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par
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Résumé

Des sondes à courant de Foucault ont été développées au cours de la dernière
décennie pour inspecter l'alliage Monel 400 légèrement ferromagnétique. Par
suite des progrès rapides de la technologie des aimants permanents, des sondes
semblables ont été améliorées pour qu'elles puissent saturer magnétiquement
et donc inspecter l'acier inoxydable duplex Sandvik 3RE60 dont l'induction de
saturation est plus du double de celle du Monel 400. Les prototypes de ces
sondes ont été mis à l'essai de trois façons: capacité de saturation, qualité
des données typiques obtenues par courant de Foucault et possibilité d'éliminer
les signaux induits de perméabilité. On commente dans ce rapport les essais
effectués avec succès au laboratoire, les applications potentielles de ces
sondes et leurs limitations.
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ABSTRACT

The past decade has seen the development of eddy current probes for
inspection of the mildly ferromagnetic alloy Monel 400. Due to the rapid
advances in permanent magnet technology similar probes have been upgraded to
magnetically saturate, and hence inspect, the duplex stainless steel Sandvik
3RE60, which has saturation induction more than twice that of Monel 400.
Prototypes of these probes have been tested in three ways: saturation
capability, quality of typical eddy current data, and ability to eliminate
permeability induced signals. Successful laboratory testing, potential
applications, and limitations of these type probes are discussed.
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1. INTRODUCTION

In-service eddy current testing (ET) of heat exchanger tubing is often
complicated by the use of magnetic materials such as nickel-copper alloys,
austenitic-ferritic stainless steels, and mild carbon steel. Since many
factors must be considered when a choice of tubing material is made for a
particular unit, including initial cost and resistance to deterioration,
inspectability is often of secondary importance. For this reason the alloys
Monel 400* and Sandvik 3RE60** are encountered as examples in the nuclear
industry, and mild carbon steel is used extensively throughout industry in
general.

It is commonly known that magnetic materials can only be inspected by ET once
they have been magnetically saturated. This condition can easily be met
during manufacturing testing, but places a severe restriction upon in-service
inspection, where usually only the tube ID is accessible.

We may non-rigorously define materials as being mildly ferromagnetic if they
have saturation induction less than 1 tesla. This puts the alloys Monel 400
and 3RE60 in the mild class. Carbon steel, on the other hand, is highly
ferromagnetic, having saturation induction over 2 tesla. A considerable
amount of ET development work in the Canadian nuclear industry has been
directed toward saturation probes for inspection of mild magnetic materials.
This was largely due to the use of Monel 400 in the Pickering Generating
Station heat exchangers. Probes to inspect Monel 400 tubing have seen
successful use in the field, and recently we have succeeded in developing
probes for 19 mm 3RE60 tubing, which is more difficult to saturate. The
ability to inspect 3RE60 tubing is very likely the highest level to which
probes of this type, using high energy-product permanent magnets, can be
elevated. Highly ferromagnetic mild carbon steel will require some new
approach and is currently the subject of laboratory investigation.

This paper presents data obtained from a prototype probe suitable for
inspection of 19 mm 3RE60 heat exchanger tubing. Impedance monitoring shows
the magnetic tubing is fully saturated by the probe. Comparison of 3RE60
signals (eddy current impedance plane display) to those from a nonmagnetic
316 stainless steel tube of the same dimensions also demonstrates complete
saturation. Finally, stress induced permeability variation signals
effectively "dissappear", as would be expected at full saturation. The
results indicate 3RE60 tubing of this size is now inspectable (with
limitations), representing a further advancement in the in-service inspection
of ferromagnetic materials.

* Reg. trademark of International Nickel Co.
** Reg. trademark of Sandvik Tubular Prod.
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2. BACKGROUND

2.1 Theory

The thickness of conducting material inspectable by ET is limited by the
exponential decay of eddy current density with depth. This is characterized
by a decay constant known as the "standard depth of penetration" (6"), given
by [2].

(1)

where:

to = electromagnetic field angular frequency
a = electrical conductivity of medium
U = magnetic permeability of conducting medium

As expressed in equation (1), 6 is the depth at which the alternating field
intensity, and hence eddy current density, falls to 1/e (e = 2.71828...) of
its surface value. (This is satisfactory as an approximation, but is only
exact for a semi-infinite conducting medium with uniform external magnetic
field intensity). Since 6 is inversely proportional to the square root of
permeability, it must be much less in magnetic materials than in nonmagnetic
cases. * The former have permeabilities that are typically orders of
magnitude higher than the latter. This is indicative of one of two problems
associated with ET in magnetic materials; eddy currents cannot penetrate the
specimen sufficiently. Since the eddy current technique relies upon the
presence of defects to perturb the flow of currents in the metal, there can
be little sensitivity to sub-surface defects if eddy current density is
vanishingly small. The application of a biasing field will increase the
depth of eddy current penetration, by effectively reducing the permeability
of the sample, but here the second problem arises. Large amplitude signals
due to permeability variations will be detected by the ET probe unless
saturation is complete. Apart from these signals overwhelming the
conventional ones, we must cope with the fact that permeability variations
are not restricted to defect locations. Internal stresses, non-uniform heat
treatment, and bending are examples of non-defective sites where signals will
occur in unsaturated samples. These are often indistinguishable from real
defects, resulting in unnecessary tube removal or plugging. It is therefore
essential, for reliable inspection, that the medium be fully saturated.

*Actually the situation is far more complicated for magnetic media, which
have nonlinear induction vs field intensity relationships. The value of
permeability that we use in equation (1) must also be carefully chosen in the
magnetic case, but detailed consideration of electromagnetic fields in
conductors is beyond the scope of this discussion.
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To understand the phenomenon of magnetic saturation we must consider the
magnetic dipole moments of the constituent atoms in a magnetic material.
These are arranged in a random pattern of domains when the sample is in the
demagnetized state. Application of an external field causes large scale
alignment of dipoles, which contributes to the total magnetic induction.
Eventually, as applied field intensity is increased, the material
contribution reaches a saturating value; all dipoles are aligned parallel to
each other. Any further increase in induction is then equal only to the
increase in applied field. The slope of the B vs H curve becomes equal to a
constant (yo)» where B and H are the moduli of induction and field
intensity respectively, and conventional eddy current testing is possible.

2.2 Saturation Probe

Because of the geometrical configuration of tubing in a heat exchanger, the
only source of applied saturating field must be the eddy current probe
itself. For mild magnetic materials it has been found that permanent magnets
housed in the probe are the most convenient method of field application.
This eliminates the need to supply any high magnetizing currents, and the
subsequent cooling requirements that these imply. In general, for ET
saturation probe development, It is more desirable to choose permanent
magnets, whenever possible, over electromagnetic coils.

We have been fortunate in developing probes to saturate mild materials, due
largely to the advances over the past two decades in permanent magnet
manufacturing technology. Of particular use has been the fabrication of Rare
Earth - Cobalt alloys (e.g., SmCo5) with maximum energy-products of order
200 kJ/m3 (25 MG-Oe). Only with hard magnetic materials of this quality
can alloys such as 3RE60, with saturation induction approximately 0.6T
(6000G), be saturated. This is achieved by placing three magnets in the
configuration shown in Figure 1, where like poles are arranged facing each
other across a space filled with soft magnetic material (mild steel or
Permendur "keepers"). This configuration was initially developed by Cecco
and co-workers[3]; its effect is to focus magnetic flux lines into the tube
wall. Higher flux levels, and hence inductions, can be obtained in the tube
using this method than from a single magnet. The eddy current sensing coil
normally rides with the assembly, surrounding the central magnet. As
expected, the magnets experience considerable demagnetizing fields from each
other, and must therefore have a very "long and flat" magnetization vs
coercive field curve. This is a property of Rare Earth-Cobalt alloys, making
them ideal for this application.

The choice of optimum magnet sizes depends largely upon the material type and
tube dimensions. Assembling a probe for a given material and tube
configuration can be aided by computer analysis, such as finite element
solutions to Maxwell's equations for magnetostatics, but the magnetic
properties for the materials involved (tube, magnets, keepers) must be known
accurately. Laboratory verification is still required and constitutes the
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major portion of the work involved. Once a magnet configuration is
"optimized", usually by impedance monitoring of magnetization levels,
conventional eddy current probe design considerations, such as impedance
matching and coil winding, can be determined. This is dtscribed in a paper
by Cecco [3]. A cut-away view of a probe is shown in Figure 2.

The probe may be described as three magnets and two keepers, arranged in the
manner of Figure 1, with the sensing coil surrounding the central magnet and
adjacent to the region of tube wall saturation. Some shielding is necessary
to prevent coupling into the keepers by the alternating field. A reference
coil is located at the rear and is shielded to prevent it from sensing the
tube material. Spacer material is usually some nonconducting medium such as
Dupont Delrin. All components are housed in an Inconel* (nonmagnetic) casing
with electrical connections through a four pin connector at the rear.

A final comment, in relation to probe dimensions, should be inserted here.
Dimensions shown in Figure 1 are typical of the magnet assembly in a 19 mm OD
tube, and they effectively determine the minimum probe length and diameter.
In many instances it may not be possible for the probe to traverse U-bend
tubes completely, restricting usage to straight tubing, or the straight
sections of U-bend tubing.

3. PROBE TESTING

The first step in developing a saturation probe is to optimize the magnet
configuration to the tube size. This cannot be done without some trial and
error measurement, and a fast method of verifying saturation in a tube has
been developed to accommodate it. If an AC encircling coil Is placed around
the outside of a nonmagnetic tube, it will have an electrical impedance that
is dependent upon the tube material resistivity and geometry. Replacing the
tube with a magnetic one of identical dimensions and resistivity will change
the coil impedance, but it can be brought back to its original value by
saturating the magnetic tube. Eddy current impedance monitoring of
saturation is based upon this phenomenon.

With an AC coil surrounding a magnetic tube, magnets are slid down the inside
and saturation is verified if the coil impedance equals the value it would
have for an identical, but nonmagnetic, tube. In practice neither electrical
resistivity nor dimensions can be matched identically between magnetic and
nonmagnetic tubes. The former problem, that of electrical resistivity, can
be tolerated if the match is within 15 to 20 percent. The latter problem,
different tube dimensions, is overcome by closely matching only the outer
diameter and sampling a shallow surface layer using high frequency. Figure 3
shows the change in impedance of a coil encircling a 19.1 mm OD (1.84 mm wall
thickness) 3RE60 tube as a saturating magnet assembly is moved through the
tube.

•International Nickel Co.
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After saturation is attained and the complete prototype probe Is assembled, a
comparison of ET signals from artificial defects in a nonmagnetic tube and a
3RE60 tube can be made. This is shown in Figure 4, where impedance plane
signals from machined calibration defects in 316 stainless steel and 3RE60
are presented. These signals were recorded at a test frequency of f9o, the
frequency at which shallow ID and OD defect indications have 90° phase
separatlon[4].

As a final check on the ability of the probe to prevent unwanted
"permeability signals", a strip chart recording is taken in a 3RE60 tube with
machined ID, OD and through hole indications, and a shot-peened
circumferential band. Shot-peening induces a localized permeability
variation due to internal stresses, but is not a real defect site. On the
strip chart recording, which is shown in Figure 5, we would expect the real
defects to appear, but not the shot-peened area.

The key procedures and components for probe development are given in the
following summary.

SUMMARY OF PROCEDURES AND COMPONENTS

Test 1 Impedance Monitoring to Verify Saturation

Detector: AC Encircling Coil
Frequency 1 MHz

Nonmagnetic Reference Tube: 304 stainless steel
resistivity p» 72 x 10 8fi-m
dimensions 19.13 mm OD x 1.38 mm wall

Method: Monitor encircling coil impedance as magnets pass through
tube.

Results: Figure 3 - Impedance plane display of encircling coil.

Test 2 Comparison of ET Signals in Nonmagnetic and Magnetic Tubing

Detector: ET Saturation Probe
Frequencies: f90 (316 SS) = 70 kHz

f90 (3RE60) = 75 kHz
Nonmagnetic Tube: 316 stainless_ steel

p = 75 x 10 8 Q -m
dimensions 19.05 mm OD x 1.85 mm Wall

Method: Record ET signals from 0D, ID, through hole machined
calibration defects in nonmagnetic tube and 3RE60 tube

Results: Figure 4 - Impedance plane display of ET probe signals



- 6 -

Test 3 Verify Saturation Through Absence of Permeability Induced Signal

Detector: ET Saturation Probe
Frequency f 90 (3RE60) = 75 kHz

Method: Record ET signals from 3RE60 tube having OD, ID, through
hole machined calibration defects and shot-peened OD band.

Results: Figure 5 - Strip chart recording to show absence of signal
from shot-peened area.

For all tests: 3RE60 tube - resistivity p = 85 x l(f8 fi-m
dimensions 19.1 mn OD x 1.84 mm wall

Eddy Current Instrument - Automation Industries EM33OO

4. DISCUSSION OF RESULTS

Because there is a great deal of procedural background involved in
understanding Figure 3, some discussion is warranted. The results shown may
be briefly explained as follows.

An AC encircling coil operating at 1 MHz in air has an impedance vector locus
at point 0. Phase is set up such that an inductive increase gives a
vertically upward signal. Insertion of a 304 stainless steel tube into the
coil moves the impedance locus to point 01, whereas if a 3RE60 tube is used,
impedance is shifted to point A. From point A three traces can be generated.
These are labelled as trace A, trace B and trace C. Trace A is generated by
magnetizing the tube to saturation by means of an external solenoidal coil,
bringing the impedance locus to point A1. If the 304 stainless steel and
3RE60 tubes had identical resistivity and geometry points 0f and A' would
coincide. If the vertical component of trace A is plotted against solenoid
magnetizing current, trace B is generated, where B' represents the point of
saturation. If now, instead of a solenoid, magnets are used inside the tube
and the vertical component of impedance change (from point A) is plotted
against magnet position, trace C is generated. By definition the vertical
distances from A to A' and B to B1, which are equal, represent the vertical
impedance change necessary to saturate the tube. For the magnets to also
saturate the tubs, the vertical distance from C to C' must equal the former
two.

It is evident from Figure 3 that the magnet configuration tested has
saturated the 3RE60 tube at point C . This occurs when the magnets are
centred under the AC sampling coil. We see three lobes in trace C, each one
due to one of the three magnets in the configuration. With saturation
verified, a probe can be constructed by winding an AC coil around the central
magnet.

The eddy current impedance plane signals in Figure 4 compare signals from 316
stainless steel and 3RE60. The saturation probe is used for both, since in
the case of 316 stainless steel the magnets do not influence the eddy current
signals. Signals from 3RE60 and 316 stainless are essentially identical.
For this type of signal analysis, eddy current instrument phase is set to
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give a horizontal deflection to the left for a concentric ID groove. Working
at f90; OD groove signals will be rotated 90° clockwise from the ID signals.
This 90° phase separation is in itself often used as a verification of
saturation, and it is amply demonstrated in the 3RE6O signals. The OD signal
from the 3RE60 tube is slightly distorted near the bottom. This is
considered to be due to demagnetizing effects near the corners of the groove,
preventing full saturation in these areas. Some samples of 3RE60 tubing are
more difficult to saturate than others. Those that are more difficult
generally show this distortion; it does not occur in all tube samples. The
central portion of the groove is fully saturated, as can be seen by the
disappearance of the distortion as the signal grows vertically. Overall the
eddy current signals from the 3RE60 tube closely match those from the 316
stainless, indicating the probe is capable of providing data that is readily
interpretable in the light of present eddy current knowledge.

The strip chart recording of Figure 5 shows signals of the type in Figure 4
resolved into X and Y components. Each one is displayed on a separate
channel. Although they are labelled for easy identification, there is no
difficulty determining that signals are present from the machined calibration
defects. We note however that between the two event markers there is no
discernable signal, although this is the region of an external shot-peened
band. Without full saturation, a large signal would be seen in this region.
The absence of such a signal further proves the probe can eliminate
"permeability noise", and saturates the tube under examination.

5. CONCLUSIONS

It would be premature to conclude that full field inspections could now be
performed in all mildly ferromagnetic materials up to those of saturation
induction approximately 0.6 tesla. The laboratory testing of saturation
probes for 3RE60 is to a great degree complete, and the probes must now prove
themselves in the field. Laboratory results on calibration defects are
encouraging. We know of at least one prototype probe that has seen field
use, but at this time its performance has not yet been assessed in depth.
It is believed that 3RE60 tubing of "average" magnetic characteristics (for
that material) can be inspected by eddy current, using probes of the type
discussed here. Although the results presented in this paper dealt
exclusively with 19 mm tubing, previous work using 16 mm tubing has also been
successfully carried out. With a minimal amount of laboratory work the
application of these probes could likely be extended to other
austenitic-ferritic stainless steels.

To avoid presenting an overly optimistic picture of the situation, it i£
necessary to point out several important considerations. These are as
follows.

i) Because of the sizes of the magnets, U-bend tube sections are largely
uninspectable.
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ii) Tube regions under magnetic support plates are uninspectable since
these areas cannot be fully saturated.

iii) The variation of magnetic characteristics between tube samples is not
yet well known. Only a field test can determine whether all tubes in
a given heat exchanger are saturable. (This is a problem also
encountered in Mbnel 400 inspection)»

iv) It is possible that the existence of heavy magnetic deposits might
sufficiently perturb the saturating field to render tubing
uninspectable•

v) The probe cannot be used effectively in the hands of an operator
unaccustomed to ferromagnetic inspection and its associated problems.

The above points serve to underline that although the probe makes 3RE60
tubing inspectable, it cannot be expected to perform satisfactorily outside
of its limitations.

6. SUMMARY

Conventional eddy current inspection of ferromagnetic materials requires full
magnetic saturation of the test item. This has been realized in 19 mm 3RE60
tubing by using a focussed arrangement of permanent magnets. The results
shown here are proof that the laboratory problems associated with 3RE60
inspection have been overcome, and field confirmation of probe ability is the
logical next step. There is no reason to believe that the use of these
probes cannot be extended to similar mildly ferromagnetic alloys. Properly
utilized, this generation of saturation probes is of great potential value to
ferromagnetic tube inspection, so long as they are used within the bounds of
their applicability.
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316 Stainless Steel Signals: fgQ = 70 kHz

A - ID Concentric Groove
0.1 nun deep x 2.5 mm
long

B - OD Concentric Groove
0.4 mm deep x 2.5 mm long

C - OD Hole 1.5 mm Dia.
0.5 mm deep

D - Through Hole
1.5 mm Dia.

E - OD Eccentric Groove

0.8 mm deep x
3.5 mm long

3RE60 Signals: fg0 = 75 kHz

A - ID Concentric Groove B - Through Hole
0.5 mm deep x 2.5 mm long 1.5 mm Dia.

C - OD Eccentric Groove
0.75 mm deep x
3.5 mm long

FIGURE 4: Eddy Current Impedance Plane Signals.
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Both Channels - 10 volts full scale deflection

ET Frequency - 78 kHz

FIGURE 5: Strip Chart Recording.
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