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Abstract. Electro Magnetic Acoustic Transducer (EMAT) has been applied as an
alternative technique to conventional manual UT for thickness measurement of
boiler tubes wall. This is an inspection technique that can accurately measure the
tube wall thickness without cleaning and/or a couplant. By eliminating cleaning, the
inspection job can be completed much faster, saving the electric utility a significant
amount of time and cost. In addition, there is no need for layer couplant avoiding all
problems inherent to it.
However, the shear horizontal wave generated by EMAT system on boiler tubes
with magnet scale, has demonstrated a huge variation and dependence of the type of
layer scale formed on the surface of boiler tubes. Practical expertise leads to a
preliminary conclusion that temperature and boiler fuel are the main factors to affect
the scale layer properties.
As there is few detailed information regarding to this subject available in literature,
this work carried out a systematic assessment on different tube samples from
different boilers by Scanning and Transmission Electron Microscope analysis of
oxide scales in order to find out a scientific and logical justification for this problem.
Results provided by Metallographic tests enable to match the type of the signal
generated by an EMAT device and chemistry composition and magnetic properties
of each scale layer. This correlation can provide important conclusions in order to
optimize EMAT performance for boiler tubes inspection.

1. Introduction
The ability to generate an acoustic wave directly within the test material gives to Electro
Magnetic Acoustic Transducer (EMAT) some relevant advantages if compared to
conventional transducers using piezoelectric/piezocomposite crystal. The physical principle
of an EMAT, based on a resultant effect due to magnetic and electric fields, enable to
dismiss a couplant layer and all problems inherent to its presence.
Due to this significant advantage, EMAT has been chosen as an alternative way to deploy
some ultrasonic inspection. One of the most developed EMAT applications is specifically
the boiler tubes thickness measurement of the residual wall. There are two alternatives to
generate an ultrasonic wave from an EMAT, Lorentz force and Magnetostrictive effect.
Although Lorentz force is well known, magnetostriction is the primary generator effect of
sound within a material.
Because the magnetic field necessary to propagate this effect is low and the signal response
in amplitude is good, an EMAT to generate magnetostrictive effect is a simpler device to be
developed. However, the magnetoestrictive EMAT can produce ultrasonic signals under
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specific conditions, i.e., the presence of a magnetic conductive layer material on the
external surface of test piece.
This is namely the case of the boiler tubes inspection, where the presence of high
temperature oxide scale that commonly is formed on the external walls. The high
temperatures found inside steam boilers, about 500°C or 1000°F, can cause the steam and
flue gas constituents to react with steel to form a brittle iron oxide on the inside and outside
surfaces of steel boiler tubing [1].
However, the shear horizontal wave generated by this type of EMAT system on boiler
tubes with magnet scale, has demonstrated a huge variation and dependence of the type of
layer scale formed on the surface of boiler tubes. Practical expertise leads to a preliminary
emphyric conclusion that temperature, boiler fuel, scale homogeneity are the main factors
to affect the scale layer properties [2].
As there is few detailed information available in literature correlating this variables, this
work carried out a systematic assessment on different tube samples from different boilers
by Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) of
oxide scales in order to find out a scientific and logical justification for this problem.

2. Experimental Procedure
2.1 Objective
This work aims to achieve a correlation among the variables that have direct influence on
the signal generation and/or performance. The listed variables bellow is related to the oxide
layer formed on the external surface of the boiler tubes.
- Composition
- Layer thickness
- Operating temperature
- Micrograph analysis
An overall assessment on above items from different boiler tubes samples can provide a
better understanding on the signal generation based on magnetostrictive effect by EMAT.
Seven samples from different boilers and components were collected. Detailed process
information was provided by boiler owners and a previous evaluation on signal
performance was carried out on each sample. Compiled information is presented in table 1.
A signal considered very good is that one well defined shape and narrow peak along the
surface inspection. A signal considered as good is neither similar to the first one, but not
constant in terms of amplitude along the surface inspection and, sometimes, can also
present a wide and irregular peak.
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Table 1. Detailed information on samples
Sample ID
01

Boiler component
Reheater header

Operating temperature
535 -550

Boiler fuel
Coal

Signal quality
Very good

02

535 -550

Fuel

Very good

03

Secondary
Superheater
Water walls

350*

Smelt

No signal

04

Water walls

350*

Coal/fuel

Good

05

Water walls

350*

Fuel/gas

Good but inconstant

06

Water walls

350*

No signal

07

Water walls

350*

Solid
Waste
Coal

Good but inconstant

*Skin tube temperature can reach 500ºC.

2.2 Tests
SEM, by energy dispersive spectrometer (EDS) technique, and in TEM, by X-Ray
diffraction (XRD) technique were used to carry out metallographic examination on the
samples. The main objective was chemical analysis of the external oxide layer.
Samples were obtained from each pipe piece. Metallographic samples were prepared with
normal grinding and polishing procedures of the parts. Chemical treatment was also applied
in order to observe the microstructure and oxide-metal interface.
3. Results and Discussion
The Micrografy, EDS, XRD and oxide thickness measurement results from each sample are
presented separately. Matching table 1 with results obtained for each sample (tables 2-8) it
is possible to state some correlation relating operating temperature, boiler component and
EMAT signal response. Detailed discussion is done for each sample after respective table
result.
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Figure 1: Micrograph (100X) sample 1.

Sample ID

Tube 1

Table 2. Detailed result from sample 1
EDS
XRD
Fe2O3,
presence of
Si (1,17%), Cu (1,45%),
Ca(0,80%), Al (0,90%)

Layer thickness
(mm)

Magnetite – Fe + 2Fe2 + 3O4

0,217

Micrograph from sample 1 presents an external layer basically composed by magnetite
oxide. Radially, there is a variation on the scale density. Most external layers are less
compact than those close to bare material. From table 1, EMAT signal response for this
sample is considered very good, it is due to the interface oxide-bare material is good
enough to fully transmit the vibration. Also, the good magnetic properties of magnetite
probably compensate the existence of many voids along the layer, so it indicates that the
contaminating elements, like Si, Cu, Ca or Al detected in EDS analysis, do not interfere in
signal performance.

Figure 2: Micrograph (100X) sample 2.

Sample ID

Tube 2

Table 3. Detailed result from sample 2
EDS
XRD
Fe2O3,
presence of
Si (0,98%),Ni (1,88%),
Al (1,09%),V (9,60%),
Na (1,54%), S (1,12%)

Layer thickness
(mm)

Magnemite – Fe2O3
0,312 – 0,456
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Micrograph from sample 2 presents an oxide layer of magnemite. The oxide layer is
compact and adherent to bare material. Its thickness is enough to generate a good signal and
the number of voids is not relevant. These evidences are coherent to the EMAT signal
response state on table 1. As well as sample 1, the presence of several contaminating
elements detected in EDS analysis seems does not have predominant interference on signal
performance.

Figure 3: Micrograph (100X) sample 3.

Sample ID

Tube 3

Table 4. Detailed result from sample 3
EDS
XRD
Fe2O3,
presence of
Si (0,82%), Cl (2,04%),
S(0,61%), Cu (2,25%)

Hematite Fe2O3

Layer thickness
(mm)
No dimensional

Metallurgical analysis (XRD) on sample 3 has detected hematite layer on external surface
of sample. However, this layer is very thin, al least less than 10 µm, so it was not able to be
dimensioned. Table 1 states that EMAT has no response on this sample, so it indicates that
oxide layers thinner than 10 µm probably are not able to generate magnetostrictive effect.
The presence of other elements and an irregular surface are also detected, however, so far it
can not be assured if these factors can also contribute to avoid signal generation.

Figure 4: Micrograph (100X) sample 4.

Sample ID

Tube 4

Table 5. Detailed result from sample 4
EDS
XRD
Fe2O3,
presence of
Si (2,49%), Ca (1,14%),
Al (1,05%), S (3,67%)

Hematite- Fe2O3
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Layer thickness
(mm)
0,063

Sample 4 micrograph presents a quite constant oxide layer thickness, 63 µm. The oxide
scale is basically composed by hematite. The layer is homogeneous with few voids and
well bonded to the bare material. The constant thickness and homogeneity of the oxide
layer provides a good signal response as indicates in table 1. Again, other elements strange
to basic oxide detected are not supposed to interfere in signal performance.

Figure 5: Micrograph (100X) sample 5.

Sample
ID
Tube 5

Table 6. Detailed result from sample 5
EDS
XRD
Fe2O3,
presence of
Si (4,35%), Ca (4,67%),
Al (3,52%), Na (1,67%),
S (3,38%)

Hematite - Fe2O3

Layer thickness
(mm)

0,011 - 0,028

Metallographic assessment on sample 5 reveals a layer of hematite on the external surface.
This layer is, in general, compact and has a good bonding to the bare material. These
evidences guarantee a good signal generation and transmission. However, oxide layer is not
very thick, varies between 11 µm and 28 µm. It is probably the reason for the inconstant
signal response along the material surface, namely, on those areas whereas layer thickness
is about 10 µm.
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Figure 6: Micrograph (100X) sample 6.
Table 7. Detailed result from sample 6
EDS
XRD

Sample ID

Tube 6

Fe2O3,
presence of
Si (1,56%),Ca (11,55%), Zn (1,65%),
K (2,83%), P (1,88%), Al (5,42%),
Cl (1,56%), Na (2,45%), S (10,92%)

Layer thickness
(mm)

Magnetite +2Fe2 + 3O4
Presence of Calcium
Sulphate

No dimensional

Sample 6 has presented a predominant magnetite oxide on external surface. However this
layer is rare, i.e. the thickness was not able to be measured due to be very thin, less than 10
µm. In fact, oxide layer thinner than 10 µm looks like to not be able to generate
magnetostrictive effect. The large amount of contaminants cans also contribute to avoid the
magnetostriction, although the oxide layer thickness seems to be predominant on this.

Figure 7: Micrograph (100X) sample 7.

Sample ID
Tube 7

Table 8. Detailed result from sample 7
EDS
XRD
Fe2O3,
presence of
Si (0,81%), S (1,34%)

Magnemite – Fe2O3

Layer thickness
(mm)
0,124 – 0,410

Micrograph from sample 7 presents a clear irregularity on the oxide scale. The scale
measurement along the sample surface proofs a relevant variation on thickness, minimum
of 124 µm and maximum of 410 µm. The oxide layer is basically composed by magnemite.
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The presence of other elements and voids are irrelevant. The oxide scale is compact and
very good bonded to bare material. Matching the evidences from metallographic analysis
with signal performance stated in table 1, leads to a conclusion that the irregular (no linear)
interface oxide-bare material added to significative scale thickness variation, implies an
inconstant signal response along the surface.

4. Conclusions
The most important evidence from this work is that the ideal types of oxides to generate the
ultrasound signal from a magnetostrictive EMAT can be: Magnetite, Hematite or
Magnemite. These oxides are typically formed under temperatures higher than 450ºC, so
the temperature is the determinant variable to enable the magnetostrictive effect.
The correlation signal-oxide carried out indicates that the absence of a measurable oxide
layer, less than 10µm, or a non-adherent interface oxide-bare material defines if a
magnetostrictive EMAT is able or not to generate a signal.

The thickness variation of the oxide layer along the surface implies in a significative
inconstancy of the signal amplitude. However, if the oxide layer is compact and
homogeneous it is not supposed to interfere in signal shape.
The boiler fuel and burning process are likely the variables that have the major contribution
to contaminate oxide scale with other elements or create voids. From the correlation signaloxide stated, the lack of homogeneity and/or low density of the oxide scale do not evidence
an anomaly on signal generation, as supposed initially.
An overview evaluation on the results indicates that if there is an oxide scale (magnetite,
hematite or magnemite) thick enough to generate magnetostrictive effect, the presence of
contaminating elements and voids has minor relevance on the signal generation.
Ideally, a larger amount of samples would be necessary to take more precise and deeper
conclusions namely regarding to the reasons that influence signal shape. This goal is quite
important to be achieved because it implies directly on the accuracy of the values measured
with this type of EMAT.
Also, is still under research the effect of PaO2 resulting of operating conditions into boiler.
So, this work is part of a wide research on EMAT technology.
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