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Abstract 
 
Generalized corrosion is a fundamental problem for asset integrity management in 
Europe, especially where ageing infrastructure is dominant. Corrosion monitoring in 
these cases becomes an essential chapter of the industrial inspection processes – 
particularly in inspection of pipework and vessels. In many industries pipeline failures 
are associated with high costs, risk of injury or severe environmental consequences. 
Such inspections therefore, must be accurately performed and comply with industrial 
non-destructive testing standards. 
 
This paper discusses the requirements of the chemical industry in corrosion mapping 
along with typical challenges when attempting in-service inspection at elevated 
temperatures. In addition, a new method of Phased Array scanning is suggested that 
allows increased precision and POD for the detection of typical chemical pitting in 
stainless steel or carbon steel components. Results of a POD study are also presented. 
 
1. Introduction  
 
1.1 Corrosion Costs and Particularities of the Chemical Industry 
 
Corrosion costs can be evaluated depending on where corrosion occurs and what the 
consequences may be. 
 
A JRC- European Commission report on “Corrosion‐Related Accidents in Petroleum 
Refineries – 2000- 2013 – lessons learned” mentions 99 accidents that have been 
reported in Refineries across Europe and their consequences [1]. Among them 67 deaths 
and 7500 people evacuated, while economically, one accident resulted in  €624,000,000 
in costs of cleaning and restauration alone. In another report, a shutdown of the 
hydrocracker, desulphurization, and hydrogen processing units for approximately 7 
months (~210 days) resulted in a 30% reduction in production generating a business 
loss estimated at about €90,000,000 for the refinery. 
Another industry highly affected by corrosion is the chemical process industry. Here, 
corrosion-related problems may be different from the Oil&Gas industry being related to 
the specific processes that can be found in a chemical plant. For instance, the internal 
corrosion process and dynamics are influenced by several factors, and the most 
important are the physical and chemical variations along a line or a vessel. There may 
be, for example, variations in process temperature (the majority of reactions run at 
elevated temperatures between 70 and 350ºC); variations of phase liquid/gas (corrosion 
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often appears at the phase interface); variations in flow velocity; metallographic non-
uniformities (e.g. welding areas). 
 

 
 
Due to these characteristics, corrosion severity and speed cannot be expected to be 
uniform in most of the plant assets and not even in the same structure – pipe or vessel. 
In addition, pitting of corrosion-resistant alloys can also be extremely unpredictable. In 
Fig.1 deep pits have appeared randomly and with various depths in a stainless-steel 
vessel containing a HCl solution. 
 
The low degree of predictability, lack of uniformity and high and variable evolution 
speed of corrosion means that inspection equipment requirements are particularly strict 
including at least the following:  Able to detect wall thickness in the range of 2 to 50 mm with maximum 

accuracy. This requirement is generated by the very low predictability and 
highly aggressive corrosion phenomena that may take place in a typical 
chemical plant with results such as those shown in Fig. 1.   Able to detect localized corrosion (resolution in the range of millimeters).  Must be suitable for portable usage in service of chemical plants (in the 
temperature range between 70 °C to 350 °C).  Suitable for gas, foam, liquids and alternating pressures on the opposite side, 
which means that the process on the internal surface of the pressure vessel shall 
not influence the accuracy of the NDT system at the external side.  Able to inspect austenitic and ferritic steels and metallic high alloy materials 
(like nickel-based alloy for example).  Able to measure in welding zones (due to higher risk of erosion damages or 
localized corrosion in these areas).   Characterized by good near-surface resolution (in order to get precise 
information about the remaining wall thickness even with severe pitting. 
Decreasing wall thickness means increasing risk).   High probability of detection. 

 
 
 
 
 

Fig. 1 Random pitting in cladded vessel (left) and localized wall thinning with 
consequent implosion due to lower inner pressure  (right) 
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1.2 Techniques to Study and Evaluate Corrosion 
 
A variety of visual techniques are available to detect, evaluate or study the corrosion 
process either destructively or non-destructively. 
 
For example, on a corrosion sample, the corrosion process can be studied by using a 
scanning laser microscope. In some cases, the depth between the surface and the deepest 
point is accurately measured and a complex geometrical profile can be generated [2]. 
In other cases, when some access is possible during the downtime, Remote Visual 
Inspection videoscopes can be used to detect and evaluate generalized corrosion or 
corrosion pits. 
 
Radiography is also widely applied during downtime or in-service, although it is limited 
to diameters lower that 250mm. Larger diameters will lead to less accuracy, thus 
inspection of pressure vessels and large piping systems with increasing potential danger 
is only possible during periods of process interruption. 
 
1.3 Ultrasonic Corrosion Mapping 
 
For corrosion monitoring of large-scale structures like vessels, ultrasound is used to 
analyze remaining wall thickness and structure of the metallic components.  
 
Conventional ultrasound techniques (typically pitch-catch) are capable of measuring 
thickness within a limited area along a predefined grid of cells no smaller than 10x10 
mm. Although wall thickness can be measured with high precision (less than 0.1mm in 
steel), the technique is considered time consuming with a low probability of detection. 
Other limitations include incomplete coverage, operator variability and inadequate data 
reporting and analysis.  
 
Enabling detailed inspection over large areas in a single scan, Phased Array (PA) 
technology can profile a large corroded surface with 1 mm or better resolution, making 
it possible to detect even the smallest of corrosion or pitting areas. The resulting high-
resolution profiles allow better assessment of corrosion severity and risk of component 
failure, improving confidence in the inspection process and results. Large coverage, 
high probability of detection and imaging are the most obvious advantages of Phased 
Array Ultrasound for corrosion mapping Fel! Hittar inte referenskälla.[3]. 
 

 
Fig. 2 Thickness gaging (left) vs Phased Array Imaging (right) 
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2. Challenges of In-service Inspection 
 
In-service inspection is without any doubt one of the most appealing inspections, but at 
the same time is also one of the most challenging, especially when it comes to ultrasonic 
corrosion mapping at elevated temperatures. 
 
Among the requirements for in-service inspection at high temperature, the most 
important are the operator’s safety and comfort, choice of equipment, choice of couplant 
and last but not least, inspection procedure. 
 
While some conventional transducers for rapid spot checking can be used up to 450oC, 
PA probes need more time in contact with the hot surface in order to accomplish a 
larger scanning area. Thus, the temperature of the inspected part often cannot go over 
150oC. In this case the simplest couplant that can be used is pure glycerol, while thermal 
grease can be used to couple the delay line to the probe. However, many queries remain: 
- What is the maximum time of contact between the probe and hot surface i.e. the 

scanning time? When does the surface of the probe reach critical temperature? 
- Velocity calibration: although it is known that velocity in steel changes at a rate 

of about 1% every 50-55oC there will always be variations of temperature in the 
scanning area, thus variations in sound velocity and thickness readings. 

- Zero Calibration: the delay line is continuously absorbing heat up during 
scanning process and as a consequence the zero point is constantly changing. 
Sound velocity in the delay line may change 10 times faster than in steel.  

- Which scanner to use? Small plastic wheel encoders can be used for manual 
scanning; larger mechanical scanners with magnetic wheels cannot be deployed 
at high temperatures due to loss of magnetization of magnetic wheels. 

- What is the Precision of measurement and probability of detection (POD). 
 
3. New Phased Array Solution for Increased POD for Pitting  
 
Phased Array inspection typically uses a probe that includes a linear array of transducer 
elements; the sequential activation of groups of elements allows the generated beam to 
cover the entire area beneath the probe. However, characteristics of thickness gages, 
probes and instrument features are gradually being introduced into phased array systems 
and probes.  
 
As an example, corrosion thickness gaging dual transducers (twin crystal) are typically 
used in pitch-catch mode and their advantages over single crystal probes are undeniable: 
virtually no dead zone with excellent (less than 1mm) near-surface resolution, with 
good sensitivity to pits due to the V-shaped sound path (Fig. 3).  
 
In phased array ultrasonics, a twin crystal probe can also be replicated into a dual, PA 
probe or Dual Linear Array to provide similar advantages in addition to those offered by 
a PA probe (Fig. 4): near-surface resolution at about 1mm with virtually no dead-zone, 
better sensitivity from pits with V-shape of sound path, large coverage (up to 64mm 
with a 128elements dual probe) with consequently a very good probability of detection -
POD. 
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Fig. 3 Twin crystal vs single crystal transducer for thickness gaging (beam refraction not depicted) 
 
As shown in Fig. 3, the sound reflected by a very irregular backwall is mainly scattered 
in all directions and less sound intensity is detected by a single crystal transducer. A 
dual transducer, however, creates a V-like sound path which focuses at the base of the 
pits and is able to capture even echoes reflected by the non-zero-degree wall. A similar 
phenomenon takes place when a Dual Linear Array probe (Fig. 4) is used and the results 
are clearly visible on a C-scan.  

 
Fig. 4 Dual probe with V-path: twin crystal transducer (left), dual linear array probe (right)[from 
www.olympus-ims.com] 
 
Fig. 5 shows two C-scans of the same corrosion area acquired with a single array (top) 
and a dual array (bottom), with similar calibrations for sensitivity. On the top c-scan 
white areas are visible which correspond to lack of echo from the back wall due to 
sound being scattered by the pit walls, at a steep angle with the surface. It is also 
possible that the white areas could be lack of effective coupling which increases the 
uncertainty of acquired data. 
The same C-scan acquired with a Dual Array probe shows significantly less white spots 
which means that sensitivity to pits and pit walls as well as their probability of detection 
are greatly increased. 
 
In the above tests, a standard Dual Array probe generates a V-shaped beam due to the 
two elements used as transmitter and receiver respectively in the passive direction along 
with a 5º roof angle. The whole setup could also be seen as two different beams at 
approximatively 12 º and -12 º refracted angles respectively. Nevertheless, the V-shape 
is only present in the passive aperture plane. In order to further improve the scanning 
results from a pitting zone, the beam could be V-shaped also in the active aperture 
plane. This operation can be performed by taking advantage of the phased-array nature 
of the probe: generating new specific law files that allow to electronically steer the 
beam at 12 º and -12 º refracted angles in the active aperture plane and to perform a 
linear scan.  
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Fig. 5 C-scans obtained with Linear Array (top) vs Dual Array - (bottom) 

As displayed in Fig. 6, a multi-group enabled instrument and a mechanical scanner 
allows the simultaneous data acquisition at different angles for e.g. -12°, 0° and 12°. 
The 0° beam is used to detect the top of the pits, while the angled beams detect the 
flanks, and energy loss by scattering is avoided. If required, the data can be 
subsequently merged (Fig. 7) using dedicated software [4] and a full coverage C-scan 
map can be produced with no need to extensively increase the gain or saturate echo 
amplitudes. In addition, much better signal-to-noise ratio is obtained from pitting areas 
which means that detection can be performed on peaks of rectified A-scans instead of 
flanks providing an improved precision of measurement and potentially satisfying the 
chemical industry requirement for high accuracy. 

 
Fig. 6 Three groups with angle beams for DLA detection of corrosion pits: sectorial views of angle 
beams (top) and merged C-scan data and side B scan (bottom) 
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Fig. 7 C-scan mapping of a real-life corroded sample: corrosion pits are visible on the thickness c-
scan (left) and on the amplitude C-scan (middle), corroded sample (right). No white areas on the 
thickness c-scan; detection and measurement is made peak-wise for better accuracy 
 

4. Accuracy evaluation of Phased Array ultrasonics for in-service 
inspection at ambient and elevated temperatures 
 
The NDT tream from Evonik Industries chemical plant in Marl Germany has performed 
[5] an extended accuracy evaluation on the use of Dual Linear Phased Array for 
corrosion mapping and detection of pitting defects. For this purpose a test with different 
defect sizes (5, 3, 2 and 1mm FBH) at various depths (1.1, 2.4, 3.6 and 4.2mm) has been 
used and heated at 20, 50, 100 and 150 ºC. The probe used was a 7.5MHz DLA, 2x 32 
elements at 1mm pitch and 5mm passive aperture. 3 active elements have been used for 
beam generation and electronic linear scanning performed. Sensitivity calibration was 
performed at the lowest temperature (room temperature) so that the largest defect echo 
does not saturate (amplitude remains below 250% full screen height-FSH). Velocity and 
wedge delay calibrations must be performed ahead after any change in the sample 
temperature.  
 
With sensitivity calibrated at 20 ºC, pitch-catch probe configuration allowed detection 
of the smallest defects (1mm) near the surface (1.1mm) with good signal to noise ratio 
(SNR) at temperatures up to around 100°C. With the increase in temperature, the echo 
amplitude decreases and makes the detection of such defects difficult.  
For this reason with the increase of temperature up to 150°C  a new sensitivity 
calibration must be performed which allows to increase the acquisition gain or the 
pulsing power to be able to better detect and perform measurement of the smallest 
defects up to 150°C.  
 
5. Results and Conclusions 
 
The study has considered a number of 320 tests for each temperature value. The results 
and conclusions can be summarized as follows: 
- Good POD and repeatability across the temperature range for flat-bottom-hole 

FBH defects as small as 2mm and 1mm at depths starting at 1,1mm. Detection 
of small, near-surface defects at high temperatures becomes more difficult due to 
sound beam attenuation and loss of intensity at the near-surface area. 

- Accuracy of measurement maintains between ±0.03mm and ±0.1 mm (Fig. 8). 
The lowest accuracy (±0.3mm) found the smallest FBH (1mm) near the surface 
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(1.1mm). Accuracy does not seem to depend on the temperature as long as the 
scanning times are reduced and wedge heating is limited as much as possible.  

- A decrease in SNR with an increase in temperature above 100-150 ºC results in 
lower signal amplitude from 1mm and sometimes 2mm FBH at 1.1mm depth 
making, thus the need for a separate sensitivity calibration for higher 
temperature ranges. 

- Choice of couplant: glycerine and thermal (ceramic) grease perform well up to 
150 °C. Silicone-based lubricants should not be used as they are not chemically 
compatible and may damage the wedge material. 

- Scanning time must be limited at higher temperatures in order to avoid 
erroneous measurements due to sound velocity variation within wedge. If 
necessary calibration for wedge delay should be performed at regular intervals. 

-  Continuous irrigation for probe and wedge cooling may allow continuous 
scanning of large surfaces 

 

 
Fig. 8 Example results - measured depths in different situations: defect size and temperature: good 
accuracy even at high temperature for detected defects. 
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