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ABSTRACT 
 

Predicting the extent of coating wear-and-tear on metal structures is significant 
in the oil and gas industry, as equipment failure can seriously hinder the operation 
and profitability. Coatings and sealers are commonly used for stability and 
protection against degradation in materials. To assist degradation monitoring and 
control, coating performance must be accurately evaluated. Many approaches are 
available for the measurement of coating performance, but each of these has its 
inherent advantages and drawbacks. However, none of these techniques is able to 
characterize the coating as well as the material it is protecting. This work 
investigates the use of laser ablation technology, not only to characterize the 
coatings and materials, but also to evaluate the level of wear in protective coatings 
following inclement environmental conditions such as intense solar irradiation, 
excessive humidity and sand blizzards. Specially coated metal samples were 
prepared for investigation. Samples were exposed to stringent weather conditions 
and the level of damage to the coating was evaluated using the laser ablation 
technique. The penetration of the laser through the protective coating across a 
sample surface was used to determine the quality of the coating over an area. If the 
coating was completely worn away at certain points, the approach detects the 
varying composition of the substrate. Any serious physical or chemical change in 
the coating composition due to solar energy, thermal conditions or chemical 
abrasion from acid rain (for example) is expected to alter the penetration depth - 
compared to a control sample subject to identical irradiation conditions. This is 
automatically reflected as a dramatic change in the accumulated spectra. As a result, 
change in stability due to environmental exposure could be predicted. The laser 
itself is attached to a high resolution ICP-MS instrument, and irradiations were 
conducted with a 213-nm beam of 30% total energy and 55 µm diameter. Following 
depth profiling, the laser ‘drilled’ through the coating and the time taken to reach the 
substrate was recorded. The process was measured as a function of time, so the time 
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it takes to reach the substrate is the time recorded from commencement of 
irradiation to the moment the substrate spectrum appears. If the coating undergoes 
deterioration or damage, less time is taken to reach the substrate. In this way the 
level of coating damage can be assessed. Valid considerations were given to 
potential interferences and matrix effects. Prior to each run, the instrument 
underwent appropriate calibration and correction for background. The study was 
largely semi-quantitative in the absence of standardization, and for purposes of 
comparison, all measurements were conducted as a function of real time. Signal 
intensities were compared with well regulated control samples and appropriate 
spectra were generated to observe fluctuations in characteristic substrate intensity. 
The technique can provide both spatial and depth information. Spatial studies can 
reveal unevenness of the coating by measuring the composition of the coating itself 
at different points on the surface. Depth profiling has the potential of providing 
information on the homogeneity of the coating below the surface. Thus detailed 
analysis of different spots on the sample could provide essential clues to the 
mechanism of coating (or sealant) abrasion and erosion. The study holds 
tremendous promise for evaluating coating failures due to environmental 
degradation; and is of definite interest to both environmentalists and material 
scientists. The impact of our research is discussed. 

Key Words : Surface coatings, Lases-ablation technology, Degradation, 
Environmental conditions. 

 
INTRODUCTION 

Most protective surface coatings–such as 
mastics or epoxies-contain plural 
components with metallic pigments and other 
trace elements. As stated above the laser 
ablation technique1-4 has the property of 
penetrating the protective coating. This is 
called depth profiling and such depth 
analysis can be studied horizontally and 
vertically across a sample surface. If the 
coating is completely worn away at certain 
points, the technique will detect the 
composition of the substrate. A study of such 
coats with this technique is equivalent to 
analysis of a thin film on a substrate. In our 
case the substrate was a metal, steel or 
aluminium. Our laser facility uses UV-
radiation, and from such irradiation it would 
be possible to predict coating failure by 
accumulating a relevant spectrum of a 
control sample (undegraded sample) 
measured as a function of time - and 
comparing   it   with   spectra   of   degraded  

samples. If the coating undergoes 
deterioration or damage, less time is taken to 
reach the substrate. In this way the level of 
coating damage can be assessed.   Any 
significant variation in the physical or 
chemical stability of the coat would 
dramatically alter this time-spectrum. The 
altered spectra are relative to that of the 
undegraded material, so absolute 
standardization of the technique is 
unnecessary. A laser ablation study of this 
nature, therefore, could provide an insight 
into the metamorphosis of surface coats, and 
thus prompts damage control measures. It is 
possible that due to the relatively high 
thermal conductivities of some substrates 
breakdown of the sample coat could take 
place from within. Analysis as a function of 
depth could provide information of a 
breakdown below the surface of the coating. 
Such a breakdown could be due to 
transmission of excessive heat from the 
bottom of the coating (touching the 
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substrate) outwards to the coating surface. 
This could lead to more internal than surface 
damage. Such internal damage could occur 
uniformly or intermittently, at “hot-spots.” 
The laser ablation technique could detect 
such internal damage and prompt 
remediation. The study could lead to several 
ramifications. For example, samples could be 
coated with different thicknesses and the 
mechanism of such “hot-spots” could be 
investigated. To take it further, the coating 
itself could be impregnated with a chemical 
component to prevent excessive heat build-
up. Our work could have a significant impact 
on materials science and environmental 
research. 

MATERIAL AND METHODS 
Sample treatment 

Regular protective surface coatings were 
applied to standard aluminium and steel 
plates. Care was taken to ensure that each 
coating was even and of uniform thickness. 
The coated metal plates were then placed in 
the open air for a period of 2-3 months, and 
subjected to varying weather conditions, 

including intense solar radiation, sand 
blizzards, acid rain and excessive humidity. 
Some samples were immersed in sea water 
and ‘acid-rain’ solution5 (pH = 5.5) for the 
same period. Each coated sample was 
inspected at regular intervals to visually 
monitor the extent of coating damage. The 
open-air samples showed varying degrees of 
degradation, depending on the inclemency of 
weather conditions. It was found that 
coatings on the steel samples displayed more 
damage than the aluminium-coated samples. 
Fig. 1 and Fig. 2 show images of the level of 
degradation induced by environmental 
conditions on some steel samples. Clearly, 
the images indicate that the damage could be 
quite extensive in some cases. Fig. 1 depicts 
degradation moving inwards from the top 
edge, with the remainder of the sample 
seemingly intact; whereas Fig. 2 displays 
deterioration around all four edges. The merit 
of the laser ablation technique is the ability 
to predict the onset of damage by monitoring 
the gradual thinning of the coating. Control 
samples, prepared in identical fashion, were 
kept in a closed container indoors in an 
appropriate ambient environment. 

 
Fig. 1 : Coated steel sample showing degradation at the top edge.  

The coating in the centre seems intact 
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 ICP-MS laser ablation technology6 

 Laser ablation technology (coupled to 
ICP-MS) uses a micro-beam to ablate 
samples in a special sample chamber. The 
fine ablated material is transported to a hot 
plasma where it is atomized and converted to 
ions (characteristic of the elements of the 
sample), which are subsequently carried to a 
mass spectrometer for detection.  The 
technique is highly sensitive and can attain a 
limit of detection of 10-12 mg/kg (parts per 
trillion) for most elements. Laser ablation 
technology is capable of depth and surface 
analysis, displays the elemental intensities in 
proportion to their concentrations, and 
produces an elemental profile. Most 
protective surface coatings – such as mastics 
or epoxies - contain plural components with 
metallic pigments and other trace elements. 
A study of such coats with this technique is 
equivalent to analysis of a thin film on a 
substrate. 

Samples were investigated with a Perkin 
Elmer SCIEX DRC-e ICP-MS fitted with a 

New Wave UP-213 laser ablation system. 
The coated-metals were placed in a special 
sample holder with dimensions 5 cm x 5 cm. 
No serious pre-treatment was necessary prior 
to irradiation. Samples were subjected to 
213-nm laser irradiation along a linear path - 
each point separated by a distance of about 
4-5 mm. The level of the beam energy was 
30%, with a beam diameter of 55 um. The 
laser was programmed to continuously ablate 
successive depths of 1 µm at each point and 
‘drilled’ through the coating till the substrate 
was reached. Time-related spectra were 
recorded for each measurement.  Control 
samples were irradiated under identical 
conditions. 
Spectral analysis 

Characteristic intensities originating 
from the substrates of interest were 
measured; and valid considerations were 
given to potential interferences and matrix 
effects. Prior to each run, the instrument 
underwent appropriate calibration and 
correction for background6. The study was 

 
Fig. 2 : Coated steel sample showing advanced deterioration around all the edges. 
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largely semi-quantitative in the absence of 
standardization, and for purposes of 
comparison, all measurements were 
conducted as a function of real time.  
Following depth profiling, the laser 
penetrated the coating and an appropriate 
time-spectrum was recorded. If the coating 
underwent deterioration or damage, less time 
was taken to reach the substrate, compared to 
the control. In this way the level of coating 
performance was evaluated. Valid 
considerations were given to potential 
interferences and matrix effects.  Signal 
intensities were compared with well 
regulated control samples and appropriate 
spectra were generated to observe 
fluctuations in characteristic substrate 
intensity. Fig. 3 represents a typical control 
sample. As shown the time taken to reach the 
substrate was roughly 5 minutes (300 
seconds). A sample with coating failure will 
take less time.   

RESULTS AND DISCUSSION 
Environmental degradation 

Environmental damage of metal coatings 
can occur in several ways7. In hot regions 
such damage occurs as a result of intense 
solar radiation. Thermally-resistant and UV-
resistant protective coatings would be ideal 
in such cases, but the overall performance of 
the coating depends on other factors, such as 
the intensity of sand storms, the abrasive 
nature of acid rain and moisture in the air – 
especially sea-air which could contain 
dissolved chemicals. As depicted in Fig. 1 
and Fig. 2, coating failure can be spotted at a 
glance, in some cases. If the coating is 
completely worn away at certain points, the 
laser technique will detect the composition of 
the substrate. Complete degradation of this 
nature is represented by the spectrum in  
Fig. 4, where the substrate intensity appears 
immediately after irradiation with no time 
lapse – thus indicating that the coating was 
completely eroded. It is difficult to say 

whether such damage arose from the outside 
and consumed the coating material until the 
substrate was reached; or if the failure started 
from within (due to thermal conduction, for 
example) and thinned the coating from the 
inside upwards to the surface. Laser ablation 
depth-profiling technology is perhaps the 
only technique that can predict and pre-empt 
invasive coating failure by monitoring 
internal weakening - where internal damage 
to the coating takes place, whilst the surface 
remains intact. Sub-surface coating 
instability proceeds invisibly in most cases, 
and it would certainly be a considerable 
advantage to be able to detect the onset of 
such damage and deploy remedial measures.  
Depth profiling – coated steel samples 

As aforementioned, depth profiling is 
useful to investigate instability immediately 
beneath the coating surface.   Such profiling 
and depth analysis can be studied 
horizontally and vertically across a sample 
surface. Any serious deterioration in the 
coating composition due to harsh weather 
conditions alters the penetration depth. This 
is expected to be automatically reflected in 
the time-spectrum. As a result, change in 
coating stability could be predicted, after the 
sample is subject to a severe environmental 
impact. 

An example of breakdown beneath the 
coating surface is displayed in Fig. 5. In  
Fig. 5 the time taken to reach the substrate 
was about 100 seconds and demonstrates 
progressive sub-surface deterioration, which 
could reach a state of advanced instability 
and expose the substrate if remedial 
measures are not taken. The advantage of the 
laser technique is that is possesses the 
capability of locating points below the 
surface where the coating has weakened, and 
thus alerting the need for damage control. 
Such damage control could be cost-effective 
by simply applying a more robust layer of 
protective coating, rather than replacing the 
metal itself.  
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The mechanism of sub-surface coating 

abrasion or erosion is underexplored for the 
simple reason that there is currently no 
existing technique (apart from laser ablation) 
that can adequately monitor it. It is not clear 
why undersurface damage does take place, 
but one possible explanation for such 
damage is intense heating at the coating-
metal interface. This heat is transferred to the 
underside of the coating, which results in 
consequential instability. A notable feature 
of the coated steel surfaces was that 
seemingly intact points close to the edges of 

the sample, where corrosion set in (Fig. 1 
and Fig. 2), tended to result in more sub-
surface damage than at points where 
corrosion was lacking. This suggests that 
corrosion contributes significantly to sub-
surface degradation by weakening the 
coating internally (as well as externally). 
Depth profiling – coated aluminium 
samples 

The coated aluminium samples displayed 
less deterioration in general than the steel 
samples, probably because the rates of 
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Fig. 3 : Time-spectrum of coated control steel sample. The time taken to reach the substrate is 

roughly 300 seconds.  
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Fig. 4 : Time-spectrum of coated control steel sample displaying a completely degraded area on the 

sample. This is clear from the time taken to reach the substrate, which is about 2 seconds. 
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corrosion differ in these two metals. The 
aluminium control spectrum is not shown, 
but the time lapse recorded to strike the 
substrate in the control sample was similar to 
that of the steel control, Fig 1. Fig. 6 reflects 
the typical level of coating damage in one of 
our aluminium samples. The time taken to 
reach the substrate was roughly 100 seconds, 
signaling the early onset of damage. 
Compared to steel, thermal conduction 
differs in aluminum, which is another factor 
that could explain the improved performance  

of the coated-aluminium samples. Bear in 
mind that a modicum of damage to these 
samples also arises from the impact of 
unfriendly environmental contaminants, such 
as air pollutants, abrasive chemicals and acid 
rain. It must be understood though that in 
both the cases of steel and aluminium, 
corrosion of the metal is a direct result of 
exposure to the environment, but indirectly 
contributes to sub-surface coating damage in 
a mechanism which is not entirely clear. 
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Fig. 5 : Time-spectrum of a coated steel sample where the protective coating is weakening. This is 

evident from the shorter time taken for the laser to reach the substrate-about 100 seconds. 
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Fig. 6 : Time-spectrum of weaking surface coating on an aluminium sample This is due to the 

diminished time taken compared to the control, which was similar to that of Fig. 1. 
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Sea-water and ‘acid-rain’ degradation 

The most extensive damage to coatings 
was encountered in those samples immersed 
in sea water. Sea water is a corrosive 
medium and in the cases we studied the 
coatings literally peeled off exposing the 
substrate in most places. Our technique, 
therefore, would be most useful for 
predicting the onset of sea-water degradation 
in off-shore oil rigs. This would evidently 
necessitate special sampling procedures 
where thin slivers of the coated metal are 
deftly excised from the underwater metal 
structures. Fig. 7 depicts a time-spectrum of 
a sea-water-damaged steel coating. It is clear 
that the damage is extensive from the 
recorded time of <2 seconds.  The aluminium 
coated sample - and those immersed in acid 
solution of pH 5.5 - displayed similar 
features.   

CONCLUSION 
High resolution laser technology has the 

capability of predicting internal damage to 
protective coatings on metal surfaces, 
resulting from environmental degradation. 
Such predictions could be highly useful to 
prompt damage control, thereby saving 

immense costs of replacing the metal itself. 
Our study could lead to a more advanced 
theory on the mechanism of subsurface 
coating.  It appears that sub-surface coating 
weaknesses would depend on several factors 
such as the inclemency of the environmental 
conditions, nature of the metal and its 
predilection for corrosion. Presumably such 
damage would be linked to all these factors, 
but it is not clear at this stage exactly what 
role each factor plays. There were significant 
differences in coating performance between 
steel- and aluminium-coated samples. Sea-
water (and ‘acid-rain’) degradation revealed 
extensive deterioration, and lends itself to an 
extended study. It would definitely be useful 
to implement laser technology more widely 
for such purposes and future work would 
involve the effect of different types of 
coatings and the impact of coating thickness 
as a function of time. 
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Fig. 7 : Degradation of a coated steel sample by sea-water. The coating was completely worn away 

as shown by the immediate accumulation of the time-spectrum. 
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