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ABSTRACT

Electromagnetic-Acoustic (EMAC) techniques have‘been applied to the
nencizstructive inspection of ferromagnetic tubing. ’EMAC combines the advantages
of muncontact electromognetic inspection with the flaw detectionlcapabilities
of’w?trasonic inspection techniques.: Laboratory studies have demonstrafed

the capab111t1es of the method for detect1ng cracks, pits, and wa]] thinning

1m carbon steel bo11er tublng Resu]ts of the stud1es demonstrate the feas1b1]1ty

of wsing internal EMAC probes for inspection of installed tubing. Addﬁt%ona+—~

Jmmdk-is~needed»to-£ully;demelop~@he«potent#a%~of~thrs~wnspeetaenﬂnethodw—.
Muitjparameter eddy current:techniques snow promise for detecting wall thinning

in ferromagnetic tubing. A two frequency MUltiparameter~eddy current system nas

shown to prov1de the parameter separation capability necessary for the detection

of wm]] thinning in the presence of shallow 1nterna1 pitting and surface scale.

Maztined steps in the wall of carbon steel tublng were detected with the fultiparameter

sysiem.

An interna1 magnetization probe has been applied to ferromagnetic tubing.

The internal magnet1zat1on probe concept may be used to produce increased penetrat1on

of eddy current signals, to reduce magnet1c permeability var1at1ons 1n ferrous

tuting, and can be incorporated into EMAC inspection probes..
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ELECTROMAGNETIC METHODS FOR FERROUS TUBING INSPECTION

INTRODUCTION

Ferrous tubing is commonly used in such'applications.as steam boiiers and
hieat exchangers, where periodic 1nspect1on of the tub1ng is desirable. Conventional
wltrasonic or radiographic nondestructive inspection techniques can be difficult
o implement due tb the space and access~restrictions narmally encountered in
:ﬁhese'installations. The presence of boiler scale on the tubing surfaces presents
zdditional problems to most inspection techniques and. the ferromagnetic broperttes
of the tubing material can cause4undesirab1e eftects in conventional electromagnetic

4nspection systems.

oo
»

Batte]]e Northwest recently completed a program* to investigate advanced
electromagnetic nondestructive inspection techniques for app11cat1on to the prob]em
oo

of in-sita ferrous tubing inspection;'§pecifica11y,] inch diameter, 84946 inch
. ot

wall carbon steel boiler tubing The approaches selected for investigation-were—'q
eddy current methods «mu1t1parameter eddy current, -Hised-eddy=—currents and

CF san enedraralion X “"""?L‘ fosgpases, m}.:, .qu.J"
magnetic saturat1on» and electromagnetic-acoustic (EMAC), Laboratory tests were
conducted to determine the defect detect1on capability of each method for such
tubing defects as pitting, cracking, and wall thinning. The EMAC inspection'
technique was shown to be the most promisfng method- of those inVestigated for
ferrous tubing 1nspect1oAL\ S1mu1ated pits, cracks and wall thinning in actua]

bo11er tube samples were detected by this technique. This paper summarizes the

results. of the 1aboratory evaluation and presents specific examp]es of the flaw

detection capab111t1es of the EMAanethod.

* Sponsored by the Naval Ships Engineering Center, Philadelphia Division, Philadelphiad,




ELECTROMAGNETIC-ACOUSTIC METHOD

principles of Operation

Electromagnetic-acoustic (EMAC) methods refer to the technique of using

elsrtromagnetic coils for generating and detecting acoustic waves in electrically

.<xnnﬂuctive materials. Although the basic concept 6f EMAC transducers was

afimerved several years ago. EMAC methods have remained relatively undeveloped

{m the United States as applied to nondestructive testing. The basic operational-

principles of an EMAC transducer can be illustrated by the example shown in

Ftgure 1. An eddy current-type electromagnetic coil is placed under the pole of |

a magnet and is excited with current pulse. The eddy currents generated in the

comductive test piece ds a result of the changing electromagnetic field around jﬁsf7 ;

tie coil interact with the magnetic fielg in the material to produce # Lorentzian
fbwtesgﬁ:zae test material. The Lorent%ﬁ?grces within the test material generate
elestic (acoustic) waves which propagate away from the point of origin. The
rzczption of acoustic energy by the.EMAC method is reciprocal co gehekation;

Bcoustic energy passes through the magnetic fie]df\estab1ishing an eddy current

~ fhow within the material. The resultant electromagnetic field caused by the

edily current flow is.detected by the coil located under the permanent magnet.
The particular type or types of acoustic waves generated by an EMAC transducer
is dependent upon the orientation of the eddy current flow in the material with

rzspect to the magnetic field flux lines. Longitudfnél, shear and surface waves

(3

- cam- be generated by EMAC transducerst "The primary advantage of EMAC generacion

-amd reception of acoustic signals over conventiona] ultrasonic methods is that

ho ‘lg“ld cun(z‘l‘mf'q ncl
EMIKC transducers requ1re no physical contact w1th the test mater1a1( Ror—is_any

A
liquid—eeouplant_yruired: Since the acoustic signal is generated and detected
within the material being tested, the problems norma]]y associated with the
me er1a1 coup]ant interface in conventlona1 u]trasonlcs are not encountered.

EMINC transducers are relatively insensitive to gencra] surface roughness and can

be 2pplicd to both ferrous and non-ferrous metals,
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App]lcat1on to Ferrous Tub1qg

EMAC methods of inspection comblre some of the advantages of ultrasonic and
electromagnetic inspectionvtechniques and eliminate or reduce some of the unfavorable
aspecté of each technique. For example, EMAC methods overcome the problems

associated with coupling ultrasound into the tubing through a rough surface frem becaus

-asznventjnnal_piezeelee%pie—tnansducex—sinee the acoustic signal is generated - -

 beneath ‘the surface of the material. This is a definite advantage for in-situ

a

inspection of ferrous boiler or heat exchanger tubing because of the rough surface
norma]]y‘COuntered. The problems assoc1ated with conventional electromagnetic

inspectlon‘;hﬁ’caused by vary1ng permeability in the ferrous tubing are also

wada b

less severe for EMAC inspection methods. These advantages over conventional
an et oliest
1nspect1on techniques make EMAC a—strong cand1date for boiler and heat exchanger

o emet e «iees

gubing inspection.

. . : P

‘In-situ inspection of boiler or heat exchanger tubingdrequres that the

inspection be peeformed from inside the fube. A specially deéigned EMAC probe

was fabricated for use in 1 ineh OTD., 0.100 inch wall material. Figure 2 is a
photograph of the probe. The probe consists of an iron cdre‘with wire brush-like |
| pole pieces, an electromagnet coil, and an EMAC bobin type transmit or receive |
coil The e]ecteomagnetic coil wouad*on the iron core fo&$ surrounds the EMAC S ¢
coil which is centered a]ong the core body The iron core and wire brush po1e |
'pieces prov1de a low re]uctance flux path into the tubing walls, allowing the

electromagnet to estab11sh the magnetic fi 1d in the tub1n%4requ1red for EMAC

generation of acoustic waves. The EMAgfeeTT can be used as an acoustic

~ transmitter or receiver. Figure_3'is a sketch of the configuration in which

. two EMAC probes of this type were used to inspect laboratory specimens of actual

‘boiler tubing. A, treamsiTAt - receive mode of operation was utilized. The
ultrasonic signal generated by a puISed excitation of the EMAC coil is a

- ~ pulse traveling along the tube in both directions from the transmitter probe.

Z
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The pulse is generated_nnifonnty around the entire circumference of the tube.
The portion of the ultrason1c pu]se traveling toward the receive probe is
detected as it passes the EMAC c01] The presence of a flaw located Just beyond
the receiver probe causes a port1on of the ultrason1c energy in the tube to be
ref]ected back toward the receiver probe where it is detected slightly later
'ﬁn t1em than the direct received signal. '

An examp]e of the signals obta1ned withhthis transmit-receive prdbe
1m0nfiguration is shown in the oscillograph of Figure 4A. Two internal EMAC
. probes similar to the one described above were separated by approximately
7 1nches inside a 1 inch d1ameter carbon steel tubing spec1men The"d1rect
mecelved signal" is the 519na] resulting from the initial ultrasonic wave pass1ng
rthrough the field of the rece1ve EMAC coil.. The “ref]ected signal" is the s1gna1
from the port1on of the ultrasonic wave ref]ected at a 0. 015 inch to 0.100 wall
:th1ckness step. in the outside wall of the tub1ng A substantial portion of the
wltrasonic energy incident upon the wall thlckness step is ref]ected back toward
~ the receive transducer. ' | _
Smaller tubing flaws can be detected in‘this same manner. Flgure ﬁﬁihows
. the s1gna] reflected signal from a 0.090 inch deep transverse saw cut in the outside
%211 of a 1 inch dlameter 0.100 inch wall tublng specimen. A much smaller
percentage of the tota] ultrason1c energy transmitted down the tub1ng is 1nc1dent
wpon this flaw as. comapred to the wall thickness step of Eigure 4, however, the
reflected signal from the saw cut is eas11y detected Similar results have been
<nbta1ned for other s1mu1ated tubing f]aws sueh as drilt holes and transverse EDM
mntches. | ’ |

Since the ultrasonic signal generated‘by the.probe configuration described
aibove travels parallel to the axis of the tubing, only those flaws which present
& broad ref]ectlng surface to the trave11ng wave will be detected In order to

permit detection flaws oriented along the axis of the tubing a different probe

\
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gesign was used (see Figure ﬂ). It consists of a small EMAC coil mounted on the

tapered end of a small cylindricaI»permanent-type magnet. Two of these probes can
be used in the transmit-receive mode of operation and located approximately 180°
apart on the circumference of the tubing to detect flaws located parallel to the
axis of the tubing. Simulated axial flaws in tubing specimens were detected in this
manner by not1ng the signal attenuatlonizs}to flaws passing between the two probes.
Figures ?k and ;% illustrate the norma] s1gna1 received with EMAC point probes and

. the -attenuation noted for a 0.072 inch deep, 0.250 inch axial EDM notch in 1.0 inch
diameter, 0.100 inch wall carbon steel tubing. Note the multiple signais in the

“normal trace due to the multiple passes of the ultrasonic signal around the circum-

ference of the tubing. EDM notches down-to 01024 inches deep were detected by this

method.

EDDY CURRENT METHODS

Multiparameter Methods

Y
Mu1t1parameter eddy current inspection methods use the 1nformat1on obtained by

simultaneous excitation of an eddy current 1nspect1on probe at two or more test
X

frequenc1es to separate more test wariebles-than can be separated w1th convent1ona]
single frequency eddy current methods. The increased tes§1¥ar4ab+eNSeparation

capability of MU1t1parameter methods over single frequency methods perm1ts

d1scr1m1nat1on aga1nst undesxxahi22549aaim#axzataaas wh]ch m1ght otherw1se mask
: gnliu&.£ﬁn»--sic
out the rnrzzbiezgfziﬁterese This 1ncreased $eparation capab111ty 1s a definite

asset for eddy current 1nspect1on of ferrous tubing - because of the large number of-
VAN “‘M};—[) L4
-vaz#ab?&s-preseneaqn~eh@|nater1a14wh1ch can cause undesirable s1gna]sx&:rzcﬁﬂﬂF=
Varying permeability, scale, ovality, and other parameters in the tubing can mask
the signals present due to flaws of interest such as cracks; pits or wall thinning.

A two frequency fliltiparameter eddy current system was used to determine

the amount of signal improvement that could be obtained with the ﬂl}ltiparametcr

r
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é'ﬁhniquc on ferrous tubing. The relatively low operating frequenc1es of 24.4

a‘.lhw TP\ TJ A,(Mt«\,me}\.ﬂu m ”1
and 97.6 Hz were chosen to prnz7dé£;iue-tﬁereasod penetrat1on 2£HL&b+l*%jh+¥Nv§lned -

£or— prnuxrniﬁon=o¥ the high penneab11ity carbon steel material. A differential
bobin- type probe was used in the tests. ‘

N .
- The 1asneascd=ysa¢eb+e separat1on capability of the MU1t1parameter system

§s demonstrated by the 1nspect1on chart record shown in F1gure};., AnA1nspect1on
probe was drawn through a carbon ‘steel tubing spec1men containing machined steps
in both the inner and outer tub1ng wa]]s Conventional 1nterna1 eddy current
4nspection techn1quesapp11ed to ferrous tub1ng would be expected to produce a

very large signal response over inner wall th1ckness stepsy but would have difficulty
in detecting outer wall thickness steps. Figure ﬂ shows the ability of the two
‘frequency multiparameter system to reduce the normally 1arge inner wall signals,
‘Awh11e maintaining sensitivity to the outer wa]] thickness steps. The s1gna]s from
four outer wall steps labeled D, C, and B represent three successive 0. 010 inch
step reductions of the outer tubing wa]] (th1chness - 0.100 1n.). The signal
abeled A. ts from an outer wall step increase of 0.030 in. The signals E, F, and G
represent three successive inner wall step} reductions of. approx1mate1y 0.005 in.

T“ ;‘7;,(f,umb‘ oy
and H is an_inner wall step increase of 0.016 in. Mote | that the magnitude of

Ay

v

‘ L

‘- the signals from the inner wall steps has been reduced by proper adjustment | é%

of thelﬁJltiparameter system to less than the magnitude of the guter wall steps.
This method of discrimination against inner wa]]nonuniformities could be valuable
for inspection4of‘ferrous tubing when outer wall thinning (caused by such things

’

as hanger wear) is suspected.

Magnetic Saturation Methods

Magnetic saturation methods are sometimes used to reduce -the undesirable
effects of magnetic penneability variations in carbon steel in order to allow

conventional eddy current inspection methods to beAimo]emented. The methods -

normally emoloyed to aid tubing inspection requihe~an external magnetizdtton

’
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coil surrounding the tube, a method which does not lend itself to installed

vtubind inspection. An a]ternatedapproach s to produce a reasdnab1y high
megnetic field in the tubing wall by using an internal magnetization probe..

The increased signal pedetration_that can be obtained with an internal
magnetization probe was demonstrated by using a probe similar to the EMAC
probe shown in Figure 2. Solid pole pieces were used in place of the brush-like
pole pieces. A pulsed voltage was impressed across the magnetization coil
of the probe, producing a pulsed magnetic f1e¥d in the tubing walls. The
effectlveness of the magnet1zat1on‘upon the,Rgﬁ[§eddy current signal penetration
.1nto the tubing 1§ very apparent in F1gure 8. The photo shows the signal
transmitted through the wall of a section of 0.100 inch wall ferrous tubing
with and without the magnetization field present. The upper trace shows the
current pulse through the magnetization coil of the probe. The lower trace is
the amount of 1 KHz signal transmitted from a transmitter coil surroundihg the
tubing to the receiver coil located inside the tube. No transmitted signal is
detected when the magnetization current is off; however, a 51gn1f1cant amount
. of signal is transm1tted when the current pulse is applied.

Although the signal penetrat1on was increased with this internal magnettzation
probe, in our particular app]1cat1on the degree of magnet1c saturatIon atta1ned
_was 1nseff1c1ent to eliminate the f]uctuat1ons in the eddy current signals |
caused by material permeability variations. The rema1n1ng interferences due to
permeability variations were sufficiently large to ma;k signals trom_sma]] |
- cracks and pits in the tubing wall. The internal magnetization probe concept
may be more applicable td lafger diameter tubing where the probe body could
be en]arged to provide higher f]ux densities in the tub]ng wall. The puleed
. magnetization current technique permits the~use/::lat1ve1y high currents in
the magnetization coil. Continuous magnetizétidn currente would necessarily

be less because of the heat buildup at the probe due to IzR‘losses. Pulsed

magnetization techniques can also be used in EMAC_inspectidn systems.
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SUMMARY

Several of the electromagnetic inspection techniques investigated can

i ’ provide useful inspection data concerning the status of installed ferromagnetic
fubing. The most promising method for eétab]ishing the general condition and
status of installed tubing is the EMAC inspection technique. The EMAC technique
has several advantages over conventional ultrasonic and eddy current inspeﬁtion'
iechniqueﬁ. For example, EMAC inspection techniques require no liquid ultrasonic
‘couplant, allow full 360° inspection witH a single probe, can perform inSpécfion
4n presence of scale or general surfaée roughness, can inspect bended regions and
'areas.of fubing ovality, and are Tess sensftive'td permeability variations than
conventional electromagnetic methods. Our laboratory studies have demonstrated
. : the capability of specially designed EMAC in;bection probes to detect cfacks,
pitting, and wall thinning iﬁ small diameter tuBing specimens. - Additional development
| of the EMAC inspection technique éou]d provide a ne& means for making meanfngfu]
, . inspection qf installed tubing.
} AlthOugh Multiparameter eddy curreént teéhniqués show promise for detécting wall
thinning in ferrous tubing, the two .frequency systeﬁ used during our studies did not
} provide sufficient discriminatibn again;t magnetic permeabi}ity Qariations to
ﬁistiﬁéuish small cracks or pits in thextubing. The parameter.separation capabi]ity'
of.the two frequency multiparameter system was sufficient to permit detection of
 outer wall thinning in the'presenCe of sma11 pi%} and scale on the interior tubfng
surfgce; This technique.could be used specifica]]yAfoh detection of wall thinning
in ferfous tqbing when'thqt conditién is of primary ihferést. Additional discrimfnétjon
capability could be obta{ned by iﬁcfeasing:the number of operating frequencies in the
g !b]tiparémeter system, however, MuTtiparameter systems operating #t'morevthan two

e

frequencies can quickly become .complex and nothreadiiy adaptable for field use.



o

Eddy current signal penetration depth can be increased significantly with

{nternal magnetization probes. S1m11ar probes could be’ usefu] in larger diameter

Convent10na1 eddy

Pu]sed

tubing to approach magnetlc saturat1on of the tubing wall.
current techn1ques cou]d then be used to perform the tubing inspection.

magnetizat1on technlques can a]so be usefu] in produc1ng the magnetic fleld requ1red ,

in EMAC tub1ng 1nspect1on

Te
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