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Abstract

This study investigates the use of eddy current testing (ECT) as a non-destructive technique to evaluate the thickness and
structural variations of non-magnetic aluminide coatings on MAR-M247 nickel-based superalloy. Coatings with thick-
nesses of 20 pm and 40 um were applied to substrates exhibiting fine, coarse, and columnar grain structures. Using sensors
of different geometries, impedance measurements were performed within a frequency range of 11.5 MHz to 12.5 MHz.
Results demonstrated the designed sensor’s superior sensitivity, with the highest values of absolute resistance difference
significantly exceeding the threshold for reliable distinction due to coating thicknesses or grain structures. The study high-
lights the impact of eddy current penetration depth and edge effects on the measurement accuracy, emphasizing the need
for optimized sensor design and frequency selection. Findings confirm the efficacy of ECT in differentiating coatings of
varying thicknesses and substrate structures, offering a reliable tool for quality control in high-temperature applications.

Keywords Aluminide coating - Eddy current testing - Non-destructive testing - Nickel alloys

1 Introduction

In high-temperature environments, such as those encoun-
tered in gas turbines, jet engines, and other aerospace or
power generation applications, nickel-based superalloys
like MAR-M247 are essential due to their exceptional
mechanical strength and resistance to creep and fatigue [1-
2]. However, prolonged exposure to elevated temperatures
often leads to oxidation and hot corrosion, significantly
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JITRI@xjtlu.edu.cn reducing the lifespan of these materials [3-4]. To enhance
Shi Pengpeng their performance and durability, protective coatings such

as aluminides are applied. These aluminide coatings form
a stable, oxidation-resistant barrier by promoting the for-
mation of a thermally protective alumina layer on the
surface [5]. Despite their critical role, the performance of
aluminide coatings is highly dependent on their thickness.
Coatings that are too thin may fail prematurely, offering
insufficient protection, while excessively thick coatings
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can lead to undesirable stresses and increased weight [1].
Accurate and reliable measurement of coating thickness is
therefore essential for quality control during manufacturing
and maintenance in service. Traditional methods, such as
metallographic cross-sectioning, provide precise measure-
ments but are destructive, time-consuming, and impractical
for large-scale or in-service inspections.
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Eddy current testing (ECT) is a non-destructive evalu-
ation (NDE) technique that has shown great promise for
assessing the thickness of coatings, particularly non-mag-
netic ones like aluminides [6]. The method is based on the
interaction between an alternating electromagnetic field
generated by a sensor coil and the electrically conductive
material being tested. Variations in coating thickness affect
the impedance of the eddy current sensor, allowing for indi-
rect measurements of thickness [7-9]. A change in the thick-
ness of the conductive material alters the distribution of the
electromagnetic field, which consequently affects the inten-
sity of the induced eddy currents. As a result, the imped-
ance of the eddy current probe is also modified, enabling
an indirect measurement of the sample’s thickness [10—14].
This process is based on analyzing the measured impedance
values corresponding to specific material thicknesses and
can be implemented using a calibrated measurement scale.
An eddy current sensor can take the form of a single coil
[15-18] or consist of several coils working in a receiver-
transmitter system [19—22]. Both air-core coils [23-24] and
coils with cores of different shapes [25-27] are commonly
used. ECT offers several advantages, including speed, sen-
sitivity, and the ability to perform measurements without
damaging the component. These attributes make it particu-
larly attractive for industrial applications where efficiency
and non-invasiveness are paramount. When applied to alu-
minide coatings on nickel-based superalloys, ECT presents
unique challenges and opportunities. The non-magnetic
nature of aluminide coatings, combined with the com-
plex electromagnetic properties of MAR-M247 substrates,
requires careful calibration and optimization of the testing
parameters. Factors such as the sensor frequency, material
conductivity, and surface condition can significantly influ-
ence the accuracy and repeatability of measurements [28].
Yong et al. [29] proposed quantitative evaluation of thermal
barrier coating based on eddy current technique by using
the high-frequency EC excitation coil. The authors stressed,
that such coil should operate at high frequency over 3 MHz
to enhance the sensitivity of the impedance to the varia-
tions in each parameter of thermal barrier coatings (TBCs).
Fan and Wang [30] proposed design of eddy current and
capacitance dual-mode sensor for thickness detection of
thermal barrier coatings which exhibits a sensitivity of 2.67
mQ mm~ ! for bond coating thickness detection in eddy cur-
rent mode with an excitation frequency of 5 MHz. Li et al.
[31] designed a new system based on mutual inductance of
Eddy Current System which exhibits the relative errors less
than 5% in TBC coating thickness measurements. Since
the groundbreaking work by Deeds and Dodd [32], there
has been significant development in multi-frequency eddy
current techniques. This approach enables compensation
for unwanted effects, determination of the probe’s optimal
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sensitivity, and simultaneous inspections for various depths
of eddy current penetration. Numerous intriguing solutions
utilizing this method have been developed. Cross-spectral
analysis of current and voltage signals using dual digital sig-
nal processors (DSP) and fast Fourier transformation (FFT)
has enabled signal applications ranging from 1 kHz to 8
MHz [33]. The developed system provided over 250 imped-
ance spectra per second. A highly effective defect classifica-
tion method based on the spectrum total energy variation
was described in [34]. Berneri proposed multi-frequency
eddy current testing using a giant magneto-resistance sen-
sor [35]. The presented architecture was implemented on a
dedicated instrument whose processing core is a field-pro-
grammable gate array (FPGA) for digital signal processing.
A novel hybrid serial/parallel multi-frequency measurement
method for measuring the impedance of eddy current sen-
sors was studied in [36]. Parallel multi-frequency measure-
ment generally exhibits higher measurement speed but
lower signal-to-noise ratio (SNR), whereas serial multi-fre-
quency (sweeping frequency) offers a lower measurement
speed but higher SNR. Improvements in inspection accu-
racy were achieved through the development of a method
for determining the lift-off invariant frequency, for which
the measured signal is nearly immune to variations in probe
lift-off distance [37]. In recent works, multi-frequency eddy
current techniques have been integrated with evolutionary
algorithms such as multigene genetic programming [38],
rotating eddy current [39], and spectrogram eddy current
testing [40].

One can note that the recent research on EC methodol-
ogy in non-magnetic coatings thickness assessment is still
expanding, highlighting its importance. According to the
authors, the primary challenge in further developing this
approach lies in the large number of requirements that must be
simultaneously met to achieve the desired inspection effec-
tiveness. The key limitation is the insufficient sensitivity of
the eddy current sensor. Consequently, variations in coating
thickness on the order of several micrometers often remain
undetectable through standard sensor parameter measure-
ments. Furthermore, precise determination of test parame-
ters — including the sensor’s operating frequency, accurate
calibration of the measurement system for high-frequency
precision, and compensation for undesirable factors such as
parasitic capacitances, resonance effects, and edge effects
— is also required. The novelty of this study lies in the pre-
sentation of a measurement technique that meets all these
requirements. The developed method enables the detection
of small variations in the thickness of thermal barrier coat-
ings (TBC) applied to gas turbine blades, as well as their
differentiation based on grain structure. This type of coat-
ings refers to a specialized type of coating designed to insu-
late and protect components exposed to high temperatures,
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particularly in gas turbines, jet engines, and other high-per-
formance machinery. These coatings are typically applied
to metal substrates to reduce heat transfer, preventing dam-
age from extreme thermal environments. The inspection is
conducted using a custom-designed eddy current sensor fea-
turing a single coil, ensuring the simplest possible construc-
tion and the smallest geometric dimensions of the sensor.
The introduced design solutions, combined with the use of
a pot core, allowed for the desired sensor sensitivity to be
achieved. The coil’s geometric dimensions were tailored to
match the width of the inspected blade, maximizing signal
variations while minimizing interference from edge effects.
Instead of relying on complex impedance values or phase
shift measurements, a direct analysis of resistance varia-
tions was introduced. This approach significantly reduced
the influence of undesirable factors such as parasitic capaci-
tances. Obtaining accurate results necessitated calibration
of the measurement system and precise determination of the
sensor’s operating frequency. The selected frequency range
circumvented resonance effects while ensuring eddy current
penetration to a depth corresponding to the coating thick-
ness. Meeting all these conditions enabled the acquisition
of significant resistance variations in every conducted test.

2 Materials and methods

Specimens of the MAR 247 nickel-based superalloy, exhib-
iting three distinct initial microstructures (fine, coarse, and
columnar) were manufactured through a standard casting
method. These structures were shown in Fig. la-c, respec-
tively. The average grain size of these structures was around
0.5 mm, 2.5 mm and 5 mm, respectively. Aluminide coat-
ings were applied via the Chemical Vapor Deposition (CVD)
technique. This process was carried out at 1040 °C under a
hydrogen-rich atmosphere, with a controlled internal pres-
sure of 150 mbar. Optimized CVD parameters ensured uni-
form deposition, with durations of 8 h and 12 h resulting
in coating thicknesses of 20 um and 40 um, as shown in
Fig. 1d and e, respectively. An exemplary cross-sectional
view of a MAR 247 specimen with a 20 um coating and per-
formed thickness measurements confirming its uniformity
was presented in Fig. 1f-g. Two-layered structure of alu-
minide coatings includes a uniform region of the  (NiAl)
phase secondary solid solution and a heterogeneous NiAl
matrix (dark grey) interspersed with Ni;Al phase precipi-
tates (bright grey) (Fig. 1d-g). Figure 1i shows a technical
drawing of a gas turbine blade. All geometric dimensions
were determined using a micrometer screw gauge with an
accuracy of +/- 0.1 mm. Inspection is conducted at the nar-
rowest section of the blade, measuring 15 mm in width and
52 mm in length. The sensor is applied to the sample at an

equidistant position from both of its edges, precisely at the
location marked in yellow in Fig. 1c. This is a critical area
where stress concentrations lead to blade cracking. The geo-
metric dimensions of this section dictate the size of the eddy
current sensor used.

The sensor’s diameter should be as large as possible to
maximize the inspection range and minimize the influence
of interference factors. At the same time, the diameter must
be smaller than the width of the inspected area to avoid a
dominant edge effect impacting the measurement results.
Achieving high sensitivity in a sensor consisting of a sin-
gle coil requires the use of a pot core, which significantly
reduces magnetic flux losses. In the first stage, studies were
conducted to determine the optimal outer diameter of the
sensor. Three sensors were constructed with core outer
diameters of 11 mm, 14 mm, and 18 mm. Based on prelimi-
nary measurements performed on sample segments with a
width of 25 mm, the largest variations in impedance compo-
nents were observed for the sensor with an 18 mm diameter,
while the smallest variations were recorded for the 11 mm
sensor. Subsequently, measurements were conducted for
the narrowest section of the sample of 15 mm width. The
greatest variations in the sensor’s impedance components
(i.e. resistance and reactance) were obtained for the 14 mm
sensor, while the smallest variations were again measured
for the 11 mm sensor. The inferior results obtained for the
18 mm sensor — designated as C18 — indicate a dominant
influence of the edge effect.

Initially, the edge effect was examined by incrementally
shifting sensor C14 toward one of the lateral edges of the
blade in 1 mm steps. Each incremental movement resulted
in a reduction of the dRy,x value, which can be attrib-
uted to the increasing influence of the blade edge on the
sensor’s measurements. When sensor C14 was positioned
I mm from the edge, it was still capable of distinguishing
between coatings with thicknesses of 20 um and 40 pm.
However, when placed directly above the blade edge (at a
0 mm distance), the sensor registered identical resistance
values for both coatings, making it impossible to differen-
tiate between them. A similar outcome was observed for
sensor C18, whose coil’s outer diameter is sufficiently large
that a pronounced edge effect was detected even when the
sensor was displaced by only 1 mm toward the blade edge.
In all cases, the sensitivity of the 11 mm sensor was too low
to distinguish differences between the tested samples; there-
fore, it was decided to exclude it from further tests. Unfor-
tunately, for the sample segment with a width of 15 mm, the
measured impedance component variations for all sensors
were unsatisfactory. For this reason, in the second stage, a
modified 14 mm sensor was developed to enhance its sen-
sitivity. The coil was wound using an ultra-thin wire with a
cross-section of 0.05 mm to maximize the number of turns.
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Fig. 1 Initial microstructure of MAR-M247 of fine (a), coarse (b) and
column (¢) structure. Exemplary cross-sections of the MAR-M247
specimens with 20 pm (d) and 40 um thick aluminide coatings (e); uni-
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formity of coating thickness (f-h). Engineering drawing of the coated
specimen with marked area for EC measurements (units in mm) (i)
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Fig. 2 Sensor C18 (left), and C14 (right) on sample made of alumi-
nide-coated MAR-M247

Table 1 Parameters of the sensors C14 and C18

Cl4 CI18
Number of turns 740 646
Inner coil radius 3.1 mm 4.3 mm
Outer coil radius 5.5 mm 7.4 mm
Coil height 2.7 mm 4.0 mm
Inner column radius 1.5 mm 1.5 mm
Outer column radius 2.9 mm 3.7 mm
Inner core radius 5.8 mm 7.7 mm
Outer core radius 7.1 mm 9.1 mm
Inner core height 3.0 mm 3.7 mm
Outer core height 4.2 mm 5.3 mm

The winding area was increased by eliminating the coil car-
cass. The inner surface of the core was coated with a thin
layer of adhesive, to which the coil was subsequently fixed.
The winding layers were reinforced using Ultifil 2001 —815
epoxy resin, which also reduced inter-turn capacitance. The
coil leads were soldered using the hot air method to 30 cm
long supply wires in such a way as to avoid the formation of
a solder joint. The coil, together with the core, was placed
inside a sensor head designed to facilitate precise position-
ing on the tested blade surface. The newly developed sensor
was designated as C14 and is shown alongside the C18 sen-
sor in Fig. 2. The parameters of both sensors are presented
in Table 1.

The thickness of TBC coatings typically ranges from sev-
eral tens to several hundred micrometers. In the conducted
research, thin coatings with thicknesses of 20 pm and 40 pm
were used. The coatings were deposited using the CVD
method, achieving a thickness accuracy of +3 pm. Inves-
tigating structural changes in the coating required selecting
an appropriate sensor operating frequency, which deter-
mines the penetration depth of eddy currents. A properly
chosen frequency ensures that the eddy current penetration
depth slightly exceeds the coating thickness. The penetra-
tion depth must include the critical bonding layer between
the coating and the substrate. Simultaneously, deeper sec-
tions of the blade, made of MAR 247 nickel alloy, should
not be inspected. Otherwise, the substrate’s influence would
dominate the results, preventing effective analysis of the
thin surface layer.

Measurements were performed using a precision imped-
ance analyzer, Agilent 4294 A, with self-balancing bridge

and an accuracy of +£0.08%. Prior to measurements, the ana-
lyzer underwent calibration in three modes: open, sort, and
load. In the load mode, a stable resistor with a resistance
value close to that of the tested coil was used. The purpose
of calibration is to establish conditions ensuring the speci-
fied measurement accuracy by eliminating errors associated
with the test instrument.

The sensors were connected to the analyzer using an
Agilent measurement fixture and high-quality 16,048 wires
supplied by the manufacturer. These wires are specifically
matched to the 4294 A device to ensure minimal transmis-
sion characteristic losses. Extending the signal path by con-
necting the sensors can introduce increased measurement
errors and imbalance in the bridge circuit. In order to miti-
gate errors arising from sensor cable connections (50 cm
long), a compensation procedure was performed. This
process occurs automatically, leveraging the known error
characteristics of the 16,048 cables. The analyzer employs
advanced internal algorithms to correct the amplitude of the
acquired measurement data.

An important aspect of high-frequency testing is the com-
pensation of undesired capacitive effects. When analyzing
parameters such as absolute impedance magnitude or phase
shift, the influence of parasitic capacitances on measurement
results is particularly challenging to eliminate. According to
the authors, the commonly employed technique of comput-
ing impedance variation as 4AZ=Z7Z- Z, is ineffective. This
method involves subtracting the baseline impedance Z,,
measured in the absence of the sample, from the imped-
ance Z obtained during sample testing, thereby aiming to
reduce the influence of undesired effects. However, para-
sitic capacitance affects Z and Z, differently, undermining
the effectiveness of this approach in high-frequency appli-
cations. For these reasons, the authors proposed an alter-
native method based on sensor resistance measurements,
effectively eliminating errors caused by capacitive effects,
which predominantly affect the imaginary component of
impedance.

The final sensor resistance value was determined as the
arithmetic mean of eight measurements taken at 1-second
intervals. This calculation was performed using the math-
ematical function available in the analyzer’s software.
Averaging the final results helped mitigate random errors
that could introduce oscillations in the resistance function
plots. Preliminary tests were conducted over a broad fre-
quency range from 1 MHz to 25 MHz. This range starts well
above the first resonance frequency, which did not exceed
200 kHz for either sensor. The second resonance frequency
was approximately 29 MHz. Due to the significant separa-
tion from resonance frequencies, no dynamic impedance
component variations due to resonance phenomena were
observed within the selected 1 MHz—25 MHz range.
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In all cases, the highest sensor sensitivity was observed
at frequencies between approximately 11.8 MHz and
12.1 MHz. Identifying this narrow frequency range with the
most significant variations in sensor resistance enabled pre-
cise measurements at 100 discrete frequency points within
the range f=11.5 MHz to f=12.5 MHz.

3 Results and Discussion

In the first measurement series, blades with a columnar
grain structure coated with 20 pm and 40 pm thick layers
were used. Measurements were conducted using C14 and
CI18 sensors to compare their sensitivity and determine
whether it is possible to distinguish blades with TBC coat-
ings of different thicknesses. The obtained results are pre-
sented in Fig. 3. The resistance values of the C18 sensor for
both blades were significantly higher than those of the C14
sensor. However, the largest difference in resistance values
for the C14 sensor between the 20 um and 40 pm coatings
was substantially greater than that of the C18 sensor.

To compare the resistance values obtained for the first
(R,) and second (R,) samples, the absolute resistance differ-
ence JR, was defined according to Eq. (1). The maximum
OR value obtained across the entire frequency range from
11.5 MHz to 12.5 MHz was designated as oRyx-

Ri—-R,

| 100% (1)

5R:’

It was assumed that an acceptable JR value should exceed
5% to reliably detect changes in the properties of the tested
samples, accounting for the influence of interfering fac-
tors and measurement method errors. The reference value

Column grain

14 JE—
C18 40um
13t —— C18 20um|
— C14 40um
121 —— C14 20um| ]|

11.5 12 12.5
Frequency [MHz]

Fig. 3 Resistance R of C14 and C18 sensors for column grain samples
with 20 pm and 40 pm thick coatings

@ Springer

R,, was defined as the sensor resistance for a blade coated
with a 20 um layer. For the C18 sensor, a dRy;,x of approxi-
mately 5.7% was obtained. The C14 sensor demonstrated
significantly greater sensitivity to changes in coating thick-
ness, achieving a dRyax 0f 22.2%. This is a very high value
for this parameter, enabling clear differentiation between
samples with coating thicknesses of 20 um and 40 pm. Con-
sidering the coating thickness, the maximum difference in
sensor resistance values is expected at an inspection depth
of approximately 40 um. At depths less than 20 pm, the
structure of both blades is identical, consisting solely of the
TBC coating.

In contrast, at depths significantly greater than 40 pm,
the dominant influence on the measurement results comes
from the MAR-M247 nickel alloy substrate. The JRyx
values were obtained at frequencies of 11.84 MHz (C14)
and 11.97 MHz (C18). Given the electrical conductivity of
the coatings at 19.5 MS/m, substrate material of 1.2 MS/m
and skin effect, the standard penetration depth for eddy cur-
rents is approximately 30 um. At this depth, the eddy cur-
rent density decreases to about 37% of the surface density.
In accordance with the electromagnetic induction phenom-
enon, when the sensor coil approaches a conductive blade, it
induces eddy currents within the material. These currents, in
turn, generate a secondary magnetic field which, in line with
Lenz’s Law, is oriented oppositely to the primary magnetic
field produced by the coil. As a consequence, the resultant
magnetic field intensity is reduced in comparison to that
of the coil alone [41—44]. Furthermore, the magnitude of
the induced eddy currents increases with the electrical con-
ductivity of the material. In inspections of very thin layers
and coatings, reactance changes are typically too small to
distinguish between the tested samples effectively. This is
primarily due to the significant impact of undesirable capac-
itive effects on the imaginary component of impedance.
Nevertheless, for both the C14 and C18 sensors, analyses of
reactance values were also conducted. However, the results
were unsatisfactory. The reactance differences for the C14
sensor did not exceed 2%, while the maximum reactance
difference for the C18 sensor was only 0.5%.

In the subsequent measurement series, turbine blades with
coarse grain and fine grain substrates, coated with layers of
20 um and 40 pm thickness, were examined. The results
obtained for sensors C14 and C18 are shown in Fig. 4.

Table 2 presents the dRy,x coefficient values for coat-
ings with column, coarse, and fine grain structures. For the
C14 sensor, the largest resistance changes were observed
for frequencies between 11.84 MHz and 11.89 MHz, while
for the C18 sensor, the range was between 11.97 MHz and
12.01 MHz. This narrow frequency range is advantageous
for both sensor designers and operators conducting inspec-
tions. The minimal variation in the operating frequency
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Fig.4 Resistance R of C14 and C18 sensors for coarse (a) and fine (b) grain samples with 20 um and 40 pum thick coatings

Table 2 Sensor resistance and dRy,x coefficient values for samples
with 20 pm and 40 pm Thick coatings

Probe Grain Fre- R, [Q]20 pm R, [Q] 40 um SRyux
structure quency [%]
[MHz]
Cl4  Column 11.84 7.46+0.006 9.12+0.007 222
C14  Coarse 11.85 8.34+0.007 9.56+0.008 14.6
Cl14  Fine 11.89  8.74+£0.007 9.75+0.008 11.6
C18  Column 11.97 9.61+£0.008 10.16+0.008 5.7
C18  Coarse 11.99  10.05+£0.008 10.53+0.008 4.8
C18  Fine 12.01  10.60+£0.008 11.02+£0.009 4.0

values facilitates the determination of optimal measurement
system parameters and shortens inspection and result analy-
sis times.

Data in Table 2 clearly indicate that the highest resis-
tance values for the sensors were obtained for the fine grain
structure, and the lowest for the column grain. The low
ORyax value for the C18 sensor is due to a very strong edge
effect. The coil diameter of this sensor is sufficiently large
to induce a “double edge effect,” meaning that both blade
edges simultaneously exert a significant influence on the
measurement outcome. At the same time, in other tests con-
ducted by the authors for TBC coatings with significantly
larger surfaces, the sensitivity of the C18 sensor was greater
than that of the C14 sensor.

The largest oR\;,x values were obtained for the column
grain structure, while the smallest were for the fine grain
structure. For the C14 sensor, whose geometry is tailored to
the width of the blade fragment being tested, the resistance
results allowed for the differentiation of coatings with thick-
nesses of 20 um and 40 um for all three tested structures.
Very high dRysx Vvalues, ranging from 12.8 to 22.2%, sig-
nificantly exceeded the required 5% level. Meanwhile, the
sensitivity of the C18 sensor proved to be insufficient, with

OR\iax Values between 4% and 5.7%, not providing a clear
distinction between the tested blades. As a result, the use of
this sensor was abandoned in further tests.

The values of the dRy,x parameter are most influenced
by two factors. The first is the interface between the alu-
minide coating and the MAR-M247 nickel alloy substrate.
Different substrate structures lead to varying forms of this
interface. The effect of the interface on the sensor’s resis-
tance can be estimated by measuring blades with different
substrate structures but the same coating thickness. The
second factor is that the depth of eddy current penetration
exceeds the thickness of the thinner coating (20 pm), caus-
ing the eddy currents to penetrate shallowly into the sub-
strate, whose structure affects the magnetic field distribution
and consequently the sensor’s resistance.

Further analysis presents measurement results that
allow testing whether eddy current sensors can distinguish
samples with coatings of the same thickness but different
substrate structures. The resistance values obtained for
column, coarse, and fine grain samples with 20 um coat-
ings are shown in Fig. 5a; Table 3. The measurements were
performed using the C14 sensor. In all cases, the obtained
OR\ax values were very high. Next, Fig. 5b; Table 3 show
the results for 40 pm coatings. The Ry, x values were 3—7%
lower than for the 20 um coatings, but still exceeded the
required 5% in all cases. This difference is due to the greater
influence of the substrate on the results for thinner coatings,
where the depth of eddy current penetration exceeds 20 pm.

C14 and C18 sensors were embedded in the sensor heads
to facilitate their positioning along the symmetry axis of the
sample (Fig. 1c). Additionally, an analysis of the edge effect
on sensor resistance variations was conducted. Due to the
complexity of precisely measuring the displacement of the
sensor, a numerical model was developed using the Comsol
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Fig.5 Resistance R of C14 for samples with 20 um (a) and 40 pum (b) thick coatings

Table 3 Values of the Ry, coefficient for samples with 20 um and 40 pm Thick coatings

Coating thickness First sample Second sample Frequency [MHz] R, [Q] R, [Q] SRyax [%0]

20 pm Column Coarse 11.88 7.16+0.006 8.12+0.006 13.5
Column Fine 11.84 7.46+0.006 9.05+0.007 21.3
Coarse Fine 11.98 7.79+0.006 8.59+0.007 10.3

40 pm Column Coarse 11.91 8.33+0.007 9.19+0.007 10.3
Column Fine 11.94 8.21+0.007 9.33+0.007 13.6
Coarse Fine 12.02 8.50+0.007 9.11+0.007 7.2

Multiphysics software package. Computer simulations were
performed using the finite element method (FEM), with the
solution domain discretized into approximately 60,000 tri-
angular elements. Based on the obtained results, the optimal
outer coil radius was determined to be 5.8 mm (whereas in
the applied C14 sensor, this parameter was 5.5 mm). Under
these conditions, the most significant differences in resis-
tance values were observed for blades with coatings of
20 um and 40 pum thickness. The distance from the blade
edge at which a gradual decrease in JR,,,, was noted was
1.8 mm. For distances below 0.5 mm, resistance variations
were too small to distinguish between blades with differ-
ent coating thicknesses due to the dominant influence of the
edge effect.

One should note that the morphology of the microstruc-
ture, particularly grain size and geometry, has a pronounced
influence on magnetic permeability and, to a lesser extent,
electrical resistivity. In ferromagnetic materials such as
MAR-M247 nickel-based superalloy, magnetic perme-
ability is significantly affected by domain wall movement.
Grain boundaries act as pinning sites that impede the motion
of magnetic domain walls. Therefore, microstructures with
finer grains, such as the one shown in Fig. la (average
grain size~0.5 mm), have a higher grain boundary density,
which leads to increased domain wall pinning and conse-
quently lower magnetic permeability. In contrast, the coarse
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(Fig. 1b, ~2.5 mm) and columnar (Fig. 1c, ~5 mm) grain
structures exhibit lower boundary density, allowing domain
walls to move more freely and thus resulting in higher per-
meability. This relationship between grain boundary density
and domain wall mobility is well-established in magnetic
materials research [45-47]. While electrical resistivity is
less sensitive to grain size compared to magnetic perme-
ability, it can still be influenced by increased electron scat-
tering at grain boundaries in finer-grained materials. This
results in slightly higher resistivity, although the magnitude
of this effect is typically modest [48]. On the other hand,
coating thickness predominantly affects the signal through
the lift-off effect. As the non-conductive coating increases in
thickness, the distance between the sensor and the conduc-
tive substrate increases, reducing eddy current coupling and
altering the sensor impedance. However, variations in sub-
strate microstructure—specifically magnetic permeability
changes due to different grain morphologies—also impact
the eddy current response, but through a different physical
mechanism. Changes in permeability affect the skin depth
and magnetic field distribution, thereby modifying the sig-
nal decay and amplitude in ways distinct from the geometric
lift-off effect. This dual influence—Ilift-off for coatings and
permeability for microstructure—is well documented in the
literature [49].
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The developed method’s ability to detect subtle varia-
tions in thermal TBC thickness and distinguish differences
in grain structure is attributed to the distinct influences these
factors have on the distribution of induced magnetic fields
and the resultant eddy current responses. Grain structure
affects local magnetic field distributions due to variations
in electrical conductivity and magnetic permeability at the
microstructural level [50]. Coarse-grained TBCs exhibit dif-
ferent eddy current densities compared to fine-grained ones,
leading to measurable variations in impedance [51]. How-
ever, these grain structure-induced impedance changes are
significantly smaller than those caused by variations in coat-
ing thickness, which produce more pronounced modula-
tions of eddy current paths and signal amplitude [52]. While
grain boundary pinning of domain walls influences mag-
netic properties such as coercivity and susceptibility, this
effect is more prominent in ferromagnetic materials [53].
Since many TBCs are non-ferromagnetic or weakly mag-
netic, the impact of domain wall movement on impedance
is generally minimal in this context. To reliably separate the
effects of grain structure and thickness in signal interpreta-
tion, one can exploit the relative magnitude of the imped-
ance variations. Thickness changes induce larger shifts in
both the real and imaginary components of impedance,
enabling straightforward differentiation from the finer-scale
variations caused by grain morphology [51, 52]. Further-
more, employing multi-frequency or multi-modal eddy cur-
rent measurements can enhance selectivity, as thickness and
microstructure influence the frequency-dependent response
differently, allowing for more robust discrimination between
these two effects [51, 53].

The thickness of the thermal barrier coatings employed
in practical applications as protective layers for gas turbine
blades typically ranges from 20 um to 500 pm. The sensi-
tivity of a standard eddy current probe enables the success-
ful inspection of thicker coatings (above 200 pum). In the
present study, measurements were carried out for coatings
with thicknesses as low as 20 um and 40 pm. These mea-
surements require the application of a probe characterized
by high sensitivity and geometry tailored to the dimensions
and shape of the sample under examination. The obtained
results confirm that the presented measurement technique
can be applied to coatings on gas turbine blades with a
thickness of 20 pm. One should mentioned, that even thin-
ner coatings (below 20 pm) could be investigated if a probe
with a higher operational frequency signal will be used.
The measurements confirmed that eddy current inspec-
tions using the designed sensor can differentiate gas turbine
blades made from substrates with different structures and
containing coatings of different thicknesses. The analysis
of the obtained measurement results led to the following
conclusions:

e Optimized sensor design and proper selection of the
sensor’s geometric dimensions allows for achieving the
required sensitivity for testing coatings and thin layers.
Very good results were obtained in the resistance mea-
surements. However, the changes in reactance values
were insufficient for effectively distinguishing the tested
samples.

e The frequencies at which the JR parameter reached
its highest value were in the range of 11.84 MHz to
12.02 MHz. Such a small variation in the optimal op-
erating frequency of about 1.5% enables efficient mea-
surement and analysis of the results.

e The highest sensitivity of the sensor was achieved for
the standard depth of penetration of approximately
30 um. At this depth, the eddy current density decreases
to about 37%, and at a depth of 60 um, it drops to 13.5%.
The optimal operating frequency of the sensor, and con-
sequently the penetration depth, depends on the thick-
ness of the layers being tested, which in these measure-
ments were 20 um and 40 pum.

e The 0R\px values were higher for the 20 um coated
samples compared to those with 40 um coatings. This
indicates that blades with 20 um coatings are easier to
differentiate using the proposed method.

e When comparing the samples with 20 pm and 40 pm
coatings, the greatest difference in resistance values
was obtained for the column substrate structure, and the
smallest for the fine structure.

e The edge effect has such a significant impact on the sen-
sor’s resistance values that the optimal coil diameter
should be slightly smaller than the width of the blade
section being tested. This size also facilitates precise
sensor positioning relative to the sample.

4 Conclusions

The study demonstrates that ECT is an effective non-
destructive technique for evaluating the thickness and
structural variations of non-magnetic aluminide coatings on
MAR-M247 nickel-based superalloy. The C14 sensor, opti-
mized for construction and blade geometry, exhibited supe-
rior sensitivity compared to the larger C18 sensor, enabling
clear differentiation of coatings with thicknesses of 20 um
and 40 pm as well as various substrate grain structures. The
narrow optimal frequency range (11.84 MHz to 12.02 MHz)
ensures reliable and efficient measurements, while the
impact of penetration depth emphasizes the importance of
coating thickness and substrate influence. The findings con-
firm ECT’s utility in distinguishing coatings or substrates,
offering a precise and non-invasive solution for quality
control in high-temperature applications, particularly in the
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aerospace and energy sectors. The constant blade width at
the inspection site (15 mm) facilitates the optimization of
the testing process by implementing solutions commonly
used in turbine inspections. The sensor can be positioned
either within a dedicated test fixture attached to the blade
or within a specialized holder. Both methods ensure precise
alignment of the sensor along the blade’s axis of symmetry,
maintaining an equal distance from both blade edges. Fur-
thermore, both the fixture and the holder provide positional
stabilization of the sensor, minimizing the risk of tilting and
reducing the lift-off effect.
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