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Abstract 

The selection methodology for thickness loss measurement is very important to 

determine the extent of corrosion damage, as well as in formulation of corrosion 

prediction models and inspection/maintenance plans for offshore structures. This 

paper introduces a more accurate corrosion measurement technique, based on the 

pre-exposure dimensional metrology and post-exposure optical microscopy/image 

analysis on the cross-sections of steel samples. During this corrosion test, the surface 

grinded and uncoated steel samples were submerged vertically in an artificial 

seawater solution, for a duration of up to a maximum of 365 days. The corrosion 

damage experienced on the steel samples means that the dimensional metrology can 

be more accurate, and useful approach to measure both uniform and localised 

corrosion losses simultaneously than the conventional average mass loss method. 

Keywords: artificial seawater, corrosion loss measurements, dimensional metrology, 
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1 Introduction 
Corrosion in metallic structures exposed to seawater medium takes place due to the 

electrochemical reactions between metallic surfaces and surrounding environment 

[1,2]. Typically, the corrosion phenomenon in offshore steel structures takes place by 

forming various kinds of corrosion deposits mainly comprised of iron oxides, 

hydroxides, oxy-hydroxides, and complex species rich in chlorides, sulphides, etc. [3–

9]. Chemical constituents in the natural seawater bodies vary significantly in different 

geographical locations, and so does the variation with the seawater depths even within 

the same regions [10,11]. Corrosion rates in seawater submerged steels may differ 

significantly with change in the following seawater parameters: seawater temperature, 

Dissolved Oxygen (DO) concentration, pH levels, salinity levels, flow velocity, and 

concentrations of various forms of amalgams/pollutants including Dissolved Inorganic 

Nitrogenous (DINs) compounds and sulphur containing compounds [12–14]. 

The seawater surface temperature across various global seawater reservoirs has 

been reported from -2OC near poles to approximately 35OC  near the equator [10,15]. 

As a result, there is a large difference in corrosion rates being experienced on offshore 

steel structures between seawaters in the colder regions and hotter regions [13,14,16–

18]. Evaluation of these variations in corrosion influencing environmental factors is 

significant for determining the rate of corrosion damage, predicted service life, failure 

frequencies, and periodicity/costs of maintenance management in offshore assets 

[17,19,20].   

Corrosion-induced damage is often measured as an average corrosion rate/loss 

[4,21–23], whereas in most of the ageing offshore structures exposed to corrosive 

environments, it is the regions of deepest corrosion damage that usually lead to a loss 

of integrity/containment or functional failures [24–28]. According to some of the 

previously conducted research studies the standard average corrosion method 

typically used for the quantification of average (uniform) corrosion rates may 

underestimate the corrosion damage [21,22,27]. Moreover, uniform corrosion loss 

calculated using conventional standard mass loss method is just not enough to predict 

risk of containment related failures occurring in offshore structures. It is the 

localised/pit corrosion that often lead such failures in offshore platforms. At times, the 

method typically used for the measurement of localised corrosion [29] become more 
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cumbersome, time-consuming, prone to errors and difficult to measure pit depths 

(manually or by optical microscopy) [21,29,30].  

In recent years, some researchers have quantified metal losses and associated 

uncertainties logically in terms of various statistical parameters (e.g., mean, median, 

standard deviation, cumulative probability distribution, etc.), to track the performance 

of metals exposed in different corrosive conditions [27,31–33]. However, selection of 

suitable statistical parameters for quantification of metal losses/damages depends on 

the type of required information, and the measurements that have been made [34,35].  

The dimensional metrology (DM) is a more accurate and a more reliable technique 

that has been applied in the recent years, for measuring corrosion depths on metals 

exposed to hot corrosion environment. It is based on pre- and post-exposure 

dimensional measurement for corrosion (uniform/localised) damage depths on 

samples, as a function of cumulative probabilities [36–38]. This paper quantifies 

corrosion losses on seawater exposed steel samples, using a DM technique integrated 

with an optical microscope and a digital image analyser. This corrosion measuring 

approach comprises physical dimensional metrology on the steel samples before and 

after their exposure in artificial seawater at 40 OC. Various statistical parameters were 

calculated using the data gathered that allow more interpretation of corrosion 

mechanism taking place in an artificial seawater solution. 

2 Experiments and methodology 
2.1 Experiments  
Prior to the corrosion test, the composition of steel samples (S-275) was examined 

using the Atomic Emission Spectroscopy (Q4 Tasman) and Energy Dispersive 

Spectroscopy (TESCAN VEGA3). Table 1 shows elemental compositions of the steel 

samples. 

Table 1 Elemental composition (wt. %) for steel samples used for laboratory based corrosion 

tests using artificial seawater 

Fe C Mn Si Al Mo 
Balance  0.1 0.34 0.13 0.3 0.2 

The corrosion tests were conducted in non-metallic tanks placed in a controlled 

laboratory environment for duration up to a maximum of 365 days. The corrosion tanks 
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were installed with a temperature controller, water circulation pump, filtration, and 

water level control system, to maintain the desired range of seawater quality, and flow 

velocity (as shown in Table 2). The seawater quality parameters were measured in the 

corrosion tank with the help of a multi-meter (HANNA–9128) throughout the duration 

of experiments, and desired seawater quality was maintained accordingly. Table 2 

shows artificial seawater specifications maintained throughout the corrosion tests.  

Table 2 Seawater quality parameters maintained during corrosion tests for an exposure 

duration of up to a maximum of 365 days 

Parameters Units Values 

Temperature  OC 40 ± 2 

DO  mg/l 3.4 ± 0.7 

pH  7.8 ± 0.2 

Conductivity  mS/cm 60 ± 3 

Salinity  parts per thousand 
(ppt) 

40 ± 2.6 

Velocity  m/s ~0.3 

In this research, the mean values of seawater temperature and salinity 

level/conductivity in the corrosion tank were maintained at 40OC and 40 ± 2.6 ppt 

(conductivity of 60 ± 3 mS/cm), respectively. The seawater salinity levels (of 40 ± 2.6 

ppt) were maintained in corrosion tanks by adding approximately 4 kgs of sea salt in 

100 litres of freshwater, which is equivalent to the maximum salinity levels in natural 

seawater of the Arabian Sea [22,39,40]. Although, similar corrosion experiments in 

artificial seawater medium at salinity levels of 40 ± 2.6 ppt were also conducted at 

different seawater temperatures, to estimate the influence of seawater temperature on 

the rate of uniform/localised corrosion, however, detailed deliberation of the same is 

beyond scope of this paper.  

Table 3 shows typical composition of sea salt (Peacock Salt U.K.) used to prepare 

artificial seawater solution (by mixing it with freshwater in the laboratories of Cranfield 

University U.K). 
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Table 3 Composition of sea salt used in preparation of artificial seawater (at a concentration 

of 4 % i.e., 40 ppt) 

Chemical compounds Percentage (%)  

NaCl 66.1 

MgSO4 16.3 

MgCl2 12.7 

CaCl2 3.3 

KCl 1.6 

The experimental samples of steel were cut into 100 mm x 50 mm x 3.5 mm blocks 

and their surfaces were ground to a finish of 600 UK grit, followed by cleaning in the 

deionised water/acetone prior exposing them in the tanks containing artificial 

seawater. The steel samples were recovered in duplicate after every exposure 

duration between 90 – 365 days. The post-exposure cleaning of steel samples was 

carried out mechanically and chemically, as per the ASTM standard G1-03 [41]. 

Finally, the post-corrosion samples were washed in an ultrasonic bath using deionised 

water and acetone, for complete removal of corrosion deposits from the surfaces of 

steel samples. 

2.2 Corrosion measurement approach 

In this paper, a dimensional metrology (DM) based method was used for (i) 

measurement of pre-exposed steel sample dimensions at pre-determined thickness 

positions, using a digital micrometer (ii) accurate measurement of the corrosion depths 

on post-corrosion samples with the help of a digital image analyser; integrated with an 

optical microscope. Initially, the pre-exposure contact metrology of sample dimensions 

was carried out using a Mitutoyo-293 micrometer having round/tapered tips (resolution 

of 1 µm, and an accuracy of 2 µm). The surfaces of rectangular plate-shaped steel 

samples were marked up (as shown in Figure 1), and their pre-exposure thicknesses 

were taken at and around every predetermined position, prior exposing them in 

artificial seawater solution. After the seawater exposure, thicknesses at the 

predetermined positions and their immediate vicinities were measured again on steel 

samples, using manual micrometry (where possible), and the DM-image analyser 

techniques.  
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Figure 1 Schematic of the pre-exposed pattern for measuring initial thicknesses of samples 

and for comparing with thicknesses/dimensions of corroded samples 

The DM-image analyser technique is primarily a destructive thickness loss 

measurement approach in which the sample cross-sections are prepared by cutting 

corroded samples into several parts (without missing the regions of maximum pit 

depths), followed by mounting them in a low shrinkage epoxy resin (ballatoni-filled), 

as shown in Figure 2. In this study, the cross-sections of post-exposed corroded steel 

samples were cut (using a precision saw fitted with a diamond cutting blade), as per 

the procedure given in BS ISO 26146 standard [42], and prepared cross-sections were 

mounted in circular flat-based jigs using epoxy resin. An abrasive cutting machine 

(Brilliant 220) was used for sample cutting, followed by the grinding/polishing using 

240, 600 and 1200 UK grit size sand papers. Final polishing was carried out with 6-

micron and 1-micron sheets, lubricated with respective diamond particle lubricants. 
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Figure 2 Grinding and polishing of mounts (using SAPHIR 550) to prepare cross-sections of 

corroded steel samples, for measurement of corrosion depths under DM- image analyser 

technique  

A digital image analyser (integrated with an optical microscope) was used for post-

exposure dimensional metrology on the prepared cross-sections, as shown in Figure 

3. The software ‘Axiovision’ was used to acquire images around entire periphery of the 

mounted cross-sections. An excel spreadsheet was then used to calculate thickness 

loss data, from the difference in the surface position on steel samples before and after 

their exposure to the seawater. The digital image analyser was connected to the 

optical microscope via a lens (magnification 20X) and a high-resolution digital camera. 

The system also includes a computer-controlled motorised x-y stage with a positioning 

accuracy of ±1 μm. On the steel samples used in this research, the image analyser 

was set to calculate the x-y coordinates of 60 equally spaced measurement positions 

around the cross-sections. These measured x-y coordinates were transferred to a 

bespoke spreadsheet and combined with the pre-exposure dimensional 

measurements of the samples, to determine the metal loss in series of steps. 

prepared cross-sections in moulds cross-sections grinding/polishing  
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Figure 3 Digital image analyser and optical microscope arrangement used for thickness loss 

measurements (using DM-image analyser) at Cranfield University U.K. 

Figure 4 shows a typical profile of a pre- and post-exposure steel sample using a 

special excel spreadsheet. The x and y coordinates of each point on post-corrosion 

steel samples (shown by yellow lines with triangles) indicate the dimensions of the 

remaining thickness profile of an originally rectangular steel sample (shown by red 

dotted lines). The corrosion depths experienced by steel samples are calculated by 

taking the differences between the two datasets using a bespoke excel spreadsheet. 

 
Figure 4 Typical surface positions of a pre-exposed rectangular steel sample (reference) and 

a corroded steel cross-section, shown on the special excel spreadsheet developed for DM-

image-analyser technique 
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As a finite number of thickness measurements have been taken on each cross-

section, the data can be presented in terms of its cumulative probability of a certain 

damage level being exceeded (expressed as a percentage (%) or a standard deviation 

(SD). The calculated metal loss values at various positions are ranked in the order of 

their magnitude and then the cumulative probability is determined using following 

equation. 

Cumulative probability (%) = 𝑛𝑛
𝑁𝑁+1

 x 100 (1) 

Where ‘n’ indicates rank number and ‘N’ is the total number of points. 

Thus, the distribution of metal losses can be calculated as a function of their 

cumulative probabilities. Here, the edges of steel samples may also not represent 

actual corrosion losses of larger faces, and they may mislead the actual corrosion loss 

or measurement errors. Therefore, these regions around edges and sample holding 

holes have been avoided during the preparation of samples, as well as during the 

thickness loss measurements. Figure 5 shows a pictorial view of the cross-sections of 

corroded steel samples, prepared in resin-filled moulds. 

 
Figure 5 Post-corrosion steel samples prepared for corrosion thickness loss measurements 
using DM-image analyser approach 

25 mm 

Post exposure cross-sections of steel samples 
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In addition to the DM-image analyser approach, the corrosion losses were also 

calculated using the typical average mass/weight loss method [21] and compared its 

results with those quantified using DM-image analyser approach.  

Overall, the DM-image analyser technique is a more specialised/detailed corrosion 

measuring approach that provides more thickness loss points and enables 

quantification of exposed or internal corrosion depths with greater point density in a 

specific location. The DM-image analyser technique by virtue of the integral optical 

microscope (20 x lens magnification) can show a magnified view of the complex, 

localised corrosion defects and enables their accurate measurement.  

On the other hand, the DM technique has its own limitations, as it is specialised and 

relatively complex method involving specialised tools and an intensive excel 

formulation, therefore, it requires adequate operator training to use state of the art 

equipment. Secondly, prepared cross-sections in the DM-image analyser technique 

are only a part of comparatively large corroded coupons, hence it is possible that they 

may not reflect the entire profile of corrosion losses when selected cross-section 

regions are not appropriate. Therefore, variations in measured corrosion depths and 

mean corrosion losses are also dependent on the qualitative selection of post-

corroded coupons to be viewed and measured under optical microscope/image 

analyser of DM technique. 

3 Results 
Figure 6 and Figure 7 show corrosion depths (on either side/face of the sample plate), 

as a function of cumulative probability (%) and cumulative normal probability (SD) and 

calculated using DM-image analyser method. The datasets after long exposure 

durations (of up to 365 days) show significant metal losses at lower levels of probability 

with relatively steep gradients, whereas relatively lesser metal losses and lower 

gradients were observed at short exposure durations (up to initial 150 days). The 

higher gradients indicate localised corrosion losses and uneven distributions of 

damage. Here, in Figure 6 and Figure 7, [(thickness change) * (-1) = corrosion loss]. 
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Figure 6 Cumulative probability (%) of corrosion loss data calculated for steel samples using 

DM-image analyser approach. The legends indicate ‘sample name/exposure duration’ 

 
Figure 7 Cumulative normal probability (SD) of corrosion loss data calculated for steel 
samples using the DM-image analyser approach 

These plots (in Figure 6 and Figure 7) illustrate that both the corrosion depths have 

increased gradually with increase in the duration of exposure. The maximum corrosion 
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depths between 0.9 -1.2 mm were noticed after 356 - 365 exposure days. Further, 

using the metal loss data in Figure 6, the statistical parameters of median, mean, and 

maximum corrosion depth have been compared for each exposure duration in Figure 

8. These corrosion trends have shown that the mean corrosion loss values (measured 

using dimensional metrology) increased steadily with an increase in the exposure 

duration except on samples collected after 365 days, where relatively lower mean 

corrosion losses were observed because of smaller but deeper anodic regions.  

 
Figure 8 Maximum corrosion depths, median corrosion loss and mean corrosion loss 

parameters recorded on corroded steel samples, using DM-image analyser technique 

Figure 9 and Figure 10 compare the total mean corrosion losses and the maximum 

corrosion depths calculated by adding respective corrosion depths observed on either 

surface of steel samples (i.e., by adding corrosion depths on side A and side B in 

Figure 4). Here, the mean corrosion losses were calculated using both DM-image 

analyser and standard mass loss methods, whereas the maximum depths (in Figure 

10) have been calculated with the help of DM-image analyser and micrometry 

(manually) methods. 
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Figure 9 Comparison of total mean corrosion losses calculated using DM-image analyser and 

standard mass loss methods 

 
Figure 10 Comparison of maximum corrosion depths (by adding depths on corresponding 

surfaces of steel plates) and calculated using DM-image analyser and micrometry methods 
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4 Discussion 
This research encompasses measurement of corrosion depths on steel samples 

exposed to the artificial seawater primarily by using DM-image analyser technique. 

This measurement technique provided more refined and quality data than was 

possible with the traditional standard mass loss approaches used in research studies 

conducted previously. Principally, the cumulative probability (%) and the cumulative 

normal probability (SD) graphs generated (in Figure 6 and Figure 7) using the DM-

image analyser approach can be further analysed to provide several statistical 

parameters, as a function of total exposure period and corrosion influencing 

environmental factors (see Figure 8-9). These statistical parameters for corrosion loss 

data (uniform/ localised corrosion) can be instrumental in formulating corrosion 

prediction modelling, remaining useful life estimation and reliability-based 

inspection/maintenance plans for offshore structures. 

The DM-image analyser technique comprises a detailed process that provides more 

points of thickness loss data on a single steel plate (against each exposure period) 

than the single-point average corrosion rate/loss (calculated using standard mass loss 

approach see Figure 8). The DM approach has enabled quantification of corrosion 

depths as well as greater data point density in a specific location. For the same 

corroded steel samples at each exposure duration,  the mean (uniform) corrosion 

losses measured with the DM-image analyser method are significantly higher (almost 

double after around 200 - 365 exposure days, as shown in Figure 9) than the uniform 

corrosion losses calculated for similar exposure durations using the standard mass 

loss approach. These results imply that the mean corrosion depths quantified using 

DM-image analyser approach is a more logical parameter to determine the regions of 

localised corrosion losses on offshore steel structures; susceptible for loss of 

containment [22,43–45]  

On the other hand, the average corrosion losses calculated (in Figure 9) using the 

standard mass loss method is purely based on the total weight loss as a function of 

exposure duration. Therefore, it does not account significantly for the risks of structural 

failures associated to loss of structural integrity, containment, and/or indication of the 

regions of highest corrosion loss, which are crucial factors for estimation of safety and 

reliability of the offshore platforms [46,47]. 
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During corrosion tests, after a steady start of the corrosion process, a considerable 

increase in the uniform corrosion losses and maximum damage depths (as shown in 

Figures 6-9) was observed after around 150 - 200 days that resulted in thick corrosion 

layer formation in anodic regions of the steel samples. This rapid corrosion trend on 

offshore steels during extended durations has previously been reported by several 

researchers, primarily because of the active involvement of microbiological factors 

[13,26,48]. Overall, the mean corrosion losses recorded during this research (in Figure 

9) were found to be comparable to those corrosion results recorded previously for 

similar steels exposed in the Arabian Sea conditions [22]. 

Figure 10 shows that for most of the exposure durations, the maximum corrosion depth 

values measured with the help of DM-image analyser method are relatively higher 

than those measured using the DM-micrometry. Few of the possible reasons for these 

variations can be (i) limitations of the digital micrometer in reaching narrow and 

intricate pits on the surfaces of corroded samples, which can be measured accurately 

with the help of DM-image analyser (ii) a total error of ± 5 microns associated with the 

micrometry approach. 

Typically, in absence of biological factors, pollutants and nutrients in seawater, the 

corrosion losses in steels tend to decrease with the increase in the duration of 

exposure [49–52]. However, in this research where corrosion tests were conducted in 

an uncovered tank, it is very much possible that retention of the sterile conditions 

throughout these prolonged durations (up to 365 days at 40OC seawater temperature) 

may have been compromised possibly because of the addition of airborne/waterborne 

microbial aerosols in seawater from surrounding environment. Unfortunately, some 

waterborne microbes (pseudomonas/legionella) were observed in a wave tank 

(containing freshwater) located at 2 meters from the corrosion testing setup used in 

this research. Further, investigation of the corrosion deposits with the help of analytical 

tools, and characterisation of microbiological agents during the prolonged artificial 

seawater exposures is beyond the scope of this paper. 

5 Conclusion  
This paper investigated the corrosion behaviour of a low carbon steel exposed to 

artificial seawater at 40OC, for exposure duration up to a maximum of 365 days. The 

corrosion depths on experimental steel samples were quantified using a special DM-
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image analyser technique, comprised of pre-exposure contact metrology and post-

exposure metrology using image analyser/optical microscopy.  

• By the end of the exposure duration of up to a maximum of 365 days, the 

maximum corrosion depths and mean of corrosion losses recorded on each side of 

the steel coupons (measured using DM-image analyser method) ranged between 0.9 

– 1.2 mm and 0.3 – 0.4 mm, respectively. Likewise, the total mean corrosion losses 

and maximum depths measured by adding corrosion depths on both surfaces of steel 

samples (DM-image analyser) ranged between 0.7 – 0.8 mm and 1.5 –1.6 mm, 

respectively. On the other hand, the mean corrosion losses on these steel samples 

when measured using the standard mass loss method ranged between 0.4 – 0.45 

mm. 

• The mean corrosion losses calculated using the DM-image analyser method 

were significantly higher than those measured using the standard mass loss method. 

It is mainly because of the reason that the former mean corrosion loss parameter is 

a direct function of maximum corrosion depths which increased significantly 

particularly after initial 150 exposure days.  

• The cumulative probability distributions (percentage and standard deviation) for 

corrosion loss parameter provided highly valuable information (including 

mean/median and maximum depth profile), and greater inside about the corrosion 

process taken place on structural steel samples, as function of exposure 

environment, elemental compositions in steel and duration of seawater exposure. 

• Overall, these corrosion losses observed within just 365 seawater exposure days are 

significantly high but comparable to those corrosion losses previously recorded for 

similar steels exposed in the Arabian Sea.  

• For further research, this DM-image analyser technique and the statistical 

parameters used for measurement of the corrosion losses on steel samples 

submerged in artificial seawater medium can provide instrumental information/data 

for developing prediction models for corrosion (uniform/localised), estimation of 

service life and inspection/maintenance intervals for offshore structures. 
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