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Designing a magnetoacoustic emission measurement configuration for
measurement of creep damage in power plant boiler tubes

B. Augustyniak, M. Chmielewski, and L. Piotrowski
Technical University of Gdansk, PL-80-952 Gdansk, Poland

M. J. Sablika)

Southwest Research Institute, P.O. Drawer 28510, San Antonio, Texas 78228-0510

We discuss design features that are needed for magnetoacoustic emission~MAE! measurement of
creep damage in the outer walls of boiler tubes. MAE is used because it decreases monotonically
with increasing creep damage. Features of magnet design for boiler tube inspection are presented.
Relationship of total MAE to Barkhausen noise path integrals is discussed. Also, dependence of
MAE on frequency and tube wall thickness is delineated. Finally, measurements are discussed
which show how azimuthal asymmetry in creep damage is echoed in azimuthal asymmetry in MAE.
All tests were performed on 2Cr–1Mo Polish steel tube specimens. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1450851#
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I. INTRODUCTION

In a power plant boiler tube, creep damage occurs at
on the outside of the tube wall, where hot gases contact
steel tube. In the United States, the amount of creep dam
is estimated by an ultrasonic measurement of the thicknes
the oxide layer on the inside, not outside, of the tube w
Such oxide layer thickness is not necessarily strongly co
lated with the creep damage and can be an unreliable i
cator of the creep damage, especially since the creep dam
is on the outside of the tube wall.

Because creep damage results in changes of mag
properties,1 a magnetic approach using magnetoacou
emission~MAE! is currently under investigation2 as a new
alternative nondestructive evaluation~NDE! approach to
measuring the creep damage. The Barkhausen noise~HBN!
effect cannot readily be used because it allows inspectio
only a near surface layer, owing to eddy currents. MA
makes inspection possible much deeper into the materia

MAE is the acoustic analogue of HBN. The MAE puls
consist of acoustic wave pulses which are generated via m
netoelastic coupling during magnetic domain wall jumps a
also during creation and annihilation of magnetic domai
The pulses are detected with a piezoelectric transduce
tached to the specimen. Acoustic waves do not readily
tenuate, and MAE pulses originating entirely within th
depth of penetration of the primary magnetic fieldH are
detected by the transducer. It was first suggested by mag
modeling3,4 that MAE could be used to probe the amount
creep damage in a specimen. The modeling suggested
MAE would decrease in amplitude monotonically as a fun
tion of the creep damage amount. This occurs because c
damage causes increase of precipitates and creation o
crocavities near grain boundaries. Such defects create a
magnetization field, which reduces the rate at which mag
tization changes with fieldH in the material.1,4 Consequent
reduction of magnetic domain wall activity leads to decre

a!Electronic mail: msablik/swri.org
8890021-8979/2002/91(10)/8897/3/$19.00
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of MAE intensity. Monotonic decrease of MAE intensity wa
detected along a seam weld in a power plant pipe section
was creep damaged on one end.5 Decrease of MAE intensity
(;50%) with increasing creep damage was also confirm
recently in 2Cr–1Mo Polish steel while mechanical para
eters such as hardness, yield strength and tensile stre
decreased at a considerably reduced percentage rate.6 The
mechanical measurements are destructive, so MAE, b
nondestructive, is a more preferred way to measure cr
damage.

This article reports on the design of such MAE instr
mentation for boiler tube inspection and presents results
laboratory measurements used to test the basic perform
of this instrumentation.

II. MEASURING SET

The MAE measurement had to be capable of detec
not only the creep damage in relatively small-diame
power plant boiler tubes, but also the asymmetry in the cr
damage around the tube. The MAE set contains the mag
tizing electromagnet, the MAE signal transducer and
MAE voltage analyzer. The magnetizingC-core magnet pole
~cross section 20 mm320 mm! is subdivided into steel slat
with rectangular cross section, which slide easily along e
other, thus greatly reducing the air gap spacing between
piece and curved tube surface. In addition, the magnet a
swivel so that the pole piece approaches the pipe radi
when the magnet is aligned in the azimuthal or axial dir
tion. The electromagnet, consisting of magnet arms
cross-bar and magnetizing coils, was magnetized with a
rent of triangular-like time dependence, increasing linearly
a positive maximum, and then decreasing linearly back to
original negative minimum. The MAE voltage signal wa
detected with a piezo-ceramic transducer~frequency reso-
nance of about 200 kHz!. An HBN voltage signal was also
detected with a pickup coil positioned in or near the mag
tized region. The electronic pass band of the MAE detec
circuit was from 30 up to 400 kHz, with the HBN from 1 t
7 © 2002 American Institute of Physics
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100 kHz. The ‘‘local’’ root mean square~rms! intensity was
evaluated for both MAE and HBN voltage signals and
corded as a function of the voltageUg of the current genera
tor. Magnetic field strength H was assumed to be prop
tional to Ug. By local rms intensity is meant that th
measuring set uses standard circuits that make a rms c
lation ‘‘on line’’ during voltage signal analysis. Inside thes
circuits, the time-varying squared voltage signal is integra
over short time periodt, then divided byt, and finally the
square root is taken, giving thus a local rms value. Error b
on the MAE measurement are less than 5% and on the H
measurement, less than 10%. Figure 1 is a photograp
how the magnet poles contact the steel tube.

III. EXPERIMENTAL RESULTS

Tested specimens were cut from 2Cr–1Mo Polish s
tubes taken from power plants. Steel chemical composi
was @in wt%, mean values and standard deviation# as fol-
lows: C20.1260.01; Si20.2460.02; Mn20.4560.03;
Cr22.1160.01; Mo21.0360.02. The specimens had th
dimensions: outer diameterD550 and 32 mm, wall thick-
nessh55.4 mm, and lengthl 5100 cm.

The magnetic properties of the 2Cr–1Mo steel in t
tube were measured as follows: Saturation flux density
;1.2 T and coercivity was;300 A/m. The hysteresis loop
were of a classical shape, with a smooth change ofM (H)
from the zone of domain wall movement to the zone of d
main rotation along the magnetization curve. For our MA
measurements, the flux density swing in the specimen
2Bmax;1T.

The goal of the first experiment was to find the optim
angular position of the pole pieces on the tube wall for m
netization oriented in the azimuthal~or hoop! direction. The
pole pieces touching the tube made different angular
placements~anglea! relative to each other. For each anglea,
the MAE was recorded, and the HBN intensity was measu
at different points along the line between the poles for b
sides of the tube, making a complete circuit. Figure 2 sho
the angular dependence of three quantities: MAE inten
~Pmae—integral of local rms values of MAE voltage ove
time for one period of magnetization!; HBN intensity ~rms
value of HBN over one period of magnetization! additionally

FIG. 1. Photograph of the way in which the electromagnet poles contac
tube when the field is aligned in the hoop direction.
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path-integrated along the line between the poles in a c
plete circuit around the tube~parameterPm!, and contribu-
tion to this HBN path integral from the bottom of the tub
~parameterPmr!. The levels ofPmaeandPm were normal-
ized to their maximum values, respectively, andPmr was
normalized to the maximum value ofPm. Note that the rms
value of HBN over one period of magnetization is defined
integrating the squared local rms value of the HBN volta
over period of magnetizationT, dividing by T, and then
taking the square root. Note that for the first experime
frequencyf 51/T51.7 Hz. Using a Hall probe, an averag
applied fieldH level of about 12.5 kA/m was found in th
specimen midway between the electromagnet poles, with
level depending of course on the applied current. We tried
get the field amplitude as high as possible, in order to br
about the greatest amplitude of MAE.

In Fig. 2, plot 1 reveals that the optimal angular sepa
tion for the MAE measurement occurred at 140°. This sa
angle is also the angular separation at whichPm ~plot 2!is a
maximum. Plot 3 shows that the HBN rms intensity pa
integral contribution from the lower path is larger than t
HBN integral for the upper path. Fora5180°, the two parts
of the Pm integral become equal~i.e., Pmr50.5! because
the magnetic flux is essentially equally divided between
per and lower path. The MAE voltage at a given time is t
accumulation of emissions from different points which ea
are experiencing different magnetization time derivativ
The MAE intensity~time integrated over a period of magn
tization! is proportional to the sum of the magnetizatio
experienced at each different point. The time derivative
magnetization at a given point is also roughly proportiona
the HBN voltage. The HBN intensity~time integrated over a
period of magnetization as defined above! is path-integrated
azimuthally around the tube to get parameterPm, which
should thus be proportional to the sum of the magnetizati
experienced at each different point on the path, and henc
the total MAE~Pmae!. This is well confirmed by the eviden
close correlation between plot 1 and plot 2 in Fig. 2, whe
again,Pm andPmaeare normalized to their maximum va
ues, respectively.

A second experiment checked the dependence of M
intensity on frequency and wall thickness of the tube. F
quency of magnetization was set between 0.5 and 50 Hz,

he

FIG. 2. Angular dependence of: 1-MAE intensity~Pmae, open triangles!,
2-HBN path integral around the tube wall circumference~Pm, open circles!,
3-HBN integral contribution from bottom part of tube~Pmr, solid triangles!.
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the tube wall thickness was lowered by machining with
lathe to h52.4 mm. Figure 3 shows the frequency depe
dence of the rms value of the MAE~Ua! for two external
tube wall thicknesses. This frequency dependence exhib
behavior more like a dependence on the square root of
quency, as suggested by the MAE model3,4 and as suggeste
by an earlier model of Nget al.7 It is due to eddy currents
which screen the magnetic effect of the primary field to
certain skin depth, depending on frequency. Reduction
tube wall thickness leads to an increase of MAE intens
due to increase of the magnetic flux density rate inside
tube while the magnetic flux amplitude provided by the ma
netizing magnet remains constant. At higher frequencies,
MAE eventually becomes independent of tube wall thickn
since it is produced by changing magnetization confined
the skin depth of the field produced by the primary curren
the magnet. We see this tendency toward a more cons
value ofUa at the higher frequencies in Fig. 3.

The last experiment deals with detection of asymme
cal damage azimuthally around the boiler tube. Figure
shows a polar diagram displaying MAE intensities(Pmae),
measured with the magnet centered at different angular
sitions around the tube for field in the axial direction~plot 1!
and in the hoop direction~plot 2!. A similar pattern is ob-
served in the two cases, with MAE minimum in the ran
270– 360° in both cases, so that one would conclude
creep damage is greatest in that angular range. Thus,
possible for the magnet configuration designed for bo
tubes to produce asymmetry in MAE, echoing what is e
pected for creep-damaged boiler tube sections near the
gas entry in the boiler.

FIG. 3. Frequency dependence of rms value ofUa ~MAE intensity! detected
in tubes of different wall thickness~1–2.7 mm; 2–5.4 mm!.
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Finally, it should be noted that moving down the ste
tube does not change the results for the unexploited tube.
the exploited tube, there are small local changes in magn
properties owing to local changes in the creep damage. T
is particularly true for the third experiment in which az
muthal changes are studied.

IV. CONCLUSIONS

The designed MAE measuring system has been sh
capable of detecting extent and asymmetry of creep dam
in power plant boiler tubes.
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