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Abstract. Atmospheric corrosion progression characterisation on metal substrates
is a major problem in the field of corrosion science and Non-destructive Evaluation
(NDE). A laser profilometry has been used to characterise the corrosion on the mild
steel plate at a low cost and high resolution. Four mild steel samples have been
measured which exposed to the marine environment from 1 month to 10 months.
Two features have been developed to characterise thickness variation in the
corrosion layer. These features have been used to characterise corrosion progression
through experimental studies. The relationship between these features and corrosion
progression has been derived which is useful for corrosion progression measurement,
early-stage corrosion prediction, and monitoring areas.
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1. Introduction

Due to its relatively low cost, mechanical strength and ease of manufacture, mild
steel is the preferred metal for use in many applications. Its main disadvantage is that it
corrodes easily unless adequately protected, and then rapidly loses strength, which will
lead to structural failure. Corrosion is the deterioration in material properties due to
interaction with the environment [1] and materials which corrode including metals and
alloys, non-metals, woods, ceramics, plastics, and composites [2]. Recent studies have
estimated that the direct cost of corrosion is between 3% and 4% of the gross domestic
product (GDP) in every country [3]. To improve the reliability of these steel components,
various non-destructive testing and evaluation (NDT&E) methods have been adopted to
detect corrosion without affecting their future performance [4-7], each of which has
different capabilities.

The early stages of corrosion should be detected and evaluated, which is important
in understanding the progression of corrosion, corrosion protection, lifetime extension,
and condition-based maintenance. However, most studies of atmospheric corrosion using
mass loss methods are used for long-term corrosion measurement and analysis.
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Otherwise, electrochemical techniques are usually applied in laboratory investigations to
understand corrosion mechanisms [8].

NDT&E is a well-established manual testing and evaluation technique which
focuses on the detection and characterisation of corrosion in steel. It has been extended
to metal with corrosion. For example, acoustic emission has been used to locate pitting
in steel plates [9], ultrasonic [10] and radiography [11] have been adopted to acquire and
analyse images to detect corrosion, and fibre optics have been employed for the corrosion
monitoring of steel in reinforced concrete [12]. Laser profilometry can provide real-time
data concerning the health and operational conditions of steel components. Real
corrosion is more complex, within the corrosion layer, the thickness, electrical
conductivity, and magnetic permeability are changed [13], rather than being metal loss.
In this paper, the thickness variation measured using laser profilometry is also used to
characterise corrosion progression over exposure time.

The rest of the paper is organized as follows. Firstly, the corrosion sample design is
introduced in Section II. Experimental set-up is described and feature extraction is
introduced in Section III. Then, steel corrosion with different exposure times is
characterised using laser profilometry in Section IV. Finally, conclusions are outlined in
Section V.

2. Sample setup

A set of corrosion progression samples has been created to investigate the
capabilities of the proposed system to differentiate between different exposure times.
These samples are created by exposing S275 steel plates to marine atmospheric
conditions for different lengths of time, as shown in Figure 1, giving more realistic results.
Details of these samples used in experimental work are shown in Figure 3. This set of
samples provides corrosion occurring after different exposure times, which are known
as corrosion progression.
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Figure 1. Sample preparation in an outdoor environment.

These samples were created by exposing a small 30 mm x 30 mm section of the
plates to the atmosphere for 1, 3, 6, and 10 months. The differences between the stages
of corrosion are evaluated to understand the progression of corrosion. Moreover, the
proportions of the constituents of corrosion change over time and this has a slight effect
on composition [14]. The volume of corroded metal will change because iron oxides and
hydroxides have different densities. Therefore, to identify the differences among these
corrosion progressions, a laser profilometry experimental system has been adopted to
evaluate corrosion progression.

Laser profilometry measurements link physical property variations in steel samples
to evaluate present corrosion in the material: corrosion causes a change in the
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components of steel material to iron oxides leading to an increase or decrease in thickness
of the sample for different exposure times.

3. Evaluation of corrosion progression

To evaluate the variance in the corrosion layer with different exposure time, these
samples were then measured using laser profilometry. The thickness of these steel
samples is about 3 mm, with sample (a) exposed for 1 month, sample (b) for 3 months,
sample (c) for 6 months, and sample (d) for 10 months. Figure 3 shows photographs of
typically corroded steel samples, showing that there is a slight increase in the thickness
of the corroded area.

As shown in Figure 4, the line scans with laser profilometry for different corrosion
stages results in variations in corrosion layer thickness. The lateral resolution of this
machine is approximately 1 pm, which is depended on the size of the focused laser beam,
and the resolution of the Z-axis is about 0.01 um.
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Figure 2. Line scanning position for corrosion measurement.
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Figure 3. Photographs of corrosion with exposure times of 1, 3, 6 and 10 months.

4. Results

As shown in Figure 2, the line scans with laser profilometer for different corrosion
stages results in variations in corrosion layer thickness. The surface measurements of
corrosion samples were scanned with a laser profilometer. It is developed by the German
UBM. The lateral resolution of this machine is approximately 1 um, which is depended
on the size of the focused laser beam, and the resolution of Z-axis is about 0.01 pm. A
length of 50 mm line was scanned for each sample. This standard method is used for the
purpose of characterising the microstructure of the four samples employed in this study.
The software provided by UBM was used to calculate several parameters. The
measurement results are shown in Figure 4.

It is possible to conduct non-contact and non-destructive measurements of corrosion
areas with laser profilometry. The scanning length is 50 mm, which is larger than the
corrosion area. Hence, the average height is employed to denote the variance of the
corrosion layer thickness for each corrosion progression. The measured average heights
of corrosion for 1, 3, 6 and 10 months are 43.86 um, 71.72 pm, 79.09 um, and 70.99 pm
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respectively. From 1 month to 6 months, the height has a positive relationship with
exposure time. However, the corrosion height after 10 months shows a decrease than
compared to 6 months. This is due to the nature of corrosion [15]. After 6 months
exposure corrosion is spreading rather than increasing in height. Besides, the rust layer
of corrosion begins to loosen and flake off. It results in the height of the 10 months
corrosion sample are lower than those of 3 and 6 months. Moreover, the corrosion layer
begins to decrease in mass after 6 months.
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Figure 4. The surface profile of corrosion samples with different exposure times.

Because the thickness of the corrosion layer d =d, +d,, d, isthe corrosion height,

d, is corrosion depth (as shown in Figure 5). The corrosion height cannot integrally

represent variance in the corrosion layer’s thickness over exposure time. Furthermore,
after 6 months of exposure time, the corrosion layer is going to expand. Therefore, for

better understanding, the roughness value is used.
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Figure 5. Model of steel and steel with corrosion.

A roughness value can be calculated either on a profile or on a surface. Many
different profile parameters can be used. Roughness average Ra is more commonly

used among these profile parameters and can be calculated using equation 1:

1 n
R, =—2 v M

i=1
where yi is the vertical distance from the mean line. For better comparison, values of
Ra are also calculated for an un-corroded steel plate. The results of the measurements

of corrosion stages show that as exposure time extends from 1 month to 6 months, the
thickness of the corrosion layer increases. From 6 to 10 months, the thickness of the
corrosion layer increases more slowly, and then even decreases due to the loss of metal.

Table 1. R, for corrosion progression over exposure time

(0 month 1 month 3 months 6 months 10 months
14.21 17.44 19.22 26.49 28.55

Table 2. Measured values for various corrosion specimens.

xposure time No 1 month 3 months 6 months 10 months
pParamet corrosion
Surface Roughness 14.210 17.440 19.220 26.490 28.550
(um)
Conductivity 0 0.025 0.034 0.052 0.056

PV(ABnorm) (a.u.)

Permeability 0 -0.325 -0.422 -0.713 -0.850
Max(AB) (a.u.)

These results from laser profilometry are shown in Table 1. Results from pulsed
eddy current (PEC) [15] are shown in Table 2. The correlation coefficient of surface

roughness average Ra and electrical conductivity from the PEC results is 94.70% =+

1.50%. Moreover, the magnetic permeability and surface roughness average Ra is

90.39% = 1.60%. The results of the measurements of corrosion stages show that as
exposure time extends from 1 month to 6 months, the thickness of the corrosion layer
increases. From 6 to 10 months, the thickness of the corrosion layer increases more
slowly, and then even decreases due to the loss of metal.



H. Zhang and R. Wu / An Investigation of Corrosion Progression Using Laser Profilometry 171

However, laser profilometry has some advantages, due to the fact that the laser can
be used without contacting the corrosion layer. Therefore variation in corrosion depth
with exposure time can be evaluated in detail with real-time. Meanwhile, these results
suggest that electrical conductivity and magnetic permeability are monotonically
increasing with increased thickness of the corrosion layer over exposure time.

5. Conclusions

In this paper, laser profilometry has been employed to study the atmospheric
corrosion progression over exposure time to determine variations in the physical
properties of the corrosion layer. The laser profilometry is sensitive to thickness
variations. It has advantage in non-contact and high resolution. Therefore, corrosion
progression on mild steel can be characterised in terms of thickness. Taken together these
results provide important insight into the physical change of corrosion layer over
different exposure time. These results indicate an association between the properties of
corrosion and corrosion progression. However, this work has some limitations, due to
the fact that the laser cannot penetrate into the corrosion layer. Therefore variation in
corrosion depth with exposure time is not evaluated in detail. In the further study,
variations in the corrosion layer are investigated using microwave.
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