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Abstract -  
A significant limiting factor that affects tube life in fossil 
fired steam boilers is the growth of iron oxide scale 
(magnetite) on the inside and outside tube surfaces. While 
external scale limits heat transmission into the tube and 
reduces boiler efficiency, internal scale build-up represents 
a potentially more serious problem and reduces the boiler 
life. Very high frequency ultrasonic gagging techniques 
have been available for this measurement for a number of 
years, they are prone to higher level noise, higher 
attenuation, and require special surface preparation. 
In this work, we will present a method based on advanced 
signal processing to enhance the resolving power of the 
ultrasonic wave without increasing it frequency, and thus, 
achieving very thin oxide scale thickness measurement with 
conventional ultrasonic flaw detectors. 
 
1. INTRODUCTION 

 
The very high temperatures found inside steam boilers (in 
excess of 800 degrees Celsius) can cause the formation of a 
specific type of hard, brittle iron oxide called magnetite 
(Fe3O4) on the inside and outside surfaces of steel boiler 
tubing. At very high temperatures, water vapor will react 
with the iron in the steel to form magnetite and hydrogen 
according to the formula: 

3 Fe + 4 H2O ⇒  Fe3O4 + 4 H2  (1) 
The speed of this reaction increases with temperature. 
Oxygen atoms will diffuse inward through the magnetite 
layer, and iron atoms will diffuse outward, so the scale 
continues to grow even after the tube surface is completely 
covered [1]. 
Magnetite scale acts as thermal insulation on the pipe, since 
the thermal conductivity of scale is only about 5% that of 
steel. When heat can no longer transfer efficiently from the 
flame through the tube into the steam inside, the tube wall 
will heat up to temperatures beyond the intended operating 
range. Long term exposure to overly high temperatures, 
combined with the very high pressure inside the tube, leads 
to inter-granular micro-cracking in the metal and to creep 
deformation (a slow swelling or bulging of the metal), 

which in turn eventually leads to tube failure by bursting. A 
secondary issue is oxide exfoliation, in which pieces of 
oxide scale break off (usually due to thermal stresses during 
boiler start-up or shutdown). These hard pieces will be 
carried by the steam flow into the turbine, where over time 
they will cause erosion damage. 
The growth of magnetite scale and the associated metal 
damage are primary limiting factors with respect to boiler 
tube service life. The process begins slowly and then 
accelerates, for as the scale grows thicker the tube wall 
becomes hotter, and that in turn increases the rate of both 
scale growth and metal damage. Studies in the power 
generation industry have indicated that the effect of scale is 
relatively insignificant up to thicknesses of approximately 
0.3 mm, but that beyond that thickness the negative effects 
of scale increase rapidly [2]. Periodic measurement of scale 
thickness allows a plant operator to estimate remaining tube 
service life and to replace tubes that are approaching the 
failure point. 
Ultrasonic pulse/echo thickness measurement techniques 
have been used for internal oxide scale measurement for 
many years. Early documentation of this test frequently 
involved use of very high frequency ultrasonic transducers 
and pulser/receivers, with pulse transit time measured by 
means of an oscilloscope [3]. Although these systems were 
effective in the measurement of scale thickness, they are 
not convenient for field use, and expensive to implement. 
Simple ultrasonic corrosion gages designed for 
measurement of remaining wall thickness with dual element 
transducers cannot measure oxide layers because of 
insufficient axial resolution related to both the ringing 
narrowband waveforms associated with transducers, and the 
typical signal processing techniques used. 
Recent developed handheld ultrasonic thickness gages [4] 
operating at relatively high frequency (20 MHz broadband) 
show promising result in detecting oxide scale down to a 
thickness of 0.125 mm. These instruments incorporate 
software that is capable of detecting appropriate echoes and 
measuring the short time interval between the two echo-
peaks that represent the steel/oxide and oxide/air 
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boundaries reflections, and then uses a calibrated sound 
velocity value to compute the thickness of the oxide scale.  
In this work, we will investigate the possibility of 
formulating the acoustic path inside the oxide scale as a 
convolutional model, and thus, the measured A-scan signal 
would be a result of a convolution between the reference 
signal reflected by the steel/oxide interface and an "impulse 
response" (IR) of the metal/oxide and oxide air (MOOA) 
interfaces. Extraction of the IR of the MOOA would be 
done through a deconvolution operation which is expected 
to have higher resolving power than the original A-scan 
signal used conventionally to measure the thickness of the 
oxide scale.  
 
2. PROBLEM FORMULATION 

 
Ultrasonic pulse/echo thickness measurement techniques 
have been used for internal oxide scale measurement for 
many years. Early documentation of this test frequently 
involved use of very high frequency ultrasonic transducers 
and pulser/receivers, with pulse transit time measured by 
means of an oscilloscope [3]. Although these systems were 
effective in the measurement of scale thickness, they are 
not convenient for field use, and expensive to implement. 
Simple ultrasonic corrosion gages designed for 
measurement of remaining wall thickness with dual element 
transducers cannot measure oxide layers because of 
insufficient axial resolution related to both the ringing 
narrowband waveforms associated with transducers, and the 
typical signal processing techniques used. 
 
Handheld ultrasonic thickness gages  that use relatively 
high frequency (20 MHz) broadband, single element 
transducers, and that incorporate software that is capable of 
detecting appropriate echoes and measuring the short time 
interval between the two echo peaks that represent the steel 
to oxide (StO) and oxide to air (OtA) boundaries, are much 
more appropriate for this application. A typical A-scan 
signal is shown below in Figure 1. As in any ultrasonic 
gagging application, the instrument measures the time 
intervals between relevant echoes and then uses a calibrated 
sound velocity value to calculate thicknesses [5].  
 

 
Figure 1: A-scan signal showing reflection from steel/oxide and oxide/air 

interfaces. 
Using typical commercial 20 MHz transducers, oxide can 
usually be measured down to a minimum thickness of less 
than 0.25 mm. However, thist minimum thickness can be 
further reduced through the use of normal incidence shear 
wave transducers. Because shear wave velocity in metals 
and hard oxides is approximately 60% of longitudinal wave 
velocity, the minimum possible time resolution in a shear 
mode will be reduced by an equal percentage. In the 
specific case of oxide scale measurements, 20 MHz delay 
line type normal incidence shear wave transducers can 
measure scale layers as thin as 0.125 mm [5]. Figure 2 
shows the A-scan signals used to measure oxide scale 
thickness when normal incidence shear wave and 
longitudinal ultrasonic waves are used. 
 

 
 

Figure 2: A-scan signals corresponding to normal incidence shear and 
longitudinal ultrasonic waves. 

 
All of the above mentioned methods rely on the ability of 
high frequency ultrasonic wave to yield better resolving 
signals that can be used to measure smaller oxide thickness. 
However, high frequency ultrasound is prone to higher 
level noise, higher attenuation, and requires special surface 
preparation. 
In this work, it is proposed to investigate the possibility of 
"cleaning" the A-scan signal before measuring the distance 
between the peaks corresponding to the MOOA interfaces. 
The cleaning process is accomplished through a 
deconvolution operation that yields the "impulse" response 
of the MOOA interface which is expected to have higher 
resolving power than the original A-scan signal. 
 
3. THE APPROACH 
 
In ultrasonic NDE of materials, pulse echo measurements 
are masked by the characteristics of the measuring 
instruments, the propagation paths taken by the ultrasonic 
pulses, and are corrupted by additive noise. It is assumed 
that the measured pulse echo (A-scan) is obtained by 
linearly convolving the 'reflector' impulse response (RIR) 
with the measurement system response. Deconvolution 
operation therefore, seeks to undo the effect of the 
convolution and extract the RIR signal which will be used 
to measure the distance (thickness) of closely positioned 
reflectors. The acoustic path model will be explained 
below. 



If an impulse signal u(t) is fed to the transducer, it will 
generate an ultrasonic wave that propagates through the 
steel, part of it will be reflected at the StO interface, and the 
other part will propagate through the oxide scale and will 
be completely reflected at the OtA interface. The reflected 
waves will reach the transducer which act as a receiver and 
a signal will be displayed showing many reflections. This 
acoustic path is represented by different transfer functions 
shown on the top of Figure 3a. Because of the linearity, the 
boxes can be interchanged as shown in Figure 3b, where the 
oxide scale is isolated from the rest of the acoustic path. 
Here we designate x(t) as the output (input to the scale) of 
the measurement system, and hS(t) is the impulse response 
of the scale system, or RIR signal. HS and hS(t) are Fourier 
transform pair. In practice, y(t) represent the measured A-
scan signal ( Fig. 1 or Fig. 2) gated in time to represent the 
oxide scale region only. Whereas, x(t) known as the 
reference signal; can be measured from a clear pipe 
(calibration block) having the same thickness and material 
as the pipe under test. 
 

 

Figure 3a: Modeling the acoustic path by linear systems 
 
 
 

 
Figure 3b: Oxide scale model showing the the RIR signal hS(t). 

 
 
With respect to Figure 3, hS(t), x(t) and y(t) are related in a 
convolution operation as  
 

)()()()( tntshtxty +⊗=   (2) 

 
where n(t) is the additive noise and ⊗  stands for time 
convolution. Estimation of hS(t) in Equ. (2), given the 
reference signal x(t), and y(t) is variously known as system 
identification, filtering, or simply as deconvolution.  
 For illustration purpose, we will show why it is difficult to 
measure the oxide scale thickness from the A-scan signal 
(only) even if higher ultrasonic signal is used. However, 
when the RIR signal is extracted through a deconvolution 
operation, it becomes clear that very small oxide scale 
thickness can be measured. Figures 4 to 6 show both the A-
scan and RIR signals for scale oxide thicknesses 
corresponding to a time-of-flight of 2.5sµ , 1.5 sµ , and 

1 sµ  respectively. In Figure 4, it can be seen that the scale 

thickness can easily be measured from the A-scan, 
however, as the scale thickness gets smaller, the reflected 
signals from each interface add destructively to a point 
where the position of the maximum does not necessarily 
indicate the position of the reflector (figure 5). 
Furthermore, when the scale thickness get even smaller, the 
ultrasonic frequency used can no longer resolve the two 
peaks and thus only one peak  is shown (figure 6). 
However, when RIR signals are considered, the peaks are 
clearly distinct from each other and thus oxide scale 

thickness can be measured (theoretically) down to a very 
small value. Notice that because of the relative acoustic 
impedances of steel, oxide, and air, the StO echo will 
usually be smaller than the OtA echo, as seen in Figure 1 
and is illustrated by the defect model in Figure 3. 
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Figure 4: A-scan (top) and RIR (bottom) signals with reflector spacing of 

2.5 sµ  

 
 
Preliminary tests show promising results for conventional 
deconvolution techniques. Advanced deconvolution 
techniques developed in our previous work [6] are believed 
to yield attractive results and this will be formulated in a 
patent.  
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Figure 5: A-scan (top) and RIR (bottom) signals with reflector spacing of 

1.5 sµ  
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Figure 6: A-scan (top) and RIR (bottom) signals with reflector spacing of  

1 sµ  

 
 
CONCLUSION 
We have shown in this present work that the use of 
advanced digital signal processing can enhance the 
resolving power of conventional NDT instrumentation and 
thus, scale thickness measurement that requires 
sophisticated NDT methods can be replaced by a cost 
effective conventional thickness measurement. Preliminary 
tests show very promising results in the simulation part. We 
will test this approach using real boiler tubes covered with 
oxide scale. 
 
ACKNOWLEDGEMENT 
This research is funded by King Abdul-Aziz City for 
Science and Technology (KACST) under ET-15. The 
author would like to thank KFUPM for providing the 
facilities to carry out such research. 
 

REFERENCES 
 
1. French, David N., Metallurgical Failures in Fossil 

Fired Boilers, John Wiley & Sons, New York, pp. 143-
145, 1983.  

2. R. Viswanathan, Damage Mechanisms and Life 
Assessment of High-Temperature Components, ASM 
International, Metals Park, OH, 1989. 

3. US Patent 4,669,310 (1987)  
4. S. Labreck, D. Kass, and T. Nelligan, Ultrasonic 

Thickness measurement of internal oxide scale in 
steam boiler tudes, 9th European Conference on NDT, 
(ECNDT), pp. 1-4, 2006.  

5. US Patent 5,661,241; (1997) 
6. Yamani, A., Flaw impulse response estimation in 

ultrasonic non-destructive evaluation using bi-cepstra, 
NDT & E International, Vol. 40, pp. 57-61, Jan. 2007. 

 
 


