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Abstract

Gas turbine blades and vanes in state-of-the-art industrial gas turbines have to withstand severe
conditions such as high temperatures, corrosive environments and high mechanical stresses — cyclic
stresses during start and stop of the turbine as well as static stresses under working conditions — for
well over ten thousand hours. Corrosion and thermal protection coatings are required in order to
obtain required materials performance. Deviations in the specified coating thickness tend to reduce
the lifetime of such coatings significantly.

Therefore, the use of a suitable device for thickness control during coating characterization is highly
beneficial to ensure the quality of such coatings. In this paper, we present results on coating thickness
measurements for metallic MCrAlY coatings on gas turbine parts. These measurements were
performed by a Meandering Winding Magnetometer (MWM®) eddy-current sensor with grid methods.
This technique allows proper coating measurements even after a diffusion heat treatment for a better
coating adhesive strength, even when the coating and base metal have only slightly different electrical
conductivity values. The MWM technology enables measurement of both the coating thickness and
the absolute electrical conductivity. This permits capture of features of interest for a population of
components, for failure evaluations and for correlation of failure origins to features of specific fleet
population segments. New capabilities for inspecting gas turbine components are, thus, provided.
Inspection applications include metallic and nonmetallic coating thickness measurements, porosity
measurements, and detection of cracks on complex surfaces.

Results on coating assessment for a production line of gas turbine vanes by means of a multifrequency
MWM technique are presented for various combinations of coatings and base metals.

INTRODUCTION AND BACKGROUND
High-Temperature Coatings for Power Generation Components

Land based gas turbines (Figure 1) operating on fossil fuels are widely used for power generation.
Power output and efficiency of these gas turbines depend to a large extent on the operating
temperature of the turbines. The turbine section, typically consisting of four rows of rotating
components (turbine blades) and stationary components (turbine vanes), is exposed to the most
extreme conditions with respect to temperature and mechanical stresses. Figure 2 shows a typical
turbine blade and a typical turbine vane. One of the ways to increase the operating temperatures of
gas turbines relies on the application of thermal barrier coatings and/or MCrAlY coatings on one or
several rows of the blades and vanes.

Page 1 of 7



During production of coated gas turbine blades and vanes, a critical, but currently unrealized aspect,
is the nondestructive quality control of actual MCrAlY bondcoats and overlay coatings at the
various stages of production. Metallographic verification (time consuming and destructive) through
spot-checking of coating thickness and metallurgical appearance on coupons is currently used to
obtain limited and indirect information about MCrAlY coating quality and process stability. Both
coating thickness and metallurgical quality can have important consequences for the performance of
the overlay coatings or bondcoat/TBC coating systems. The MCrAlY bondcoat has two distinctly
different functions. The bondcoat is used as a bonding agent for the thermal barrier coating (TBC),
as well as an oxidation “barrier” for the base alloy by supplying aluminum for the formation of
Al,0O3;. When no TBC top coat is applied, the latter is the only function.

If the MCrAlY is too thin, oxidation resistance over the specified blade/vane lifetime can not be
guaranteed, while an excessively thick MCrAlY bondcoat can be susceptible to cracking and can
lead to TBC spallation. As a result, the coating performance can influence the performance of the
gas turbine, as well as the optimum use over the life of the coated blades and vanes in the turbine
section of the gas turbine. Premature failure of the coating system can lead to an early unscheduled
removal of the parts. The performance and safety concerns, as well as the high cost of the blades
and vanes in production, prompted a keen interest in techniques of effective monitoring of critical
gas turbine components for condition and remaining life assessment. Cost-effective condition and
remaining life prediction for overlay, bondcoat and thermal barrier coatings require an accurate,
practical, and fieldable nondestructive method that provides relevant information about thickness
and degradation of the coating as well as degradation of the substrate.

V94.3A (50 Hz)

Figure 2. Uncoated turbine blade (rotating component) and vane (stationary component).
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Conventional nondestructive testing equipment has a limited capability to characterize MCrAlY or
bondcoat/TBC systems as it can measure no more than two variables independently, typically
coating thickness and lift-off where lift-off is defined as the proximity of the material under test to
the eddy current sensor. Moreover, reliability of these measurements may be strongly degraded in
the case of components with complex geometry. This is a severe limitation, as many coated
systems require measurement of additional parameters, such as the coating porosity (electrical
conductivity) and/or the substrate conductivity. As indicated by Auld and Moulder [Auld 99], for
conventional eddy-current sensors “nominally identical probes have been found to give signals that
differ by as much as 35%, even though the probe inductances were identical to better than 2%.”
Characterization of overlay coatings and TBCs with conventional eddy current sensors is rendered
impractical by this lack of sensor reproducibility, difficulty in modeling of the complex winding
interactions with layered media, and effects of lift-off and probe tilt on complex shaped
components. These limitations for curved parts have been overcome through a combination of
conformable sensors and independent determination of lift-off and other variables using the MWM.

MWM and Grid Methods

MWM - Using a spatially periodic field conformable eddy-current sensor such as the MWM
(Figure 3) and a quantitative model-based inversion algorithm, a nondestructive method has been
developed for characterization of nonmagnetizable metallic coatings on nonmagnetizable substrates.
The current method permits independent and simultaneous measurement of three unknown
variables; in the case of TBCs, these unknowns include ceramic topcoat thickness, metallic bond
coat porosity, and metallic bond coat thickness. It is applicable for manufacturing quality control of
overlay coatings and TBCs and for in-service inspection of those coating/substrate combinations
that do not become magnetizable in service. The method also works for some weakly magnetic
coatings.
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Figure 3. Schematic (a) and photograph (b) of single sensing element MWM sensor.

The Measurement Grid-Based Inversion Methods — The MWM sensor response is converted
into material or geometric properties using measurement grids. These grids are used to map the
magnitude and phase of the transimpedance into unknown properties of interest. The grids are two-
dimensional databases, which can be displayed graphically to support procedure development.
Typically, grids relate two measured parameters to two unknowns, such as the electrical
conductivity and lift-off, or metallic coating thickness and lift-off. Three-dimensional versions of
the measurement grids, called grid lattices, are discussed below.

For overlay coatings and TBCs, the MWM with inversion algorithm first provides a measure of
effective absolute conductivity as a function of frequency. Then, for the metallic bond coat or
overlay coating, thickness and conductivity are determined. The metallic bond coat conductivity
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reflects the porosity of the coating. In the case of TBCs, the lift-off provides a measure of ceramic
coating thickness to within +2um; reproducibility of better than +1.5um, day-to-day, was
demonstrated by NASA Glenn Research Center using the MWM and grid methods for ceramic
thickness measurements [Miller, 2000].

Grid Lattices and Multiple-Frequency Algorithm for Determination of Three Variables — A
multiple-frequency algorithm has been developed for the independent determination of three
properties associated with the coating evaluation. This algorithm has successfully been applied to
as-manufactured coatings and has the potential for evaluating service-aged coatings. In this
algorithm, three-dimensional grid lattices are used. The lattices are sets of two-dimensional
measurement grids, where each grid describes the sensor response to changes in coating thickness
and lift-off at a given coating conductivity. The lattices shown in Figure 4 contain coating thickness
— lift-off grids for four values of the coating conductivity at 1 MHz and 6.31 MHz. Within each
grid, the spacing between the grid points indicates the sensitivity for independently estimating the
coating thickness and lift-off. The grid spacing depends on the difference between the coating and
substrate conductivities. The lattices of Figure 4, are relatively coarse for visualization purposes,
with only 140 lattice points (7 coating thicknesses, 5 lift-offs, and 4 coating conductivities), whereas
a typical lattice has on the order of 20,000 points.
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Figure 4. Coating thickness - lift-off grid lattices for MCrAlY coating family.

Earlier Results — The MWM technology has shown the capability to measure nondestructively the
coating thickness for a variety of as-manufactured MCrAlY coatings, aluminide coatings, and other
metallic coatings on various substrates. For example, overlay coating thickness values obtained in
an earlier study [Goldfine, 2001] were shown to be in a reasonable agreement with metallography
data for one of the MCrAlY coatings over a range of coating thicknesses between 100 and 350 pum.
For a degraded PWA 286 coating, the MWM outperformed other methods used in an EPRI round
robin focused on measuring remaining B-rich zone thickness [Goldfine, 2001]. Based on an earlier
study, the MWM can also be used to monitor thermal degradation of the overlay coatings and bond
coats for PtAl coating [Goldfine, 1999].
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MWM CHARACTERIZATION OF MCrAlY COATINGS

The goal of this study was to evaluate and qualify MWM with grid methods for characterization of
nickel-based and cobalt-based MCrAlY coatings on three different superalloy substrates. The
superalloy substrates, investigated with their respective MCrAlY coatings, were:

« Ni-based PWA 1483 (single crystal)

« Ni-based Rene 80 (equi-axed)

« Co-based Mar M 509 (equi-axed)

MWM measurements were performed over a wide range of frequencies (typically 400 kHz to 16 MHz)
on coated components of interest. Grid lattices for the substrate/MCrAlY combinations were used
to obtain coating thickness, coating electrical conductivity, and sensor lift-off. The electrical
conductivity can be used to identify areas of increased porosity. In each case, the coating thickness
results derived from the MWM multiple frequency algorithm method were validated by checking
them against metallography.

It is important to note that all of the examined MCrAlY coatings had gone through the diffusion
heat treatment for improving coating adherence to the substrate. Thickness measurements of
MCrAIY coatings in this condition pose an especially tough problem for conventional eddy current
technology. Figure 5 shows plots of the effective conductivity as a function of frequency for a
previously examined substrate/coating system and for one of the three substrate/coating systems
examined in this study. The MWM measured conductivity for the substrate alloy (either measured
on an uncoated part or estimated from the lower frequency measurements) and those of the coating
(estimated from the higher-frequency measurements) are sufficiently different to provide coating
thickness estimation using the three-unknown algorithm. Significantly smaller conductivity
differences could be accomodated using this technology.
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Figure 5. Effective conductivity as a function of frequency for uncoated and coated material.
(a) Results from an earlier study; (b) results for coated PWA 1483.

Figure 6 shows the comparison of MWM measured coating thickness with metallographic results.
Any data points on the diagonal line in each of the three plots in Figure 6 would correspond to a
perfect agreement between MWM and metallography results. The dotted lines denote +/-15%
deviations from the ideal match of the values.

The data presented in Figure 6 were obtained as a part of MWM technology validation prior to its
implementation for production quality control. In general, MWM and metallography results match
within 15% of each other.
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After a general validation of the technology on the above-mentioned substrate/MCrAlY systems, a
10 percent coating thickness check” by MWM was implemented for a component made of Mar M
509 superalloy at one of the coating suppliers. A total of twelve measurement points were defined
on the pressure and suction sides of the airfoil, as well as the outer and inner platforms of the vane.
Quiality assurance personnel took measurements in a production environment. The measured parts
were in a diffusion heat treated and, as a preparation for TBC coating, smoothened condition.
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Figure 6. Comparison of MWM with metallographic MCrAlY coating thickness measurements for three
different substrate/coating combinations.

Figure 7 shows the results for all 12 measurement points on each vane for a total of some 90 parts,
taken over the course of approximately 6 months. Also shown is the average of all measurements at
each location and the +/-15% deviation from this average value. Furthermore, shown is the
average thickness of three parts determined metallographically. Again, MWM and metallography
results generally match within 15% of each other. For several reasons MWM and metallography
results do not necessarily have to match exactly. First, the parts used for metallography are not the
same as those on which MWM measurements were taken. Therefore, as a result of normal process
variation, the results could diverge. Second, even if the same parts or samples were used for both
MWM measurements and metallography, thickness at the edge if each sample often differs from an
average thickness over the area under the MWM sensor footprint.
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Figure 7. MWM results of 10% production MCrAIY coating thickness measurements.
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CONCLUDING REMARKS

The agreement between the MWM coating thickness results and metallography shown in Figures 6
and 7 is remarkably good. In addition, MWM has significant advantages over metallography since
it can provide coating thickness measurements nondestructively at any number of selected locations
on actual parts in production. Furthermore, it can provide information on coating porosity
variations and TBC thickness.

The MWM results presented in this paper are based on a three-unknown algorithm. For magnetic
coatings and/or substrates as well as for substrates with spatially variable properties, an algorithm
that can handle four or more unknowns can be used [Zilberstein, 2002].

Results presented in this paper were obtained using an MWM sensor with a single sensing element.
Imaging MWM-Arrays provide additional powerful capabilities for inspection of coated turbine
components. These arrays with multiple sensing elements have the ability to generate images that
reveal cracks, microstructural or chemical variations, and hidden geometric features.
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