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Modeling Thermal Conductivity
of Thermal Spray Coatings:
Comparing Predictions to Experiments
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Thermal conductivity plays a critical role in the thermal transport of thermal-sprayed coatings. In this
article, a combined image analysis and finite-element method approach is developed to assess thermal con-
ductivity from high-resolution scanning electron microscopy images of the coating microstructure. Images
are analyzed with a collection of image-processing algorithms to reveal the microscopic coating morphology.
The processed digital image is used to generate a two-dimensional finite-element mesh in which pores,
cracks, and the bulk coating material are identified. The effective thermal conductivity is then simulated
using a commercial finite-element code. Results are presented for three coating material systems [yttria-
stabilized zirconia (YSZ), molybdenum, and NiAl], and the results are found to be in good agreement with the
experimental values obtained using the laser flash method. The YSZ coatings are also annealed, and the
analysis procedure was repeated to determine whether the technique can accurately assess changes in coat-

ing morphology.

Keywords finite element, image analysis, molybdenum, NiAl,
thermal conductivity, thermal spray coatings, yttria-
stabilized zirconia

1. Introduction

Thermal spray can produce many different coatings and sur-
faces with various materials to protect engineering structures
from wear, corrosion, erosion, and excessive temperature (Ref
1). Thermal spray coatings are produced by a continuous melt-
spray-solidify process in which molten particles are accelerated
and applied by impact onto a substrate to form thin splats that
build up to a well-bonded deposit (Ref 2). The resulting coating
properties strongly depend on the coating microstructure for all
constituents, including feedstock material, air, oxide, impurities,
and contaminations.

The thermal conductivity of a coating often depends very
strongly on feedstock material and process parameters. In many
cases, the coating thermal properties may be considerably dif-
ferent than the corresponding bulk material (Ref 3), especially
for metal coatings (Ref 4). There has been extensive analytical,
numerical, and experimental work on properties, microstruc-
tures, and their correlation for two- and three-phase composite
porous media to understand and predict coating thermal proper-
ties. For analytical modeling, McPherson (Ref 3) and Cernuschi
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etal. (Ref5) developed geometric models to estimate the ratio of
the coating and the bulk material thermal conductivity. Sevosti-
anov and Kachanov (Ref 6) calculated the thermal conductivities
of coatings in terms of the relevant microstructural parameters.

In terms of numerical simulation, our group has previously
developed property estimation methods based on both the im-
age-based finite-element method for scanning electron micros-
copy (SEM) images and the use of statistically similar coating
models based on small-angle-neutron scattering (SANS) (Ref
7). Deshpande et al. (Ref'8) and Kulkarni et al. (Ref'9) developed
image analysis (IA) techniques to estimate porosity and thermal
conductivity in thermal spray coatings. Other researchers have
also addressed this as well. Lavigne et al. (Ref 10) used image-
analysis techniques to estimate the porosity of coatings, and sub-
sequently Poulain et al. (Ref 11) used an image-based technique
and a finite-difference approach to estimate thermal conductiv-
ity from the coating cross-sectional images.

In this work, the authors present an [A-based estimation tech-
nique for determining the thermal conductivity of thermal spray
coatings. As performed by Poulain et al. (Ref 11), the digitized
image forms the basis for the computational domain. Finite-
element analysis (FEA) is used to simulate the thermal transport
in the coating based on the image, and the effective thermal con-
ductivity is calculated.

Making accurate model predictions is complicated by the fact
that reported experimental values can vary from coating to coat-
ing, depending on the deposition technique, heat treatment, and
thermal cycling (Ref 12-14). Even for bulk materials of the same
composition, the variance in property measurement data can be
large (Ref 14-16). This work complements other modeling ef-
forts made by our group, such as the FEA and SANS (Ref 7), and
TIA (Ref 8, 9) approaches, by incorporating pixel-based FEA
modeling and pore and crack separation based on IA. The goal
was to assess coating properties with improved accuracy while
providing insight into the mechanisms governing transport in
coatings.
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Fig.1 (a) An original grayscale SEM image for a zirconia-based ceramic coating, (b) binary or black-and-white image, (c) globular pore image, (d)

crack image, (e) horizontal crack image, and (f) vertical crack image

The coating systems studied in this work include yttria-
stabilized zirconia (YSZ), pure Mo, and Ni-Swt.%Al. Thermal
conductivity modeling and experiments are performed for all
three coating systems. The major application of YSZ coatings is
for thermal barrier coatings (TBC), among which, the 6 to 8
wt.% yttria content YSZ coating has been widely used. A 1 to 2 mm
thick YSZ coating can drop the temperature of the superalloy
substrate in a turbine engine by 100 to 300 °C and can greatly
increase the thermodynamic efficiency (Ref 17). Molybdenum
coatings fabricated by atmospheric plasma spraying have en-
hanced resistance to wear and heat (Ref 18). Ni-5wt.%Al coat-
ings are used as bond coats due to their superior adhesion (Ref 19).

Image analysis is a powerful tool in pore and crack network
analysis. In this article, the microstructure of thermal spray coat-
ings, including volume fraction (porosity), aspect ratio, and
crack orientations, is investigated through an IA technique that
was originally developed by Friis (Ref 20). Most nonmetallic
coatings, such as YSZ ceramic coatings, can be considered as
two-phase composite materials, with the two phases being ce-
ramic and air. The effective medium theory was first introduced
by Maxwell-Garnett (Ref 21) to estimate the thermal conductiv-
ity of binary mixtures. Most current models consider two issues,
namely, the volume fraction (i.e., the porosity) and the orienta-
tion of pores and cracks. In YSZ coatings, the splats are sepa-
rated by pores and cracks due to rapid solidification. Bulk YSZ
already has a low thermal conductivity ranging from 2 to 6
W/m/K depending on grain size and yttria content. The exis-
tence of the pore and crack network reduces the thermal conduc-
tivity of a YSZ coating even lower, in some cases reaching only
25% of that of the bulk material (Ref 3, 15).

In contrast to nonmetals, metals usually have high thermal
conductivity and are easily oxidized. The oxide in the coating
represents a third constituent that can influence the coating proper-
ties. In this article, the oxidation components are not distinguished

546—Volume 15(4) December 2006

from pores and cracks. The thermal conductivity of the oxides is
generally lower than that of the corresponding metals (Ref 22).

2. Coating Image Collection and Analysis

SEM provides high-resolution microstructure images com-
pared with those provided by optical microscopy, and a LEO
1550 SFEG (Oberkochen, Germany) scanning electron micro-
scope is used for imaging at magnifications between x500 and
%5000 in this work. Thermal spray coatings are cut and polished
on the cross section. The raw and uncompressed images from the
scanning electron microscope SEM are collected using the back-
scattering detector are 8-bit grayscale images in TIFF format.
The resolution of the SEM image is 1024 x 768 pixels, which is
the same as the resolution of the detector in the scanning electron
microscope.

A public domain IA software from the National Institutes of
Health (NIH) (Ref 23) (NIH Image, version 1.62) is used to
transform grayscale images to binary (black and white) images,
by setting a thresholding criterion based on the gray level mis-
match between the YSZ matrix and the void matrix (Ref 24).
The thresholding criterion is determined automatically by the
software, which influences the resulting binary images and thus
the finite-element modeling results.

As an example, Fig. 1(a) shows an SEM image of a YSZ
coating that is 170 x 108 pm in actual size. The top and bottom
of the image correspond to the top (exposed) and bottom (sub-
strate) region of the coating, respectively. The coating micro-
structure images were converted from 0 to 255 grayscale to a 0-1
binary scaling using the NIH IA software, through which the
detailed topology information was recorded for every pore and
interlaminar crack inside the coating. The binary image of Fig.
1(a) is shown in Fig. 1(b). The black pixels in Fig. 1(b) represent
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Fig.2 (a) Original SEM image of YSZ coating, (b) vertical heat flux counter. Black and white represent the lowest and highest heat fluxes, respectively.

voids, and the white pixels represent ceramic. In Fig. 1(c) and
(d), individual pores and cracks are identified based on their as-
pect ratio. Each shape is considered to be a spheroidal element
with aspect ratios of 4#:w, where w and / are the major and minor
axes, respectively. The object is taken to be a globular pore if its
aspect ratio is greater than or equal to a constant (in Fig. 1, the
constant is 1/6), and is taken as a crack if its aspect ratio is less
than this constant. Change to the constant can vary the separated
images shown in Fig. 1(c) and (d). This separation technique,
which was originally developed by Friis (Ref20), is not required
for thermal conductivity modeling in this work. However, it al-
lows insights into the coating microstructure. Moreover, each
single crack is analyzed and classified as horizontal or vertical
with respect to the angle between the cracks and the horizontal
boundary of the image, with a thresholding angle of 45°. Images
of the horizontal and vertical cracks are shown in Fig. 1(e) and
(), respectively.

2.1 Threshold Variability

To investigate the threshold variability, a group of 60 grays-
cale SEM images of YSZ coatings are analyzed using the NIH
software. These images were obtained using the same SEM in-
strument but are at varying magnifications from %1000 to
%10000. The standard deviation of the threshold values of the 60
images is 5%.

3. Image-Based Finite Element Property
Modeling

In this article, the TA results are used directly to generate the
material property matrices in a finite-element simulation Ther-
mal conductivity modeling results are provided for both
through-thickness and in-plane directions for a single image.

The image in Fig. 1(b) is a binary image with m X n pixels
(m represents rows and n represents columns), where black rep-
resents a void and white represents the coating (e.g., YSZ in this
image). This image can be used directly as the calculation mesh
for an FEA. The resulting image produces a mesh with m rows
and n columns, with 0 representing a void and 1 representing the
coating material (e.g., YSZ). Ansys, version 8.0 (Canonsburg,
PA), is used for all FEAs.

The FEA is performed according to the following algorithm:
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. Create a rectangular area with length and width ratio m to n.
. Define two materials: ceramic and air (inside voids), with
appropriate thermal conductivities [2.5 W/m/K (Ref 7)
and 0.026 W/m/K (Ref 22), respectively, for the YSZ case].
3. Mesh the area with m x n elements, where m X n are the
original height and width of the image.
4. Assign material properties to each element, according to
the image-based material matrix.
5. Apply boundary conditions for through-thickness thermal
conductivity (these are isothermal upper and lower
boundaries and adiabatic left and right boundaries); for
the in-plane direction the boundary conditions are rotated
90°. The difference between the two isotherms will influ-
ence the heat flux but not the thermal conductivity result.
Hence, the isotherms can be set to be any two distinct val-
ues around an interested temperature, for example, 25 and
15 °C for modeling at ambient temperature.
6. Calculate the vertical heat flux of each element for
through-thickness thermal conductivity modeling or hori-
zontal heat flux for the in-plane direction. The heat flux of
each element is proportional to the isotherm difference.
7. Calculate the effective through-thickness thermal conduc-
tivity calculated by averaging the heat flux of each element.
Figure 2(a) is an original grayscale image (1024 x 768 total
pixels) of a YSZ cross section. To simulate through-thickness
thermal conductivity, the boundary conditions are taken as iso-
thermal for the upper and lower boundaries, and as insulated
(adiabatic) for the left- and right-side boundaries. For steady-
state conditions, the heat flow through any horizontal plane [actu-
ally, a horizontal line in the two-dimensional (2D) image] will be
the same and equal to the total heat flow due to energy conserva-
tion. As a consequence, the heat flux through the pores and cracks
is low due to the low air thermal conductivity (0.026 W/m/K),
while the heat flux in the YSZ adjacent to the pores and cracks
increases. This can be observed by comparing the topology
image in Fig. 2(a) and the vertical heat flux contour plot in Fig. 2(b).

By changing the isotherms for the upper and lower bound-
aries, the heat flow, heat flux, and spatially resolved thermal
conductivity can be determined. In Fig. 2(b), black and white
represent the lowest and highest heat fluxes, respectively. From
Fig. 2, it is seen that the pores and cracks are important for
thermal resistance: the heat flux is reduced where the pores
and cracks appear. In addition, in the regions immediately above
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and below a pore or crack the heat flux is reduced; how-
ever, along the side areas of the same pore or crack the heat flux
increases.

3.1 Effect of Threshold Level

InIA, a different thresholding selection for images will cause
a different thermal conductivity modeling result. The sensitivity
of thermal conductivity on thresholding is investigated by arti-
ficially changing the threshold level for binary image conver-
sion. A change of 20 units in the threshold level, which makes a
significant difference on a scale of 0 to 255, gives a 5% differ-
ence in the FEA thermal conductivity results. This means that
the image-based FEA modeling technique is not sensitive to a
slight change in the threshold level.

3.2 Dependence on Coating Location

It is also interesting to note that images obtained from differ-
ent regions of the same coating yield similar porosity and ther-
mal conductivity predictions. This makes it possible to model
and predict coating thermal conductivity by averaging results
from only a few images taken from distinct locations in the coat-
ing. To illustrate this, 10 distinct images were taken from differ-
ent locations in the same YSZ coating. The calculation of poros-
ity and thermal conductivity results in an average porosity of
7.6% with a standard deviation of 10% and an average thermal
conductivity of 1.9 W/m/K with a standard deviation of 5%.

3.3 Dependence on Image Magnification and
Image Size

In IA and microstructure modeling (Ref 25-27), the magnifi-
cation (or equivalently the size of the coating that is imaged)
used can have a significant impact on the resulting analysis. Im-
ages that are highly magnified result in a loss of global coating
information, while images with too low a magnification cannot
accurately capture the detailed microstructure at small scales. It
is thus important to strike a balance between local and global
information, and use the appropriate magnification, while also
considering computational requirements (Ref 7).

In this work, the effects of magnification and size are inves-
tigated in two ways. First, images are taken at the same site of a
coating but at different magnification levels. It is found that
higher magnifications result in larger predicted thermal conduc-
tivity values. For example, average thermal conductivity results
for x10,000 images were 5% larger than those of x1000 images
of the same coating location. This indicates that images obtained
at high magnifications lose global information, for example,
large pores, and thus tend to increase the thermal conductivity
results. In the second approach, a single image at a given mag-
nification is divided into nine smaller equal-sized images and the
finite-element model is applied to each subimage independently.
Using this approach, a standard deviation of 5% of the average
values was found across the subimages. Interestingly, the aver-
age value of the nine thermal conductivity results is very close to
the thermal conductivity modeling result for the large image.
This suggests that the largest images possible (i.e., highest num-
ber of pixels) within the limits of the imaging system should be
used. In this work, the uncertainty of the predicted values is es-
timated to be the combination of the image and location uncer-
tainties (i.e., 10% for all measurements).
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4. Coating Thermal Conductivity
Measurements

To compare model predictions to actual coating values, mea-
surements of thermal conductivity were made. Room tempera-
ture thermal conductivity measurements were made using a Ho-
lometrix microflash Laser Flash apparatus manufactured by
Netzsch Instruments Inc. (Estes Park, CO), which operates ac-
cording to ASTM standard E1461 (Ref 28). To measure thermal
conductivity, the Holometrix instrument uses a high-power,
short-pulse laser to heat the bottom surface of a thin specimen.
The heat transferred through the specimen results in a tempera-
ture rise at the top surface that is measured by an infrared (IR)
detector (Ref 29). Analysis of the bottom-surface temperature
time-varying history allows the determination of thermal diffu-
sivity. Specific heat can be measured with the laser flash method
by comparing the temperature rise of the sample to the tempera-
ture rise of a reference sample of known specific heat tested un-
der the same test conditions. This temperature rise is recorded
during the diffusivity measurement, so the specific heat can be
calculated from the same data. The apparent density of the
sample was obtained by measuring dimensions and weight. The
thermal conductivity is calculated from thermal diffusivity, spe-
cific heat, and density.

The Holometrix instrument can measure both through-
thickness and in-plane direction thermal conductivity for free-
standing coatings. For through-thickness measurement, the
shape of the coating specimen is a thin disk with a diameter of
12.7 mm and thickness of 0.3 to 2 mm. During the measurement,
the bottom-surface of the sample is uniformly irradiated by the
laser pulse and the temperature-time is recorded for the central
point on the other side. For an in-plane measurement, a square-
shaped sample (25.4 x 25.4 mm) is required, and the laser pulse
only irradiates the central region of the bottom surface. The tem-
perature is recorded on the backside of the film using an IR de-
tector, and the measured temperature history can then be used to
estimate thermal diffusivity and conductivity.

The standard deviation of this technique using the Ho-
lometrix instrument has been characterized by Chi et al. (Ref
30). The standard deviation of thermal conductivity measure-
ment for the same coating is 8%. In this work, the standard de-
viation for through-thickness thermal conductivity measure-
ment is typically 8%, which is the value used for all
measurements in this work.

5. Results and Discussions

Using the techniques discussed above, thermal conductivity
of thermal sprayed ZrO,-8wt.%Y,05, Mo, and Ni-Swt.%Al
coatings are obtained from both simulation and experiment.
Each coating system is discussed in detail below.

5.1 VYttria-Stabilized Zirconia Coatings

The YSZ coatings are often exposed to very high tempera-
tures (up to 1200 °C) and/or multiple thermal cycles for long
periods (i.e., hundreds to thousands of hours) when used as
TBCs for engineering systems (e.g., in turbine engines). The
thermal behavior after heat treatment or annealing is thus impor-
tant and must be considered for its effect on long-term coating

Journal of Thermal Spray Technology



As-deposited coatings

F&C

A&S HOSP

Isothermal-annealed

Fig.3 SEM image of YSZ coatings before and after annealing

Table 1 Thermal conductivity of YSZ coatings (bulk value = 2.5 W/m/K)

Through-thickness thermal conductivity, W/m/K

In-plane thermal conductivity, W/m/K

Coatings Experiment FEA Difference Experiment FEA Difference
HOSP as-sprayed 1.10 £ 0.09 1.32+0.13 20% 0.84 +0.07 1.60 £0.16 90%
HOSP annealed 1.30 £0.10 142+0.14 9% 1.10 £0.09 1.63+0.16 48%
F&C as-sprayed 1.23+£0.10 1.56 £0.16 27% 1.49+0.12 1.78 £0.18 19%
F&C annealed 1.85+0.15 1.78 £0.18 —4% 1.65+0.13 1.90 £ 0.19 15%
A&S as-sprayed 1.12+0.09 1.75+0.18 56% NA 146 +£0.15 NA
A&S annealed 143 +0.11 1.77+0.18 24% NA 1.90 £0.20 NA

Note: NA, not applicable; HOSP, hollow sphere; F&S, fused and crushed; A&S, agglomerated and sintered

properties. Thermal conductivity modeling and measurement
are performed for three types of YSZ coatings both before and
after annealing made from fused and crushed, agglomerated and
sintered, and plasma-densified hollow sphere powders. The an-
nealing heat treatment was the same for all coatings (225 h at
1200 °C), after which the coating is slowly cooled to room tem-
perature to avoid additional fracture. Figure 3 shows the micro-
structure images of the three types of YSZ coatings before and
after annealing (note that the before and after images represent
different locations on the coating). For the as-deposited coat-
ings, the pore and crack network seen in the cross-sectional im-
ages is clear and continuous, while the pores and cracks in the
annealed coating images are discontinuous and appear to be
closing. This geometry change can alter the thermal conductiv-
ity of the coatings. The model and measurement data for YSZ
coating thermal conductivity before and after annealing are
shown in Table 1 and Fig. 4.

Journal of Thermal Spray Technology

It can be seen that after long-term annealing the thermal con-
ductivity data increased for both finite-element and measure-
ment results. As mentioned before, this is due to the microstruc-
ture changes and boundary vanishing. Previous work has
indicated that the porosity will also decrease after long-term an-
nealing (Ref 7, 10).

As can be seen in the preceding results, a deviation can be
found between the modeling and the experimental data. This
may be due to a variety of factors including: (a) inadequate reso-
lution in the SEM images, which is unable to accurately capture
all of the fine cracks and interfaces, especially in the nanoscale,
which are thermal barrier to the heat flow and will lower the
computed thermal conductivity; (b) 2D effect, because, strictly
speaking, thermal conductivity is a three-dimensional (3D)
property and relies on 3D microstructure network and the 2D
microstructure image, which is an approximation of the actual
3D structure of a thermal sprayed coating, may lead to signifi-
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cant errors; (c) other thermal mechanisms, such as radiation and
phonon and photon scattering, which are not included in the
simple model; and (d) for the bulk thermal conductivity deter-
mination, the bulk value in this work is chosen as 2.5 W/m/K,
which is the same as that in the study by Wang et al. (Ref 7).

25

mmm FEM As-sprayed
mmmm FEM Annealed
20 | EEEE EXP As-sprayed
Emmm EXP Annealed

0.5

Thermal Conductivity (W/m.k)

0.0 -
HOSP HOSP F&C F&C  A&S A&S
Through In-plane Through In-plane Through In-plane
Thickness Thickness Thickness

Fig.4 Modeling and experiment results for YSZ coating thermal con-
ductivity before and after annealing for both the through-thickness and
in-plane directions

However, the result in the study by Raghavan and Wang (Ref
16) shows that the value was nearly 2.25 W/m/K. A more accu-
rate bulk value, which can be obtained by long-term annealing,
will help to decrease the deviation between the simulation and
experiment.

5.2 Molybdenum Coating

Figure 5 shows the original grayscale and the black-and-
white images in which the white area is molybdenum and the
black area is air (i.e., only a small amount of oxidation). The
thermal conductivity of pure molybdenum is very high (142
W/m/K), compared with the thermal conductivity of air. The

Fig. 5 Grayscale and binary images for Mo coating

NiAl coatings

Binary Images

Fig. 6 Grayscale and black-and-white images for Ni-5wt.%Al coatings
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Table 2 Thermal conductivity of Mo coating (bulk value = 142 W/m/K)

Through-thickness thermal conductivity, W/m/K

In-plane thermal conductivity, W/m/K

Experi- Experi-
ment FEA(a) Difference ment(a) FEA(a) Difference
15.0+0.8 10.0 £2.0 -33% 40.3+£32 31.0+6.2 —23%

(a) Values given as mean + standard deviation

Table 3 Thermal conductivity of Ni-Swt.% Al coatings (bulk value = 80 W/m/K)

Through-thickness thermal conductivity, W/m/K

In-plane thermal conductivity, W/m/K

Coatings Experiment(a) FEA(a) Difference Experiment FEA(a) Difference
TWA 17.0+0.9 10.1 +£2.0 -40.5% NA 29.5+59 NA
HVOF 222+1.1 51.4+10.3 132% NA 54.7+11.0 NA
APS 10.7 £ 0.5 75+£1.5 -30% NA 153+3.1 NA

Note: NA, not applicable. (a) Values given as mean + standard deviation

results of the model and experimental values of thermal conduc-
tivity are listed in Table 2. It can be seen that the modeling re-
sults capture the same trend in the experiments for the thermal
conductivities in two perpendicular directions (through-
thickness and in-plane).

5.3 NiAl Coatings

Figure 6 shows the original grayscale and the processed
black-and-white images for Ni-5Swt.%Al coating for three re-
spective processing techniques: air plasma spraying (APS);
high-velocity oxyfuel (HVOF) spraying; and twin wire-arc
(TWA) spraying. Compared with molybdenum, Ni-5wt.%Al is
more readily oxidized, hence the oxide likely represents a non-
negligible fraction of the coating cross section. The distribution
of each element in the coating is quite complicated (Ref 19).
Similar to the case with Mo, the black area in the binary image is
assigned to the air property, although this region may also con-
tain oxide as well. The results of thermal conductivity are listed
in Table 3. Better agreement is expected by using a more de-
tailed model that includes the oxide, air space, and material in-
dependently. As can be seen in Table 3, the difference between
experiment and FEA results for the HVOF case is positive, while
those of TWA and APS cases are negative. This is likely due to
the different nature of the processing techniques for each coating
and requires further investigation.

6. Conclusions

This work presents an IA and finite element-based approach,
which is not sensitive to slight changes in the threshold level, to
predict the thermal conductivity of thermal spray coatings from
SEM images of the coating microstructure. Comparisons are
made between modeling and experimental values, which were
obtained using the laser flash method. For YSZ coatings, the
FEA model captures the trends for through-thickness and in-
plane thermal conductivities both before and after annealing.
The modeling results for YSZ coating thermal conductivity are
generally higher than those for the experimental data. For Mo
coatings, the results of FEA are lower than those of experiments.
For Ni-5wt.%Al coatings, different trends are found in the
HVOF case and the TWA or APS case. This work shows that the
image-based technique is an effective tool for assessing the ther-
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mal conductivity of thermal spray coatings. However, the dis-
crepancy in the comparison of predictions and experiments
shows that this technique requires further investigation.
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