scale-removed 

and millscale-covered surfaces.  Figure 7-2 shows the scale-removed specimens in 

neutral NaCl at various concentrations.  Figure 7-3 shows millscale-covered specimens in 

neutral NaCl at concentrations of 1 % and 3 %.  Figure 7-4 shows the A36 response in 

neutral NaCl on millscale-covered and scale-removed surfaces. 
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Figure 7-1 shows the millscale-covered specimens display a more anodic Ecorr and larger 

icorr than descaled specimens.  The millscale-covered specimens can also display passivity 

at lower current densities than scale-removed specimens in the same potential range.   

 

Figure 7-2 to Figure 7-4 show that, regardless of surface preparation, the A36 

polarization response is only minimally affected by an increase in NaCl concentration.  

At the lower, 1 % NaCl, concentration the material appears more likely to demonstrate 

mild passivity than in 3 % and 5 % NaCl solution.  Anodic and cathodic Tafel slopes 

show good agreement regardless of NaCl concentration.  This indicates that similar 

chemical reactions are occurring. 

 

 

Figure 7-1: A36, 1 % NaCl, neutral pH 
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Figure 7-2: A36, 400-grit, NaCl, neutral pH 

 

 

Figure 7-3: A36, millscale, NaCl, neutral pH 
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Figure 7-4: A36, NaCl, neutral pH 

 

7.1.2 3% NaCl 
Figure 7-5 to Figure 7-12 show the A36 polarization response in 3% NaCl solution at 

various pH values.  Figure 7-5 to Figure 7-7 show the response at pH 5.3.  Figure 7-8 to 

Figure 7-10 show the response at pH 1.9.  Figure 7-11 and Figure 7-12 display the 

polarization response in acidic to neutral 3 % NaCl solution for scale-removed and 

millscale-covered specimens, respectively. 

 

Comparing Figure 7-5 and Figure 7-6, it can be seen that a 400-grit surface experiences 

less shifts in Ecorr and icorr response in repeat scans.  Figure 7-6 shows that a millscale-

covered surface is more likely to exhibit passivity at a pH 5.3, than a 400-grit surface.  

When passivity is not displayed, the polarization response indicates a more anodic Ecorr, 

that occurs approximately at the passivation potential indicated by the other scans under 

the same conditions.  A smaller icorr also occurs when passivity is not displayed.  Figure 

7-7 shows when the scan is begun at least 0.3 V cathodically of Ecorr and scanned 

anodically, the scatter in the cathodic region is minimal.  The scatter appears to decrease 

as the scan is begun at more cathodic potentials as compared to Ecorr.   
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Figure 7-8 and Figure 7-9 show that both millscale-covered and scale-removed 

specimens show a high level of reproducibility at pH 1.9 in 3 % NaCl solution.   

In Figure 7-8, specimen 9c1-S shows passivity but at a much higher current density.  It is 

also a very unstable polarization curve, experiencing higher current fluctuations.  The 

millscale surface in this scan could have been thicker, more tenacious, less porous, and/or 

more protective, at least initially.  The polarization results at pH 1.9 and 5.3 indicate that 

a fairly acidic solution is required to negate the affects of millscale, but even that is not 

always enough as shown by specimen 9c1-S.   

 

Figure 7-11 shows that the shape of the polarization curve is not greatly affected by pH 

but the value of Ecorr and icorr are.  This shows that on an A36, 400-grit surface, regardless 

of pH, similar chemical reactions are occurring.  The Ecorr decreases with increasing 

solution pH.  Figure 7-11 suggests passivity is possible from ~ -1.1 to ~ -0.4 VSCE.  

Figure 7-12 shows that the simple shifts in Ecorr and icorr that occurred for 400-grit 

prepared surfaces are not present for millscale covered specimens with respect to pH.  

The greatest variation in polarization response is in the possible passivation region 

indicated by the 400-grit polarization scans (~ -1.1 to ~ -0.4 VSCE). 

 

 

Figure 7-5: A36, 400-grit, 3 % NaCl, pH 5.3 
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Figure 7-6: A36, millscale, 3 % NaCl, pH 5.3 

 

 

Figure 7-7: A36, 3 % NaCl,  pH 5.3 
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Figure 7-8: A36, millscale, 3 % NaCl, pH~1.9 

 

 

Figure 7-9: A36, 400-grit, 3 % NaCl, pH 1.9 
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Figure 7-10: A36, 3 % NaCl, pH 1.9 

 

 

Figure 7-11: A36, 400-grit, 3 % NaCl 
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Figure 7-12: A36, millscale, 3 % NaCl 

 
7.2 NaSO4 
All NaSO4 polarizations were conducted in approximately neutral solution.  Figure 7-13 

and Figure 7-14 show the A36 polarization response in NaSO4 solution at concentrations 

of 0.001 M and 0.1 M, respectively.  Figure 7-15 and Figure 7-16 show the response of 

millscale-covered and 400-grit in NaSO4 solution, respectively. 

 

In 0.001 M NaSO4 solution, a noticeable shift in the polarization curve occurs for a 

millscale-covered specimen as compared to the 400-grit surfaces.  The millscale-covered 

surface displays a more anodic Ecorr and smaller icorr.  Figure 7-14 shows the same shift in 

the Ecorr between millscale-covered and scale-removed samples, in 0.1M NaSO4 as in 

0.001M NaSO4 solution except with a slightly larger magnitude.  The difference in 

magnitude of icorr, between millscale-covered and scale-removed specimens, becomes 

insignificant in 0.1 M NaSO4.  The higher NaSO4 concentration appears to diminish the 

benefits of millscale on reducing current density.  Figure 7-16 shows that the affect of 

increasing the NaSO4 concentration on scale-removed surfaces polarization response is 

minimal, but pronounced when compared to the millscale- covered surfaces in Figure 

7-15.  The Ecorr shifts cathodically as the NaSO4 concentration increases from 0.001 M to 

0.1 M.  
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Figure 7-13: A36, 0.001 M NaSO4 pH~7 

 

 

Figure 7-14: A36, 0.1 M NaSO4, pH~7 
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Figure 7-15: A36, millscale NaSO4, pH~7 

 

 

Figure 7-16: A36, 400-grit, NaSO4, pH~7 
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7.3 NaHCO3 
Figure 7-17 shows the A36, 400-grit polarization response in NaHCO3 solution at various 

concentrations.  No millscale-covered specimens were tested in NaHCO3 solution.  

Increasing the NaHCO3 content changes the anodic polarization response the greatest as 

compared to increasing the concentration of NaCl or NaSO4 concentration.  The strongest 

passivation response is shown in 0.5 M NaHCO3 solution, indicating that the strongest 

passivation response may occur at an ideal concentration of NaHCO3 not at a max or min, 

as appears more likely for NaCl and NaSO4 solutions. 

 

 

Figure 7-17: A36, NaHCO3 pH~7 

 

7.4 Corrosion Parameters 
The corrosion parameters are determined manual for each scan separately.  Figure 7-18 

and Figure 7-19 show schematics depicting the corrosion parameters described in Table 

7-2 to Table 7-6.  The corrosion parameters determined from Figure 7-1 to Figure 7-17 

are summarized in Table 7-2 to Table 7-6.  Table 7-2 and Table 7-3 summarize the 

parameters in 3 % NaCl at pH 1.9 and 5.3, respectively.  Table 7-4  summarizes the 
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parameters in neutral NaCl.  Table 7-5 and Table 7-6 summarize the parameters in 

NaHCO3 and NaSO4 solution, respectively.   

 

Figure 7-22 to Figure 7-23 show the various potential parameter responses.  Figure 7-22 

and Figure 7-20 shows the potential parameters occurred in 3 % NaCl at pH 1.9 and 5.3, 

respectively.  A much greater variation in potential parameters occurs at pH 5.3 than at 

pH 1.9.  The difference between the Eoc and Ecorr is also greater at pH 5.3.  Figure 7-23 

shows that the scatter in size of the passive potential region in consistent regardless of the 

inital Epp. The size of the passive potential region is Etp-Epp.  In Figure 7-21, no 

passivation potentials are shown because none occurred.  It is odd that at a pH 1.9 and 5.3 

that the material displayed passivity but not in neutral solution during the polarization 

scans.  Besides the lack of passivity the potential parameters show a similar scatter at 

neutral pH as at pH 5.3 for Ecorr and Eoc.  

 

 
Figure 7-18: Corrosion parameter schematic 1 
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Figure 7-19: Corrosion parameter schematic 2 
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Table 7-2: A36, 3 % NaCl, pH 1.9 

Specimen 
Eoc 

(VSCE) 
Ecorr 

(VSCE) 
icorr 

(A/cm2) 
ba1 

(mV/dec) 
ba2 

(mV/dec) 
ba3 

(mV/dec) 
ia1a2 

(A/cm2) 
ia2a3 

(A/cm2) 
Ea1a2 
(VSCE) 

Ea2a3 
(VSCE) 

9c2-4G  -0.57 1.90E-04 129 1040  2.20E-02  -0.3  

9c3-4G -0.576 -0.578 1.80E-05 63 643  8.00E-03  -0.408  

10c3-S -0.518 -0.64 7.00E-05 141       

9c1-S  -0.76 1.30E-03 114 138 353  5.00E-02  -0.398 

9c3-S  -0.62 1.40E-04 153 1840   4.00E-02  -0.19 

9c4-S-TS  0.58 8.50E-05 131 2200  3.80E-02  -0.23  

9c5-S-TS -0.6 -0.64 2.30E-04 150 1330  4.90E-02  -0.28  
 

Specimen 
bc1 

(mV/dec) 
bc2 

(mV/dec) 
ibc1bc2 

(V/cm2) 
Ec1c2 

(VSCE) 
ip 

(A/cm2) 
ipc 

(A/cm2) 
Etp 

(VSCE) 
Epp 

(VSCE) 

9c2-4G 725        

9c3-4G 123 1020 1.30E-04 -0.68     

10c3-S 418        

9c1-S 283   -0.85 3.40E-03 6.30E-03 -0.555 -0.69 

9c3-S 583    4.00E-04 5.10E-04 -0.48 -0.55 

9c4-S-TS 330 2160 3.20E-04 -0.75     

9c5-S-TS 245    2.30E-04 2.30E-04 -0.64 -0.92 
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Table 7-3: A36, 3 % NaCl, pH 5.3 

Specimen 
Eoc 

(VSCE) 
Ecorr 

(VSCE) 
icorr 

(A/cm
2
) 

ba1 
(mV/dec) 

ba2 
(mV/dec) 

ba3 
(mV/dec) 

ia1a2 
(A/cm

2
) 

ia2a3 
(A/cm

2
) 

Ea1a2 
(VSCE) 

Ea2a3 
(VSCE) 

9d8-4G -0.709 -0.68 5.60E-06 50       

9d11-4G -0.726 -0.66 3.80E-06 70 850  5.50E-03  -0.45  

9d16-4G -0.651 -0.69 1.80E-05 90 1340  6.00E-03  -0.44  

9d13-S-RS -0.508 -0.56 8.00E-06 100 1270  1.30E-03  -0.2  

9d17-S-RS -0.523 -0.705 3.00E-06 111 151 690  1.30E-02  -0.06 

9d18-S-RS -0.551 -0.78 2.10E-05 77 1160   1.80E-02  -0.178 

9d10-S-TS -0.504 -0.782 7.30E-06 99       

9d23-S-TS -0.455 -0.55 5.50E-06 223 695 322 2.20E-04 9.00E-04 -0.2 0.24 

9d8-S -0.537 -0.803 7.50E-06 65 135      

9d7-S -0.562 -0.75 9.00E-06 109 136      

Note: no data from 9c6-S-RS 
 

Specimen 
bc1 

(mV/dec) 
bc2 

(mV/dec) 
ibc1bc2 

(A/cm
2
) 

Ec1c2 
(VSCE) 

ip 
(A/cm

2
) 

ipc 
(A/cm

2
) 

Etp 
(VSCE) 

Epp 
(VSCE) 

9d8-4G 131        

9d16-4G 425        

9c6-S-RS 236        

9d13-S-RS 607        

9d17-S-RS     6.50E-05 2.30E-04 -0.42 -0.5 

9d18-S-RS 445 180 7.00E-05 -1.02 6.00E-05 3.30E-04 -0.52 -0.66 

9d10-S-TS 228    1.20E-04 4.00E-04 -0.458 -0.6 

9d23-S-TS 228 500 1.80E-05 -0.68     

9d8-S 194    6.80E-05 3.80E-04 -0.517 -0.64 

9d7-S 318    4.00E-05 7.50E-05 -0.54 -0.64 

Note: no data from 9d11-4G  
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Table 7-4: A36, NaCl, neutral pH 

Conc. Specimen 
Eoc 

(VSCE) 
Ecorr 

(VSCE) 
icorr 

(A/cm2) 
ba1 

(mV/dec) 
ba2 

(mV/dec) 
ia1a2 

(A/cm2) 
Ea1a2 
(VSCE) 

1% 10c4-4G -0.676 -0.76 4.50E-06 90 1010 5.00E-04 -0.58 

1% 10c4-S -0.501 -0.669 1.50E-05 150    

3% 10c8-4G -0.713 -0.815 1.20E-05 78    

3% 4G-1  -0.86 8.00E-07 122    

3% 4G-2 -0.747 -0.84 4.50E-06 148 479 7.70E-03 -0.415 

3% 9d9-S -0.463       

3% 10c8-S -0.576 -0.7 7.50E-06 115    

5% 5%-G  -0.74 8.00E-06 83 1055 6.90E-03 -0.5 

 

Conc. Specimen 
bc1 

(mV/dec) 
bc2 

(mV/dec) 
ibc1bc2 

(A/cm2) 
Ec1c2 

(VSCE) 

1% 10c4-4G 212    

1% 10c4-S 258 48 1.90E-04 -0.949 

3% 10c8-4G 192    

3% 4G-1 149    

3% 4G-2 137    

3% 9d9-S 275    

3% 10c8-S 215    
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Table 7-5: A36, NaHCO3, 400-grit, pH~7 

M 
Eoc 

(VSCE) 
Ecorr 

(VSCE) 
icorr 

(A/cm2) 
ba1 

(mV/dec) 
ba2 

(mV/dec) 
ia1a2 

(A/cm2) 
bc 

(mV/dec) 

0.005 -0.514 -0.724 1.20E-06 136 1120 3.50E-05 199 

0.5 -0.308 -0.828 1.70E-05 190 274  158 

1  -0.765 1.50E-02 536   108 

 

M 
ip 

(A/cm2) 
ip2 

(A/cm2) 
Etp 

(VSCE) 
Epp 

(VSCE) 
Epp2 

(VSCE) 

0.005 3.50E-05  -0.445 -0.48  

0.5 1.15E-04 6.40E-05 -0.42 -0.68 -0.26 

1 1.70E-04   -0.36  
 

Table 7-6: A36, NaSO4 corrosion parameters 

% Specimen 
Eoc 

(VSCE) 
Ecorr 

(VSCE) 
icorr 

(A/cm2) 
ba1 

(mV/dec) 
ba2 

(mV/dec) 
ia1a2 

(A/cm2) 
Ea1a2 
(VSCE) 

bc 
(mV/dec) 

0.001 10c5-4G -0.645 -0.72 4.40E-06 68 1340 5.80E-04 -0.58 285 

0.001 4G-1 -0.581 -0.738 5.90E-06 400    326 

0.001 10c5-S -0.444 -0.56 1.20E-06 211 1100 8.20E-05 -0.165 285 

0.1 10c1-4G -0.7 -0.77 6.30E-06 98 975 3.60E-03 -0.505 214 

0.1 4G-2  -0.862 7.90E-06 154    180 

0.1 10c1-S -0.55 -0.545 1.00E-05 201 1090 7.60E-04 -0.16 278 
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Figure 7-20: A36, 3 % NaCl, pH 5.3 
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Figure 7-21: A36, 3 % NaCl, neutral pH 

 

 

Figure 7-22: A36, 3 % NaCl, pH 1.9 

 

 

Figure 7-23: A36, 3 % NaCl, pH 5.3 
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7.5 Corrosion Statistics 
Table 7-7 to Table 7-16 show the mean, standard deviation (St. Dev.), variance, 

coefficient of variance, max, min, and number of samples included in the statistical 

analysis determined according to ASTM-G16 for A36 corrosion parameters as 

determined from Figure 7-1 to Figure 7-17 and summarized in Table 7-2 to Table 7-6.  

Figure 7-24 to Figure 7-31 graphically show the statistical corrosion values determined in 

Table 7-7 to Table 7-12.  There are no graphs for ip, ipc, Etp, or Epp, as each table has only 

two data points. 

 

Table 7-7, Figure 7-25, and Figure 7-26 show that the standard deviation in icorr has close 

to the same magnitude as the mean value of icorr for each test condition.  Table 7-7 shows 

that the variance has a larger magnitude corresponding to greater mean icorr.  The surface 

preparation does not appear to control the statistical response of icorr.  The coefficient of 

variation, Cv, for icorr appears environment sensitive.  The negative values for Cv are not 

meaningful. 

 

Table 7-8 and Figure 7-24 show that a millscale-covered surface experiences a 

significantly greater standard deviation and variance in the value of Ecorr.  In 3 % NaCl 

solution, the Ecorr of a 400-grit surface decreases with increasing pH.  The same trend is 

not obvious from the mean Ecorr, but is indicated by the greater standard deviation on 

millscale-covered specimens at pH 5.5 than pH 1.9.  The standard deviation of Ecorr is 

slightly greater in NaSO4 solution than NaCl solution for 400-grit surfaces.  Cv for Ecorr is 

extremely small except for the millscale-covered scan in 3 % NaCl pH 1.9 due to one 

very different scan shown in Figure 7-8.  The large difference in response of the single 

scan was likely due to a greater interaction of the millscale. 

 

A change in Tafel slope did not occur in all solutions.  The appearance of multiple Tafel 

slopes for the A36 corresponded to the presence of passivity in Figure 7-19.  There are no 

clear trends indicated by Table 7-9, Table 7-10, Figure 7-27, and Figure 7-28, except the 

mean and standard deviation in the anodic Tafel slope is greater after passivity.  This is 
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likely due to a complexing of chemical reaction and/or kinetics due to surface oxide 

formation/degradation.  The Cv for ba2 is larger for millscale-covered specimens in 

equivalent solution. 

 

Figure 7-29 shows that the current density that a change in Tafel slope occurs is 

consistent regardless of test solution, when the change occurs.  In Figure 7-30 it does not 

appear that the standard deviation is related to the test conditions indicated. 

 

Table 7-12 and Figure 7-31 show that the mean cathodic Tafel slope decreases with 

increasing solution pH for 3 % NaCl solution for surface preparation.  The magnitude of 

the decrease is greater for 400-grit surfaces than millscale-covered surfaces.  The 

standard deviation and variance are greater in 3 % NaCl than in NaSO4 solution. 

Passivity occurred in multiple scans for millscale-covered specimens in 3 % NaCl at pH 

1.9 and 5.5.  The Cv for bc is smaller for millscale-covered specimens in equivalent 

solution. 

 

Table 7-13 shows that the passivation current density was greater at a lower pH.  Table 

7-14 shows this is also true for the critical passivation current density.  The mean Epp and 

Etp, shown in Table 7-15 and Table 7-16, respectively, are more cathodic at pH 1.9 than 

pH 5.5. 
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Table 7-7: A36, icorr, A/cm2 
Solution pH Surface Average St. Dev. Variance Cv  Max Min Number of Scans 

3%NaCl 1.9 400 grit 1.0E-04 1.2E-04 1.5E-08 1.17 1.9E-04 1.8E-05 2 

3%NaCl 5.5 400 grit 9.1E-06 7.7E-06 6.0E-11 0.85 1.8E-05 3.8E-06 3 

3%NaCl 7 400 grit 5.8E-06 5.7E-06 3.3E-11 0.99 1.2E-05 8.0E-07 3 

3%NaCl 1.9 ms 3.7E-04 5.3E-04 2.8E-07 1.44 1.3E-03 7.0E-05 5 

3%NaCl 5.5 ms 8.8E-06 5.7E-06 3.3E-11 0.66 2.1E-05 3.0E-06 7 

0.001 NaSO4 7 400 grit 5.2E-06 1.1E-06 1.1E-12 0.21 5.9E-06 4.4E-06 2 

0.1 NaSO4 7 400 grit 7.1E-06 1.1E-06 1.3E-12 0.16 7.9E-06 6.3E-06 2 

 
Table 7-8: A36, Ecorr, (VSCE) 

Solution pH Surface Average St. Dev. Variance Cv  Max Min Number of Scans 

3%NaCl 1.9 400 grit -0.574 0.006 0.000 -0.01 -0.570 -0.578 2 

3%NaCl 5.5 400 grit -0.577 0.171 0.029 -0.30 -0.380 -0.690 3 

3%NaCl 7 400 grit -0.838 0.023 0.001 -0.03 -0.815 -0.860 3 

3%NaCl 1.9 ms -0.648 0.067 0.005 -0.10 -0.580 -0.760 5 

3%NaCl 5.5 ms -0.658 0.134 0.018 -0.20 -0.460 -0.803 7 

0.001 NaSO4 7 400 grit -0.729 0.013 0.000 -0.02 -0.720 -0.738 2 

0.1 NaSO4 7 400 grit -0.816 0.065 0.004 -0.08 -0.770 -0.862 2 

 
Table 7-9: A36, ba1, (mV/dec) 

Solution pH Surface Average St. Dev. Variance Cv Max Min Number of Scans 

3%NaCl 1.9 400 grit 96 47 2178 0.49 129 63 2 

3%NaCl 5.5 400 grit 70 20 400 0.29 90 50 3 

3%NaCl 7 400 grit 116 35 1252 0.31 148 78 3 

3%NaCl 1.9 ms 134 15 238 0.12 150 114 4 

3%NaCl 5.5 ms 112 52 2680 0.46 223 65 7 

0.001 NaSO4 7 400 grit 234 235 55112 1.00 400 68 2 

0.1 NaSO4 7 400 grit 126 40 1568 0.31 154 98 2 
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Table 7-10: A36, ba2, (mV/dec) 

Solution pH Surface Average St. Dev. Variance Cv  Max Min Number of Scans 

3%NaCl 1.9 400 grit 842 281 78805 0.33 1040 643 2 

3%NaCl 5.5 400 grit 1095 346 120050 0.32 1340 850 2 

3%NaCl 1.9 ms 955 1000 1000448 1.05 2200 138 4 

3%NaCl 5.5 ms 591 530 280836 0.90 1270 135 6 

 

Table 7-11: A36, iba1ba2, A/cm2 

Solution pH Surface Average St. Dev. Variance Cv Max Min Number of Scans 

3%NaCl 1.9 400 grit 1.5E-02 9.9E-03 9.8E-05 0.66 2.2E-02 8.0E-03 2 

3%NaCl 5.5 400 grit 5.8E-03 3.5E-04 1.3E-07 0.06 6.0E-03 5.5E-03 2 

3%NaCl 1.9 ms 4.4E-02 6.1E-03 3.8E-05 0.14 5.0E-02 3.8E-02 4 

3%NaCl 5.5 ms 8.1E-03 8.8E-03 7.7E-05 1.08 1.8E-02 2.2E-04 4 

 

Table 7-12: A36, bc, (mV/dec) 

Solution pH Surface Average St. Dev. Variance Cv Max Min Number of Scans 

3%NaCl 1.9 400 grit 424 426 181202 1.00 725 123 2 

3%NaCl 5.5 400 grit 278 208 43218 0.75 425 131 2 

3%NaCl 7 400 grit 159 29 836 0.18 192 137 3 

3%NaCl 1.9 ms 372 135 18113 0.36 583 245 5 

3%NaCl 5.5 ms 322 152 22970 0.47 607 194 7 

3%NaCl 7 ms 245 42 1800 0.17 275 215 2 

0.001 NaSO4 7 400 grit 306 29 841 0.09 326 285 2 

0.1 NaSO4 7 400 grit 197 24 578 0.12 214 180 2 
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Table 7-13: A36, ip, A/cm2 

Solution pH Surface Average St. Dev. Variance Cv Max Min Number of Scans 

3%NaCl 1.9 ms 1.3E-03 1.8E-03 3.2E-06 1.33 3.4E-03 2.3E-04 3 

3%NaCl 5.5 ms 7.1E-05 3.0E-05 8.8E-10 0.42 1.2E-04 4.0E-05 5 

 

Table 7-14: A36, ipc, A/cm2 

Solution pH Surface Average St. Dev. Variance Cv Max Min Number of Scans 

3%NaCl 1.9 ms 2.3E-03 3.4E-03 1.2E-05 1.46 6.3E-03 2.3E-04 3 

3%NaCl 5.5 ms 2.8E-04 1.3E-04 1.8E-08 0.47 4.0E-04 7.5E-05 5 

 

Table 7-15: A36, Etp, (VSCE) 

Solution pH Surface Average St. Dev. Variance Cv Max Min Number of Scans 

3%NaCl 1.9 ms -0.558 0.080 0.006 -0.14 -0.48 -0.64 3 

3%NaCl 5.5 ms -0.491 0.050 0.003 -0.30 -0.42 -0.54 5 

 

Table 7-16: A36, Epp, (VSCE) 

Solution pH Surface Average St. Dev. Variance Cv  Max Min Number of Scans 

3%NaCl 1.9 ms -0.72 0.187 0.035 -0.26 -0.55 -0.92 3 

3%NaCl 5.5 ms -0.608 0.064 0.004 -0.24 -0.5 -0.66 5 
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Figure 7-24: A36, Ecorr 

 

 

Figure 7-25: A36,mean icorr 
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Figure 7-26: A36, standard deviation icorr 

 

 

Figure 7-27: A36, ba1 

 



 

189 

 

Figure 7-28: A36, ba2 

 

 
Figure 7-29: A36, mean i ba1ba2 
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Figure 7-30: A36, standard deviation, iba1ba2 

 

 
Figure 7-31: A36, bc 
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Chapter Eight: X70 Polarization 

 

 

Polarizations of the X70 material are conducted in deareated 3 % NaCl solution at 

various pH values with and without millscale.  The specimens are identified as they are 

for Eoc monitoring.  See Chapter 6 for a description of sample designation.  The scan rate 

is 0.6 V/h unless indicated. 

 

8.1 Acidic solution 
All specimens in acidic solution are polarized in the Teflon holder with a surface area of 

5.067 cm2 on the manual potentiostat.  Figure 8-1 shows the X70, sand-blasted 

polarization response in low pH solution.  At a pH of 1.4, 3.5 and 5.5, the polarization 

response is very similar.  At pH 6.37 the response differs showing a reduced corrosion 

rate especially in the anodic region.   

 

Figure 8-2 shows a 3 cycle scan on a sandblasted surface in pH 5.5 solution.  The scan is 

initiated at Eoc, scanned anodically to ~ 0 VSCE, followed immediately with a cathodic 

scan to ~ 0.6 V below Eoc, and finally anodically again.  The Tafel regions show excellent 

agreement outside of -0.72 to -0.88 VSCE.  The value of icorr is also consistent between 

cycles.  The value of Ecorr varies due to being located within a passivation region.  The 

passivation region appears to be contained within -0.72 to -0.88 VSCE.  This type of three 

cycle scan appears to be the best way to approximate the size of the polarization region 

for the millscale-removed X70 material in borderline passivity regions.  A pH 5.5 is not 

considered borderline according to thermodynamics.  This is likely due to complex 

surface reactions because of the variety of elements in the X70 composition. 

 

A problem with cyclical scans is they cause the greatest magnitude change in the pH of 

the test solution.  Increasing solution volume was not attempted but would help combat 

this problem.  The instability of the solution pH could also be minimised by reducing the 
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specimen surface area.  The same surface area to test solution volume ratio caused no 

appreciable changes in the pH during extended open-circuit corrosion.  

 

 

Figure 8-1: X70, sandblasted, 55 minute pre-immersion, acidic pH, 0.6 V/h scan rate 

 

 

Figure 8-2: X70, sandblasted, 55 minute pre-immersion, pH 5.5, 0.6 V/h scan rate 
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8.2 Neutral solution 
Figure 8-3 to Figure 8-11 show polarization scans conducted on X70 material in neutral  

3 % NaCl solution.  The pH of neutral solution is 7.0 ± 0.3.  The variation in the pH, 

especially at near neutral pH, could amplify a pH related response and add to data scatter.  

The scatter in the data could also be due to the “borderline” condition between active 

corrosion and passivity according to the Pourbaix diagram [62].  

 

Figure 8-3 shows a cyclical scan on a millscale-covered specimen.  The first cycle is 

conducted anodically from Eoc, followed immediately by a cathodic scan.  The external 

potential source is then disconnected and the open-circuit potential allowed to reach a 

new steady state.  The third cycle is an anodic scan beginning at the new Eoc.  Ecorr and 

icorr are higher for the “after settle” scan.  The “after settle” scan initiates at a potential 

value very close to the Ecorr of the cathodic (down) scan.  The icorr of the “after settle” 

scan is almost 2 orders of magnitude larger than the initial scan.  The increased icorr is due 

to changes in the millscale and surface.  The increased icorr could also be a function of an 

increase of iron ions in test solution.  An increased solution pH should decrease the 

corrosion rate. 

 

Figure 8-4 shows a series of cyclical scans conducted in neutral solution for a 600-grit 

surface (d6-G) after 10 days immersion, and on millscale covered surfaces after 9.2 days 

and 55 minutes immersion for specimens a13-S and f18-S, respectively.  The scans are 

initiated at Eoc and scanned anodically to the potentiostat’s limit and then immediately 

scanned cathodically.  The cathodic scan for the millscale-covered specimens shows the 

affect of millscale capacitance on the polarization response as compared to the 600-grit 

response which shows no hysteresis in the reverse scan.  This is also a function of the 

level of overpotential reached in the millscale-covered scans.  Extending the pre-

immersion period of a 600-grit specimen prior to polarization does not duplicate the 

millscale-covered response. 
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Figure 8-5 shows the 600-grit polarization response after 55 minutes pre-immersion and 

initiated at Eoc.  The polarization response shows very little scatter within the small 

potential range surrounding Ecorr.  It is also difficult to determine the Tafel response from 

such a small potential range. 

 

Figure 8-6 shows the millscale-covered scans after 55 minutes pre-immersion scanned at 

a standard scan rate of 0.6 V/h.  A greater range of potentials could be scanned on the 

millscale-covered specimens regardless of the potentiostat used; meaning the millscale-

covered specimens required a lower current density to polarize.  The millscale-covered 

specimens, after 55 minutes pre-immersion, display current instability when initiated at 

Eoc.  It appears that a lower initial potential corresponds to less fluctuations in the 

polarization response.  It is possible that a more anodic Eoc corresponds to a protective 

oxide that causes a greater interaction in the polarization scan or that starting the scan at a 

lower potential causes more efficient “cleaning” of the surface.   

 

Figure 8-7 shows scans on millscale-covered specimens after extended pre-immersion in 

neutral solution.  The shape of the curve a similar for all immersion periods within the 

small potential range.  The limited potential range is due to the use of the PAR 263A 

potentiostat.  Using the PAR 263A did not allow for the appearance of the greatly 

reduced current density at higher anodic potentials for a millscale-covered specimen as 

compared to 600-grit. 

 

Figure 8-8 shows the millscale-covered scans after 55 minutes pre-immersion and after 

extended pre-immersion.  The scatter in the X70 millscale-covered response is reduced 

by extending the pre-immersion period before initiating polarization.  Extended pre-

immersion scans were conducted using the PAR 263A potentiostat, while the 55 minute 

pre-immersed specimens were scanned with the manual potentiostat. 
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Figure 8-9 shows millscale-covered and 600-grit polarization response after 55 minutes 

pre-immersion, scanned at 0.6 V/h.  The 600-grit specimens have a much larger icorr.  

Each surface preparation response appears grouped. 

 

Figure 8-10 shows the millscale-covered polarization response after extended immersion 

and 600-grit surfaces after 55 minutes immersion.  Even after extended exposure the 

millscale-covered specimens do not respond the same as a specimens test to G5 standard 

(600-grit, 0.6 V/h scan, 55 minutes pre-immersion period.)  Each response appears 

grouped by surface preparation.  The millscale-covered specimens display a lower icorr 

but exhibits a similar Ecorr. 

 

Figure 8-11 shows the millscale-covered and 600-grit response to polarization in neutral 

solution.  Each surface preparation and pre-immersion period combination appeared to be 

grouped.  Regardless of pre-immersion period, the millscale-covered specimens display a 

smaller icorr.  Any shifts in the 600-grit polarization response appear less significant than 

millscale-covered shifts due to the logarithmic current density scale.  

 

Figure 8-12 shows specimen d6 G, a surface prepared to 600-grit and then immersed for 

10.5 weeks prior to initiating anodic polarization from -0.76 VSCE to the manual 

potentiostat’s limit then cathocically to ~  0.6 V below Eoc.  Prior to polarization the 

surface was covered with a thin black film that appeared very similar to the micrographs 

shown in Chapter 13.  The polarization results for specimen d6 G is shown in Figure 8-4.  

The polarization caused the film to detach selectively.  It also appears that more than one 

layer of oxide formed, or this may just be selective thinning of the inital film.  The areas 

where the film is removed appear very similar to 600-grit pre-immersion except with a 

slight dull-grey discoloration before surface drying occurred.  Upon drying the surface 

took a red-orange tone over the patchy black oxide. 

 

Figure 8-13 and Figure 8-14 show specimens before immersion and following 

polarization with red and black millscale, respectively.  Both specimens are from sample 
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AB.  Polarization thins and removes the millscale unevenly.  The thinning appears more 

significant on the red millscale than the black millscale. 

 

 
Figure 8-3: X70, millscale, 55 minute pre-immersion cyclic scan, neutral pH, 0.6 V/h 

scan rate 

 

 
Figure 8-4: X70, pre-immersion, cyclic scans, neutral pH, 0.6 V/h scan rate 
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Figure 8-5: X70, 600-grit, 55 minutes pre-immersion, neutral pH, 0.6 V/h scan rate 

 

 
Figure 8-6: X70, millscale, 55 minute pre-immersion, neutral pH, 0.6 V/h scan rate 
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Figure 8-7: X70, millscale, extended pre-immersion, neutral pH, 0.6 V/h scan rate 

 

 
Figure 8-8: X70, millscale, neutral pH, 0.6 V/h scan rate 
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Figure 8-9: X70, 55 minute pre-immersion, neutral pH, 0.6 V/h scan rate 

 

 
Figure 8-10: X70, millscale after extended immersion and 600-grit after 55 minutes 

immersion, neutral pH, 0.6 V/h scan rate 
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Figure 8-11: X70, neutral pH, 0.6 V/h scan rate 

 

 

Figure 8-12: X70, 600-grit specimen scanned after 10.5 weeks pre-immersion prior 

to surface drying, in neutral solution 
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Figure 8-13: X70, red millscale from sample AB, neutral pH, 0.6V/h scan rate, 1 hour pre-immersion 
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Figure 8-14: X70, black millscale from sample AB, neutral pH, 0.6V/h scan rate, 1 hour pre-immersion, cyclic scan 
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8.3 Basic solution 
All polarization scans are conducted at the standard scan rate of 0.6 V/h.  Figure 8-15 and 

Figure 8-16 show polarization scans on millscale-removed surfaces in pH 11.2 solution 

after 55 minutes and 24 hours immersion, respectively.  In Figure 8-15, some scans show 

a very distinct passivation region, while others show a very steep, non-vertical, Tafel 

response.  The response shows the greatest scatter in the passivation region.  Extending 

the pre-immersion period does not appear to decrease the scatter for the sand-blasted 

surfaces.  In Figure 8-16, after 24 hours pre-immersion, the polarization response show 

no clear passivation region, but responds with very steep anodic and cathodic Tafel 

slopes near Ecorr.  The Ecorr and icorr are more consistent between scans after 24 hours pre-

immersion than only the standard 55 minutes pre-immersion.  The polarization response 

is not consistent for either pre-immersion period on sand-blasted surfaces, although 

passivation appears more likely after 55 minutes immersion than after 24 hours pre-

immersion. 

 

Figure 8-17 and Figure 8-18 show the effect of pre-immersion on 400-grit and sand-

blasted surface’s polarization response, respectively.  Figure 8-17 and Figure 8-18 show 

that less variation occurs in the Tafel regions for 400-grit specimens than sand-blasted 

specimens.  In Figure 8-18 the size of the passivation region varies between scans.  The 

potential and current density values vary at the transition from passivation to a Tafel 

response. 
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Figure 8-15: X70, 55 minute pre-immersion, pH 11.2, scale-removed 

 

 

Figure 8-16: X70, 24 hour pre-immersion, pH 11.2, scale-removed 
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Figure 8-17: X70, 400-grit, pH 11.2 

 

 

Figure 8-18: X70, sand-blasted, pH 11.2, 
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8.4 X70 Corrosion Parameters 
Table 8-1 to Table 8-9 summarize the corrosion parameters, depicted in Figure 8-1 to 

Figure 8-18.  Figure 15-6 to Figure 8-24 depict the potential corrosion parameters 

summarized in Table 8-1 to Table 8-9.  Figure 8-25 to Figure 8-30 depict the current 

corrosion parameters summarized in Table 8-1 to Table 8-9.  Figure 8-31 to Figure 8-37 

depict the anodic Tafel slopes summarized in Table 8-1 to Table 8-9. 

 

Figure 8-19 shows the corrosion parameters for 600-grit, 55 minute pre-immersion in 

neutral solution, and scanned at 0.6 V/h.  There is excellent agreement between Eoc at 55 

minutes and Ecorr.  The value of Ecorr is consistent between scans. 

 

Figure 8-20 shows the corrosion parameters for 600-grit, 55 minute pre-immersion in 

neutral solution, scanned anodically at 0.06 V/h.  There is consistency in the potential 

parameters between scans.  The passivation potential occurs at Ecorr. 

 

Figure 8-21 shows the corrosion parameters for sand-blasted, 55 minute pre-immersion in 

pH 11.2 scanned anodically at 0.6 V/h.  A large variation in parameter response occurred 

between scans.  Some scans display multiple passive zones.  The open-circuit potential 

was never close to the scan Ecorr.  Increasing the number of scans does not reduce the 

scatter in the potential parameters.  The appearance of multiple passivation zones 

occurred within the total passivation zone when only one zone occurred. 

 

Figure 8-22 shows the corrosion parameters for sand-blasted, 24 hour pre-immersion in 

pH 11.2, scanned anodically at 0.6 V/h.  Ecorr and Epp occur at the same potential.  There 

is variation between scans in potential parameters. 

 

Figure 8-23 shows the corrosion parameters for millscale-covered, 55 minute pre-

immersion in neutral solution, scanned anodically at 0.6 V/h.  There is no agreement 

between the potential parameter values.  There are no passivation parameters because the 

scan is conducted on the PAR 263A. 
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Figure 8-24 shows the corrosion parameters for millscale-covered, long pre-immersion in 

neutral solution, scanned anodically at 0.6 V/h.  The value of Ecorr and is always less than 

Eoc at 55 minutes.  There is little consistency between scans. 

 

Figure 8-25 shows the corrosion current parameters for sand-blasted, 24 hour pre-

immersion in pH 11.2, scanned anodically at 0.6 V/h.  All the current parameters are 

within one order of magnitude. 

 

Figure 8-26 shows the corrosion current parameters for 600-grit, 55 minute pre-

immersion in neutral solution, scanned anodically at 0.6 V/h.  All the current parameters 

are within two orders of magnitude for the six scans. 

 

Figure 8-27 shows the corrosion current parameters for 600-grit, 55 minute pre-

immersion in neutral solution, scanned anodically at 0.06 V/h.  The icorr varies by greater 

than two orders of magnitude. 

 

Figure 8-28 shows the corrosion current parameters for sand-blasted, 55 minute pre-

immersion in pH 11.2, scanned anodically at 0.6 V/h.  The icorr is consistent with ip for 

each individual scan.  The total variation in current parameters is just greater than one 

order of magnitude. 

 

Figure 8-29 shows the corrosion current parameters for millscale-covered, 55 minute pre-

immersion in neutral solution, scanned anodically at 0.6 V/h.  There are only two scan, 

but the icorr for the polarizations are within one order of magnitude difference. 

 

Figure 8-30 shows the corrosion current parameters for millscale-covered, extended pre-

immersion in neutral solution, scanned anodically at 0.6 V/h.  The corrosion currents are 

extremely consistent between the four scans. 
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Figure 8-31 shows the anodic Tafel slopes for sand-blasted, 24 hour pre-immersion in pH 

11.2, scanned anodically at 0.6 V/h.  Defining the Tafel slopes with respect to Ecorr as 

shown in Figure 7-18 does not allow for any consistency between Tafel slopes that was 

seen in Figure 8-18 above.  The Tafel slopes need to be defined by the potential and 

current density that the transition from the almost vertical current density response to 

Tafel response.   

 

Figure 8-32 shows the anodic Tafel slopes 600-grit, 55 minute pre-immersion, neutral, 

scanned anodically 0.6 V/h.  There is agreement between ba1 values but not ba2 values.  

Table 8-2 and Figure 8-33 show that ba1 varies from 50 mV/decade to 100 mV/decade, 

showing disagreement in the number of electrons being transferred in the electrochemical 

surface reactions. 

 
Figure 8-34 shows the anodic Tafel slopes 600-grit, 55 minute pre-immersion in neutral 

solution, scanned anodically at 0.06 V/h.  There are no dominating trends. 

 
Figure 8-35 shows the anodic Tafel slopes for sand-blasted, 55 minute pre-immersion in 

pH 11.2, scanned anodically at 0.6 V/h.  There is no agreement in the Tafel slopes as 

defined with respect to Ecorr. 

 
Figure 8-36 shows the anodic Tafel slopes for millscale-covered, 55 minute pre-

immersion in neutral solution, scanned anodically at 0.6 V/h.  There is an agreement in 

the trend that ba1 is much smaller than ba2, but there is little consistency between the 

values determined from each individual scan. 

 
Figure 8-37 shows the anodic Tafel slopes parameters for millscale-covered, long pre-

immersion in neutral solution, scanned anodically at 0.6 V/h.  Figure 8-37 shows a 

similar trend as in Figure 8-36, ba1 is smaller than ba2,  Table 8-6 shows that ba1 varies 

from 92 mV/decade to 265 mV/decade.  ba2 varies from 181 mV/decade to 1780 

mV/decade.  There appear to be 3 Tafel slopes , ~100 mV/decade, ~200 mV/decade, and 

>200 mV/decade approaching vertical. 
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Table 8-1: X70, 3% NaCl, low pH 

Scan pH Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr 
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ba3  
(mV/dec) 

ia1a2  
(A/cm2) 

ia2a3  
(A/cm2) 

Ea1a2  
(VSCE) 

Ea2a3  
(VSCE) 

SB-1.35 1.35 -0.71 -0.707 4.00E-05 60       

SB-3.5 3.5 -0.702 -0.709 9.00E-05 520       

o29 SB-5.5 5.5  -0.785 1.90E-06 70 540  1.20E-02  -0.525  

o29 SB down ~5.5  -0.72 1.30E-05        

o29 SB ~5.5  -0.87 5.10E-06 171 83 840 4.40E-05 1.30E-02 -0.71 -0.505 

 
Scan bc1  

(mV/dec) 
bc2  

(mV/dec) 
ic1c2  

(A/cm2) 
Ec1c2  

(VSCE) 
ip  

(A/cm2) 
Etp  

(VSCE) 

SB pH 1.35     4.00E-05 -0.707 

SB pH 3.5 316      

o29 SB down 625 163 2.60E-05 -0.88   

o29 SB 129      

 

Table 8-2: X70, neutral pH 600-grit G5 scans 

Scan Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ia1a2  
(A/cm2) 

Ea1a2  
(VSCE) 

bc  
(mV/dec) 

a1 G  -0.756 2.20E-06 73     

a1 G-2  -0.745 3.00E-06 93     

a17-5 -0.726   88     

a2 G -0.762 -0.766 1.40E-05 67 210 2.90E-03 -0.585  

a3 G -0.78 -0.689 9.40E-05 58 209 2.05E-03 -0.600 570 

a4 G -0.769   70 770 6.50E-03 -0.576  

a5 G -0.775 -0.738 5.50E-05 98     

a6 G -0.749   100 370 8.00E-03 -0.520  

f27 G -0.706 -0.658 5.30E-06 50 153 1.10E-03 -0.542  
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Table 8-3: X70, neutral pH, 600-grit 

Scan Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ia1a2  
(A/cm2) 

Ea1a2  
(VSCE) 

bc1  
(mV/dec) 

bc2  
(mV/dec) 

ip  
(A/cm2) 

Etp  
(VSCE) 

d6 G down  -0.575 6.00E-06 66    423 182   

d6 G up 10 
days 

-0.745 -0.575 6.00E-06 66    423    

 

Table 8-4: X70, 600-grit, neutral pH 0.06V/h scan rate 

Scan Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ia1a2  
(A/cm2) 

Ea1a2  
(VSCE) 

bc1  
(mV/dec) 

bc2  
(mV/dec) 

ip  
(A/cm2) 

Etp  
(VSCE) 

a25 G SS -0.736 -0.64 2.10E-03 141      2.10E-03 -0.64 

a27 G SS -0.61 -0.68 4.50E-05 45 348 5.50E-03 -0.575   4.50E-05 -0.68 

a28 G SS  -0.7 6.60E-05 80     560   

a29 G SS   3.50E-04         

G-SS  - - 70 132 3.00E-01 -0.650 -0.584    

m3 G SS   4.00E-05 114        
 

Table 8-5: X70, sandblasted, neutral pH, 0.6V/h scan rate 

Scan Eoc 
(55min)  

(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ba3  
(mV/dec) 

ia1a2  
(A/cm2) 

ia2a3  
(A/cm2) 

Ea1a2  
(VSCE) 

Ea2a3  
(VSCE) 

bc  
(mV/dec) 

8 days a30 
SB  

   53 253 720 1.90E-03 2.10E-02 -0.575 -0.290  

SB -0.755 -0.89 2.00E-06 90 1400  4.50E-03  -0.5  160 
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Table 8-6: X70, neutral pH, 0.6V/h scan rate, millscale 

Scan Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ia1a2  
(A/cm2) 

Ea1a2  
(VSCE) 

ip  
(A/cm2) 

Epass  
(VSCE) 

Etp  
(VSCE) 

Epp  
(VSCE) 

a1 S-AB-B -0.456 -0.45 3.40E-06 26 1245 8.00E-05 -0.130     

a3 S-AB-B -0.585 -  126 490 5.60E-04      

a5 S-AB-B -0.516 -0.343 1.90E-05 86 319 3.50E-04 -0.229     

10 days S-AE-R -0.493 - 5.50E-06 137 363 2.50E-04 -0.400 5.50E-06  -0.63 Ecorr 

14 days S-AB-B -0.451 -  92 181 1.30E-04      

24h S-AB-B -0.469 -  203        

24h S-AB-B-2 -0.451 -0.601 6.00E-06 118 323 2.60E-04 -0.415     

72 h S-AB-B -0.507 -0.67 5.20E-06 187 500 3.40E-04 -0.240 5.20E-06 Ecorr -0.615  

9 days a13 S up   -0.68 5.00E-06 265 1780 3.20E-04 -0.21     

a13 S after 
settle 

 -0.53 7.00E-04 547  1.80E-02 0.24     

f18 S up -0.529 -  172 667 2.60E-04 -0.295     

f19 S-AB-R -0.423    547       
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Table 8-7: X70, X70, 400 grit, 0.6V/h, pH 11 

Scan Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ba3  
(mV/dec) 

ia1a2  
(A/cm2) 

ia2a3  
(A/cm2) 

Ea1a2  
(VSCE) 

o1 4G  -0.493 2.90E-05 91 1970  1.30E-02  -0.238 

o21 4G-24h  -0.715 2.50E-06 137 60 1800 6.00E-05 1.40E-02  

o27 4G-24h -0.639 -0.709 7.20E-06 61 1570  2.20E-02  -0.222 
 

Scan bc1  
(mV/dec) 

bc2  
(mV/dec) 

bc3  
(mV/dec) 

ibc1bc2  
(A/cm2 

ic2c3  
(A/cm2) 

Ec1c2  
(VSCE) 

Ec2c3  
(VSCE) 

o1 4G 404 131 445 7.00E-05 2.90E-03 -1.20 -1.24 

o21 4G-24h 393 143  1.90E-05    
 

Scan ip  
(A/cm2) 

ip2  
(A/cm2) 

ic  
(A/cm2) 

ic2  
(A/cm2) 

Etp  
(VSCE) 

Etp2  
(VSCE) 

Epp  
(VSCE) 

Epp2  
(VSCE) 

o1 4G 3.00E-05    -0.493  -0.89  

o27 4G-24h 1.80E-05 2.10E-05 7.20E-06 1.00E-05 -0.59 -0.402 -0.709 -0.59 
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Table 8-8: X70, pH 11.2, sandblasted, 0.6V/h 

Scan Eoc (55min)  
(VSCE) 

Ecorr  
(VSCE) 

icorr  
(A/cm2) 

ba1  
(mV/dec) 

ba2  
(mV/dec) 

ba3  
(mV/dec) 

ia1a2  
(A/cm2) 

ia2a3  
(A/cm2) 

Ea1a2  
(VSCE) 

o11 SB 
up/down 

  2.20E-05 NA      

o12 SB -0.624 -0.848 2.50E-05 81  1565 1.40E-02   

o16 SB  -0.87 1.95E-05 169      

o23 SB up  -0.885 2.50E-06 84 45  7.80E-06   

o3 SB down  -0.686 4.50E-06       

o3 SB up  -0.99 1.40E-05 410      

o3-2 SB up  -0.96 5.00E-05 93 1130  1.10E-02  -0.25 

o4 SB   2.40E-05 52 1100  2.00E-02   

o4 SB-24h -0.771 -0.752 3.00E-05 81      

o5 SB down  -  -      

o6 SB down  -0.69 1.20E-05       

o6 SB up  -0.64 5.80E-06 165 79 1570 5.60E-05 9.00E-03 -0.480 

o6-2 SB  -0.595 5.40E-05 143 238  3.00E-03  -0.400 

o7 SB -0.57 -1.01 1.50E-05 166 70  4.90E-05   

o8 SB-24h -0.64 - 6.00E-06 630 40 980 1.80E-05 1.60E-02 -0.227 

SB -0.642 -0.863 1.20E-05 445 38 530 3.00E-05 2.00E-02 -0.490 

SB-24h  -0.922 4.00E-05 62 560  2.00E-02   
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Table 8-8 cont. 
 

Scan bc1 
(mV/dec) 

bc2  
(mV/dec) 

bc3  
(mV/dec) 

bc4 
(mV/dec) 

ic1c2  
(A/cm2) 

ic2c3  
(A/cm2) 

ic3c4  
(A/cm2) 

Ec1c2  
(VSCE) 

Ec2c3  
(VSCE) 

Ec3c4  
(VSCE) 

o11 SB 
up/down 

 140         

o16 SB 57          

o23 SB down 57 150   3.60E-04   -1.16   

o23 SB up 120 178   5.50E-04   -1.16   

o3 SB down 640 71 425  4.90E-05 2.00E-03  -1.10 -1.22  

o3 SB up 73 410   2.20E-03   -1.13   

o3-2 SB down 718 90         

o3-2 SB up 130          

o5 SB down 407 92 190 581 2.80E-05 5.00E-04 8.00E-03 -1.10 -1.20 -1.44 

o6 SB down 385 678 630  4.00E-05 2.50E-03  -1.10 -1.22  

o6 SB up 128    2.60E-03   -1.18   

o6-2 SB 292 147 409 855 8.40E-05 3.00E-03 1.60E-02 -1 -1.22 -1.51 

o7 SB 84          
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Table 8-8 cont. 
 

Scan ip  
(A/cm2) 

ip2  
(A/cm2) 

Epass  
(VSCE) 

Etp  
(VSCE) 

Etp2  
(VSCE) 

Epp  
(VSCE) 

Epp2  
(VSCE) 

o11 SB 
up/down 

2.20E-05     -0.93  

o12 SB 2.50E-05  Ecorr -0.32    

o23 SB down 1.60E-05       

o23 SB up 2.50E-06 7.80E-06  -0.74 -0.5 -1.1 -0.68 

o3 SB up 4.20E-05     -0.9  

o3-2 SB up 5.00E-05   -0.45    

o4 SB 2.40E-05   -0.43    

o4 SB-24h 3.00E-05  Ecorr -0.6    

o6 SB up 5.80E-06   Ecorr  -0.95  

o6-2 SB 5.40E-05   Ecorr  -0.86  

o7 SB 4.90E-05   -0.505  0.91  

SB 1.20E-05  Ecorr -0.56  Ecorr  

SB-24h 4.00E-05  Ecorr -0.44    

Table 8-9: X70, pH 11.2, millscale, 0.6 V/h 

Scan Ecorr 
(VSCE) 

icorr  
(A/cm2) 

ba1 
(mV/dec) 

ba2 
(mV/dec) 

ia1a2  
(A/cm2) 

Ea1a2  
(VSCE) 

bc 
(mV/dec) 

m31 S after 
hold 

-0.72 1.70E-05 281  1.90E-02 -0.03 107 

m31 S down -0.58 1.60E-05 187  4.20E-04 -0.25 428 

m31 S up -0.72 8.60E-06 432 1700 2.30E-04 -0.13  
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Figure 8-19: X70, 600-grit, neutral pH, 55 minute pre-immersion, corrosion 

potential parameters, scan rate 0.6 V/h 

 

 

Figure 8-20: X70, 600-grit, neutral pH, 55 minute pre-immersion, corrosion 

potential parameters, scan rate 0.06 V/h 
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Figure 8-21: X70, sand-blasted, 55 minute pre-immersion, pH 11.2, corrosion 

potential parameters, scan rate 0.06 V/h 

 

 

Figure 8-22: X70, sand-blasted 24 hour pre-immersion, pH 11.2, corrosion potential 

parameters, scan rate 0.6 V/h 
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Figure 8-23: X70, millscale, 55 minute pre-immersion, neutral pH, corrosion 

potential parameters, scan rate 0.6 V/h 

 

 

Figure 8-24: X70, millscale, neutral pH, long exposure, corrosion potential 

parameters scan rate 0.6 V/h 
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Figure 8-25: X70, corrosion currents, sand-blasted 24 hour pre-immersion, pH 11.2, 

scan rate 0.6 V/h 

 

 

Figure 8-26: X70, corrosion current, 600-grit, neutral pH, scan G5 scan rate 0.6 V/h 
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Figure 8-27: X70, corrosion currents, 600-grit, neutral pH, scan rate 0.06 V/h 

 

 

Figure 8-28: X70, corrosion currents, sand-blasted pH 11.2, scan rate 0.6 V/h 
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Figure 8-29: X70, corrosion currents, millscale, neutral pH, scan rate 0.6 V/h 

 

 

Figure 8-30: X70, corrosion currents, millscale, extended pre-immersion, neutral 

pH, scan rate 0.6 V/h 
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Figure 8-31: X70, anodic Tafel slopes, sand-blasted, 24 hour pre-immersion, pH 

11.2, scan rate 0.6 V/h 

 

 

Figure 8-32: X70, anodic Tafel slopes, 600-grit, neutral pH, scan rate 0.6 V/h 
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Figure 8-33: X70, ba1 distribution, neutral pH 600-grit G5 scans 

 

 

Figure 8-34: X70, anodic Tafel slopes, 600-grit, 55 minute pre-immersion, neutral 

pH, scan rate 0.06 V/h 
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Figure 8-35: X70, anodic Tafel slopes, sandblasted, 55 minute pre-immersion, pH 

11.2, scan rate 0.6 V/h 

 

 

Figure 8-36: X70, anodic Tafel slopes, millscale, 55 minute pre-immersion, neutral 

pH, scan rate 0.6 V/h 
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Figure 8-37: X70, anodic Tafel slopes, millscale, 55 minute pre-immersion, neutral 

pH, long exposure, scan rate 0.6 V/h 

 

8.5 X70 Corrosion Statistics 
Table 8-10 to Table 8-20 show the statistical analysis of the values in Table 8-1 to Table 

8-9 determined from Figure 8-1 to Figure 8-16.  The data is sorted by surface preparation, 

solution pH, pre-immersion period, and scan rate.  Figure 8-38 to Figure 8-51 show 

graphics of the information in Table 8-10 to Table 8-20.  Note that a negative value for 

Cv in Table 8-10 to Table 8-20 is not meaningful. 

 

Table 8-10 and Figure 8-38 summarize and display the X70 Ecorr response.  The standard 

deviation is smallest for the scan methodology that strays from G5, being the cathodic 

(down) scan.  In neutral solution, the standard deviation is smaller for 600-grit specimens 

than millscale-covered specimens.  In pH 11.2 solution the standard deviation for Ecorr is 

greater than for scans in neutral solution regardless of surface preparation.  The Ecorr of a 

millscale-covered specimen scan after extended pre-immersion is closer to the Ecorr of 

600-grit specimens pre-immersed for 55 minutes than the Ecorr of millscale-covered 

specimen after 55 minutes pre-immersion. 
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Table 8-11, summarizes the average, standard deviation, variance, coefficient of 

variation, max and min values for icorr. Figure 8-39 and Figure 8-40 graphically show the 

average and standard deviation from Table 8-11, respectively.  The magnitude of the 

average and standard devation are consistent for each scan category between the two 

figures.  The consistency in values in closer for pH 11.2 solutions regardless of scan 

methodology.   

 

Figure 8-41 and Figure 8-42 shows ba1 and ba2 for the values in Table 8-12:  and Table 8-

13.  There is a large deviation for all scan categories in both figures.  ba1 is smaller than 

ba2.  A larger magnitude standard deviation corresponds to a larger magnitude anodic 

Tafel slope.   

 

Figure 8-43 and Figure 8-44 show the mean and standard deviation for the current density 

that the Tafel slope transition from ba1 to ba2 occurs from Table 8-14.  The magnitude of 

the mean and the standard deviation are consistent for each scan category.  For 4 out of 6 

scan categories the approximate magnitude of the transition from ba1 to ba2 occurs at ~10-

2 A/cm2.  Figure 8-45 shows the average potential that the Tafel slope transition from ba1 

to ba2 varies extensively shown by the different mean transition potential and the large 

standard deviation.  There is more variation in the potential than the current density at the 

transition. 

 

Figure 8-46 and Figure 8-47 display the cathodic Tafel slopes from Table 8-16 and Table 

8-17.  Extending the immersion period in pH 11.2 solution for millscale-removed 

surfaces decreases the variation in the cathodic Tafel slope(s).  Figure 8-46  and Figure 

8-47 are plagued with the same issues of analysis as the anodic Tafel slope defined with 

respect to Ecorr instead of current density and the potential that the transition occurred.  

The correlation from over-layer the polarization curves such as in Figure 8-15, Figure 

8-17 and Figure 8-18 is lost when analysis the plots individually.  
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Figure 8-48 and Figure 8-49 show the average and standard deviation for the passivation 

current from Table 8-18.  The passivation current is extremely consistent for pH 11.2 

scans.  The magnitude of the standard deviation is smaller than the magnitude of the 

mean for all scan categories except for the 0.06 V/h scan of 600-grit surface in neutral 

solution. 

 

Figure 8-50 and Figure 8-51 show the values of Etp and Epp from Table 8-19 and Table 8-

20, respectively.  Figure 8-50 shows the value of Etp is consistent for each pH value. The 

standard deviation is less in neutral solution tan pH 11.2.  Figure 8-51 shows the sand-

blasted surface experiences a much larger standard deviation than the 24 hour immersed 

600-grit specimen at pH 11.2. 
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Table 8-10: X70, Ecorr, (VSCE) 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.6 7 600-grit -0.725 0.042 0.002 -0.06 -0.658 -0.766 6 

55 minutes 0.06 7 600-grit -0.673 0.031 0.001 -0.05 -0.640 -0.700 3 

55 minutes 0.6 7 millscale (AB-
B) 

-0.397 0.076 0.006 
-0.19 

-0.343 -0.450 2 

extended 0.6 7 millscale -0.620 0.070 0.005 -0.11 -0.530 -0.680 4 

24 hours 0.6 11.2 400-grit -0.639 0.126 0.016 -0.20 -0.493 -0.715 3 

55 minutes 0.6 up 11.2 sandblasted -0.851 0.145 0.021 -0.004 -0.595 -1.010 9 

55 minutes  0.6 down 11.2 sandblasted -0.688 0.003 8.00E-06 
-0.17 

-0.686 -0.690 2 

 
Table 8-11: X70, icorr, A/cm2 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.6 7 600-grit 2.89E-05 3.76E-05 1.42E-09 1.30 9.40E-05 2.20E-06 6 

55 minutes 0.06 7 600-grit 5.20E-04 8.93E-04 7.97E-07 1.72 2.10E-03 4.00E-05 5 

55 minutes 0.6 7 scale (AB-B) 1.12E-05 1.10E-05 1.22E-10 0.98 1.90E-05 3.40E-06 2 

extended 0.6 7 scale 1.44E-04 3.11E-04 9.65E-08 2.15 7.00E-04 5.00E-06 5 

24 hours 0.6 11.2 400-grit 1.29E-05 1.41E-05 2.00E-10 1.10 2.90E-05 2.50E-06 3 

55 minutes 0.6 up 11.2 sandblasted 2.22E-05 1.73E-05 2.98E-10 0.68 5.40E-05 2.50E-06 10 

55 minutes  0.6 down 11.2 sandblasted 1.28E-05 8.78E-06 7.71E-11 0.78 2.20E-05 4.50E-06 3 
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Table 8-12:  X70, ba1, mV/decade 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.6 7 600-grit 77 18 325 0.23 100 50 9 

55 minutes 0.06 7 600-grit 82 47 2198 0.57 141 28 5 

55 minutes 0.6 7 scale (AB-B) 79 50 2533 0.63 126 26 3 

extended 0.6 7 scale 215 144 20875 0.67 547 92 8 

24 hours 0.6 11.2 400-grit 96 38 1465 0.40 137 61 3 

55 minutes  0.6 up 11.2 sandblasted 181 137 18667 0.76 445 52 10 
 

Table 8-13: X70, ba2, mV/decade 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.6 7 600-grit 342 252 63700 0.74 770 153 5 

55 minutes 0.06 7 600-grit 208 197 38976 0.95 348 69 2 

55 minutes 0.6 7 scale (AB-B) 685 493 242790 0.72 1245 319 3 

extended 0.6 7 scale 623 535 285742 0.86 1780 181 7 

24 hours 0.6 11.2 400-grit 1200 1007 1014700 0.84 1970 60 3 

55 minutes  0.6 up 11.2 sandblasted 386 503 252788 1.30 1130 38 7 
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Table 8-14: X70, iba1ba2, A/cm2 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.6 7 600-grit 4.11E-03 2.98E-03 8.90E-06 0.73 8.00E-03 1.10E-03 5 

55 minutes 0.06 7 600-grit 1.53E-01 2.08E-01 4.34E-02 1.36 3.00E-01 5.50E-03 2 

55 minutes 0.6 7 scale (AB-B) 3.30E-04 2.41E-04 5.79E-08 0.73 5.60E-04 8.00E-05 3 

extended 0.6 7 scale 2.79E-03 6.71E-03 4.50E-05 2.40 1.80E-02 1.30E-04 7 

24 hours 0.6 11.2 400-grit 1.17E-02 1.10E-02 1.22E-04 0.94 2.20E-02 6.00E-05 3 

55 minutes  0.6 up 11.2 sandblasted 6.02E-03 7.89E-03 6.23E-05 1.31 2.00E-02 7.80E-06 8 
 

Table 8-15: X70, Eba1ba2, A/cm2 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.6 7 600-grit -0.565 0.033 0.001 -0.06 -0.520 -0.600 5 

55 minutes 0.06 7 600-grit -0.613 0.053 0.003 -0.09 -0.575 -0.650 2 

55 minutes 0.6 7 scale (AB-B) -0.180 0.070 0.005 -0.39 -0.130 -0.229 2 

extended 0.6 7 scale -0.220 0.240 0.058 -1.09 0.240 -0.415 6 

24 hours 0.6 11.2 400-grit -0.230 0.011 0.000 -0.05 -0.222 -0.238 2 

55 minutes  0.6 up 11.2 sandblasted -0.405 0.111 0.012 -0.27 -0.250 -0.490 4 
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Table 8-16: X70, bc1, mV/decade 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

24 hours 0.6 11.2 400-grit 399 8 61 0.02 404 393 2 

55 minutes  0.6 up 11.2 sandblasted 204 234 54983 1.15 678 71 6 

55 minutes 0.6 down 11.2 sandblasted 126 78 6158 0.62 292 57 7 
 

Table 8-17: X70, bc2, mV/decade 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

24 hours 0.6 11.2 400-grit 137 8 72 0.06 143 131 2 

55 minutes  0.6 up 11.2 sandblasted 245 144 20659 0.59 410 147 3 
 

Table 8-18: X70, ip, A/cm2 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.06 7 600-grit 1.07E-03 1.45E-03 2.11E-06 1.35 2.10E-03 4.50E-05 2 

extended 0.6 7 scale 5.35E-06 2.12E-07 4.50E-14 0.04 5.50E-06 5.20E-06 2 

24 hours 0.6 11.2 400-grit 2.40E-05 8.49E-06 7.20E-11 0.35 3.00E-05 1.80E-05 2 

55 minutes 0.6 up 11.2 sandblasted 1.90E-05 4.24E-06 1.80E-11 0.22 2.20E-05 1.60E-05 2 

55 minutes 0.6 down 11.2 sandblasted 2.94E-05 2.00E-05 4.01E-10 0.68 5.40E-05 2.50E-06 9 
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Table 8-19: X70, Etp, (VSCE) 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

55 minutes 0.06 7 600-grit -0.660 0.028 0.001 -0.04 -0.640 -0.680 2 

extended 0.6 7 scale -0.623 0.011 0.000 -0.02 -0.615 -0.630 2 

24 hours 0.6 11.2 400-grit -0.542 0.069 0.005 -0.13 -0.493 -0.590 2 

55 minutes  0.6 up 11.2 sandblasted    -0.25    

55 minutes 0.6 down 11.2 sandblasted -0.530 0.132 0.017 -0.04 -0.320 -0.740 8 
 

Table 8-20: X70, Epp, (VSCE) 

Pre-immersion 
period 

Scan rate 
(V/h) 

pH Surface Average St. Dev. Variance Cv Max Min 
Number 
of Scans 

24 hours 0.6 11.2 400-grit -0.800 0.128 0.016 -0.16 -0.709 -0.890 2 

55 minutes  0.6 up 11.2 sandblasted -0.627 0.758 0.575 -1.21 0.910 -1.100 6 
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Figure 8-38: X70 Ecorr 

 

 

Figure 8-39: X70 icorr 
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Figure 8-40: X70 icorr standard deviation 

 

 

Figure 8-41: X70 ba1 
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Figure 8-42: X70 ba2 

 

 

Figure 8-43: X70 iba1a2 
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Figure 8-44: X70 iba1ba2 standard deviation 

 

 

 

Figure 8-45: X70 Eba1ba2 
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Figure 8-46: X70 bc1 

 

 

Figure 8-47: X70 bc2 
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Figure 8-48: X70 ip 

 

 

  

Figure 8-49: X70 ip standard deviation 
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Figure 8-50: X70 Etp 

 

 

Figure 8-51: X70 Epp 
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Chapter Nine: A36 Mass Loss  

 

 

All mass loss tests are conducted in deareated 3 % NaCl solution.  A36 tests were 

conducted in the glass cells or the rectangular mass loss cell and cleaned following 

immersion ultrasonically in citric acid or by soda-blasting as specified.   

 

Figure 9-1 shows an A36 coupon after 3 weeks immersion in unadjusted pH 2.1.  The 

increase in mass caused by the film growth was insignificant compared to the decrease in 

mass by the removal of corrosion products from immersion.  Upon removal from solution 

the entire specimen is covered with uneven dominantly orange corrosion products that are 

easily wiped off with a paper towel.  Figure 9-1e and f show an A36 surface after 10 and 

20 minutes of ultrasonic cleaning in citric acid solution, respectively.  Comparing Figure 

9-1e and f, the areas where the millscale is removed become covered with a light orange-

brown corrosion product after prolonged cleaning in citric acid solution.   

 

Figure 9-2 to Figure 9-5 shows specimens cleaned in citric acid solution after immersion 

for a total 3 weeks in unadjusted pH 2.1 in glass cells 1 to 4.  The specimens were 

immersed in unadjusted solution for 1 week.  Following one week the samples are 

weighted with the stop off-lacquer.  The mass of the lacquer is accounted for in the 

calculating the corrosion rate.  The coupons are then re-immersed in the same unadjusted 

solution for 2 additional weeks.  Upon final removal the specimens were cleaned in citric 

acid solution and are shown in Figure 9-3 to Figure 9-5.  Following citric acid cleaning, 

the red stop off lacquer is still loosely attached.  Ultrasonic cleaning in acetone to remove 

the lacquer provides unsatisfactory results.  The lacquer would attach to the previously 

uncoated surfaces in a thin layer.  Cleaning the lacquer off with a Q-tip and acetone 

works best. 
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The specimen surfaces in Figure 9-2 to Figure 9-5 all have a similar appearance.  A large 

area of base metal becomes fully exposed following ultrasonic cleaning.  The removal of 

the millscale is not equal on each side of a single specimen.  The amount of corroded area 

is been estimated and shown in Figure 9-6 and Figure 9-7, after 1 week and a total 3 

weeks immersion, respectively.  Side A is the side with the greatest area of corrosion.  It 

is not necessarily the same side in both figures.  There appears no correlation between the 

extent of corrosion between sides of a single specimen.  The area corroded increases with 

extended exposure.  There are no fully corroded surfaces although a few were close. 

 

Figure 9-8 to Figure 9-11 show samples 10B2 before immersion, post 3 weeks immersion 

in glass cells 5 to 8, and post cleaning in citric acid solution.  The initial solution pH was 

2.1 and was not adjusted during immersion.  The final solution pH was not recorded.  The 

millscale is removed unevenly during immersion.  The increase in the exposed area 

following citric acid can be seen by comparing the specimens in Figure 9-9b and c.  The 

drying at least partially controls the effectiveness of the citric acid cleaning as can be 

seen on the specimens in the bottom row of Figure 9-9c.  This row was placed in contact 

with the paper towel during drying and following cleaning in citric acid the paper towel 

texture is visible.  The paper towel texture is clearly visible in Figure 9-11c.  Wiping the 

surface increases the removal of millscale during citric acid cleaning. 

 

Mass loss tests of specimens from 4B1are conducted in the four glass cells are operated 

each containing 4 coupons.  The initial pH of the solution was 5.8.  The specimens were 

immersed in unadjusted solution for 1 week.  After 1 week in unadjusted solution the pH 

increased to 8.2.  The specimens, from glass cell one, were cleaned by soda-blasting and 

weighed.  The remaining 12 coupons were re-immersed in the same unadjusted pH 8.2,  

3 % NaCl solution.  The pH remained stable, at 8.2, for the 10 day period of re-

immersion.  Figure 9-12 to Figure 9-27, excluding Figure 9-20, show the 16, 4B1 

specimens pre-immersion and post cleaning by soda-blasting.  Figure 9-16 to Figure 9-27 

also show the surface post immersion at 17 days total.  It can be seen that at breaks in the 

millscale the coupons are preferentially corroded, which is especially clear in Figure 
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9-18.  Figure 9-12 to Figure 9-15 display samples corroded in a single glass cell.  The 

specimens in Figure 9-13 and Figure 9-15 sustained more surface damage than the 

specimens in Figure 9-12 and Figure 9-14.  The removal of millscale varies from 

specimen to specimen and from side to side of a single specimen.  The A36 mass loss 

samples did not have a tight flatness tolerance.  The concave surface appears to 

experience greater millscale removal during immersion.  It is not know if the greater 

removal is due to the differing level of oxygen during millscale growth or due to the 

varied deformation affecting the millscale adhesion. 

 

Cleaning the A36 specimens is more effective and efficient with soda-blasting than 

ultrasonically in citric acid solution.  The additional benefit of soda-blasting is there are 

no corrosion products developed during the cleaning process. 

 

Table 9-1 to Table 9-3 show the A36 mass loss results in unadjusted pH 2.1 solution for 

samples 10B1 and 10B2 described above.  Comparing the results in the three tables 

shows that the corrosion rate is a function of time in unadjusted solution.  The corrosion 

rate is highest during the first week of exposure.  The unadjusted solution is also the most 

corrosive during the first week of immersion shown by the reduced corrosion rate shown 

in Table 9-2 as compared to Table 9-1.  The standard deviation is greatest for the 

corrosion rates determined after 7 days in Table 9-1.  

 

Table 9-4 shows the average corrosion rate for 4B1, described above.  The corrosion rate 

is extremely small overall but there is indication that it is greatest during the first 7 days.  

The stabilised pH during immersion is also indicative of this.  These test conditions, such 

as the unadjusted solution, are part of common laboratory mass loss procedures and are 

completely inadequate to simulate pipeline exposure. 

 

Table 9-5 shows the mass loss for sample 4B5 immersed in solution maintained at pH 2.1 

for 7 days in the rectangular mass loss cell.  Comparing the mass loss from Table 9-5 to 
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those shown in Table 9-1 to Table 9-3, it can be seen that maintaining the pH increases 

the corrosion rate, as expected. 

 

Figure 9-28 to Figure 9-38 show the distribution of the corrosion rates in the Table 9-1 to 

Table 9-5.  The corrosion rates in Figure 9-28 to Figure 9-33, excluding Figure 9-32, are 

plotted with respect to the size of the standard deviation.  Not a single distribution 

displays a clearly normal distribution.  The distribution of the specimens is different for 

all tests.  Figure 9-32 shows the distribution of the corrosion rates determined in pH 2.1 

solution.  The distribution differs for each test.  The distribution in Figure 9-33 appears 

random in unadjusted pH 5.8 solution.  In pH 2.1 solution, adjusted or not, the results are 

concentrated around the mean corrosion rate although the normal probability plots show 

the difference between the various test runs shown in Figure 9-34 to Figure 9-38. 
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a.  b.  

c.  d.  e.  

Figure 9-1: A36, side A, a. post immersion, b. post citric acid cleaning, side B, d. post 

immersion, e. post citric acid cleaning 10 minutes, f. post citric acid cleaning 10 

additional minutes 
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Figure 9-2: A36, 10B1 cell 1, after cleaning citric acid 

 

 
Figure 9-3: A36, 10B1 cell 2, after cleaning citric acid 

 

 
Figure 9-4: A36, 10B1 cell 3, after cleaning citric acid 

 

 
Figure 9-5: A36, 10B1 cell 4, after cleaning citric acid 
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Figure 9-6: Estimate corrosion area specimens 10B1, immersion 1 week in 

unadjusted pH 2.1 solution 

 

 

Figure 9-7: Estimate corrosion area specimens 10B1, immersion 3 week total in 

unadjusted pH 2.1 solution 
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a.  

 

b.  

 

c.  

Figure 9-8: A36, 10B2-container 5, a. pre-immersion, b. post-immersion, c. post 

cleaning in citric acid solution 
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a.  
 

     

b.  
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c.  
Figure 9-9: 10B2-container 6, a. pre-immersion, b. post-immersion, c. post cleaning 

in citric acid solution 
 

a.  

 

b.  
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Figure 9-10: A36, 10B2-container 7, a. pre-immersion, b. post-immersion, c. post 

cleaning in citric acid solution 

 

     

a.  
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b.  

     

c.  

Figure 9-11: A36, 10B2-container 8, a. pre-immersion, b. post-immersion, c. post 

cleaning in citric acid solution
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a.  b.  c.  d.  

Figure 9-12: A36, 4B1-1, side A: a. pre-immersion, b. post soda-blasting, side B: c. pre-immersion, d. post soda-blasting 

a.  b.  c.  d.  

Figure 9-13: A36, 4B1-2, side A: a. pre-immersion, b. post soda-blasting, side B: c. pre-immersion, d. post soda-blasting 
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a.  b.  c.  d.  

Figure 9-14: A36, 4B1-3, side A: a. pre-immersion, b. post soda-blasting, side B: c. pre-immersion, d. post soda-blasting 

a.  b.  c.  d.  

Figure 9-15: A36, 4B1-4, side A: a. pre-immersion, b. post soda-blasting, side B: c. pre-immersion, d. post soda-blasting
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a.  b.  c.   

d.  e.  f.  

Figure 9-16: A36, 4B1-5, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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255 

a.  b.  c.  

d.  e.  f.  

Figure 9-17: A36, 4B1-6, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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256 

a.  b.  c.  

d.  e.  f.  

Figure 9-18: A36, 4B1-7, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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a.  b.  c.  

d.  e.  f.  

Figure 9-19: A36, 4B1-8, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 

 

a.  b.  
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c.  d.  

Figure 9-20: A36, 4B1-9, side A: a. pre-immersion, b. post-immersion, side B: c. pre-

immersion, d. post-immersion, 

 

a.  b.  c.  

d.  e.  f.  

Figure 9-21: A36, 4B1-10, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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a.  b.  c.  

d.  e.  f.  

Figure 9-22: A36, 4B1-11, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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260 

a.  b.  c.  

d.  e.  f.  

Figure 9-23: A36, 4B1-12, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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261 

a.  b.  c.  

d.  e.  f.  

Figure 9-24: A36, 4B1-13, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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262 

a.  b.  c.  

d.  e.  f.  

Figure 9-25: A36, 4B1-14, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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a.  b.  c.  

d.  e.  f.  

Figure 9-26: A36, 4B1-15, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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264 

a.  b.  c.  

d.  e.  f.  

Figure 9-27: A36, 4B1-16, side A: a. pre-immersion, b. post-immersion, c. post soda-

blasting, side B: d. pre-immersion, e. post-immersion, f. post soda-blasting 
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Table 9-1: A36, 10B1, corrosion rate, r, mm/year [mpy], 3 % NaCl, unadjusted pH 2.1, 7 days, no cleaning 

cell specimens r Standard deviation Variance max min number of specimens 

1 1-4 0.317 [12.5] 0.125 [4.93] 0.0157 [24.4] 0.456 [18.0] 0.194 [7.64] 4 

2 5- 8 0.334 [13.1] 0.081 [3.17] 0.006 [10.1] 0.405 [15.9] 0.264 [10.4] 4 

3 9-12 0.315 [12.4] 0.0754 [2.97] 0.0157 [8.81] 0.456 [18.0] 0.194 [7.64] 4 

4 13-16 0.400 [15.7] 0.0725 [2.86] 0.0053 [8.16] 0.492 [19.4] 0.316 [12.4] 4 

1, 2,3, & 4 5-16 0.341 [13.4] 0.0888 [3.50] 0.00789 [12.2] 0.492 [19.4] 0.194 [7.64] 16 

 

Table 9-2: A36, 10B1, corrosion rate, r, mm/year [mpy] 3 % NaCl, unadjusted pH 2.1, 3 weeks total 

cell specimens r Standard deviation Variance max min number of specimens 

1 1-4 0.238 [9.36] 0. 238 [0.937] 0.0006 [0.878] 0.273 [10.7] 0.220 [8.68] 4 

2 5-8 0.226 [8.91] 0.0396 [1.56] 0.0016 [2.43] 0.273 [10.7] 0.176 [6.93] 4 

3 9-12 0.241 [9.49] 0.0260 [1.02] 0.0007 [1.05] 0.263 [10.4] 0.211 [8.31] 4 

4 13-16 0.255 [10.0] 0.0192 [0.756] 0.0004 [0.572] 0.272 [10.7] 0.228 [8.98] 4 

1,2,3, & 4 5-16 0.240 [13.4] 0.0273 [1.08] 0.00075 [1.16] 0.273 [10.7] 0.176 [6.93] 16 

Table 9-3: A36, 10B2, corrosion rate, r, mm/year [mpy], 3 % NaCl, unadjusted pH 2.1, 21 days 

cell specimens r Standard deviation Variance max min number of specimens 

1 1-4 0.147 [5.79] 0.0152 [0.600] 0.0002 [0.360] 0.165 [6.49] 0.129 [5.07] 4 

2 5, 6, 8 0.167 [6.59] 0.0005 [0.0192] 0.0000 [0.0004] 0.177 [6.96] 0.176 [6.92] 3 

3 9-12 0.138 [5.42] 0.0156 [0.613] 0.0002 [0.376] 0.158 [6.23] 0.123 [4.83] 4 

4 13-16 0.145 [5.70] 0.0176 [0.693] 0.0003 [0.481] 0.164 [6.45] 0.123 [4.83] 4 

1, 2,3, & 4 5-16 0.150 [5.90] 0.0192 [0.757] 0.0004 [0.573] 0.177 [6.96] 0.123 [4.83] 15 
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Table 9-4: A36 4BI corrosion rate, r, mm/year [mpy], 3 % NaCl, unadjusted pH 5.8 -8.2 

cell specimens 
days 

immersed 
pH r 

Standard 
deviation 

Variance max min 
number of 
specimens 

1 1-4 7 5.8-8.2 0.017 [0.683] 0.0245 [0.683] 0.0006 [0.683] 
0.052 

[0.683] 
0 [0] 4 

2 5-8 17 5.8-8.2 0.014 [0.566] 0.0083 [0.326] 0.0001 [0.107] 
0.022 

[0.856] 
0.007 

[0.282] 
4 

3 9-12 17 5.8-8.2 0.014 [0.559] 0.0100 [0.396] 0.0001 [0.156] 
0.021 

[0.843] 
0 [0] 4 

4 13-16 17 5.8-8.2 0.006 [0.218] 0.0071 [0.282] 0.0001 [0.0793] 
0.015 

[0.590] 
0 [0] 4 

1,2, 
3, & 4 

5-16 17 5.8-8.2 0.011 [0.447] 0.0089 [0.349] 0.0001 [0.122] 
0.022 

[0.856] 
0 [0] 12 

 

Table 9-5: A36 4B5 corrosion rate, r, mm/year [mpy], 3 % NaCl, adjusted pH 2.1, 7 days 

r Standard deviation Variance max min 
number of 
specimens 

0.445 [17.5] 0.035 [1.36] 0.001 [1.85] 0.506 [19.9] 0.395 [15.6] 16 
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Figure 9-28: A36 specimen 10B1 corrosion rate distribution 1 week, unadjusted pH 

2.1 

 

 
Figure 9-29: A36 specimen 10B1 corrosion rate distribution 3 weeks total, 

unadjusted pH 2.1 
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Figure 9-30: A36 specimen 10B2 corrosion rate distribution 3 weeks, unadjusted pH 

2.1 

 

 
Figure 9-31: A36 specimen 4B5 corrosion rate distribution 2 weeks, adjusted pH 2.1 



 

269 

 
Figure 9-32: A36 specimen corrosion rate distribution, pH 2.1 

 

 

Figure 9-33: A36 specimen 4B1 corrosion rate distribution 1 week unadjusted pH 

5.8 
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Figure 9-34: Normal Probability Plot: mass loss 10B1 – 1 week immersion 

 

 
Figure 9-35: Normal Probability Plot: mass loss 10B1 – 2 weeks immersion 
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Figure 9-36: Normal Probability Plot: mass loss 10B2 – 3 weeks immersion 

 

 
Figure 9-37: Normal Probability Plot: mass loss 4B5 – 2 weeks pH adjusted 
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Figure 9-38: Normal Probability Plot: A36 mass loss 
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Chapter Ten: X70 Mass Loss 

 

 

The X70 mass loss tests were conducted in deareated 3 % NaCl in the rectangular and 

two stirred mass loss cells for a combined duration greater than 25 months..   The pH was 

adjusted and maintained during the duration of all X70 mass loss tests.  There are no 

photographs of the specimens tested in the rectangular cell but the results are included in 

Table 10-1 summarising the corrosion rates. 

 

Figure 10-1 and Figure 10-2 show the sand-blasted material within a stirred mass loss cell 

prior to the addition of pH 11.2 test solution.  Figure 10-3 shows the sand-blasted 

specimens after 2 weeks in the stirred mass loss cell 1 at a frequency of 13.0 Hz.  After 2 

weeks there is no visible localized corrosion or significant general corrosion.  After 2 

weeks the specimens were weighed and replaced in the existing adjusted solution.  The 

stirrer frequency was increased to 30.0 Hz for an additional 2 weeks immersion. 

 

Figure 10-4 to Figure 10-6 show a surface sand-blasted and immersed for 10 weeks total 

in pH 11.2 in the stirred mass loss cell for two weeks at 13.0 Hz and the remaining eight 

weeks at 30.0 Hz.  Figure 10-4 and Figure 10-5 show the specimens prior to drying.  The 

surface has a dull brown appearance.  Upon drying the surface had a dull grey 

appearance.  Figure 10-6 shows a close up of the surface following soda-blasting.  SEM 

analysis for a section of this specimen is shown in Chapter 12. 

 

The frequency is 30.0 Hz for all remaining tests in the stirrer cells.  Figure 10-7 to Figure 

10-11 show X70 specimens that are prepared to 600-grit prior to immersion for 8 weeks 

in pH 6.5 solution.  Figure 10-7 and Figure 10-8 show the specimens prior to drying.  The 

surface is covered with an even appearing black-blue film.  Figure 10-9  and Figure 10-10 

show the specimens after drying and soda-blasting, respectively.  The film is less even 

upon drying.  Figure 10-11 shows the specimens after re-preparing the surface with 600-
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grit silica paper.  Comparing Figure 10-10 and Figure 10-11, it is clear that the soda-

blasting cannot remove all corrosion products.  In Figure 10-11 there is localised 

corrosion near the hole for 2 of 4 specimens.  It is possible that the areas of localized 

corrosion occurred at surface discontinuities caused by drilling during specimen 

preparation. 

 

Figure 10-12 to Figure 10-15 show black millscale-covered specimens immersed for 10.5 

weeks in pH 6.5.  Figure 10-12 shows the surfaces prior to immersion.  Figure 10-13 

shows a specimen upon removal from solution covered with corrosion products.  Chapter 

14 shows micrographs of this specimen.  During immersion, the millscale-covered 

specimens are covered with thick red-orange corrosion products, which are easily wiped 

off.  Figure 10-14 shows the surface after the bulk of the corrosion products have been 

removed by wiping with a paper towel.  Figure 10-15 shows the surfaces following soda-

blasting.  Comparing Figure 10-12 and Figure 10-15, the millscale maintains its 

directional appearing cracks.  The surface has a smoother appearance following soda-

blasting. 

 

Figure 10-16a shows a schematic of the placement for the samples shown in Figure 

10-16b following 23 weeks immersion in pH 7.0 solution for the millscale-covered 

specimen shown pre-immersion in Figure 10-18.  Figure 10-17 shows the test fluid after 

the specimens are removed.  The fluid has a orange-brown tint with corrosion products 

attached to every surface.  Figure 10-19 show the specimens upon removal from solution.  

Figure 10-20 shows the specimens following soda-blasting.  The millscale has a similar 

appearance pre-immersion and following soda-blasting.  There is no visible localised 

corrosion. 

 

Figure 10-21a shows a schematic of the millscale-covered specimen placement for the 

samples shown in Figure 10-21b after 35 weeks immersion in adjusted pH 7.0 solution.  

Figure 10-22 shows the specimen upon removal from solution prior to disturbing the 

corrosion products.  Figure 10-23 to Figure 10-28 show each sample pre-immersion, post 
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immersion, post surface wiping, and post soda–blasting.  The corrosion products formed 

during immersion do not appear affected by the directional cracks in the millscale.  The 

directionality can be inferred for specimens such as Figure 10-24b but is 

undistinguishable for the surface seen in Figure 10-25b.  The pre-immersion surfaces for 

both specimens is similar as shown in Figure 10-24a and Figure 10-25a. The corrosion 

products developed during corrosion are easily wiped off with paper towel as long as 

drying is not allowed.  Following soda-blasting the surface resembles the pre-immersion 

millscale but appears that the surface waviness has decreased, as if the caps of the 

millscale is removed. 

 

Table 10-1 summarizes the mass loss results for the X70 material and shown graphically 

in Figure 10-29.  Figure 10-29 shows the corrosion rate depends on environment pH but 

not solely.  The corrosion rate in neutral solution varies between surface preparation and 

immersion period.  A longer immersion period corresponds to lower corrosion rates, 

except when comparing the 600-grit, 8 week and the millscale, 10.5 weeks in pH 6.5 

solution.  The 2.5 week difference may not have been long enough to make mass changes 

due to the millscale degradation and removal negligible.  The magnitude of the standard 

deviation corresponds to the magnitude of the corrosion rate.  The variation in measuring 

the corrosion rate of a sand-blasted surface in pH 6.5 solution shows the largest standard 

deviation because two specimens differed by 100 times, shown  between the max and 

minimum corrosion rate.   

 

In terms of corrosion rate determined by mass loss, the results in neutral solution indicate 

a 600-grit surface performs best, followed by millscale-covered, and finally sand-blasted 

surfaces.  The consideration of immersion period shows that after 23 or 35 weeks, the 

millscale-covered specimens respond with a corrosion rate similar to the 600-grit 

specimens after 8 weeks.  The corrosion rare determined for pH 11.2 should be used with 

extreme caution as extensive localized corrosion had occurred.  
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Figure 10-1: X70, pre-immersion, sand-blasted view 1 

 

 

Figure 10-2: X70, pre-immersion, sand-blasted view 2 
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Figure 10-3: X70, post-immersion 2 weeks, pH 11.2, stirred operated at 13.0 Hz 

 

 
Figure 10-4: X70, post immersion 10 weeks, pH 11.2, sand-blasted 
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Figure 10-5: X70, post immersion 10 weeks, pH 11.2, sand-blasted 

 

 
Figure 10-6: X70, post immersion 10 weeks, pH 11.2, sand-blasted 
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Figure 10-7: X70, post immersion 8 weeks, pH 6.5, 600-grit 
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Figure 10-8: X70, post immersion 8 weeks, pH 6.5, 600-grit 

 

 
Figure 10-9: X70, dry post immersion 8 weeks immersion, pH 6.5, 600-grit 
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Figure 10-10: X70, post soda-blasting 8 weeks immersion, pH 6.5, 600-grit 

 

Figure 10-11: X70, re-preparing to 600-grit post immersion 8 weeks, pH 6.5 
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Figure 10-12: X70, pre immersion 10.5 weeks, pH 6.5, millscale 

 

 
Figure 10-13: X70, post immersion 10.5 weeks, pH 6.5, millscale 
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Figure 10-14: X70, post immersion 10.5 weeks, pH 6.5, millscale 

 

 
Figure 10-15: X70, post soda blasting 10.5 weeks, pH 6.5, millscale 
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a. b.  

Figure 10-16: X70 a. specimen placement stirrer cell 2 for (b) millscale-covered 

specimens immersed for 23 weeks, adjusted pH 7.0 

 

 
Figure 10-17: Test fluid within container post-immersion X70 millscale-covered 

specimens for 23 weeks, adjusted pH 7.0 
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a.  b.  c.  

d.  e.  f.  

Figure 10-18: X70, millscale specimens AE1S7, AE1S10, AE1S13, AE1S15, AE1S15, R3S11, pre-immersion 
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Figure 10-19: X70, post immersion millscale-covered specimens, 23 weeks, adjusted pH 7.0 

 

 

Figure 10-20: X70, post soda-blasting, millscale-covered specimens, 23 weeks, adjusted pH 7.0 
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Figure 10-21: X70 a. Specimen placement schematic stirrer cell 1 for (b) millscale-

covered specimens immersed for 35 weeks, adjusted pH 7.0 

 

 
Figure 10-22: X70, millscale-covered specimens immersed for 35 weeks, adjusted pH 

7.0 
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a. b.  c.  d.  

Figure 10-23: X70 sample AE1S3, millscale-covered specimens immersed for 35 weeks, adjusted pH 7.0, a. pre-immersion, b. 

post-immersion 35 weeks, c. post surface wiping, d. post soda blasting 

 

a.  b.  c.  d.  

Figure 10-24: X70 sample AE2S11, millscale-covered specimens immersed for 35 weeks, adjusted pH 7.0, a. pre-immersion, b. 

post-immersion 35 weeks, c. post surface wiping, d. post soda blasting 
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a. b.  c.  d.  

Figure 10-25: X70 sample AE2S4, millscale-covered specimens immersed for 35 weeks, adjusted pH 7.0,  a. pre-immersion, b. 

post-immersion 35 weeks, c. post surface wiping, d. post soda blasting 

 

a. b.  c.  d.  

Figure 10-26: X70 sample AE1S11, millscale-covered specimens immersed for 35 weeks, adjusted pH 7.0,  a. pre-immersion, b. 

post-immersion 35 weeks, c. post surface wiping, d. post soda blasting 
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a.  b. c.  d.  e.  

Figure 10-27: X70 sample R3S6, millscale-covered specimens immersed for 35 weeks, adjusted pH 7.0,  a & b. pre-immersion, 

c. post-immersion 35 weeks, d. post surface wiping, e. post soda blasting 

 

a. b.  c.  d.  

Figure 10-28: X70 sample AE1S6, millscale-covered specimens immersed for 35 weeks, adjusted pH 7.0, a. pre-immersion, b. 

post-immersion 35 weeks, c. post surface wiping, d. post soda blasting  
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Table 10-1: X70, corrosion rate, r, (mm/yr, [mpy]) 

apparatus surface 
Weeks 

immersion 
pH r 

Standard 

deviation 
Variance max min 

number of 

specimens 

rectangular sand-blasted 4 2.5 2.30 [90.5] 0.290 [11.4] 0.084 [131] 2.81 [111] 1.82 [71.6] 7 

rectangular sand-blasted 4 3.5 0.256 [10.1] 0.031 [1.220] 0.001 [1.49] 0.294 [11.6] 0.220 [8.66] 8 

rectangular sand-blasted 4 6.5 0.33 [13.2] 0.414 [16.3] 0.171 [266] 0.872 [34.4] 0.009 [0.340] 4 

stirrer #2 600-grit 8 6.5 0.053 [2.07] 0.023 [0.906] 0.001 [0.820] 0.083 [3.28] 0.026 [1.04] 5 

stirrer #1 millscale 10.5 6.5 0.337 [13.2] 0.108 [5.23] 0.012 [27.33] 0.448 [17.7] 0.190 [7.47] 4 

stirrer #2 millscale 23 7.0 0.047 [1.85] 0.0376 [1.48] 0.0014 [2.19] 0.103 [4.07] 0.026 [1.04] 4 

stirrer #1 millscale 35 7.0 0.042 [1.66] 0.0256 [1.01] 0.0007 [1.02] 0.088 [3.48] 0.015 [0.573] 6 

stirrer #1 sand-blasted 4* 11.2 0.03 [1.11] 0.010 [0.406] 0.000 [0.164] 0.03 [1.37] 0.01 [0.51] 4 

stirrer #2 sand-blasted 10** 11.2 0.03 [1.27] 0.019 [0.746] 0.000 [0.556] 0.06 [2.18] 0.003 [0.14] 5 
 

*2weeks at 13.0 Hz and 2 weeks at 30.0 Hz. 
**2weeks at 13.0 Hz and 8 weeks at 30.0 Hz. 
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Figure 10-29: X70 average corrosion rate, r, mm/year 
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Chapter Eleven: Millscale Pre-Immersion 

 

 

11.1 A36 
Figure 11-1 to Figure 11-4 show the A36 millscale images produced by SEM.  Only one 

A36 specimen was examined under SEM.  Figure 11-1a shows how the topography of the 

A36 millscale can change abruptly; shown magnified in Figure 11-1b.   

 

Figure 11-2 and Figure 11-3 show breaks in the A36 millscale.  Figure 11-2 shows a 

small break in the millscale as compared to Figure 11-3.  The breaks do not appear to be 

due to specimen preparation.  Literature is quick to identify the breaks in millscale as pit 

initiation sites. 

 

A representative profile of the A36 is shown in Figure 11-4.  Figure 11-5 shows the 

measured oxide thickness corresponding to the profile in Figure 11-4.  The majority of 

the millscale is ~ 10 µm thick.  The thickest measured A36 millscale is ~ 24 µm. The 

A36 millscale was more difficult to prepare for SEM analysis due to the minimal 

thickness as compared to the X70 millscale. 
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a.  

b.  

Figure 11-1: A36 millscale 

 

 
Figure 11-2: Break in A36 millscale 1 

 

 
Figure 11-3: Break in A36 millscale 2 
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Figure 11-4: A36 Millscale profile along approximately 450µm, scale: 20 µm 

 

 
Figure 11-5: A36 Millscale thickness, along approximately 450µm 
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11.2 X70 
Figure 11-6b and Figure 11-7b show the thicknesses of the X70 millscale shown in 

Figure 11-6a and Figure 11-7a, respectively.  A representative profile of the X70 is 

shown in Figure 11-8 and Figure 11-10.  Figure 11-9 and Figure 11-11 shows the 

measured oxide thickness corresponding to the profile for Figure 11-8 and Figure 11-10, 

respectively.  The average X70 millscale thickness, from 372 measurements, is 40 µm, 

with a maximum measured thickness of 80.7 µm. 

 

Figure 11-12 to Figure 11-16 show micrographs of the X70 millscale.  The millscale 

appears to randomly penetrate the substrate to about the same depth as the surrounding 

millscale thickness.  The “penetrated location is twice as thick as the surrounding 

millscale.  It can be seen in Figure 11-12, Figure 11-13, and especially in Figure 11-14, 

that when the millscale thickness increases it is at the metal/oxide interface into the 

metal, not at the oxide/environment interface.  The uneven millscale penetrations are 

prime locations for pitting initiation. 

 
The oxide displays areas where the structure is very “solid” and areas where the oxide’s 

brittle nature dominates.  No “breaks” were found in the examination of pre-immersion 

millscale.   

 

a.   b.  

Figure 11-6: a. 6A, X70, 4000X, scale: 10 µm b. millscale thickness 
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a.   b.  

Figure 11-7: a. 15D, X70, 1000X, scale: 50 µm, b. millscale thickness 

 

 
Figure 11-8: 6A X70 profile, 1000X, scale: 50 µm 
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Figure 11-9: 6A, X70 millscale thickness 
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Figure 11-10: 15D, X70, millscale: 50 µm 
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Figure 11-11: 15D, X70, millscale thickness 
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Figure 11-12: X70 millscale feature, 1, scale: 50 µm 

 

 
Figure 11-13: 12D, X70, millscale feature, 2 

 

 
Figure 11-14: 12D, X70, millscale feature, 3 
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Figure 11-15: 12D, X70, millscale feature, 4 

 

 
Figure 11-16: 12D, X70, millscale feature, 5 

  



 

303 

11.2.1 Inclusions  
Figure 11-17 and Figure 11-18 shows a representative picture of the distribution of the 

inclusions throughout the X70.  The inclusion distribution appears random.  Figure 11-19 

shows an irregular shaped inclusion.  Figure 11-20 shows an inclusion that was still 

present under the millscale-covered surface after 20 weeks immersion in 3 % NaCl.  The 

rolling direction was not noted.  The majority of the inclusions are less than 2 µm in 

diameter, making the ability to determine the composition analysis by EDAX difficult.  

EDAX results indicated possibly higher levels of silicon, sulphur, calcium, manganese, 

aluminum, oxygen, and titanium.  The level of manganese is consistent with EDAX 

analysis of the bulk metal.   

 

 
Figure 11-17: X70 inclusion distribution 1 
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Figure 11-18: X70 inclusion distribution 2 

 

 
Figure 11-19: X70, inclusion 

 
Figure 11-20: X70, inclusion below millscale-covered surface after 20 weeks in 3 % 

NaCl pH 6.5, (AE1S5) 
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11.2.2 Millscale Crack 
Figure 11-21 shows a crack at the interface of the X70 steel and the millscale on an 

uncorroded specimen.  The crack may be a location for pitting initiation.  

 

a.  

b.  c.  

Figure 11-21: X70, millscale, pre-formed crack, a. 1000X, b. 4000X, c. 8000X 
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Chapter Twelve: Post-Immersion; pH 11.2 

 

 

The micrographs in this chapter are from an X70 sample that had been sand-blasted prior 

to immersion for 10 weeks in 3 % NaCl solution at a pH 11.2 in stirred mass loss cell 1.  

The localized corrosion is clearly visible in Figure 12-1.  Two samples were prepared 

from the area of material surrounding the drilled hole shown in Figure 12-1, Rn2 and 

Rn22.  Figure 12-2 to Figure 12-6 show micrographs of the surface.  Figure 12-7 to 

Figure 12-11 show sections of the surface profile.  Figure 12-12 shows a section at 

various magnification levels. 

 

The majority of the sand-blasted surface has a dull grey appearance following immersion.  

Figure 12-1  shows that a black oxide forms within the locally corroded areas.  Neither 

the black oxide nor the oxides covering the dull grey areas could be clearly measured as 

the pre-immersion millscale.  There are locations such as those illustrated in Figure 12-11 

that appear to have an oxide of greater than 10 µm in thickness.  Any other visible oxides 

appear less than 1 µm in thickness.  What appears to be oxide could also be a location 

where the Kold mount cured uniquely.  EDAX could not clearly distinguish between the 

high carbon acrylic Kold mount and a below the surface possible oxide. 

 

Figure 12-2 to Figure 12-6 show that the surface defects display a variety of shapes, from 

very sharp to round.  The edges of the defects can appear smooth or rough at the higher 

magnification.  The surface profiles in Figure 12-7 to Figure 12-11 show that sharp 

defects can be located adjacent to very smooth round defects and areas of minimal 

damage.  The surface damage appears less severe at lower magnifications such as in 

Figure 12-7.  It is possible that the round defects are pre-existing and the sharp jaded 

defects are either due to sand blasting or immersion. 

 

Figure 12-12 shows the damage in a single location at various magnifications.  At 1250X, 

the small surface penetrations seem less significant than at 20,000X.  The small 
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penetrations are in a variety of very detrimental shapes as seen it at 10,000X.  The sharp 

edges can assist in the formation of an occulated cell within the pit or they can act as 

stress risers.   

 

 
Figure 12-1: X70 sandblasted 10 weeks immersion pH 11.2, after drying 

 

 
Figure 12-2: X70, micrograph 1, 10 weeks immersion pH 11.2, (Rn2) 

 

 
Figure 12-3: X70, micrograph 2, 10 weeks immersion pH 11.2, (Rn2) 
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Figure 12-4: X70, micrograph 3, 10 weeks immersion pH 11.2, (Rn22) 

 

 
Figure 12-5: X70, zoom micrograph 4, 10 weeks immersion pH 11.2, (Rn22) 

 

 

Figure 12-6: X70, zoom micrograph 4, 10 weeks immersion pH 11.2, (Rn22) 
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Figure 12-7: X70, profile after 10 weeks immersion pH 11.2, (Rn22), 1000X, scale 50µm 

 

 
Figure 12-8: X70, profile after 10 weeks immersion pH 11.2, (Rn22), 2000X, scale 20µm 
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Figure 12-9: X70, micrograph, profile after 10 weeks immersion pH 11.2, (Rn2), scale 20µm 

 

 
Figure 12-10: X70, micrograph, profile 10 weeks immersion pH 11.2, (Rn2), scale 10µm 

 

 
Figure 12-11: X70, micrograph, profile 10 weeks immersion pH 11.2, (Rn2), scale 10µm 
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Figure 12-12: X70, micrograph, 10 weeks immersion pH 11.2, (Rn2) 
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Chapter Thirteen: 600 grit, pH 6.5 

 

 

Figure 13-1 to Figure 13-6 show an X70, 600-grit surface after 11 weeks immersion in  

3 % NaCl solution, pH 6.5.  Upon removal from test solution the surface was covered 

with an even appearing black oxide and no pitting was visible.  Drying causes visible 

changes to the oxide.  Upon drying the oxide maintains a black color with red, orange, 

and some green tones.   

 

In Figure 13-1 to Figure 13-4 there are embedded oxide particles from the surface 

preparation to 600-grit.  The X70 is not a soft material and it would be interesting to see 

if softer materials are more prone to embedding of the surface preparation media.  The 

shape of the surface defects in Figure 13-5 are very similar to the shape of the embedded 

grinding oxide particles.  Some of the defects have edges that are sharp and jagged as 

seen in Figure 13-5 and some are smooth as in Figure 13-1 and Figure 13-2.   

 

The surface damage appears to be general corrosion.  In Figure 13-6, at 2000X 

magnification, the material appears to be removed by the localized undercutting that 

appears to cause relatively large metal pieces to detach which gives the macro appearance 

of general corrosion as seen in Figure 13-6. 

 

 
Figure 13-1: X70, 600-grit, pH 6.5, 11 weeks (a24 G) Micrograph 1 
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Figure 13-2: X70, 600-grit , pH 6.5, 11 weeks (a24 G) Micrograph 2 

 

 
Figure 13-3: X70, 600-grit , pH 6.5, 11 weeks (a24 G) Micrograph 3 

 

 
Figure 13-4: X70, 600-grit , pH 6.5, 11 weeks (a24 G) Micrograph 4 

 

 
Figure 13-5: X70, 600-grit, pH 6.5, 11 weeks (a24 G) Micrograph 5 
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Figure 13-6: X70, 600-grit, pH 6.5, 11 weeks (a24 G) profile, scale = 20 µm 
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Chapter Fourteen: Millscale pH 6.5 

 

 

Figure 14-1 shows millscale-covered sample AES5 after 20 weeks immersion in  

3 % NaCl at pH 6.5.  A picture of this specimen prior to immersion exposure is shown in 

Figure 10-12.  The millscale maintained it’s directional appearing cracks.  The “gap” 

between the cracks appears more thinly covered as compared to its pre-immersion 

appearance.  No localized pitting is visible in Figure 14-1.   Figure 14-2 to Figure 14-10 

show micrographs of sample AES5.  All the micrographs are from a single cross-section 

except Figure 14-7 and Figure 14-10.   

 

Figure 14-2 may show a section of millscale that has become porous due to immersion, or 

it may just show a section that was preferentially removed during mounting.  It is very 

difficult to know with certainty what changes occurred as due to corrosion versus handling 

effects and also what might have been loose or separated initially. 

 

Figure 14-3 and Figure 14-6 show the 3D aspect of the millscale topography.  The 

millscale is composed of cracks with the appearance of dried cracked desert mud.  The 

mud cracks are fresh corrosion products on the surface caused by immersion and then 

dehydration of the new corrosion product (iron hydroxal), similar to the process that 

promotes the protection provided by oxides formed during long term atmospheric exposure 

on plain carbon steels. 

 

Figure 14-2 to Figure 14-10 show areas where the substrate appears fully protected and 

there are locations where localized corrosion is definitely occurring.  There does not have 

to be breaks in the millscale for localized corrosion to occur.  The area experiencing 

localized corrosion can still be covered with what appears to be the original millscale.  

Figure 14-10 shows a large length of profile where the metal is not necessarily 
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preferentially corroded in thin sections.  The substrate metal damage appears greatest 

where the millscale is not present. 

 

There are long sections, such as in Figure 14-9 that the surface appears extremely similar 

to pre-immersion millscale.  There are also sections, generally smaller, such as in Figure 

14-5, where the millscale covering the pits is extremely thin.  Figure 14-10 shows a great 

deal of variation in surface appearance and topography over ~2000 µm. 

 

Figure 14-7 shows that just because the oxide is not visible at the metal interface that it 

does not exist.  In Figure 14-7 there may have been a void allowing the localized 

corrosion, the oxide may have become more porous during immersion, or was just 

preferentially detach during mounting. 

 

 

Figure 14-1: Specimen AES5 after 20 weeks in 3 % NaCl, pH 6.5 
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Figure 14-2: X70, pH 6.5, 20 weeks (AES5) Micrograph, 1 

 

 
Figure 14-3: X70, pH 6.5, 20 weeks (AES5) Micrograph, 2 
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Figure 14-4: X70, pH 6.5, 20 weeks (AES5) Micrograph, 3 

 

 
Figure 14-5: X70, pH 6.5, 20 weeks (AES5) Micrograph, 4 
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Figure 14-6: Surface profile, post immersion 3% NaCl, pH 6.5, 20 weeks, AES5, scale 50µm 

 

 

Figure 14-7: Surface profile, post immersion 3% NaCl, pH 6.5, 20 weeks, AES5-2, scale 100 µm 
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Figure 14-8: Surface profile, post immersion 3% NaCl, pH 6.5, 20 weeks, AES5, scale 50µm 

 

 

Figure 14-9: Surface profile, post immersion 3% NaCl, pH 6.5, 20 weeks, AES5, scale 50µm 
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Figure 14-10: Surface profile, post immersion 3% NaCl, pH 6.5, 20 weeks, AES5-2, scale = 50 µm 
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Chapter Fifteen: Discussion 

 

 

15.1 Specimen preparation 
Testing with or without millscale is a dilemma that faces many young corrosion 

engineers.  The majority of senior engineers have decided to discard results related to 

millscale.  A review of the standards provides minimal guidance when considering the 

interaction of an oxide covered steel in the overall corrosion response.  Standard 

corrosion testing is especially lacking in allowing adequate time for surface oxide growth 

or degradation.  This is shown by the effect of surface preparation and pre-immersion 

period on the determined corrosion parameters and the appearance of the surfaces 

following extended exposure. 

 

To test an oxide-covered steel, the original state of the oxide must be preserved through 

specimen preparation before immersion.  To protect a surface from atmospheric corrosion 

during normal handling, a Krylon™ coating is adequate.  Once surfaces have been 

protected from further oxidation, the surfaces should also be protected from physical 

damage such as gouges and scratches. 

 

Even though the handling of the X70 by the laser cutting contractor disallowed for many 

desired tests, laser cutting is the preferred method for preparing oxide covered specimens 

as it causes less extensive changes in the microhardness as compared to traditional 

punching or cutting.  Extra caution must be taken to ensure specimen control is not lost 

during cutting.  To machine specimens, laser cutting is preferential due to the absence of 

lubrication and the minimal changes in edge microhardness.  Other machining 

techniques, such as lubrication free drilling and band saw cuts are also adequate but can 

cause undesirable interactions.  The interaction of Krylon™ coating in the laser cutting 

process was not determined.  
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To prevent unwanted surfaces from interacting in the corrosion reactions, a coating of 

Red Stop-off Lacquer should be applied.  Prior to immersion test surfaces should be 

cleaned and degreased with soap and acetone. 

 

15.2 Effect of Pre-Immersion Period 
15.2.1 A36 and X70 Eoc 
Figure 15-1 shows the Eoc response for both the A36 and X70 scale-removed specimens 

at approximately a neutral pH.  The thick lines are A36.  There is no significant 

difference in the A36 and X70 scale-removed Eoc response, except the A36 material 

appears to experience large magnitude fluctuations in the Eoc after extended exposure.  

This is indicative of unstable oxide formation/degradation in the A36 material, while the 

X70 material appears to experience slow stable oxide growth confirmed by observations.   

 

Figure 15-2 shows the Eoc response for both the A36 and X70 scale-removed specimens 

at a pH 11.2.  The dotted lines are X70.  The Eoc response of a millscale-covered X70 

specimens in basic solution is similar to the A36 response in basic solution, with the 

exception that the X70 potential fluctuates less during decays.  Figure 15-2 shows the 

main difference between A36 and X70 is the X70 specimens reaches a plateau potential 

while the A36 material continued to drop after extended exposure. 

 

Figure 15-3 shows the A36 and X70 Eoc response for millscale-covered specimens in 

neutral 3 % NaCl solution.  The initial plateau displayed by the A36 is more prevalent. 
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Figure 15-1: A36 and X70 scale- removed neutral, thick lines are A36 

 

 
Figure 15-2: A36 and X70 scale-removed pH 11.2 
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Figure 15-3: A36 and X70 millscale covered, thick red line is A36, neutral 3 % NaCl 

 

15.2.2 Eoc 
Table 15-1 shows the iron and iron oxide equilibrium potentials at the tested pH values.  

According to the equilibrium potentials and Figure 15-3, millscale or oxides can interact 

in the corrosive response indefinitely in neutral pH solution.  Minor disturbance in the 

salt-bridge indicate how unstable equilibrium is on the surface.  Adjusting the salt bridge 

could introduce oxygen temporarily into the system or just cause a change of flow at the 

Luggin tip.   

 

Table 15-1: Equilibrium Potential, VSCE, 10-6 ion concentration 

 pH 1.9 pH 2.1 pH 5.5 pH 6.5 pH 7 pH 10.8 pH 11.2 

Fe/Fe++ -0.858 -0.858 -0.858 -0.858 -0.858   

Fe/Fe3O4      -0.964 -0.988 

Fe3O4/Fe2O3      -0.658 -0.682 

Fe++/Fe3O4        

Fe++/Fe2O3 0.6193 0.5959 0.1981 0.0811 0.0226   
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Considering the reduction of iron and iron oxides only, the potentials achieved during Eoc 

monitoring indicate that no oxides are stable at test conditions below a pH 7.  The A36 

responded with no apparent stable oxides.  The X70 developed a very tenacious oxide in 

environments maintained below a neutral pH. 

 

The X70 descaled specimens displayed a more reproducible Eoc response than millscale-

covered in neutral NaCl solution.  The potential is ~ 0.5 VSCE for the first ~ 3 minutes 

followed by a potential decay to ~ 0.76 VSCE followed by a very slow potential increase 

that is not visible within the 1st hour of immersion.  The initial potential of a descaled 

X70 specimens in neutral solution is more cathodic than the millscale-removed 

specimens within the range of -0.55 to -0.3 VSCE.  The initial potential also appears to 

persist longer on descaled than millscale-covered specimens, but this actually due to a 

slower decay within Region 2 to Region 3 (as defined by Qin et al.) at ~ -0.7 VSCE. 

 

After 2 days exposure, in neutral 3 % NaCl solution the descaled and millscale-covered 

specimen Eoc appear to initiate on converging paths.  In addition the observation of 

millscale presence and oxide growth on the specimens after extended exposure indicates 

similar reactions are occurring on both surface preparations after extended exposure, 

possibly as little as 48 hours.  

 

The millscale-covered potential is ~ 0.5 VSCE and begins to decay within 1 minute 

followed by a potential decay to -0.65 VSCE followed by a very slow potential increase 

that is not visible within the 1st hour of immersion as is standard for polarizations.  The 

initial potential of a millscale-covered X70 specimens in neutral solution is within the 

range of -0.25 to -0.1 VSCE and begins to decay with 3 minutes of immersion.  The decay 

rate is greatest during the first 3 hours, followed by a continued decay at a reduced rate 

for 5 weeks. Millscale-covered specimens often stabilized at a more cathodic potential 

than ground surfaces.  The Eoc for the millscale-covered surfaces is a mixed potential 

from corrosion of substrate steel, millscale degradation and the formation of protected 

oxides. 
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A possible artifact that could cause the long term drift beyond being real is a 

consumption of reference electrode salts due to non-replenishment.  This is unlikely due 

to the inconsistency between different test conditions.  Tests should be repeated with a 

reference electrode that is replenished on a regular basis to ensure saturation.  

 

The length of time that millscale affects the corrosive response is material/environment 

specific.  It is dependent on the presence of surface oxides, surface roughness, the 

presence of minor alloy constituents and environmental conditions.  The effect of surface 

roughness is not clear from the results, as the millscale-covered surface will have a 

different surface profile; the profile of the sandblasted surface is dependent on the 

original side of the coil.  So to determine the effect of surface roughness, test of surfaces 

prepared to various grits are required.  It would also be interesting to determine if rougher 

surfaces promote crevice corrosion and/or pitting.  All tests indicate that surface 

preparation is extremely important. 

 

Monitoring the Eoc confirms that the millscale-covered sample response differs from bare 

steel surfaces.  It also confirmed the presence of three regions as defined by Qin et al.  

The discrepancy is that Region 3 defined by Qin is considered equilibrium.  The gradual 

increase of Eoc of 600-grit X70 specimens in near-neutral solution combined with 

observations of gradual oxide growth it is clear that the surface reactions have not 

reached an equilibrium of surface degradation and oxide growth in Qin’s Region 3.  

Region 3 is still transient dependent on material and environment. 

 

The results show that for a descaled steel specimen the Eoc response can be categorised 

into four regions instead of the three defined by Qin et al.  The first three regions are the 

same as defined for millscale-covered specimens by Qin et al. without the requirement of 

equilibrium in Region 3.  Region 4 occurs after Region 3 and is characterised by a 

gradual increase in potential as shown in Figure 15-4.   
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Figure 15-4: Potential time response for descaled steel 

 

Qin et al. did not monitor the Eoc of the bare steel for longer than 72 h so there was no 

appearance of a Region 4 for bare steel specimens.  If they had monitored Eoc longer they 

may have encountered a gradual increase in potential following an apparent equilibrium 

in Region 3. 

 

A clearly defined Region 1 is dependent on initiating the data acquisition before the 

introduction of solution and minimal issues establishing the salt bridge.  The appearance 

is also highly dependent on surface preparation and environment.  The combination of 

surface preparation and environment determine the rate and length of Eoc decay in Region 

1 and 2.  The grouping of a response for a ground or millscale-covered specimens while 

the sandblasted surfaces are more sporadic reacting like either a millscale or ground 

surface. 

 

The galvanic coupling between Region 1 and Region 3 during Region 2 appears to occur 

again or to persist into Region 4 as a protective film is formed on the X70 surface.  In 

Region 4 there is a gradual increase in the potential.  This appears to correspond to 

surface oxide growth. 
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From the Eoc response, it is predicted that a long enough exposure the Eoc of the ground 

specimens will converge with the Eoc of the millscale-covered specimens.  The 

convergence of Eoc may be one of the explanations for LaQue finding’s of the time 

dependence for pitting and the interaction of millscale. 

 

15.2.3 Eoc and Ecorr 
Figure 15-5  shows the response of Ecorr compared to the Eoc at 55 minutes before 

initiating the scan for the A36 materials.  Generally Eoc sand Ecorr are normally 

considered the same parameter, but due to the interaction of oxides and test methodolody 

they are not always equal.  In Figure 15-5 the circles represent millscale covered surfaces.  

All millscale-covered surfaces Eoc versus Ecorr responses fall within a smaller area than 

the scale-removed specimens for NaCl and NaSO4 solutions.  The variation increases 

further when considering NaHCO3 solution for the scale-removed specimens. 

 

Figure 15-6 shows the X70 open-circuit potential at 55 minutes against the Ecorr 

determined from polarization.  The 600-grit surfaces in neutral pH and sand-blasted 

surfaces in low pH are more likely to display a unity ratio of Eoc to Ecorr.  The sand-

blasted surfaces at pH 11.2 and millscale-covered surfaces at neutral pH show the 

greatest variation in the ratio between Eoc and Ecorr.  A surface displaying passivity 

appears to display the greatest range of Ecorr values corresponding to potentials within the 

passivity region.  Figure 15-6 shows exceptional agreement between Eoc and Ecorr for 

600-grit in neutral solution when following G5 standard scan rate and pre-immersion 

period. 

 

Figure 15-7 and Figure 15-8 show the A36 Eoc and Ecorr on the iron-water Pourbaix 

diagram, respectively.  Figure 15-9 and Figure 15-10 show the X70 Eoc and Ecorr on the 

iron-water Pourbaix diagram, respectively. 

 

A36 millscale-covered specimens are more likely to display a unity ratio of Eoc at 55 

minutes to the Ecorr determined by polarization environment.  The, 600-grit in neutral pH 
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and sandblasted in low pH environment are most likely to display a unity ratio.  The 

Eoc/Ecorr ratio is material, surface preparation and environment dependent. 

 

 
Figure 15-5: A36, Open-circuit potential pre-scan versus scan corrosion potential 

 

 
Figure 15-6: X70, open-circuit potential at 55 minutes versus Ecorr from scan 



 

331 

 
Figure 15-7: A36 Eoc pre-scan on Iron-water Pourbaix Diagram 

 
Figure 15-8: A36 Ecorr scan on Iron-water Pourbaix Diagram 
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Figure 15-9: X70 Eoc pre-scan on Pourbaix diagram for iron in aqueous water 

 

 
Figure 15-10: X70 Ecorr on Pourbaix diagram for iron in aqueous water  
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15.3 Polarizations 
15.3.1 A36 polarization 
Table 15-2 compares the corrosive response of millscale-covered specimens to descaled 

specimens. Ecorr is more anodic for millscale-covered specimens but icorr can be smaller or 

larger depending on the environment. 

 

Table 15-2: A36 comparison of millscale-covered response with respect to descaled 

specimens. 

Solution Ecorr icorr 

1%, 3%, 5% NaCl more anodic larger 

0.001M & 0.1M NaSO4 more anodic smaller 
 

The difference in magnitude of the potential and icorr is much greater in 0.1 M NaSO4 

solution than in 0.001 M NaSO4 solution.  The interaction of millscale in the corrosive 

response appears to have a greater dependence on SO4
- concentration than Cl- 

concentration in the tested ranges.  The A36, 400-grit polarization response is also 

sensitive to NaHCO3 concentration.  It is likely the millscale interaction in the response 

will also be HCO3
- concentration dependent. 

 

The effect of increasing concentration from 1 to 5 % NaCl has minimal effect on the 

shape of the polarization response with the exception of slight passivity in 1 % as 

compared to 3 & 5 %.  In 3 % NaCl the 400-grit samples displayed less scatter between 

duplicate scans.  The millscale-covered specimens are more likely to display passivity.  

In the absence of passivity for a millscale-covered scan, the results display Ecorr equal to 

Epp when passivity is displayed.  The millscale aides in the surface obtaining passivity or 

places the surface in a passive state.  However the icorr or ip of millscale-covered 

specimens is larger than the icorr of the ground surface, dissipating a major benefit of 

passivity.  Regions of passivity display the greatest variation in response.  The 

appearance of passivity is also sensitive to the pre-immersion period prior to initiating a 

scan.  
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The appearance of a decreased scatter for scans initiated at lower potentials is due to a 

combination of less oxide initially and greater surface cleaning due to oxide removal.  A 

fairly acidic solution is required to negate the effect of millscale on the polarization 

response in deareated 3 % NaCl solution. 

 

15.3.2 X70 polarization 
The relative magnitude of Ecorr and icorr between millscale-covered and descaled 

specimens are not as identifiable for the X70 material as the A36 material.  After 55 

minute immersion the millscale experiences a more anodic Ecorr and a lower icorr.  

Comparing other test conditions is difficult due to the scatter in the response in the Ecorr 

region of the polarization plots. 

 

The lack of flexibility in the polarization related standards makes testing an X70 difficult 

if not impossible while actually capturing the true corrosive response.  Often the most 

important information in the polarization scan is the information in the Ecorr region.  The 

current fluctuations can make this area undistinguishable follow standard test 

methodology.  This increases the difficult in predicting corrosion rates from the 

polarization response as knowledge of the Tafel slopes dictates the controlling chemical 

reactions.  No clear Tafel slopes means the corrosion reactions that dominate can vary, or 

at least the surface area that the reactions occurs on is varying. 

 

The results for the X70 clearly show that millscale interacts in the corrosive response of 

the base metal at various pH levels in 3 % NaCl.  Polarizing a millscale-covered surface 

removes and thins the millscale.  The thinning during polarization appears greater on an 

initially red millscale than on an initially black millscale.   

 

Millscale causes hysteresis in the cathodic scan, similar to the response typical of 

indicating the pitting potential. There are more fluctuations in the current response for 

millscale-covered specimens.  This is due to millscale capacitance and the possibility of 
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localized corrosion.  Slowing the scan rate reduces the current fluctuation allowing time 

for currents to stabilize.   

 

The X70 sandblasted surfaces in 3 % NaCl pH 11.2 show the largest variation.  There is 

also a possibility of multiple passivation zones or a single larger passivation region. 

The appearance of multiple Tafel slopes, anodic and cathodic, should be analysis with 

respect to the current and potential at the transition.  This will also assist in determining 

which Tafel slopes are transitional and which are directly relatable to the chemical 

reactions.  The millscale-covered specimens showed less distinctive and more gradual 

transition between Tafel slopes during polarization. 

 

15.3.3 Statistics 
Determining corrosion parameters from each scan individually removes the bias from 

overlaying multiple polarization scans.  This causes a greater scatter in the corrosion 

parameters and information about the corrosive response of the system as a whole is lost.  

Many standards dictate the number of duplicate measurements required.  G5 does not 

require a minimum number of specimens, but dictates a scatter band associated with 

scanning a standard Type 430 SS specimen.  The scatter band is dependent on if the scan 

is potentiostatic or potentiodynamic shown in Figure 15-11.  

 

G61 states “the spread of data obtained from a number of laboratories and used in the 

preparation of the standard plot (fig 3 & 4) shown in Figure 15-12 and Figure 15-13 

demonstrates the reproducibility that is possible when a standard procedure is followed.  

An investigator’s data should come within ±2 standard deviations since this includes 95% 

of all data provided random variations are the only source of error.  No information is 

available on the repeatability when one laboratory conducts several identical tests.  When 

testing iron-, nickel-, and cobalt-based alloys according to this test method, the 

repeatability and reproducibility would be expected to be similar to the standard material. 

However, no data is currently available on other alloys.” 
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The plots from G5 and G61, show that + 2 standard deviations does not necessarily equal 

- 2 standard deviations.  The forward (anodic) scan shows more variation than in the 

reverse (cathodic) scan. 

 

 
Figure 15-11: Standard Potetniodynamic (A) and Potetntiostatic (B) Polarization 

Plots for New Type 430 Stainless Steel Standard Introduced in 1992 [Fig. X2.1 from 

G5) 
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Figure 15-12: Standard Potentiodynamic Polarization Plot (Forward Scan) (Fig. 3 

from G61) 

 

 
Figure 15-13: Standard Potentiodynamic Polarization Plot (Reverse Scan) (Fig. 4 

from G61) 
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Based on the mean and standard deviation determined from the test results, all X70 

results and all of the A36 minimum results are within 2 standard deviations.  The A36 

max value of icorr and ba for millscale-covered specimens in 3 % NaCl pH 5 solution is 

greater than 2 standard deviations from the mean.  There were 7 scans to determine the 

data for this test condition versus 2 to 5 for all other test conditions.  It is unlikely with 

such a small data set to fall outside 2 standard deviations. 

 

A decreased scatter in the cathodic scans as compared to the anodic scans agrees with 

G61.  The shape of the reverse scan will only experience a reduced scatter when initiated 

directly following an anodic scan.  

 

Extending the pre-immersion period for millscale-covered specimens in neutral  

3 % NaCl decreases the scatter between duplicate scans.  During extended exposure an 

oxide grows on the surface.  The oxide is not always visible, but still affects the 

polarization response after 24 hours.  As the immersion period continues a thin black 

tenacious film forms.  Polarization causes a patchy removal of the oxide.   

 

Statistical analysis of icorr provides little information as the current density has a 

logarithm relationship with applied potential.  Deviation in icorr is related to the 

magnitude of icorr. Deviation in iba1ba2 is related to the magnitude of iba1ba2.  Deviation in 

Tafel slopes ba1 and ba2 are environment dependent. 

 

15.3.4 Methodology 
The differing polarization responses are due to the surface’s inability to reach equilibrium 

during the pre-immersion period as shown by the Eoc-time response.  The variation is also 

due to surface preparation and solution pH. 

 

The 3 cycle scan causes the largest magnitude change caused largest pH change.  The 

scans indicate that passivity is possible in lower pH solution than predicted by 

thermodynamics.  The 3 cycle scan has a reduced scatter in a similar manner to the 
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reverse scans.  The surface is forced into a repeatable state by the extended applied 

potential.  This is also likely why Shaw found that initiating a scan in the cathodic region 

following a 30 minute hold at ~ - 0.6 V vs. Eoc, results in the most repeatable scan results. 

 

Conducting cyclic scans reduces the scatter in the corrosion parameters determined by 

duplicate scans.  The cyclic scan also allows for determination of the passivation region 

without conducting repeat scans.  The ability to clearly define the passive region varies 

between duplicate scans.  Extending the pre-immersion period increases difficulty in 

identifying passive region by a single scan as the response is less vertical.  The scatter in 

scan is greater for sand-blasted surfaces than 400-grit specimens.   

Polarizations should be initiated following various pre-immersion periods such as 1 hour, 

24 hours, 72 hours and longer if possible to categorize the interaction of the oxide with 

respect to time. 

 

A micro-alloyed steel and millscale-covered specimens regardless of material substrate 

composition type may require a reduced scan rate to avoid current fluctuations. 

 

15.4 Mass Loss Testing  
15.4.1 Specimen Cleaning Post-immersion 
To prevent removal of original oxides such as millscale from removal during cleaning, 

soda blasting is the best option for non tenacious films.  As the tenacity of surface film 

increases so does the effectiveness of using soda-blasting at removing these oxides 

decreases.  The effectiveness of the soda-blasting process could be improved with the use 

of specifically designed equipment.  Increasing blast pressure would only increase the 

damage to oxides such as the original millscale defeating the purpose of using soda 

blasting over the standard acid cleaning.  Ultrasonically agitated solution of low 

concentration citric acid may prove acceptable for some materials. 
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15.4.2 A36 and X70 mass loss 
The mass loss results indicate that the initial mass changes are greater, increasing in 

amount as the solution pH decreases.  The initial mass changes on the X70 are minimized 

during extended exposure by concurrent oxide formation.  

 

Short term mass loss tests for the X70 material provide little information due to minimal 

changes in mass.  Extremely detrimental environmental conditions are required to 

produce changes in mass measurable to the standard ±0.01g accuracy.   

  

The A36 does not form a tenacious oxide so the time for corrosive response to coincide 

with a descaled surface is much longer related to the slow degradation of the millscale 

leading to exposure of the substrate metal. 

 

The X70 forms a tenacious oxide and the period for the corrosive responses to coincide is 

a function of oxide growth on exposed substrate metal.  There is also the possibility of 

transformations in the millscale during immersion.  

 

Millscale-covered specimens are more likely to be covered in thick orange corrosion 

products following immersion in neutral 3 % NaCl than millscale removed specimens.  

The corrosion products developed during immersion are more even on the X70 than the 

A36 specimens.  The A36 millscale is more easily removed during immersion than X70 

millscale.  Soda-blasting to remove corrosion products is more effective on the A36 

material than the X70 material. 

 

The differing responses between individual specimens within a single cell show that the 

variation from duplicate test runs are not as easy to evaluate especially when attempting 

to determine the long term response from the short term results.  The differing flow rates 

and patterns between the mass loss apparatus’ did not appear to affect the X70 corrosive 

response as drastically as the A36.  A much more aggressive flow was required for the 

X70 than the A36 samples to cause measurable mass changes.  
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Industry commonly uses coupons made from 1018 rather than pipe material.  These 

coupons are placed in the middle of the flow, rarely if ever placed flush with the pipe 

wall, and are always descaled.  It was noted that for a mass loss results to be truly 

representative of a pipeline that they must be from specimens placed flush with the pipe 

wall they represent.  The placement of X70 equivalent specimens appears less important 

than for materials such as the A36.  Industry must reconcider coupon immersion 

practices.  

 

15.5 Corrosion Rate Correlations 
Table 15-3 and Table 15-5 show the corrosion rate determined by polarization for the 

A36 and X70, respecitively.  Table 15-4 and Table 15-6 show the corrosion rate 

determined by mass loss for the A36 and X70, respecitively.  Figure 15-14 and Figure 

15-15 compare the corrosion rates determined by mass loss and polarizations for the A36 

and X70, respectively.  Comparing Figure 15-14 and Figure 15-15, the A36 and X70 

response appear similar, with the A36 displaying slightly better corrosive response in 

neutral solution.   

 

The sensitivity ofthe polarization and mass loss determined corrosion rates differ.  The 

corrosion rates determined by polarization response are controlled by the surface area and 

the ability of the equipment to capture the material response.  The X70 specimens had a 

larger surface area than the A36 for the majority of polarizations.  The larger surface area 

placed a larger demand on the potetniostat and in tern limited the potential range that 

could be applied.  The corrosion rates determined by the mass loss response are 

controlled by the exposed surface area, inital specimen weight, magnitude of mass 

changes and the ability of the equipment and test procedures to accurately measure the 

mass changes.  The exposed surface area is lowest for the X70 millscale covered 

specimens.  The X70 specimens have the greater weight due to greater thickness. 
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All A36 surface preparation in Figure 15-14 show a decreasing corrosion rate as the pH 

increases.  For X70 in Figure 15-15, the 600-grit polarization specimens respond as 

predicted by the Pourbaix diagram shown in Figure 15-10.  The sandblasted surfaces 

show a decrease in corrosion rate within the basic region.  According to the Pourbaix 

diagram the solution pH is not high enough to cause this drop in corrosion rate alone, 

showing the importance of film formation in the corrosive response.  It also shows the 

difference in material response is highly dependent on if determined by mass loss or 

polarization testing. 

 

Mass loss results are deceptive in the presence of pitting.  To finalize conclusions on the 

interaction of millscale, mass loss and pitting more testing is required.  Results from this 

research shows that comparing short-term mass loss results for millscale-covered and 

millscale-removed surfaces are of little value for the X70 material to minimal surface 

damage and due to the tenacity of oxides: millscale and corrosion products developed 

during immersion. 

 
Table 15-3: A36 Corrosion Rates determined by polarization 

pH Solution Surface mm/yr mpy 
1.9 3%NaCl 400 grit 1.16 45.8 
5.5 3%NaCl 400 grit 0.11 4.2 
7 3%NaCl 400 grit 0.07 2.7 
1.9 3%NaCl ms 4.30 169.5 
5.5 3%NaCl ms 0.10 4.0 
7 0.001 NaSO4 400 grit 0.06 2.4 
7 0.1 NaSO4 400 grit 0.08 3.3 

 

Table 15-4: A36 Corrosion Rates determined by Mass Loss 

pH sample immersion period surface mpy mm/yr 

2.1 4B5 adjusted 2 weeks millscale 17.5 0.45 

2.1 10B1 1 week millscale 13.4 0.34 

2.1 10B1 3 weeks total millscale 9.5 0.24 

2.1 10B2 3 weeks millscale 5.9 0.15 

5.8 4B1 17 days millscale 0.43 0.01 

5.8 4B1 1 week millscale 0.67 0.02 
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Table 15-5: X70 Corrosion Rates determined by polarization 

pH Scan method surface mpy mm/yr 
7 G5 600 grit 13.3 0.34 
7 slow scan 600 grit 238.5 6.05 
7 G5 scale (AB-B) 5.1 0.13 
7 extended immersion scale 66.2 1.68 
11 24 h 400grit 5.9 0.15 
11 down sandblasted 5.9 0.15 
11 up sandblasted 10.2 0.26 

 

Table 15-6: X70 Corrosion Rates determined by Mass Loss 

pH immersion period surface mm/yr mpy 

2.5 4 weeks sand-blasted 2.30 90.5 

3.5 4 weeks sand-blasted 0.26 10.1 

6.6 4 weeks sand-blasted 0.33 13.2 

6.5 8 weeks 600-grit 0.05 2.1 

6.5 10.5 weeks millscale 0.34 13.3 

7 23 weeks millscale 0.05 1.9 

7 35weeks millscale 0.04 1.7 

11.2 4 weeks sand-blasted 0.03 1.1 

11.2 10 weeks sand-blasted 0.03 1.3 

  



 

344 

 
Figure 15-14: A36 corrosion rate 

 

 
Figure 15-15: X70 corrosion rate 

 

The common values for determining a material’s relative corrosion resistance are shown 

in Table 15-7.  Comparing the corrosion rates from Figure 15-15 to those in Table 15-7, 

the X70 corrosive response varies from excellent to unacceptable.  Figure 15-14 shows 

that in low pH solution, the A36 response varies from good to unacceptable and in near-

neutral solution from outstanding to excellent.  This is not true of the physical appearance 

of the surfaces post-immersion.  An important note is the X70 was always tested in much 
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harsher conditions than the A36 including adjusted pH that is propelled with the March 

pump or the stirrer system. 

 

From post-immersion surface examination the A36 material displays poor to 

unacceptable corrosion performance in deareated 3 % NaCl solution due to poor pitting 

resistance.  The X70 material displays outstanding corrosion performance in deareated 3 

% NaCl solution.  X70 localized corrosion appears to require an initiation period that 

varies by surface preparation and solution pH.  The initiation period also varies for each 

specimen within a single test as shown by the X70 mass loss results for 600-grit, 8 weeks 

and millscale-covered specimens after 10.5 weeks at pH ~ 6.6.  For both experiments, 

only 2 of 4 specimens had visible localized corrosion upon removal of surface oxides. 

 

Table 15-7: Relative Corrosion Resistance* 

 mm/yr mpy 

Outstanding <0.02 <1 

Excellent 0.02-0.1 1-5 

Good 0.1-0.5 5-20 

Fair 0.5-1 20-50 

Poor 1-5 50-200 

Unacceptable 5+ 200+ 
 

* Based on typical ferrous and nickel alloys. Rates of 5 to 20 mpy are usually excessive 

for more expensive alloys, while rates above 200 mpy are sometimes acceptable for 

cheaper material of thicker cross section. [after Jones, 62.]  

 

Calculating the corrosion rate from polarization scans and mass loss requires knowledge 

of the species experiencing dissolution.  The X70 mass loss and polarization response 

show that the surface reactions are more complicated than the simple exchange of two 

electrons required for the dissolution of iron.  The surface reactions also vary between 

scans shown by the varying anodic and cathodic Tafel slopes determined for the 

individual scans conducted under duplicate test conditions. 
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Figure 15-14 and Figure 15-15 show the corrosion rates determined by mass loss are less 

than those determined by polarizations for the A36 material.  The same trend is not as 

clear for the X70 material, but still present.  The polarizations overestimate the corrosion 

rates.  The magnitude of the over estimation depends on the solution pH.  In low pH 

environment the corrosion rates determined by polarization for millscale-covered 

specimen overestimate the corrosion rate by a greater amount than in neutral solution.  

The millscale has a greater effect within the initial immersion period and the majority of 

polarizations are conducted within one hour of immersion.  

 

From surface examination mass loss results over estimate the mass loss.  So for the X70 

material neither corrosion rates determined by polarization and mass loss results are 

representative of the actual amount of surface damage. 

 

15.6 Millscale and Localized Corrosion 
Chloride environments are known for promoting pitting.  The X70 showed exceptional 

pitting resistance in high chloride ion environments.  The A36 did not show the same 

resistance.  The A36 showed visible pitting after days of exposure in unadjusted pH 

solution versus the X70 showing minimal pitting after weeks in pH adjusted solution. 

 

15.6.1 Localized Corrosion of Micro-alloyed Steel 
Zeng’s finding that X70 pipeline steel is more prone to crevice corrosion than pitting [75] 

appears valid from observations, as localized corrosion appears more likely to initiate at 

surface discontinuities or interfaces.  The interface can be due to surface roughness, 

presence of breaks in the oxide or due to physical boundaries such as edges or uneven 

surface deposits. 

 

Zeng’s conclusion that pitting initiated almost immediately on micro-alloyed steel cannot 

be confirmed or disputed.  If pitting initiates almost immediately it does not necessarily 

propagate. Propagation is environment dependent.  Of the conditions tested, localized 

corrosion was most detrimental on sandblasted surfaces tested in highly basic 3 % NaCl 
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solution.  The extensive pitting in this environment appears to be due to the deposit of 

oxide during intermittent surface drying.  

 

15.6.2 Surface Examination 
Surface examination is time consuming but provides the most important information 

regarding a materials response to corrosion especially with regards to pitting.  Surfaces 

examined post immersion up to 500X magnification showed that the X70 does not 

exhibit extensive damage or pitting when tested millscale-covered, ground, or 

sandblasted in near neutral 3 % NaCl except in pH 11.2 solution.  The millscale covered 

surface showed signs of possible micro-pitting initiation but the depth of the defect 

locations are less than 10 µm deep.  

 

Table 15-8 shows the average and maximum millscale thickness for the A36 and X70 

material.  The ratio of the sample thickness to the millscale thickness is 36 and 26 for the 

A36 and X70, respectively. The similarity in the ratio of the sample thickness to the 

millscale thickness for the A36 and X70 may be coincidence or a product of current hot 

rolling techniques. 

 

Table 15-8: Millscale thickness 

 A36 X70 

Sample thickness (mm) 3.175 10.39 

Average millscale thickness (µm) 10 40 

Maximum millscale thickness (µm) 24 80.7 

sample /average millscale thickness m/m 36 26 
 

It is difficult to quantify surfaces changes related to immersion and those due to preparation. 

Without establishing a base of comparison, one cannot fully interpret the changes in the 

surface and what has transpired.  The base is what the surface profile shows typically before 

immersion.  
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The X70 in dearated 3 % NaCl solution pH 11.2 the sandblasted surface shows visible 

localised corrosion without magnification.  Under magnification the surface damage is 

general corrosion.  The surface has defects that are likely pre-existing due to the smooth 

edges of the features.  The “hole” in Figure 12-10 and magnified in Figure 12-2 have a 

similar appearance to the areas of thicker millscale penetration seen in Figure 11-12 to 

Figure 11-14. 

 

The embedded media on the 600-grit surface during preparation is misfortunate, but shows 

how the all surface preparations change the surface and thus an aspect of the corrosive 

response.  The edges of the defects are very sharp on the ground surface.  The combined 

presence of the embedded media and the sharp defects following immersion for 11 weeks in 

deareated 3 % NaCl, show that the total mass loss is extremely minimal as surface damage is 

minimal. 

 

For both the sandblasted and 600-grit surfaces, there are areas where a crack runs parallel to 

the surface.  This is likely the mechanism that causes the macroscopic appearance of general 

corrosion.  At breaks in the millscale the attack of the substrate looks like a small mouse 

has been nibbling at the millscale/metal interface.  

 

15.6.3 Review of LaQue’s Conclusions 
LaQue’s concluded that a millscale-covered surface will be pitted about 3 times as deeply 

for short exposures and decreases with prolonged exposure to about 1.5 to 1.0 for a 10 

years period.  The results indicate that the assumption may be valid, but for the size of the 

pits initiated on the X70 material in 3 % NaCl and the lack of propagation, any increased 

pitting on millscale-covered specimen is negligible when combined with the extended 

exposure and protective benefits of leaving the millscale undisturbed.  

 

The smallest maximum depth of pitting noted by LaQue is 0.229 mm (0.009 inches) and 

is much greater than any of the post-immersion surface defects found in this work 

(ignoring embedded media).  All the data is pre 1950’s, therefore the surfaces would only 
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have been examined optically.  During the immersion period of months the appearance of 

pitting on the millscale-covered surface would not have been detected by LaQue.  

 

The A36 in dearated 3 % NaCl solution responses as predicted by LaQue.  The X70 does 

not abide by LaQue’s conclusions.  The care taken to segregate millscale damage 

specimens for the X70 was not taken when selecting A36 samples.  The surface 

appearance of the A36 millscale samples is more representative of the surface conditions 

and variability in samples encountered in LaQue’s analysis.  

 

LaQue’s analysis showed that scaled specimens experience a slightly lower mass loss.  

The X70 results do not confirm this.  For the X70, the length of time, for millscale-

covered and descaled surfaces, to respond similarly is a much shorter period than 

indicated by LaQue.  The time must be adequate for the initial degradation of the 

millscale and the development of oxides on descaled surfaces to coincide. 

 

In highly acidic environments, the millscale-covered and descaled responses to coincide 

is only days, as no protective oxide is formed in competition with degradation.  In near 

neutral environments the time becomes highly material oxide formation dependent. 

 

The difference in the millscale-covered and the sandblasted or ground surface is the areas 

that are completely protected, experiencing no visible corrosion.  The regions of 

corrosion occur due to the electrolyte accessing the substrate metal through paths within 

the millscale.  The microscopic surface appearance is more concerning than the 

macroscopic surface appearance.  It is possible for the areas of generalised surface attack 

to concentrate and possibly turn into a detrimental pit such as on the sandblasted surface 

in pH 11.2.  

 

The blanket industry view that the presence of millscale causes pitting is not correct for 

all material/environment combinations.  Pitting is not determined by the presence or 

absence of millscale.  If the material/environment combination is prone to pitting then the 
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millscale can act to concentrate the corrosion at breaks in the millscale.  The 

concentration of the corrosion action does not ensure that the pits will propagate, and is 

once again material/environment specific.  

 

15.7 Test Variables 
During the development of the test methodology to test an oxide-covered steel many 

variables were encountered.  () to () summarize the test variables and measures for open 

circuit potential monitoring, polarization and mass loss test.  The type of test has a black 

background.  A green background represents an input variable, blue and purple 

backgrounds are various conditions for the input variables.  The expected output 

measures have a red background. 

 

a.  

b.  

Figure 15-16: a. Open-circuit potential monitoring test variables and outcomes b. 

input variations 
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a.  

b.  

Figure 15-17: Polarization test variables and outcomes 
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a.  

b.  

Figure 15-18: Mass loss test variables and outcomes 
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15.8 Hydrogen 
The variation in the corrosive response is not due to mobile hydrogen as indicated by 

eudiometer results unless a large quantity of hydrogen is trapped in the millscale.  
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Chapter Sixteen: Conclusions 

 

 

The results show that depending on the overall environment and time considered the 

interaction of the millscale will vary.  In the short term the millscale response dominates 

the corrosive response.  As the length of exposure increases the response is controlled by 

the substrate metal.  As most pipelines are designed with a service life longer than 25 

years the short term interaction of the millscale may be practically ignored, especially 

with the current practice of scrapper pigging which disturb and remove oxide formation 

within pipelines.  If investigation lead to modification of the existing cleaning practices 

for newly installed pipe, consideration of millscale would become necessary. 

 

Pitting is not determined by the presence or absence of millscale in deareated 3 % NaCl, 

but on the material/environment combination.  A material/environment combination that 

promotes pitting will at least initially experience a concentration of corrosion at breaks in 

the millscale.  Pit propagation is also material/environment dependent.  The presence of 

millscale does not guarantee pit propagation. 

 

The study of aqueous electrochemical corrosion is well established with dozens of 

standards dictating testing methodology but the standards will need to continue to evolve 

with the development of corrosion resistant materials such as the linepipe grade X70 

tested within this thesis.  Mass loss testing according to ASTM and NACE standards is 

very flexible.  The same flexibility is not present in the standards for polarizations. 

 

There is no simple test that will determine all aspects of a materials response to corrosion.  

The ideal procedure to determine the corrosive response of oxide-covered steel should be 

a combination of immersion, polarizations, including a three cycle scan, and final surface 

analysis.  The polarizations methodology for all materials will not be able to follow G5 

and G61 recommended procedures. The polarizations should also be conducted after 
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various periods of immersion to determine the extent of oxide interaction in the corrosive 

response as a function of time. 

 

Standard recommended immersion periods of 1 to 10 days are too short to predict the 

long term corrosive response of a material for environment/material combinations that 

even minimally promote film growth, even in unexpected environmental conditions such 

as the X70 material in near neutral dearated 3 % NaCl solution. 

 

All the factors that affect the time to reach equilibrium potential also affect the 

polarization response including the surface preparation with the addition of pre-scan 

immersion period and scan methodology.  Material, surface preparations, and 

environment combinations that promote quick equilibrium as measured by the Eoc 

response, experience less scatter in their corrosion parameters determined by 

polarizations. 

 

Millscale is not readily removed in many environments and therefore cannot be fully 

ignored.  The condition and level of interaction caused by millscale is time dependent.  

Short term corrosion testing, especially polarizations, over estimate the corrosion 

response as compared to longer term mass loss tests.  The presence of millscale clearly 

affects the environment in a closed system shown by the excessive build up of corrosion 

products on all surfaces that does not occur when a sandblasted or ground surfaces are 

tested.   

 

The mass loss scatter is more dependent on material/environment response and testing 

methodology than the presence or absence of millscale alone.  The scatter in the 

polarization response is determined by surface preparations and pre-immersion periods 

magnify the importance of testing methodology.  Extending the immersion period 

reduces the effect of differing surface preparations on polarization. 

 

  



 

356 

 
Chapter Seventeen: Recommended Future Work 

 

 

17.1 Corrosion Testing Methodology 
Polarization standards require development or modification to include methodology 

related to oxide-covered materials. 

 

Increase solution volume for polarizations and test cyclic scan affect on solution pH.  Use 

equipment designed specifically for soda blasting to clean mass loss specimens.   

 

The corrosion open circuit and during polarization should be monitored using acoustic 

emission.  Millscale-covered specimen need to be monitored by acoustic emission to 

determine if the current fluctuations are due to pitting or millscale-corrosion.  Analysis 

surfaces oxides with carefully calibrated XRD. 

 

Determine affect of environment, deformation, flaw, and oxide condition.  Test oxide 

response in environments containing SO4
-, HCO3

-2, O2, CO2, and H2S.  

 

Determine if surface defects propagate during extended exposure or is the high 

magnification appearance of general corrosion.   

 

Determine for the X70 material if flush coupons are necessary for corrosion rates from 

mass loss experiences to be representative of installed pipelines. 

 

For millscale specifically, determine how the side of the coil and the location on the coil 

affect the corrosive response.  Test linepipe that has been deformed and heat treated as an 

actual pipeline is before field installation.  Deformation of the coil should be conducted 

on both sides to determine if there is an ideal surface for the internal surface or if the 

millscale formed during rolling affects the final internal corrosion of a heat treated pipe. 
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17.2 Pipeline Operation and Maintenance Practices 
Maintenance practices for newly installed pipelines should differ from aging pipeline 

infrastructure.  Small changes in flow and operating condition are common within a 

pipeline thus equilibrium will constantly be changing.  Traditional cleaning methods 

increase the variation of surface equilibrium.  The removal of millscale and corrosion 

products will increase the corrosion rate as the protective film is removed and must re-

grow from the base steel to provide protection.  The film growth is not instantaneous and 

a clean pipeline will initially exhibit higher initial corrosion rates that could be avoided 

by less invasive cleaning methods. 

 

Often pipelines are operated with inhibitors. Inhibitors may decrease the severity of the 

corrosive environment or cause protective oxide formation.  The purpose of applying 

some specific internal inhibitors is to promote growth and stability of a protective oxide.  

The passive films that result from such inhibitor application often have the same 

chemical composition as millscale, being composed predominantly of layered iron 

oxides. The questions arise:  

 Why are we continually removing these oxides, passive and millscale, if 

expensive inhibitors will be used to re-establish the removed oxide?   

 Could the millscale be enhanced through heat treatments and/or inhibitors to 

provide a longer protection than current practices allow?  

 

The removal of oxides is also supported by the inhibitor industry that states a larger 

quantity of inhibitor is required to treat a pipeline surface covered by oxide.  This is 

because oxides increase surface roughness and are hydroscopic. 

 

Standard practices when handling steels do not mimic the care that is taken with a 

pipeline during shipping.  Often the pipes have been externally coated and the ends 

capped to prevent any corrosion of ends prepared for welding.  The care already in 

practice could be enhanced by development of a protective internal oxide initiated during 

heat treatment and “cured” during proof testing.   
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Appendix: X70 Data 

 

 

 

a. b.  

Figure A-1: X70 Stress-Strain a. Specimen 1, b. specimen 3 

 

 

Figure A-2: X70 specimen 1 profile 

 

 

Figure A-3: X70 specimen 3 profile 
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Figure A-4: X70 Coil Temperature Profile 
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Figure A-5: X70 Coil Evaluation Log 

 




