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MAGNETIC METHODS OF
NONDESTRUCTIVE EVALUATION

In nondestructive evaluation (NDE), measurements are made
in such a way that after the measurements are completed,
the specimen is not physically altered as a result of the mea-
surement. In the case of magnetic measurements this means
that the specimen, if magnetized, can always be demagne-
tized and restored to its original state. A nondestructive mea-
surement is therefore just what the label says—nonde-
structive.

Magnetic methods of nondestructive evaluation are used to
find three major types of information: (1) detection and char-
acterization of macroscopic flaws in a specimen such as
cracks, corrosion pits, or inclusions; (2) characterization of mi-
crostructural features such as creep damage, plastic deforma-
tion, grain size, and compositional features; (3) characteriza-
tion of residual stress and residual stress distribution in a
specimen. In most cases, a magnetic technique is used typi-
cally for only one of these uses; in some cases, it may be used
for several.

Our discussion in this review will categorize magnetic
methods primarily according to the purpose for which the
methods are used. Thus, the article will be divided into three
major sections according to the type of information sought.
Not included in our discussion will be NDE measurement
techniques involving eddy currents, as such techniques are
used mostly for nonmagnetic materials. A discussion of prom-
ising future magnetic NDE techniques will be included in a
final major section.

Review articles on various aspects of magnetic NDE that
might also be consulted are found in Refs. 1-20.

MAGNETIC METHODS FOR CRACKS,
CORROSION PITS, OR INCLUSIONS

Magnetic Particle Inspection (MPI)

Magnetic particle inspection (MPI) was developed in the
1930s by Magnaflux Corporation (21). The method was based
on the chance discovery that iron filings tended to collect close
to flaws in steels during the grinding process. Magnaflux Cor-
poration turned this observation into a successful commercial
method of locating flaws in steels (1,21).

Magnetic particle inspection (MPI) depends on the leakage
of magnetic flux at the surface of a ferromagnetic material at
locations of surface-breaking or near-surface flaws (see Fig.
1). In order for the method to be effective, the magnetic mate-
rial has to be magnetized in the vicinity of the flaw. This is
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Figure 1. Magnetic particle accumulation in the leakage flux pro-
duced by a flaw (after Ref. 10).
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Figure 2. The yoke method for magnetizing a specimen (after Ref.
10).

accomplished usually in one of two ways: (1) via a magnetic
field injected into a specimen by a magnetic “yoke” wound
with current-carrying coils (see Fig. 2); (2) by using contact
electrodes called “prods,” which inject currents directly into
the specimen, in turn magnetizing the specimen. In the case
of the “yoke,” the magnetic field circulates into the specimen
parallel to the surface, running from one yoke pole piece to
the other. Flaws in the material break up this parallel field
pattern in the vicinity of the flaw to produce a field gradient
and magnetic force, which holds iron filings near the flaw.
With “prods,” the injected current generates a circulating
magnetic field, as given by the “right-hand rule” (22). Flaws
distort the field pattern, again producing field gradients and
forces that hold filings near the flaws. In both cases, the best
indication is given when the field is perpendicular to the
largest flaw dimension, either the crack length or the most
prolately shaped side of the flaw in the case of corrosion pits
or inclusions.

The MPI method is reliable, when used correctly, for find-
ing surface and near-surface flaws of sufficient macroscopic
size and gives an indication of the location and length of the
flaw. The field must be strong enough to hold the particles
applied. Very shallow cracks can be missed, as can subsurface
cracks, if the leakage fields are weak. The magnetic particles
best used are ones that are fine enough and have a high
enough permeability to be held (21). The component being
tested can be almost any size or shape, although care is
needed with complex geometries.

The method has limitations. For best results, the magnetic
field must lie perpendicular to the flaw direction. Flaws can
be overlooked by misorientation of the field or by using a field
that is not strong enough to hold the particles. Finally, while
the length of the flaw is obtainable, depth of flaw can only be
guessed (unsatisfactorily) by the amount of powder accumu-
lated.

Various enhancements have been added (1,10). These in-
clude wet techniques, such as water-borne suspensions
known as “magnetic inks.” Also, fluorescent magnetic pow-
ders often give clearer indication of smaller flaws when
viewed under ultraviolet light (23). Another method is a mag-
netic tape, which is placed over the area to be inspected (24).
The tape is magnetized by the strong surface field, the gradi-
ents of which leave imprints of flux changes at defect loca-
tions. A quantitative flux leakage reading is obtained by in-
specting the tape with a Hall probe or fluxgate magnetometer.
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The tape is particularly useful in places hard to inspect by
MPL.

Magnetic Flux Leakage (MFL)

As with the MPI method, the magnetic flux leakage (MFL)
method depends on the perturbation of magnetic flux caused
by surface or near-surface flaws. The MFL method differs
from MPI in that it utilizes a flux-detecting device to detect
the perturbations associated with the flaw. Another name for
the MFL method is the “magnetic perturbation” (MagPert)
method (7).

The MFL method offers extra information because the flux
density components in three directions, parallel and perpen-
dicular to the flaw direction and normal to the surface, can be
measured. Usually, however, only components parallel to the
surface are actually measured.

The method gained acceptance after a practical flux-leak-
age measuring system was developed (25), which was capable
of detecting surface and subsurface flaws on the inner surface
of steel tubes, a location unsuitable for the MPI method. The
MFL technique is now even more developed in that it can
be used for both detection and characterization of flaws (7,
26-28).

The leakage flux probe is usually an induction coil or a
Hall probe. The probe is accompanied by a magnet that mag-
netizes the specimen in its vicinity. As the probe is scanned
across the specimen surface, detected flux density anomalies
indicate flaw location. Figure 3 shows the use of such a probe
both (a) to detect a crack and (b) to detect a region of low
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Figure 3. Using magnetic flux leakage (a) to detect flaws and (b) to
detect regions of different permeability (after Ref. 10).
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Figure 4. Leakage flux variation and search coil output with dis-
tance across a crack (after Ref. 27).

permeability. Figure 4 shows variation of leakage flux density
as the probe moves across a crack and the voltage in a search
coil moving at constant speed through this changing flux den-
sity (27).

The use of the search coil sensor is based on Faraday’s law
of induction, which states that the voltage induced in the coil
is proportional to the number of turns in the coil multiplied
by the time rate of change of the flux threading through the
coil (7). To produce a voltage, either the coil must be in motion
or the flux density must be changing as a function of time.
For MFL, the moving coil is used to sense spatial changes in
leakage flux. If the coil is oriented to sense flux changes paral-
lel to the specimen surface in the direction x, then as the coil
moves through the spatially perturbed flux above a flaw, the
induced emf is given by (7)
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where A is coil cross-sectional area, N is number of turns, B,
is flux density component parallel to the surface, dx/dt is con-
stant coil velocity, and d®/dt is rate of change of magnetic
flux ® = B,A that is threading the coil. From Eq. (1), the coil
voltage V is proportional to the flux density gradient along
the direction of coil motion times the coil velocity.

The Hall sensor does not detect the flux gradient, but mea-
sures directly the component of flux itself in a direction per-
pendicular to the sensitive area of the device (7,27). Because
the Hall sensor response is not dependent on probe motion, a
variable scanning speed can be used. In air, the Hall sensor
is often used to measure magnetic field H, = B,/u,, where uq
is the permeability of free space, and where the Hall sensor
is oriented to measure field and flux density components par-
allel to the specimen surface. The Hall sensor is used to mea-
sure H, because it has a small sensitive area that can be
placed very close to the specimen surface. As H, is continuous
across the surface boundary, the H, measured is equivalent
to H, in the specimen. The Hall sensor is more difficult to
fabricate and more delicate than induction coil sensors.

The disadvantage of the MFL method, compared with MPI,
is that scanning a leakage flux detection probe across the sur-
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face of a specimen can be quite time-consuming. The MPI
method, on the other hand, can check large areas of a speci-
men quite quickly.

The MFL method is quite useful if the location of the flaw
is known with a fairly high probability because the MFL
method can be used to characterize flaws as to size and depth
(26—28). Also, if a matrix of scanners can cover the entire
surface of the specimen in one pass, the MFL method offers
advantages in that it can be done systematically. This is the
case when a circular ring of leakage flux scanners is placed
on a “pig” inside a pipeline and is sent through the pipeline
to detect corrosion and other flaws on the inside of the pipe-
line (29,30). For pipeline, MFL is preferred because the inside
of a pipe is hard to inspect visually.

Interpretation of MFL in terms of flaw size and shape was
made possible by quantitative leakage field modeling. In early
papers, Shcherbinin and Zatsepin (31,32) approximated sur-
face defects by linear magnetic dipoles and by calculating the
dipole magnetic fields. In this way, expressions were obtained
for both the normal and tangential components of the leakage
flux density. Numerical computations fit experimental data
surprisingly well. In the case of leakage fields due to inclu-
sions and voids, a model by Sablik and Beissner (28) was de-
veloped, which approximated voids and inclusions as either
prolate or oblate spheroids. Expressions for the three compo-
nents of flux density were used to study the effects of oblate-
ness and size and depth of defect. Another analysis was that
of Edwards and Palmer (33), who approximated a crack as a
semielliptic slot and computed the leakage flux density com-
ponents and the forces on magnetic particles, so that quanti-
tative analysis of MPI might also be tenable.

Significant progress in leakage field computation was
made by Hwang, Lord, and others (34—-37), who used finite
element modeling methods. The leakage field profiles ob-
tained for a simple rectangular slot agreed excellently with
observation (34). Other finite element calculations (35)
showed how different defect shapes and geometries affected
the leakage field signals. A similar technique, finite difference
modeling, was also used for computing leakage fields (38).

Reviews of leakage field calculations and interpretation of
measurements have been given by Dohman (39) and Holler
and Dobmann (40). These authors have discussesd both detec-
tion and sizing. Owston (41) reported on differences in leak-
age flux signals between fatigue cracks and artificial flaws
such as saw slots, and also on leakage flux as a function of
liftoff (i.e., distance of detector from specimen surface). For-
ster (42) has discussed the correlations of observed magnetic
leakage field measurements with expectations based on finite
element modeling and shown notable discrepancies.

One complication in the leakage field computations is re-
sidual stress around the defect. The residual stress produces
a distribution of permeability changes about the defect, in ef-
fect creating a new magnetic geometry. This is why the leak-
age field of a fatigue crack differs from that of a slot. Recent
papers have attempted both theoretically (43) and experimen-
tally (44,45) to deal with the effect of residual stress on leak-
age field signals from corrosion pits.

A leakage field detection technique, called the electric cur-
rent perturbation (ECP) technique (46,47), has also been used
for nonmagnetic materials. It involves either injecting (via
electrodes) or inducing (via a coil) an electric current in the
vicinity of a flaw. The current passes around the defect, creat-

ing a characteristic leakage field signal in the flux density
produced by the flow of current. Clearly the technique has its
origins in MFL.

The MFL is used primarily by the oil and gas industry for
inspections inside tubulars, such as gas pipelines, downhole
casing and other steel piping (7,29,30). The cylindrical geome-
try aids in characterizing defects. The MFL has also been
used for irregularly shaped parts, such as helicopter rotor
blade D-spars (48), and for bearings and bearing races (49).

Magnetostrictive Sensors (MsS)

A relatively new technique for nondestructively locating flaws
well away from the position of the sensor is called “magneto-
strictive sensing” (MsS) (50,51). Current in an ac coil, axisym-
metrically surrounding a steel pipe in the presence of a static
axial magnetic field, generates an electromagnetic field in the
pipe wall, which magnetostrictively generates oscillating
strains and hence elastic waves. These elastic waves travel
down the pipe wall in both directions from the coil location
and reflect off defects such as corrosion pits or deep cracks.
The returning reflected elastic waves magnetostrictively pro-
duce changing magnetization underneath a detector coil, also
in a static axial magnetic field, and the changing magnetiza-
tion induces an emf in the detector coil. The time lag between
generation and detection gives information about where the
defect is located, and the shape of the signal gives clues about
the nature of the defect (52,53).

The technique not only offers the possibility of inspecting
long sections of pipe or tubing, as much as 500 m away, but
also works when there are bends and elbows in the pipe (53).
The wave generation coils, sensing coils, and field coils all are
suspended axisymmetrically on plastic forms around the pipe,
so that the coupling of coils to the pipe does not involve direct
contact (51). In addition, the inspection is volumetric and
senses defects and flaws well inside the pipe wall and not just
near the surface (53). Bridge cable strands (54) and concrete
reinforcement bars (55) also can be inspected with the tech-
nique.

Figure 5 shows the transmitter and receiver coils on a steel
pipe specimen and a block diagram showing the basic elec-
tronic circuitry. The bias magnets, operating together with
transmitter and receiver coils, can be large current dc coils
surrounding the ac coils. (In Fig. 5 there is one bias coil envel-
oping both receiver and transmitter.) The bias magnets can
also be arrays of magnetic circuit modules spaced equally
around the pipe (56). Figure 6 shows this latter configuration.
Figure 7 shows reflected waves from welds in a pipe and from
the far end of the pipe. Because second reflections of weld
reflections are seen, careful interpretation is required.

Russian investigators began to consider the possibility of
using magnetostrictive wave generation for sensing reflected
waves from rod and pipe defects and developed theoretical
models for the magnetostrictive wave generation in the long
wavelength approximation (57,58). More recently, Sablik and
Rubin (59) have produced a model, from which numerical re-
sults can be extracted for any frequency, without restriction.
The more recent model reproduces the dispersion spectrum
measured in pipes (59,60). The issue of wave amplitude and
signal-in to signal-out still needs more work for a complete
match with the experiment (61).



Receiver
coil

Transmitter
coil

Bias SA214
coil steel tube
(a)
B'gv‘\)llar" Pulse
powe generator
supply
Y Y
Current Power D'g't.ﬁl
monitor amplifier oscl
loscope
Y Y Y
Bias Transmitter Receiver
coil coil coil

(b)

Figure 5. Magnetostrictive wave setup: (a) schematic diagram show-
ing a steel tube surrounded by both transmitter and receiver in the
axial bias field of a large dc coil; (b) block circuit diagram for bias
coil, transmitter coil, and receiver coil (after Ref. 61).

The MsS technique is promising. More research is needed
to understand the effect of nonlinear, hysteretic magnetiza-
tion and magnetostriction on the efficiency of the generation
and sensing process. In addition, both defect identification
and characterization need to be better addressed.

The MsS technique is similar to that of EMATS, which are
used to generate elastic waves from electromagnetic waves in
nonferrous media. EMATS rely on the Lorentz force to couple
electromagnetic waves to the nonferrous metal; whereas the
MsS approach relies on magnetostrictive coupling, which in
ferromagnets is larger than Lorentz coupling. In addition,
EMATS are typically meander coils, whereas the MsS geome-
try is cylindrical.

MAGNETIC METHODS FOR MICROSTRUCTURAL FEATURES

Microstructural NDE via Hysteresis Loop Parameters

All ferromagnetic materials exhibit hysteresis in the variation
of flux density B with magnetic field H. Hysteresis means
that as the field in a specimen is increased from —H,, to +H,,
the B(H) at each value of H is different from the value that
exists when the field is decreased from +H,, to —H,,. In other
words, the flux density depends on the history of the H
variation as well as on the value of H itself. Figure 8 shows
this history dependence for a field varying between —H,, and
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Figure 6. Photograph shows an array of MsS magnetic bias field
modules placed around a 406.6 mm outside diameter steel pipe. In-
stalling an encircling ac coil on a continuous pipe is accomplished
with a ribbon coil that can be strapped onto the pipe (after Ref. 56).

+H,. The B vs H plot is known as the magnetic hysteresis
loop.

In Fig. 8 are indicated various parameters associated with
the hysteresis. The remanence B, is defined as the nonzero
flux density still remaining in the material when the field in
the material is brought from its maximum value H,, back to
zero. The coercivity H, is the additional amount of field in the
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Figure 7. MsS trace from the detector showing reflections off welds,
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of the pipe (after Ref. 53).
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Figure 8. Hysteresis plot showing various hysteresis parameters—
coercivity (H,), remanence (B,), maximum flux density (B,,), maximum
differential permeability (u).), initial differential permeability (ui,),
the anhysteretic curve, and the initial differential anhysteretic per-
meability (u;,). The area inscribed by the hysteresis curve is the hys-
teresis loss (Wy) (after Ref. 6).

opposite direction that has to be applied before the remaining
flux density in the material is finally brought back to zero.
(Technically speaking, the terms remanent flux density and
coercive field should be used for unsaturated loops, whose
maximum flux density B, is less than the saturation value
B,.) Note that the slope of the B-H curve, known as the differ-
ential permeability, is typically a maximum at the coercive
field H,, and so the maximum differential permeability w,., is
another characteristic of the hysteresis loop. The path taken
on the B—H plot when an unmagnetized specimen is brought
to maximum field H,, is known as the initial magnetization
curve, and the slope of the initial magnetization as the field
begins to increase from H = 0 is known as the initial differen-
tial permeability w/,.

The area enclosed by the hysteresis loop in Fig. 8 is the
hysteresis loss Wy. It has that name because the loop area is
the magnetic energy that must be inputted if the material is
to be completely cycled around the loop. This energy loss is
associated with irreversible motion of magnetic domain walls
inside the material and appears in the material as heat. The
hysteresis is thus due to irreversible thermodynamic changes
that develop as a result of magnetization.

Another feature, depicted in Fig. 8, is the anhysteretic
curve. If a large amplitude ac field is superimposed on a con-
stant dc bias field H and if the ac amplitude is gradually de-
creased, the material’s flux density will tend to a value on the
anhysteretic curve. By changing the bias field to H' and re-
peating the procedure, another point on the anhysteretic
curve is obtained. At saturation, both the anhysteretic and
the hysteresis curve have the same end point value. Note that
the anhysteretic curve is single-valued. The slope of the an-
hysteretic curve at H = 0 is another hysteresis parameter and
is called the initial differential anhysteretic permeability w},.
A paper by Sablik and Langman (62) discusses the experi-
mental attainment of the anhysteretic curve in both the ab-
sence and the presence of mechanical stress.

All the hysteresis parameters are known to be sensitive to
such factors as stress, plastic strain, grain size, heat treat-
ment, and the presence of precipitates of a second phase, such
as iron carbide in steels. Excepting stress, all of these factors
refer to microstructural conditions in the material. In addi-
tion, microstructural changes can be produced by the applica-
tion of stress at high temperatures; such changes, referred to
as creep damage, generally involve degradation of the mate-
rial so that it is more susceptible to mechanical failure such
as cracking and rupture. The presence of creep damage can
be sensed by characteristic magnetic property changes—that
is, changes in the hysteresis parameters. Similarly, cyclic ap-
plication of stress eventually results in microstructural
changes that will eventually lead to mechanical failure. These
microstructural changes due to cyclic stress application are
known as fatigue damage, and they too are associated with
characteristic magnetic property changes. Because hysteresis
parameters are sensitive to microstructure and microstruc-
tural changes, the measurement of hysteresis loops for a
given specimen becomes an NDE technique for characterizing
microstructure. Proper systematics must be followed, so as to
sort one microstructural effect from another.

One effect that must be addressed is the problem of demag-
netizing effects (63) due to finite geometries and magnetic
pole formation at both ends of the specimen, leading to a re-
duction in effective local field in the material by —D, M,
where D, is known as the demagnetization factor and is de-
pendent on sample shape. If this effect, due to finiteness and
shape of the sample, is not properly addressed, apparent
changes in sample magnetic properties may in fact be caused
by geometrical instead of microstructural effects.

With proper care and systematics, NDE via hysteresis has
had great success in evaluation of the condition of steel com-
ponents. Mikheev (64) has used magnetic parameters to de-
termine the quality of heat treatment of steels and to evalu-
ate hardnesses of steels (65). In most cases, Mikheev used
a coercivity measurement to characterize the material, and
correlations were made between coercivity and chemical com-
position, microstructure, hardness, and heat treatment. Fig-
ure 9 is an example showing one such relationship—that H,
increases linearly with carbon content when carbon precipi-
tates are lamellar in shape but nonlinearly when the precipi-
tates are spheroidal (64). The effect of grain size and hard-
ness on hysteresis parameters was studied by Kwun and
Burkhardt (66), who looked at these effects in alloy steels.
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Figure 9. Variation of coercive field H, with carbon content for la-
mellar and spheroidal precipitates (after Ref. 65).



Ranjan et al. (67,68) have also looked at grain size effects as
well as carbon content effects in decarburized steels.

Another possible use of hysteresis parameters is in detec-
tion of creep damage (19). It is known that creep damage
causes a general reduction in the values of hysteresis parame-
ters—that is, remanence, coercivity, maximum differential
permeability, and hysteresis loss (69). The reason is twofold.
During creep, voids move out of the grains to the grain bound-
aries where they coalesce and form cavities; the cavities be-
come magnetically polarized, creating a demagnetizing field
that results in a decreased local field and decreased overall
flux density and remanence (69). Also, during creep, disloca-
tions, which normally act as domain wall pinning centers,
move out of the grains to the grain boundaries, producing a
reduction in coercivity (69). These effects have been modeled
(19,69), using a modification of the Jiles—Atherton model of
hysteresis (70). In addition, in the case where the creep dam-
age is distributed nonuniformly, the model can be incorpo-
rated into a finite element formalism (71). This is important
in the case of seam welds in steam piping because in such
welds there is a greater weld width on the inside and outside
of the pipe wall, but a smaller weld width in the wall interior.
The stress in the pipe due to steam loading gets concentrated
at the weld V inside the wall, and that is where creep damage
begins. The finite element simulation shows that one can de-
tect this creep damage, even when it is interior to the wall,
by recording the induced secondary emf of a magnetic C-core
detector (71).

Yet another potential use of hysteresis parameters is in
NDE of fatigue damage caused by cyclic stress. In this case,
the coercivity follows a very specific pattern. During the early
stages of the fatigue process, the coercivity increases gradu-
ally, following a logarithmic dependence on the number N of
stress cycles as: H, — H. = b In N. After a long period, a point
is reached where the end failure process begins, after which
the coercivity increases very rapidly (72,73). Figure 10 shows
these effects. When the coercivity reaches the stage where it
starts increasingly rapidly, it is time to remove the test speci-
men from service before it fails. Remanence shows the oppo-
site effect and decreases linearly with InNV (73).

Another microstructural effect is plastic deformation,
where slipping and movement of dislocations under large
stress results in dimensional changes in a specimen after the
stress is removed. The stress at which plastic deformation
starts is called the yield point. Swartzendruber et al. (74)
have shown that in low carbon steels, the coercivity increases
as the square root of plastic strain, where strain is defined as
change in length divided by length.

It is anticipated that the monitoring of hysteresis parame-
ters will be one of the preferred future methods in monitoring
creep damage, fatigue damage, and plastic deformation.

Microstructural NDE via Barkhausen
Effect and Magnetoacoustic Emission

The Barkhausen effect (BE) and magnetoacoustic emission
(MAE) are related effects. The BE results from irreversible
step-like changes in magnetization, produced mainly by sud-
den movement of 180° domain walls. The discontinuous
change of magnetization generates a noise-like BE voltage
proportional to the time derivative of the magnetic flux into a
pick-up coil placed near the material being magnetized. The
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Figure 10. For A533B structural steel is depicted: (a) tensile and
compressive strain as a function of number of stress cycles at fixed
stress amplitude (272 MPa); (b) coercivity and remanence as a func-
tion of number of stress cycles (after Ref. 73).

MAE is caused by microscopic changes in local strain induced
magnetoelastically during the discontinuous motion of non-
180° walls. The acoustic waves so generated can be detected
by a piezoelectric transducer bonded to the test material.

The BE is one of the most important magnetic NDE meth-
ods for investigating intrinsic properties of magnetic materi-
als. Since its discovery in 1919 (75), the BE has been the sub-
ject of numerous investigations. The literature prior to 1975
is reviewed by Stierstadt (76) and by McClure and Schrioder
(77), who treat primarily the physical basis of the BE and its
detection techniques. Reviews of Barkhausen applications in
NDE include Refs. 2—-6, 13, 78-81.

The as-received BE signal is influenced by BE electromag-
netic wave signal propagation conditions in the material (82)
as well by transducer properties (77,80,83). A typical BE volt-
age signal (U,) induced in a pickup coil (wound on a low car-
bon steel bar) is shown in Fig. 11 (84). The signal was re-
corded during a half cycle of magnetic field H sweep, during
which H increased at a constant time rate. The high fre-
quency component (U,) of the U, signal, transformed to a dc-
like envelope voltage signal U, depicts the BE intensity enve-
lope. Its maximum usually occurs at or near coercivity field
strength H,. The MAE intensity envelope reveals mostly two
maxima in the “knee” region of hysteresis. A BE and MAE
measuring setup for NDE is shown schematically in Fig. 12.
A biasing C-shaped magnet is cycled at low frequency (gener-
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Figure 11. Schematic diagram showing time variation of the applied
field H, the pickup coil voltage U,, the BE component voltage U,, and
its envelope U, (after Ref. 84).

ally less than 100 Hz). The BE voltage detected inductively is
analyzed by a signal processor in the frequency range 1-300
kHz. The MAE probe (piezoceramic transducer, mostly reso-
nant) provides the strain signal, which is analyzed in a range
from 20 kHz to 1 MHz. It was established (85) that mostly
large movement of non-180° DW or creation and annihilation
of DW generates the MAE signals (86—89) while the BE sig-
nals are due to all kinds of DW movement, though mainly
180° in steel (85,90).

The various methods of BE and MAE signal processing and
analysis can be separated into three main groups: (1) power
spectrum analysis (77,91-93); (2) individual pulse analysis;
and (3) integrated pulse analysis. Individual pulse analysis
leads to pulse amplitude distribution (94), pulse amplitude
and pulse duration distribution (95), and autocorrelation
functions (96). The rms-like voltage (97) envelope of rectified
pulses (98) and pulse count rate (67,99) signatures can be re-
corded as a function of applied field strength as part of indi-
vidual pulse analysis. Single parameter evaluations of BE in-
tensity such as mean value of rms (100), mean pulse
amplitude (2,78), total number of pulses (101), and rectified
single envelope maximum level are also used. Due to progress
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Figure 12. The BE and MAE transmitter and receiver system (after
Ref. 4).

in microelectronics, BE measurement sets have been trans-
formed from laboratory-like sets (102) to portable sets
(78,81,103) and small compact (101) sets.

The BE intensity was also modeled in various ways. The
rms-like parameter level was evaluated by Sakamoto et al.
(104) and the power spectrum function by Alessandro et al.
(92,93). Kim et al. have used a wall potential energy model
for pulse amplitude (94).

The BE and MAE are dependent on the density and nature
of pinning sites within the material (78). Precipitation of sol-
ute carbon as carbide is easily detected by BE analysis
(67,78). Increase of particle size increases the stress field
around the particle and the associated pinning effect causes
a rise in BE intensity. The BE intensity maximum appears
when the particle size is comparable with DW width (105).
For larger particle size than DW width, new closure domains
appear on the precipitate surface and magnetic structure be-
comes more detailed, leading to a decrease of BE pulse ampli-
tude and BE intensity (78,97). The MAE intensity increases
with increase of precipitate concentration located at grain
boundaries (105).

Grain size affects the magnetic properties in two ways:
first, by change of domain structure due to generation of clo-
sure domains (reverse spikes) at the grain boundaries and,
second, by change of DW motion conditions because grain
boundaries present obstacles to movement of DW (67). The
DW moves further between pinning sites in increased size
grains. An increase of grain size leads thus to an increase of
rms peak level and total number of counts of the BE (67),
pulse amplitude (106), pulse duration (107), and mean rms
level (108). The role of grain size on BE power spectrum was
discussed by Bertotti et al. in a theory in which BE is con-
nected to the statistical properties of random local coercive
fields experienced by a moving DW (109). The MAE signal
intensity follows the same trend with grain size as does the
BE signal (67,107).

Texture direction can be evaluated using BE due to the
strong orientation effect of BE intensity (78). Komatsubara
and Porteseil (110) found that the integral of BE power losses
increases as a function of misorientation of grains against
magnetization direction. Tiitto (108) found that BE level pat-
terns vary systematically over a wide range of tested textures.
Krause et al. (111) argued that the angular dependence of BE
intensity in Si-Fe oriented steel was modulated by anisotropic
internal fields that moderate 180° DW motion.

Plastic deformation changes considerably the BE intensity
(78). The zero-stress BE intensity decreases within small ten-
sile plastic strain (5,78,91,112,113) and increases for compres-
sive plastic strain (5,13) indicating “compressive-like” and
“tensile-like” residual stress, respectively, due to plastic
strain. The BE and MAE intensities are reduced during an-
nealing of plastically deformed steel due to dislocation density
decrease (112).

The BE intensity is correlated with hardness level (4,5). A
decrease of hardness of hardened parts is accompanied by an
increase of BE intensity (5). Two frequency bands of BE sig-
nal filtering were used in order to evaluate surface hardening
depth (4,114).

New approaches to NDE of microstructure are possible us-
ing MAE, in which Barkhausen pulses due to non- 180° DW
jumps are detected during sample loading within the elastic
range of stress (6,78,79,89,95,99,115). A distribution function



of internal stress at microstructural defects is obtainable di-
rectly from strain dependence of the MAE intensity (99,116).

The BE and MAE are used to analyze microstructure
change due to various thermal treatments (78,97,113,117). A
decrease of dislocation density with tempering time was
found to be correlated with different BE and MAE depen-
dences on time (117). Buttle et al. tested the result of heat
treatment of strained iron and have proposed simultaneous
measurement of BE and MAE for NDE characterization of
materials microstructure (112).

Structural degradation of industrial materials due to fa-
tigue or creep is an important NDE application of the Bark-
hausen effect (2,11). Sundstrom and Torronen report prelimi-
nary results indicating that BE can be used for in-service
inspection of high-temperature pipelines of ferritic materials
used in power stations (2). The as-observed decrease of the
BE intensity in the overheated areas of tested tubes was well
correlated with reduction of hardness level. Lamontanara et
al. have tested the influence of cycling load and plastic defor-
mation on BE properties in boiler tubes correlating change of
BE parameters with fatigue damage (11). Monotonic decrease
of BE intensity was observed for power station tubes as a
function of their exploitation time (118). Similar decrease in
Barkhausen signal due to fatigue was found by Chen et al.
(119).

Other applications of BE include grinding, shot-peening,
and crack propagation. Grinding operations provide micro-
structure changes which can be detected by means of BE in-
spection (5,120). Tiitto looked at increase of BE intensity as
an indication of grinding burns on a camshaft valve lobe (5)
and ball bearing surface (108). Shot peening as a surface
treatment for extending fatigue life can be controlled by
means of BE inspection (108,121). McClure et al. (122) and
Battacharya and Schréder (123) used both BE and MAE to
detect discontinuous changes in magnetization of ferromag-
nets caused by fatigue crack propagation.

The BE and MAE methods have been clearly established
as viable NDE techniques for NDE microstructural changes
evaluation. The physical mechanisms for microstructural in-
fluences on the Barkhausen effect need to be further eluci-
dated. Also, measurement conditions and signal processing
should be delineated carefully so as to establish NDE proce-
dure standards.

MAGNETIC NDE OF RESIDUAL STRESS

Inhomogeneous heat treatment due to welding and inhomoge-
neous plastic deformation during fabrication can leave strong
residual stresses inside steel components (12). These stresses
affect component service life because they can add to applied
loads causing fatigue and failure. The residual stresses might
also be beneficial. For example, railroad wheels have com-
pressive residual stress built into the wheel rims to inhibit
crack formation. Through braking and general use, the com-
pressive stress in the wheel rim can change to tensile stress,
which can cause cracks in the rim to widen (16,124). For these
and many reasons, an NDE method for measuring stress is
sought.

Of the NDE methods for measuring residual stress (125),
none currently gives a complete map of stress field inside each
component. In this section, we discuss magnetic properties
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that correlate with stress and note how they are used for
NDE of residual stress.

Using Hysteresis Parameters for Residual Stress NDE

The effect of stress on magnetization has been studied for
many years (126—137). The vast majority of work has been
one-dimensional (i.e., stress axis, applied magnetic field, and
magnetization all collinear along the same axis). Recently,
noncoaxial stress, field, and magnetization has been investi-
gated (137,138). In addition, there have been magnetic stud-
ies where the stresses are biaxial, that is, two stresses act
independently along two perpendicular axes (18,139-146).

Two major types of magnetic processes have been stud-
ied—oH processes and Ho processes. In oH processes, stress
(0) is first applied and then H is varied while stress is kept
constant. A typical oH process is a magnetic hysteresis loop
taken at constant stress. This would be the way NDE hystere-
sis measurements would be conducted. In the Ho process, the
field is first set at a constant nonzero value, and then magne-
tization varies as applied stress is varied (128,135). Discus-
sion here is restricted to oH processes, as they apply to NDE
measurements.

Three major model types account for hysteresis in materi-
als undergoing the oH process. First, a macroscopic model
has been developed by Sablik and Jiles (and others) for poly-
crystalline ferromagnets (17,132,136,137,147). Second, a mi-
cromagnetic model, taking into account domain wall types,
has been developed for crystals and polycrystals by Schneider
et al. (135), Schneider and Richardson (140), and Schneider
and Charlesworth (148). Third, another micromagnetic
model, using an energy formulation and a statistical formula-
tion for the domains, is due to Hauser and Fulmek (134) and
Hauser (149,150), who applied it mostly to crystalline and
grain-oriented Fe(Si) alloy steel. In addition, Garshelis and
Fiegel have proposed a simple nonhysteretic model for stress
effects on magnetic properties (151). Early models were also
given by Brown (152,153), and Smith and Birchak (154). A
recent model relating stress to magnetic properties in thin
magnetic films has been developed by Callegaro and Puppin
(155).

The effects of stress on ferromagnetic materials is compli-
cated, as several factors must be considered. For instance, it
must be known whether the stress is within the elastic range
of the material or whether it is plastically deforming the ma-
terial. Also, one must know something about the nature of the
magnetostriction—whether, for example, it is positive or neg-
ative.

Magnetostriction refers to the change in dimensions of fer-
romagnetic materials as they are magnetized. The relative
change in dimensions is quite small (~1075 or 1076 for most
ferromagnetic materials and depends on the strength and ori-
entation of the applied field. A material with positive magne-
tostriction increases in length along the magnetization direc-
tion. Conversely, a material with negative magnetostriction
decreases in length along the magnetization direction.

A tensile stress, applied to a material with positive magne-
tostriction, will generally increase the magnetic induction B.
The stress produces an effective magnetic field that acts in
conjunction with the applied magnetic field and in effect adds
to it. A compressive stress, applied to a material with positive
magnetostriction, generally decreases magnetic induction B.
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In this case, the stress produces an effective magnetic field
that opposes the applied magnetic field.

Many ferrous alloys have a mixed type of magnetostriction
depending on the applied magnetic field and stress. Iron, un-
der zero stress, has a positive magnetostriction up to about
250 Oe (20 kA/m); above this, it has a negative magnetostric-
tion (13). In alloys, the field that produces a change in sign of
the magnetostriction will be different depending on stress and
material composition. Nickel has a negative magnetostriction
(126); this is true also of some ferrites (156).

In low magnetic fields and under tensile stress in the elas-
tic range, ferrous alloys with positive magnetostriction show
increased magnetic induction with increased applied stress.
The effect is nearly linear until a magnitude of stress is
reached at which the induction reaches a maximum, after
which for higher stresses, induction is smaller. This appear-
ance of this maximum under tensile stress is called the Villari
effect (137,157). An explanation often advanced for this effect
is a change in sign of the magnetostriction with increased
stress (13). More exactly, it would be a change in sign of the
derivative of the bulk magnetostriction with respect to the
bulk magnetization (dA/dM), because the stress effective field
H, is predicted to be proportional to dA/dM (17,136,137,158).
Other explanations have been also given for the Villari effect
(135). One of these is that as tensile stress is increased, the
domains antiparallel to the magnetization tend to shrink and
disappear, with the result that the magnetostriction tends not
to change as much under tensile stress, leading to a shrink-
ing dA/dM which tends to produce a maximum in the mag-
netic induction (147). Under compression, a stress-caused de-
magnetization term —D,M comes about because compression
produces spatial divergence of magnetization near grain
boundaries (viz., [V-M| # 0), which in turn results in mag-
netic poles at the grain boundaries, producing a demagnetiza-
tion field that subtracts from the magnetic induction (147).
The effect of the demagnetization term is so strong for applied
compressive stresses that it counteracts the effect of reduction
in dA/dM. For this reason, the Villari extremum is not seen
under compressive stress. The behavior is thus asymmetric
(147). The fact that a maximum appears in the magnetic in-
duction under tensile stress and coaxial field H complicates
NDE measurement of stress.

Even more complications come about when stress and field
are noncoaxial (i.e., stress axis and field are at an angle 6
with respect to each other). Generally, in an isotropic or poly-
crystalline ferromagnetic material, an angle 6 can be found
for which stress causes no change in magnetic properties
when stress and field are noncoaxial (137,138). If the field is
perpendicular to the stress axis, then for ¢H processes, in-
creased stress under tension produces decreased magnetic in-
duction for each value of H, and vice versa for compression
(130,131,137,138). Furthermore, the Villari extremum shifts
to negative (i.e., compressive) stresses (137). Because of all
these extra complications, an NDE measurement of stress
must be carefully designed.

The process is simplified if the direction of the stress axis
is known (for, in that case, the magnetic field can be applied
parallel to the stress axis) and a low enough field can be ap-
plied that the magnetic properties vary canonically with
stress. In such a situation, for positive magnetostriction, the
remanence B, should be increased linearly with increased ten-
sile stress and decreased linearly with increased compressive

stress; similarly, for B, and M, (136). The coercivity, on
the other hand, is decreased with increased compressive
stress (137).

In the small field—small stress range, one can obtain the
stress from the hysteresis parameters, provided one cali-
brates the parameters for the unstressed material and knows
the stress axis direction. This works well if there is little vari-
ation in properties from sample to sample (as often happens
for commercial steels). If the stress axis direction is unknown,
the angular variation of the magnetic properties can be used
to determine the stress axis direction (137).

Measuring stress using hysteresis parameters is a bulk
stress measurement, usually with an error that is =+ 5-10%
of yield point stress. The bulk measurement is unlike X-ray
and Barkhausen noise measurements, which yield only sur-
face stress (2,5).

Generally speaking, hysteresis loops, true to the specimen,
are measured when a cylindrical specimen is wrapped inside
an excitation coil, with a secondary coil also wrapped around
the specimen in the center of excitation coil, and with a Hall
probe positioned next to the specimen surface to measure H.
This approach, called the permeameter approach, most as-
suredly measures the intrinsic magnetic properties of the
specimen. Alternating current I is applied to the excitation
coil and the resulting alternating magnetic induction B in the
specimen induces a voltage in the secondary coil, the signal
from which is then phase-adjusted to be in synchronization
with the Hall voltage detected, so that a hysteresis loop can
be generated. Quasi-dc properties can be determined by using
low frequencies of the order 0.5 Hz to 2 Hz.

An NDE field probe, in most cases, must be small and por-
table, and so, out in the field, the probe is usually a C-core,
that is, an electromagnet, in the shape of either a circular or
squared-off C, for which the pole pieces are designed to be
flush with the sample. The hysteresis loop, measured with a
secondary coil wrapped around one of the pole pieces close to
the specimen, is not the true hysteresis loop of the specimen;
however, that does not matter if stress is being measured be-
cause the loop that is measured is influenced by the stress
acting on the specimen and will vary proportionally to the
true stress-influenced hysteresis loop of the specimen. Hence,
the variations of the hysteresis loop obtained with a C-core
can still be calibrated with the stress, provided the C-core is
always flush against the specimen. If there is a variable air
space (liftoff) between the C-core and the specimen, there will
be flux leakage and the method will not be reliable. Thus,
NDE of stress (usually with a C-core) must also contend with
this liftoff issue (159).

There are many papers that discuss NDE of stress by us-
ing one or more of the hysteresis parameters. The earliest
seems to be that of Ershov and Shel (160), who used magnetic
permeability to measure tensile stress in steel with the mag-
netic field both perpendicular and parallel to the stress axis.
Abiku and Cullity (161), and later Abiku (162), used perme-
ability to measure stress in steel and nickel. Musikhin et al.
(163) used the coercive field as an NDE indicator of stress.
Devine (164) described the detection of stress in railroad
steels via many magnetic property measurements, using re-
manence, coercivity, maximum differential permeability, and
hysteresis loss. For the case of biaxial stress, a method has
been suggested by Sablik (18) for measuring the difference in
the biaxial stresses using hysteresis parameter measure-



ments for cases where the parameters are measured first with
the magnetic field parallel to one of the stress axes and then
perpendicular to it. For an absolute measurement of the
stresses along both axes, a technique with the magnetic field
perpendicular to the biaxial stress plane is discussed (146).

Nonlinear Harmonic Method (NLH)

The magnetic induction B (magnetic flux density) of a ferro-
magnetic material, when subjected to a sinusoidally varying
field H, is not sinusoidal but distorted. This is due to nonlin-
ear, hysteretic variation of the magnetic induction with field
H. Figure 13 illustrates how a sinusoidal H produces a nonsi-
nusoidal induction B because of magnetic hysteresis (9).

The distorted waveform of B contains odd harmonics. The
reason that only odd harmonics of B are present is because B
must satisfy (165)

B(t = (T/2)) = —B(t) (2)

because, as seen in Fig. 13, the waveform of B repeats itself
over the second half of the cycle but is negative. In Eq. (2),
T is the period of the waveform and is equal to T' = 1/f =
27/w, where o is angular frequency and f is frequency.
Each harmonic has a period 7, = T/n. Thus, when n = 2,
Bt * (T/2)) = Bt = 7,) = B(t) is not Eq. (2); when n = 3,
B(t = (T/2)) = B(t * (37,)/2)) = —B(t). It is seen that only odd
n can satisfy Eq. (2).

Because stresses influence the magnetic hysteresis, it fol-
lows that the harmonic content of the magnetic induction is
also sensitive to the stress. With NLH, these harmonic fre-
quencies are detected, and their amplitudes are related to the
state of stress in the material (166,167).
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Figure 13. Distortion of the magnetic induction B caused by nonline-
arity in hysteresis. The curve for B consists of a fundamental and
higher order odd harmonics (after Ref. 9).

MAGNETIC METHODS OF NONDESTRUCTIVE EVALUATION 21

Function

generator
and

power supply A

§ I Amplifier
Excitation
coil " Sensing coil

7

Figure 14. Block diagram illustrating nonlinear harmonics instru-
mentation (after Ref. 9).

Spectrum
analyzer

“’Specimen
IOV

The NLH instrumentation is shown schematically in Fig.
14 (9). The magnetic field H is applied to the specimen with
an excitation coil and the resulting magnetic induction mea-
sured with a sensing coil. A C-core setup or wrapped coil
about a cylindrical specimen can be used. The sinusoidal exci-
tation current is supplied by a function generator (or oscilla-
tor) and power amplifier. The induced voltage in the sensing
coil is amplified and, via the use of filters, the harmonic sig-
nals are separated from each other, amplified, and analyzed.
Typically, the third, fifth and possibly seventh harmonic sig-
nal can be displayed. However, only the third harmonic signal
is used for stress determination, because that usually has the
largest amplitude.

The harmonic amplitudes depend not only on stress, but
also on relative orientation of stress and field. When positive
magnetostriction applies, the harmonic amplitude increases
with tension when stress and field axes are parallel and de-
creases when they are perpendicular.

The NHL technique senses stresses with sensing depth
near the ac skin depth. Because skin depth is a function of
frequency, the sensing depth can be varied with the fre-
quency. By using quasi dc frequencies, a near bulk measure-
ment is also possible.

The NLH measurements are sensitive to factors unrelated
to stress, such as microstructure, heat treatment, and mate-
rial variables. If a C-core is used, then the possibility of an
air space between probe and sample can cause problems, par-
ticularly on a curved surface such as a pipe. All of these other
factors must be considered when doing the NLH mea-
surement.

This technique is usually effective to a range of stress of
up to about 50% of the yield stress, and the accuracy of the
technique is about = 35 MPa (* 5 kpsi). At stress levels of
higher than 50% of yield stress, the NHL response tends to
saturate. With this technique, stress can be measured while
scanning at high speed [~10 m/s, (or approximately 30 ft/s)]
(167). This technique thus has a potential for rapidly survey-
ing stress states in pipelines or continuously welded rail
(167,168). A simple model for simulating NLH analysis of
stress may be found in Ref. 158.

Stress Induced Magnetic Anisotropy (SMA)

In the absence of stress, a polycrystalline ferromagnetic mate-
rial without texture will have isotropic magnetic properties
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Figure 15. B,/B, ratio against stress, showing continuous change
from compressive to tensile loads (after Ref. 20).

independent of the direction of measurement. In the presence
of stress, this is no longer true, and the material becomes
magnetically anisotropic, an effect known as stress-induced
magnetic anisotropy (SMA) (141). For mild steel, the peak
magnetic flux density ratio between directions parallel and
perpendicular to the stress axis can be as high as 5 (130). As
mentioned earlier, the physics for understanding the differ-
ence in magnetic response in different directions has been de-
veloped by Sablik et al. (137). Although any magnetic method
for measuring stress could be considered an SMA technique,
the term is usually reserved for techniques that simultane-
ously measure magnetic properties in perpendicular direc-
tions.

In a series of papers (16,130,139,169,170) Langman de-
scribes an SMA technique based on measuring the angle be-
tween magnetic field intensity H and magnetic flux density
B. Magnetic permeability u, a scalar in an isotropic ferromag-
netic material but dependent on the magnitude of H, becomes
a tensor in the presence of stress and H and B vectors no
longer are parallel in the general case. B will be canted with
respect to H. Langman’s SMA technique detects the induced
flux normal to the applied field, which in a magnetically iso-
tropic material would be zero. For analysis purposes, Lang-
man considers the ratio between the flux density component
(B,) normal to the applied field and the flux density compo-
nent (B,) parallel to it (viz., B,/B,). In Fig. 15, it is shown how
the ratio B,/B, changes continuously as the stress changes
from compression (negative stress) to tension (positive stress).
For biaxial stresses, this ratio is proportional to the algebraic
difference of the two biaxial stresses (viz., B,/B, = f(o1 — 0v),
where o is the stress along one axis and o, is the stress along
the other). A plot similar to that of Fig. 15 is found, where
now the abscissa is oy — 0,. Note that the behavior seen in
Fig. 15 is linear at low values of stress, becoming nonlinear
at about 1/3 of the yield strength, after which the response
shows a tendency to saturation. A similar behavior was en-
countered also for NLH in the last section. An error margin
reported for this type of measurement is 20 MPa in the differ-
ence between principal stresses and roughly 5° in their direc-
tion, when the stresses are biaxial (20).

Figure 16 shows a concept diagram for Langman’s SMA
probe. The pole pieces of the core of the magnetizing coil in-
duce a strong field in one direction. A modulation frequency
of between 30 and 80 Hz is used, which is equivalent to an
inspection depth of about 0.5 mm in mild steel. Two air-cored
pickup coils parallel to and close to specimen’s surface H are
placed on either side of a third air-cored pickup coil, which is
perpendicular to exciting field H. The outputs of these coils
are translated into the ratio B,/B,. The whole rig is rotated

Normal Parallel
sensing sensing
coil coils

Exciting core footprint

Figure 16. Concept diagram for Langman’s SMA measurement
(after Ref. 20).

obtaining a sinusoidal output at twice the rotation rate with
extremes in value at 45° to the principal stress axes, in the
case of biaxial stress. By pinpointing the directions in which
these extremes occur, one can locate the stress axes. Typical
excitation fields are of the order of several hundred A/m (139).
Difficulties are encountered when the inspection surface is
not flat.

Another type of SMA probe, used in Japan, is known as a
magnetic anisotropy sensor (MAS) (171-173). It differs from
Langman’s probe in that it consists of two perpendicularly
positioned magnetic cores instead of one magnetic core and
three air cores. Figure 17 shows the basic construction. In the
case of the Kashiwaya MAS probe (171), the detector core has
an air space (liftoff) between its pole pieces and the specimen.
The finite air space makes the detector less sensitive to varia-
tions in liftoff. In the case of the Wakiwaka et al. (172) and
Kishimoto et al. (173) probe, neither exciter core nor detector
core has any built-in liftoff. These authors provide an analy-
sis, which considers the reluctances of flux paths and ana-
lyzes the result from the point of view of an equivalent mag-
netic circuit. Again, the MAS output voltage is largest at 45°
with respect to the principal stress axes, having a cloverleaf
representation on a polar plot (see Fig. 18). Note that the clo-
verleaf increases in size as frequency is increased. Figure 19
shows a plot of the MAS output voltage vs stress, for rela-
tively low stress values, for which the response is fairly
linear.

Most applications of SMA (or MAS) have been in mild steel
for the railroad industry. Measurements of railroad rail longi-
tudinal stresses were performed in Japan (171). Stress differ-
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Easy axis of
magnetization

Figure 17. Basic construction of the MAS sensor (after Ref. 173).
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Figure 18. Calculated frequency dependence of magnetic anisotropy
signal patterns (after Ref. 173).

ences due to day-night heating and cooling of railroad rail
were measured. A three-point probe (174) for curved surfaces
was used for biaxial stress measurement in a railroad car
axle. Langman used his SMA technique to do field studies of
stresses in railway wheels (16).

Magnetically Induced Velocity Changes
(MIVC) for Ultrasonic Waves

In MIVC, the dependence of the elastic moduli on the magne-
tization is exploited as an NDE technique. One utilizes this
dependence by passing ultrasonic waves through the magne-
tized material and measuring change in transit time between
when the material is magnetized and when it is not. The elas-
tic moduli are affected not only by a magnetic field but also
by stress (which changes the magnetization). Thus, stress
changes the MIVC. Indeed, the MIVC for ultrasonic waves is
not only dependent on stress but also on the angle between
the stress direction and the direction of the applied magnetic
field (175,176). The characteristic stress dependence of the
MIVC is used for stress determination (9,14,175-178).
Figure 20 shows a diagram of the instrumentation for mea-
suring MIVC. An electromagnet supplies a biasing magnetic
field H to the specimen. The applied field H is measured with
a Hall probe. A transducer transmits ultrasonic waves to the
specimen and detects signals reflected from the back of the
specimen. For surface waves, separate transmitting and re-
ceiving transducers are used. The shift in arrival time of the
received ultrasonic wave, caused by velocity change due to
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Figure 19. Calculations of MAS output voltage V| vs stress o for low-

carbon steel (after Ref. 173).
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Figure 20. Block diagram of instrumentation for measuring MIVC
(after Ref. 9).

field and stress, is measured using the phase comparison
technique (175).

Typical plots are seen in Fig. 21 for longitudinal MIVC =
Av/v, against applied field H, where v, is the velocity in the
absence of H, and Av = v — v, is the change in velocity due
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Figure 21. Longitudinal wave velocity vs magnetic field H for vari-
ous stress levels in A-514C steel with H (a) parallel and (b) perpendic-
ular to the stress axis (after Ref. 177).
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to the presence of H. Figure 21(a) applies when H is parallel
to the stress axis for positive magnetostriction materials. It is
noted in Fig. 21(a) that under uniaxial tension (o > 0), the
MIVC is decreased from its o = 0 value but stays positive and
gets larger with increased H, ultimately saturating. Compres-
sion (o < 0) results in a reduction of the MIVC from its o =
0 value, but with the MIVC starting out negative, reaching a
minimum, and then increasing, finally reaching positive val-
ues at large H. The more negative the compression, the
deeper the minimum. For H perpendicular to the stress axis
[Fig. 21(b)], the MIVC behavior under compression is similar
but, under tension, the MIVC is larger at small tensions, and
smaller at large tensions than the case for o = 0.

The detailed dependence of the MIVC on stress varies de-
pending on the sign of stress (tensile or compressive, i.e., posi-
tive or negative), the stress type (uniaxial or biaxial), the
angle between the stress axis and the applied magnetic field,
the wave mode used (shear, longitudinal, or surface), and ma-
terial grades. Generally, NDE studies (14,177,178) have
shown that an unknown stress in the material can be charac-
terized (magnitude, direction and sign) utilizing the known
stress dependences of the MIVC. The MIVC has been used to
measure residual welding stresses (177), residual hoop
stresses in railroad wheels (178), and through-wall detection
of biaxial stresses in operating pipelines (14). In the case of
biaxial stress, it is found that the MIVC works better for com-
pression than for tension (145). Thus, MIVC would comple-
ment other measurements of biaxial stress that work between
under tension than compression (146).

The MIVC technique can be used to measure bulk or sur-
face stresses by applying bulk (shear or longitudinal) or sur-
face ultrasonic waves. A measurement can be made in a few
seconds. However, because MIVC depends on material, refer-
ence calibration curves need to be established for the mate-
rial. The technique has the advantage of being insensitive to
variations in texture and composition of nominally the same
material. The accuracy in stress measurement is similar to
that of other methods (+ 35 MPa or = 5 kpsi). One disadvan-
tage of the technique is that a relatively large electromagnet
is needed to magnetize the part under investigation, which
may be cumbersome in practical application. Also, because of
the difficulty in magnetizing parts of complex geometry, the
application of the technique is limited to relatively simple ge-
ometries.

Barkhausen Effect and Magnetoacoustic
Emission for Residual Stress NDE

The Barkhausen effect (BE) and magnetoacoustic emission
(MAE) are sensitive to stress, making them important, truly
nondestructive, portable and fast alternative NDE tools for
residual stress measurements. The origin of stress depen-
dence lies in the interaction between strain and local magne-
tization. Under uniaxial stress, the results consistently show
that tension increases, while compression decreases, the BE
intensity for positive magnetostriction materials (77,78). Shi-
bata and Ono (179) and Burkhardt et al. (180), in early works
on MAE, revealed that MAE intensity decreases under both
tensile and compressive stress. Rautioho et al. tested the im-
pact of microstructure on the stress dependence of BE (181).
Examples of studies of uniaxial load on BE and MAE inten-
sity are reported in Refs. 182—185.
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Figure 22. Measured BE intensity (1,4,6) and computed BE power
(1',4',6") as a function of H with stress (in MPa) acting as: (1) + 114,
(4) —37, (6) — 162 (after Ref. 187).

The impact of uniaxial stress on BE intensity was modeled
by Tiitto (5,108), utilizing statistical consideration of the do-
main magnetization vector distribution under load. Sablik
(186) applied the magnetomechanical hysteresis model of
Sablik and Jiles (136) to compute the normalized BE signal
from the derivative of the irreversible component of magneti-
zation, utilizing the BE power spectrum model of Allesandro
et al. (92). Sablik’s model was recently applied to fit results
of BE measurements (187). Figure 22 shows the result of com-
parison of experimental and computed BE envelopes for uni-
axial load of low carbon steel.

The BE intensity depends on the angle between uniaxial
load and magnetization direction. When stress and field direc-
tions are parallel, tension causes an increase in BE intensity
while compression causes a decrease; when the field is per-
pendicular to the stress axis, the effects of stress are reversed
(78). The angular dependence of BE was evaluated by Kwun
(138) and by Sablik (17). Stress dependence of BE intensity
has been applied to load sensor design (81,188).

With biaxial load, the transverse tensile stress mostly de-
creases and compressive stress increases the BE intensity
(78). In practice, biaxial calibration of BE intensity as a func-
tion of applied strains utilizes cross-shaped samples and four
bending point modes of load (108,189).

Evaluation of stress due to welding is an example of BE
and MAE industrial application (101,108,190-192). The BE
intensity measurements are performed at a given point in two
directions: along and across the weld seam, assuming that
one of these directions is parallel to the main stress axis. En-
hancement of stress resolution was achieved using the num-
ber of BE pulses as the BE intensity parameter (193). Figure



23 presents a residual stress distribution in a direction per-
pendicular to weld seam line, evaluated via the number of
BE pulses. The BE results for weld stress analysis have been
confirmed by NDE X-ray analysis as well by the hole drilling
method (108,193). Stress dependence of BE signal in pipeline
steels were tested by Jagadish et al., using rms signal, pulse
height distribution and power spectra (194). Special applica-
tion of BE stress evaluation to roll surface inspection is re-
ported in Ref. 78.

Since the discovery that the Barkhausen effect can be used
for NDE of stress (195), the Barkhausen effect has become
one of the usual techniques for NDE of residual stress
(100,101) and commercial apparatus sets are available for
this usage. The technique has a drawback in that the mea-
sured stress distributions are near the surface. The high-fre-
quency electromagnetic signals generated by domain wall mo-
tion in the interior of the specimen are quickly attenuated by
eddy currents before they reach the surface. The effective
depth for stress detection is about 0.5 mm. When bulk stress
evaluation is needed, another NDE method might be better.

The MAE can in principle be used for bulk residual stress
measurement because the acoustic waves generated by do-
main wall motion do not attenuate as rapidly as electromag-
netic BE waves. However, there are problems. First, the MAE
transducer used for detection requires a couplant to the speci-
men, whereas the BE technique is noncontacting. There are
also signals coming from surface-reflected waves that must be
separated from signals coming directly from moving domain
walls. Also, MAE intensity is not a monotonic function of
strain or stress in the near stress region [In fact, it peaks at
zero stress (179,180)]. More research is needed on MAE.

Other Magnetic Methods for Residual Stress NDE

Another NDE method for stress evaluation is the incremental
permeability technique (4). This refers to a time varying
change of the magnetic field superimposed on bias field H. In
effect, the flux density is varied along a minor loop originating

Figure 23. A 3D presentation of the residual stress over the welded
plate in a direction perpendicular to the weld seam, as evaluated from
the BE measurements (after Ref. 189).
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Figure 24. Plot showing how the incremental permeability is ob-
tained from the average slope of a minor loop (after Ref. 4).

at a field point H on a major hysteresis loop. Figure 24 shows
this type of variation, starting at many different points on the
major loop (4). Each of the different minor loops has an aver-
age slope AB/AH, which depends on the stress that is acting.
The slope is called the incremental permeability. Division by
wo produces the incremental “relative” permeability. Incre-
mental permeability is dependent not only on stress but also
on microstructure, and has been used for magnetic NDE as-
sessment of hardness (196). The incremental permeability is
called “reversible” permeability (197) because variation of the
field along the minor loop is small enough that the change in
magnetization is due to domain wall bowing and bending,
which is a reversible process. Imposition of a radio frequency
time-varying signal on the bias field H yields essentially the
same technique, but when rf is used, it is called magabsorp-
tion (8,197). In that case, the time variation of the B—H slope
(permeability) is monitored on an oscilloscope, and the maxi-
mum slope (instead of the average slope) is correlated with
stress. A magnetomechanical hysteresis model has been given
for the magabsorption (197).

Yet another variant involving the use of permeability for
stress measurement is the differential effective permeability
(DEP) technique (15). In this case, the initial permeability is
effectively used to measure stress. A small-amplitude time-
varying H(t) and H = 0 produces what is known as a Rayleigh
loop. The Rayleigh loop effectively corresponds to a minor loop
in the incremental permeability technique, except that it is
centered about H = 0. The slope of the loop depends on stress.
The DEP technique has been used for biaxial stress manage-
ment (15).

Another approach, which has not yet been fully imple-
mented, is to exploit the dependence of the magnetostriction
on stress. Although the dependence of magnetostriction on
stress tends to be more nonlinear than many of the other
properties, magnetostriction offers the possibility of addi-
tional NDE characterization in a multiparameter investiga-
tion (102).

PROMISING NEW MAGNETIC TECHNIQUES

One potentially new NDE technique is magnetic force micros-
cropy (MFM) (198). The MFM involves sensitively mapping
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Figure 25. Schematic for a scanning probe magnetic force micro-
scope (after Ref. 198).

surface magnetic fields (and thus surface topography) over a
20 um size area (for example). The scanning probe has a
sharp point and is mounted on a weak cantilever. (See Fig.
25.) Magnetic interactions between the scanning tip and the
specimen cause the cantilever to deflect. This deflection is de-
tected by reflecting a laser beam off the back of the cantilever
into a position-sensitive photodiode. A map of the cantilever
deflection obtained from the photo output gives an image of
the surface topography. Because the instrumentation can be
transportable, MFM is promising as an NDE tool for de-
termining surface microstructure. A less sensitive form of
MFM should help in measuring magnetic leakage fields and
in locating cracks, corrosion pits, and other microscopic flaws.
Two drawbacks remain: (1) frequent replacement of the tip,
which wears easily; and (2) the necessity for calibration of the
tip at the start and end of each daily usage. Another issue
concerns the need for surface preparation. Also, MFM and re-
lated techniques at present are very costly, and interpretation
is still currently difficult.

A second technique that shows promise for NDE involves
use of commercial high-7, SQUIDs. The high-T, supercon-
ducting quantum interference device (SQUID) needs liquid
nitrogen as a coolant (rather than liquid helium). This means
that it could be used as a portable field device as liquid nitro-
gen is fairly cheap. Because a SQUID can measure magnetic
flux densities very precisely (199), it could be used with non-
ferrous metals as a magentic leakage field detector in the case
of the electric current perturbation technique (199). Another
use would be detection of fatigue damage in nonferromagnetic
stainless steels (200), where fatigue causes formation of fer-
ritic steel regions, which are ferromagnetic and enhance the
overall magnetic field detected for the stainless steel.
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