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ABSTRACT

Quasistatic Spatial Mode (QSM) Sensing is a new form of nondestructive evaluation developed to address the
increasing need for quantitative materials characterization. Two types of QSM sensors and measurement methods are
described, QSM magnetometry and QSM dielectrometry. These measurement methods were invented at the MIT
Laboratory for Electromagnetic and Electronic Systems and are being developed at JENTEK Sensors, Inc. for specific
applications, such as coating porosity characterization. The sensors discussed here are the Meandering Winding
Magnetometer (MWM) and the Inter-Digital Electrode Dielectrometer (IDED). These sensors are thin and flexible,
permitting inspection of complex and difficult to access surfaces. Using continuum electromagnetic models of the
sensor field interactions with multiple layered media, repeatable and quantitative measurement of physical and
geometric properties are obtained. The specific application addressed here is the characterization of coating and
component condition for turbine blades. This includes measurement of thickness and porosity for both ceramic and
metallic coatings. Future research will focus on age degradation monitoring as well.
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1. QUASISTATIC SPATIAL MODE SENSING

This paper describes a new type of electromagnetic nondestructive evaluation (NDE) called QSM sensing. This
section provides a brief background on quasistatics and introduces the basic elements of QSM sensing. It also
provides a description of the QSM magnetometer and dielectrometer used in this research. The remainder of this
paper describes the application of these sensors to characterization of both metallic and ceramic coatings.

For the sensors and quantitative measurement methods described in this paper, "quasistatic” approximations are used
to represent the interactions of the electromagnetic fields with the multiple layered materials of interest. Many NDE
practitioners are familiar with the modeling methods used for "traveling” electromagnetic or acoustic waves that are
produced by a transmitter and sensed by a receiver. The quasistatic sensors described here do not operate in this
manner. The most well known quasistatic NDE sensor is the conventional eddy-current sensor, consisting of a simple
coil driven by an input current at a prescribed temporal frequency. Unlike ultrasonic probes that create waves that
travel away from the probe in a manner described by the wave equation, eddy current sensors create magnetic fields
whose behavior is described by the magnetic diffusion equation. Thus, similar to the diffusion of heat away from a
heat source, the magnetic fields produced by an eddy current sensor diffuse away from the sensor surface and are
never reflected back. This is the "quasistatic” assumption. This assumption is justified as long as the contributions of
other phenomena, such as reflected waves, are very small compared to the contributions of the quasistatic behavior at
the operating conditions of interest.! For example, the quasistatic approximation applies to eddy current sensors when
the wavelength of the traveling waves is very long compared to the dimensions of the sensor, as is typically true when
the temporal frequency of the input current to the sensor winding is under 10 MHz.
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Fig. 1. The QSM magnetometer excites a Fig. 2. Prototype QSM magnetometer probe.

spatially periodic magnetic vector potential.

Two types of quasistatic sensors are described in this paper, the QSM magnetometer and the QSM dielectrometer.
The QSM magnetometer uses magnetic fields to interrogate conducting and magnetic media, such as metals.2.3
These sensors are called magnetometers, rather than eddy current sensors, because they can also be used to measure
magnetic properties, such as complex permeability, of magnetic, nonconducting media like magnetic composites. For
such nonconducting materials, no eddy currents are produced in the material by the sensor magnetic fields. When
used for NDE of conducting media, however, eddy currents are produced and QSM magnetometers can be properly
referred to as eddy current sensors. .

The "Spatial Mode" term in QSM sensing refers to the shape of the quasistatic electromagnetic fields produced by the
QSM sensors. For example, QSM magnetometers produce magnetic fields that are spatially periodic. Figure 1
illustrates the dominant spatial mode of the magnetic vector potential produced by the square wave shaped primary
winding of a QSM magnetometer. This dominant spatial mode has the same spatial wavelength, A, as the sensor's
meandering, conducting winding. It is important to note that this spatial wavelength is entirely independent of the
temporal frequency of the input current to the winding. This is in contrast to traveling wave behavior, for which the
spatial wavelength is inversely proportional to the temporal frequency. This is an important difference between
quasistatic phenomenon and traveling waves. In the quasistatic regime, it is possible to change the shape of the sensor
fields by changing the winding geometry, without changing the temporal frequency of the input current. 345

Measurements are made with QSM magnetometers or dielectrometers by (1) placing the sensor in contact with the
surface of the material of interest, (2) applying a current or voltage at one or more prescribed temporal frequencies to
a driven winding (for the magnetometer) or electrode (for the dielectrometer), and (3) measuring the voltage produced
at the terminals of a sensing winding or electrode. Continuum electromagnetic models, described in the next section,
are used to produce look-up tables. The look-up tables are used to convert the electromagnetic response of the sensor
into estimates of the material electrical properties, and thicknesses of discrete layers.>® Absolute property
measurements can be obtained in real-time, for many applications, with no required operator interpretation. These
measurements can often be made with a single calibration measurement in air, to account for instrument drift, without
the need for calibration standards. This includes automatic compensation for small variations in the sensor position
relative to the part surface, such as those caused by changes in the pressure applied by the operator or by the presence
of accumulated dust particles between the sensor and the part surface.

The continuum electromagnetic models include the contribution of the dominant spatial mode of the applied
electromagnetic field, shown in Figure 1 for a magnetometer, as well as the shorter wavelength modes required to
construct the actual shape of the fields produced by a specific sensor geometry. The models also provide analytical
representations of multiple layered media, and media with gradient morphologies, such as electrical properties that
vary as a function of depth into the material of interest. Section 2 provides a brief description of the continuum
models.
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Table 1 provides a listing of the geometric and electrical properties that can be measured with electromagnetic QSM
sensors. The QSM magnetometers are used to measure the magnetic permeability and electric conductivity of
magnetic and conducting media such as metallic coatings and superalloy substrates (e.g., NiAl, or NiCoCrAlY). QSM
magnetometers can also be used to measure the thickness of a coating that is magnetic and/or conducting (e.g. metals)
on a magnetic, conducting, or insulating substrate.3¢ Furthermore, the QSM magnetometers can be used to measure
the thickness of an insulating layer between the sensor winding plane and the first metallic surface. For example the
thickness of a ceramic coating on a superalloy substrate, or the "lift-off" produced by a paint layer between the sensor

and the material of interest.
Coating Materials of Interest
Metallic Ceramic
| = permeability
QSM magnetometer 6 = conductivity h = layer thickness
h = layer thickness
€ = permittivity
QSM dielectrometer - h = layer thickness

Table 1. Properties measured by QSM sensors

The QSM dielectrometers are used to measure the dielectric properties (i.e., complex permittivity) of relatively
insulating media such as ceramic, polymer, paint or paper. They can also be used to measure the thicknesses of
relatively insulating layers. As described later, the integration of dielectrometer and magnetometer measurements
permits the characterization of a broad range of material constructs.3

For many applications, the measurement of electrical properties and layer thicknesses might be the objective. For
other applications, however, such as porosity characterization, a training set of samples with known properties is
required to correlate the measured electrical properties with the properties of interest. For example, the measurement
of residual stress in processed aluminum and the determination of cumulative fatigue damage in stainless steel have
both been demonstrated with QSM magnetometers. These demonstrations were conducted by correlating electrical
property changes with changes in the property of interest, in a well characterized set of training samples.” Section 3 of
this paper describes this approach for porosity measurement in metallic and ceramic coatings.

The first QSM magnetometer, originally conceived by Prof. James R. Melcher, is called the Meandering Winding
Magnetometer (MWM).%34 The MWM has a conducting primary winding that meanders in a single plane, with
parallel secondary windings that meander on either side of the primary winding. The primary (driven) and secondary
(sensing) windings are deposited on a thin, flexible substrate that can conform to curved surfaces. The primary
winding is driven by an input current with a prescribed temporal frequency. The voltage at the terminals of a pair of
secondary windings is measured to determine the magnitude and phase of the impedance, which is simply the ratio of
the measured secondary voltage to the input primary current. The magnitude and phase provide information about the
magnetic and conducting media penetrated by the applied magnetic field. In the case of the MWM, the depth of
penetration of the applied magnetic field into the part depends on both the temporal frequency of the input current and
the geometry (spatial wavelength, A) of the MWM windings.

Inter-Digital Electrode Dielectrometers (IDEDs) have been in use since the 1960s, and, until recently, have been used
primarily for humidity sensing and polymer cure monitoring. The method of using multiple IDEDs with different
winding spacings to characterize changes in dielectric properties as a function of depth was developed in the early
1980's by Prof. Melcher.># Unlike the QSM magnetometer and other eddy current type sensors, in which the depth of
penetration of the magnetic field depends upon both the frequency of the applied current and the geometry of the
sensor windings, the depth of penetration of the electric field of the QSM dielectrometer depends only upon the
electrode spacing. Thus, for dielectrometry, the characterization of depth dependent properties can be accomplished
by using multiple sensors with different electrode spacings.
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Figure 3, shows a QSM dielectrometer with three different sensing regions. Each of these regions is a separate
dielectrometer with a different electrode spacing. Each region contains an individual IDED sensor. Each of the three
IDEDs has two electrodes, arranged as interdigitated fingers, deposited on a polyimide substrate. One of these
electrodes is driven with a sinusoidal voltage at a prescribed temporal frequency, and the voltage of the other electrode
is measured. The ratio of the driven and sensing voltage amplitudes and the phase shift between them provide
information about the dielectric material that is penetrated by the applied electric fields. The different electrode
spacings, on the sensor shown in Figure 3 (A= 1 mm, 2.5 mm, and 5 mm), provide different depths of penetration for
the electric fields into the material under test. This three wavelength IDED sensor, shown in figure 3, was designed
and fabricated by Melcher and co-workers at the MIT Laboratory for Electromagnetic and Electronic Systems.>8

Fig. 3. A QSM dielectrometer with three Fig. 4. Thin, flat, and flexible QSM sensor is mounted
sensing regions with different electrode spacing. on the face of the probe handle for inspecting flat and
curved parts.

One possible probe design, suitable for either the MWM or the IDED sensor, was shown earlier in Figure 2. As
shown in Figure 4, this probe permits inspection of both flat and curved parts. The models described in the following
section provide accurate representations of the QSM magnetometer and dielectrometer interactions with multiple
layered media, for both flat and curved surface inspection. Note that these sensors were developed specifically for
materials characterization and not for detection of small discrete flaws. They are also limited to inspection of near
surface regions (0 to 3 mm; O to 120 mils). The advantages of QSM sensors include: (1) quantitative measurements
with reduced calibration requirements, (2) compensation for uncontrolled variations in sensor lift-off caused by
surface roughness, accumulated dust or operator applied pressure, and also for variations in magnetic properties of
coatings and substrates, (3) improved repeatability for inspection of curved surfaces, and reduced sensitivity to local
microstructure variations (because a periodically uniform field is provided over a relatively large sensor footprint),
and (4) the capability to measure all relevant electrical properties (permeability, conductivity, and permittivity) and
layer thicknesses, for many metallic and ceramic media, using a combination of magnetometry and dielectrometry.
This does not include conductivity for extremely insulating media, such as a ceramic, or for media, such as water,
whose electrical conductivity falls between the range of sensitivity for the MWM and IDED sensors.

2. CONTINUUM ELECTROMAGNETIC MODELS

The key to the sensitivity and selectivity (ability to measure two or more properties independently) of the MWM is the
accuracy with which sensor response can be modeled. Instead of designing the MWM for maximum sensitivity, it
was designed to provide the best agreement with the continuum models, so that high selectivity could be achieved.
High selectivity is critical for many NDE applications which require compensation for variations in uncontrollable
parameters such as the pressure applied by the operator, or the magnetic properties of the substrate. The modeling
software includes methods to identify operating conditions that provide maximum sensitivity and selectivity, without
running extensive experiments.>3
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Figure 5: Flow diagram of MWM continuum models.

The flow diagram for the MWM continuum models is provided in Figure 5. The material under test is modeled as a
multiple layered medium and represented in a closed form analytical solution by the Fourier amplitude of the surface
inductance density, Ln. The spatial Fourier modes of the surface current density, which are determined by the
winding geometry, produce corresponding magnetic vector potential Fourier modes with amplitudes An; where n is
the mode number. Thus, A1 is the dominant mode, shown in Figure 1. The surface inductance density completely
represents the solution of Laplace's equation in the multiple layered media. The MWM continuum models then solve a
one dimensional magnetic diffusion equation along the y axis in the winding plane to compute the magnetic vector
potential and surface current density distributions as a function of y (see Figurel for axis orientation). A subdomain
method of weighted residuals is used for this purpose. The continuity conditions that relate the magnetic vector
potential Fourier amplitudes to the tangential magnetic field intensity Fourier amplitudes, Hn, are also needed. Then
the relevant two port admittances are computed and the MWM response is determined, in terms of the magnitude and
phase of the transfer inductance. The magnitude of the transfer inductance is defined as the magnitude of the transfer
impedance divided by the angular frequency of the input current. The phase of the transfer inductance is equal to the
phase of the transfer impedance shifted by 90 degrees. The transfer impedance is defined as the secondary (output)
voltage divided by the primary (input) current.

The IDED continuum models are constructed in the same manner as the MWM models. Rather than a surface
inductance density, however, the IDED models use a surface capacitance density, Cp, to represent the multiple layered
dielectric material under test. Also, the Fourier amplitudes of the electric field, Ey, and electric potential, ¢, are
computed to determine the relevant two port admittances for the IDED, replacing A, and Hy, in Figure 5.3

3. COATING THICKNESS AND POROSITY MEASUREMENT

This section describes some highlights from the first phase results of an ongoing research effort designed to
demonstrate the capability of QSM sensing to provide independent measurements of porosity and thickness for both
metallic coatings and ceramic coatings on metallic substrates. Section 3.1 provides a preliminary demonstration of
correlation between MWM electrical conductivity measurements and porosity for NiAl coatings, with aluminum
substrates. Section 3.2 demonstrates sensitivity of dielectric measurements to porosity for ceramic coatings. Section
3.3 demonstrates MWM measurement of ceramic coating thickness, and describes an integrated MWM / IDED
approach to measurement of both porosity and thickness for ceramic coatings on metallic substrates.

3.1 Magnetometer measurements on metallic coatings
The MWM measurement grids shown in Figures 6 and 7 were generated with the MWM continuum models described
earlier. They are comprised of lines of constant lift-off, which are approximately horizontal in the figures, and lines of

constant conductivity, which are approximately vertical in the figures. To generate this grid, the relative permeability
of the slightly magnetizable NiAl coating was roughly estimated using a multiple frequency nonlinear least squares
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algorithm on a sample with known coating thickness. A relative permeability of 3.0 was selected. Although such
algorithms are valuable during calibration and setup, they require more computation time than possible for real time
process control applications. Measurement grids, however, such as those shown in figures 6 and 7, provide a real time
table look up potential. The data in the figures corresponds to five repeated MWM measurements at 1.58 and 6.3 MHz
for four NiAl coating specimens, processed using four different coating parameters: (1) mach 1 high power, indicated
by circles, (2) mach 1 low power, indicated by triangles, (3) subsonic high power, indicated by crosses, and (4)
subsonic low power, indicated by squares. Since the coating thickness for each specimen was greater than 200 pm
and this is greater than the penetration depth of the MWM magnetic fields the same measurement grid could be used
for all four specimens. The conductivity determined from each data point in the figure, for one of the five
measurements on the indicated specimen, corresponds to the average bulk conductivity of the near surface portion of

the coating.
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Fig. 6. MWM measurement grid for conductivity and lift-off measurement, showing measurements on NiAl coatings
with four different plasma spray conditions. Five MWM measurements, at 1.58 MHz are shown on each of the four
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Fig. 7. MWM measurement grid for conductivity and lift-off measurement, showing measurements on NiAl
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The magnetic field penetration into the NiAl coating material is approximately 0.2/SQRT(f), where f is the frequency
of the applied field. Thus, the measurements at 6.31MHz represent the electrical conductivity for the first 80 pm
(3 mils), while the measurements at 1.58 MHz represents the media in the first 160um (6 mils), from the NiAl coating
outer surface. Discussions with thermal spray coating specialists at Oak Ridge National Laboratories, where the
specimens where fabricated, indicated that the expected porosity for these four spray conditions varied from relatively
high porosity to relatively low porosity for the subsonic low power, subsonic high power, mach 1 low power, and
mach 1 high power conditions, respectively. As anticipated, a lower measured MWM average bulk conductivity was
observed for specimens assumed to have higher porosity. Note that the variations between multiple measurements on
the same sample are along lines of constant conductivity. This reflects the variation in lift-off that can be expected for
relatively rough surfaces. Also note that the change in conductivity associated with the density variation from the
mach 1 high power sample to the subsonic low power sample is several orders of magnitude greater than the changes
observed in successive measurements on either specimen. Thus, the MWM has the potential to provide relatively high
resolution porosity estimates. This result is preliminary and will be confirmed in future research by measurements on
a larger training set and by alternative characterization techniques. Future work on NiAl coatings will focus on
independent measurement of thickness and porosity, and compensation for magnetic property variations.

3.2 Dielectrometer measurements on ceramic coatings

Figure 8 illustrates the theoretical magnitude dependence of the IDED response to increasing values of relative
permittivity, €/€q, for ceramic coatings of varying thicknesses. This plot was generated using the continuum models
for the IDED. Unfortunately, for the ceramic materials of interest for turbine blade coatings, such as plasma sprayed
Zirconia-Yttria, the phase measurement from the dielectrometer provide no useful information about the material
properties. As aresult it is not possible to use a single IDED magnitude and phase measurement pair to estimate both
coating thickness and permittivity, as can be done with the MWM on conductive coatings. As illustrated in the next
section, however, the MWM can be used to provide an accurate and repeatable measurement of ceramic coating
thickness, when the substrate and bondcoat materials are relatively conducting.
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Fig. 8. Theoretical magnitude dependence of IDED response to increasing values of relative
permittivity and thickness.

Figures 9 and 10 are plots of IDED measurements made on ceramic coating specimens provided by Oak Ridge
National Laboratories and NASA Lewis Research Center, respectively. Each of these figures illustrates the consistent
dependence of the IDED gain measurements on the porosity level of the specimen. Archimedes bulk density
measurements conducted under the supervision of Dr. Robert Miller at NASA Lewis Research Center, provided
porosity estimates on two coating specimens representative of each of three different spray conditions and
corresponding porosity levels.” These porosity characterization measurements, indicated in Figure 10 were made on
specimens with 20 mil coatings It has been demonstrated that similar porosity levels would be attained for the 10 mil
coatings under the same controlled spray conditions. For thicker coatings, however, a wider variation in porosity
between samples has been observed.!® The three unfilled symbol sets in Figure 10 correspond to IDED measurements
on three different, but approximately duplicate specimens prepared with the three different process conditions. The
indicated thickness is the actual measured thickness. The filled symbols are the average of the IDED gain and
measured thickness values. Future efforts will include focus on reduction of noise in the IDED magnitude data.
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Fig.9. IDED measurements on sprayed Zirconia-Yttria coatings prepared by Oak Ridge National
Laboratories, measurements are shown for duplicate specimens at three different thicknesses and two
different controlled spray conditions, corresponding to two different porosity levels.

This data demonstrates consistent agreement between the IDED measurements and the porosity level. Note that, as
expected, an increase in porosity corresponds to a decrease in the effective permittivity of the ceramic, which in turn
leads to a decrease in the coupling between the driven and sensing electrodes and results, finally, in a demonstrated
decrease of the measured IDED gain. Also, note that the specimen to specimen porosity variation, as indicated by the
IDED data, increases with increasing thickness. This is consistent with observations of increasing porosity variations
with increasing coating thickness reported in the literature.1
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Fig.10. IDED measurements on sprayed Zirconia-Yttria coatings prepared by NASA Lewis Research
Center, measurements are shown for three duplicate specimens at two different thicknesses and three
different controlled spray conditions. Archimedes bulk density measurements on this second set of
specimens at an intermediate thickness (20 mils) produced the indicated porosity levels. The solid
symbols correspond to the average of the IDED measurements on the three duplicate specimens at each
thickness and spray condition.
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