
14-I 

Q-X23 
MICROSTRUCTURE AND THERMAL CONDUCTIVITY OF LAYERED 
THERMAL BARRIER COATINGS PROCESSED BY PLASMA SPRAY 

AND PHYSICAL VAPOR DEPOSITION TECHNIQUES 

K. S. Ravichandran, K. An, Ft. E. Dutton’ and S. L. Semiatin” 
Department of Metallurgical Engineering 

412 WBB, University of Utah, Salt Lake City, UT 84112, USA 
*Materials Directorate, WINLLM, Wright Laboratory 

Wright Patterson Air Force Base, OH 45433, USA 

SUMMARY 

Thermal conductivity is an important design 
parameter for thermal barrier coatings. 
Accurate thermal conductivity data is therefore 
required to ensure proper design and reliability of 
gas turbine blades. In the present research, 
thermal conductivities of A1,03 and 8wt.% Y203 
stabilized Zr02 (BYSZ) coatings, including 
monolithic and multilayer configurations, made 
by air plasma spray (PS) and electron beam 
physical vapor deposition (EB-PVD) techniques, 
were determined from the measurements of 
thermal diffusivity and specific heat as a 
function of temperature. Thermal diffusivity 
was determined by the laser flash technique. 
Specific heat was determined by a Differential 
Scanning Calorimeter (DSC). Detailed analyses 
of the results indicate that in the case of PS 
coatings, the thermal conductivity is sensitive to 
coating density (porosity), interfaces between 
splats as well as the interface between the 
coating and the substrate. In the case of EB- 
PVD coatings, it is shown that the multilayer 
conductivity is simply a series representation of 
monolithic coatings, provided comparisons are 
made under same microstructural condition. 
Further, analyses of sensitivity of the laser flash 
technique to variations in the coating and the 
substrate parameters, for the coatings evaluated 
in this study, were also performed. The results 
are discussed in the context of coating 
characteristics, reference conductivity data for 
dense materials and the sensitivity of the 
measurement method to coating parameters. 

1. INTRODUCTION 

High temperature materials are often protected 
by the use of thermal barrier coatings (TBCs) 
[l-4]. These coatings are applied by plasma 
spray (PS) or electron beam physical vapor 
deposition (EB-PVD) techniques with an 

intermediate NiCoCrAlY alloy bond coating to 
improve adherence and to reduce oxidation. 
The principal TBC material is Zirconia (Zr02) 
partially stabilized with about 6 to 8 wt.% Y203 
(hereafter referred to as “YSZ”; for example, 
8YSZ is used to refer to ZrOl stabilized with 
8wt.% Y20,. Hereafter, the composition of 
Y203 is quoted in wt.%, unless otherwise 
indicated) owing to its reasonable toughness (due 
to transformation toughening), low density, low 
thermal conductivity, high melting point, and 
good thermal shock resistance. 

Although YSZ has low thermal conductivity, yet 
further reductions in thermal conductivity are 
caused by porosity and thermal resistance at 
imperfect interfaces in the coating. However, 
there has been limited work [S-9] performed to 
generate an understanding of the coating aspects 
that influence the heat transfer characteristics. 
Additionally, the conductivity data reported in 
the literature exhibit significant variations due 
to differences in processing parameters and 
microstructural characteristics. Among the 
microstructural variables that are known to have 
an effect on thermal conductivity, only the 
effects of the type and the amount of stabilizer 
in Zr02 has been studied in a systematic fashion 
[5, 7, 81. Further, microstructural differences 
between bulk Al2O3 and YSZ and the coatings 
often exacerbates the difficulty in the 
assessment of coating thermal conductivity. 

The primary objective of this study was to 
understand the issues involved in the assessment 
of thermal conductivity of A120, and YSZ made 
by PS and EB-PVD techniques. For this 
purpose, thermal conductivity of coatings were 
studied from room temperature to 1000°C. The 
results are analyzed in terms of: (i) coating 
porosity, (ii) thermal resistance at the 
interfaces, (iii) the discrepancy among the 
thermal conductivity data of monolithic 
materials and (iv) the coating microstructure 
relative to that of the dense materials. The 
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reliability of the conductivity data is assessed in 
terms of the sensitivity of the laser flash 
technique to the uncertainties in the coating and 
the substrate parameters. 

2. EXPERIMENTAL PROCEDURE 

Plasma-sprayed coatings were obtained by 
spraying 8YSZ and Al*O, onto 3 mm thick Rene 
95 superalloy substrates measuring 62.5 mm X 
12.5 mm. Prior to deposition, the substrate 
surfaces were grit blasted to improve coating 
adherence. Powders of 8YSZ (Metco 204NS; 
average particle size: 10 pm) and A&O, 
(Plasmalloy AI-1010; average particle size: 5 
pm) were used. A Plasma Technik Spray system 
with a single spray nozzle and dual powder feeder 
was employed. Both monolithic and multilayer 
coatings involving alternating layers of A1203 
and SYSZ were prepared. The coatings 
exhibited residual porosity. Porosity levels were 
determined using measurements of coating mass 
and volume as well as by image analysis and 
point counting techniques on optical 
micrographs. To determine if residual porosity 
could be closed by sintering, heat treatment of 
the coatings was performed at 1300°C for 50 hrs 
in a furnace under flowing argon, For this 
purpose, 10 mm* size samples, cut using a 
diamond wafering blade, were employed. The 
coatings detached from the substrate as units 
after the heat treatment. The surfaces of the 
detached coatings that corresponded to the 
coating-substrate interfaces were 
metallographically polished to remove the metal 
oxide layers formed during the heat treatment. 
EB-PVD coatings were made by electron beam 
evaporation of high purity Al,Os and 8YSZ 
sputtering targets on to CMSX-4 single crystal 
superalloy substrates. The substrate temperature 
was about 300-500°C during the deposition 
process. Both monolithic and multilayer 
coatings involving alternating layers of AlzOl 
and BYSZ were prepared by this technique. 

Thermal diffusivity measurements were made 
using the laser flash technique [lo]. The laser 
flash technique involves heating one side of the 
sample with a laser pulse of short duration and 
measuring the temperature rise on the other side 
with an infrared detector. The thermal 
diffisivity is determined from the time required 
to reach one-half of the peak temperature and a 
transient heat conduction analysis of a hvo-layer 
body. From this analysis, the thermal diffusivity 
of a single layer coating on a substrate can be 
independently determined. Measurements were 
made on the coatings with substrate in the as- 

sprayed condition and on the detached coatings 
in the heat-treated condition. Measurements 
were made from room temperature to a 
temperature of 1000°C. For the high 
temperature measurements, the samples were 
heated in a vacuum chamber in 100°C steps; a 
thermal diffusivity measurement was made at 
each step. Specific heat measurements of A1203 
and 8YSZ were also made using a standard 
Perkin-Elmer Model DSC-2 Differential 
Scanning Calorimeter with sapphire as the 
reference material. Powders, scrapped from the 
as-sprayed coatings were used for this purpose. 
The standard and the sample were subjected to 
the same heat flux as a blank and the differential 
powers required to heat the sample and standard 
at the same rate were determined. From the 
masses of the sapphire standard and the sample, 
the differential power, and the known specific 
heat of sapphire, the specific heat of the sample 
was computed. The thermal conductivities of 
the coatings were determined using the 
relationship: 

k = aC,p . ..(l) 
in which k is the thermal conductivity, a is the 
thermal diffusivity, C, is the specific heat and p 
is the density of the coating. X-ray diffraction 
analyses of the coatings were performed using 
Siemens DSOOO unit, with CuKa radiation, to 
identify the phases. 

3. RESULTS: 
PLASMA SPRAYED COATINGS 

(a) Monolithic Coatings: 
Microstructures of the as-plasma sprayed 
coatings are shown in Fig. I(a&b); those after 
heat treatment are illustrated in Fig. 2(a&b). 
The coatings exhibited a porous structure, 
typical of air-plasma-sprayed TBCs. A 
comparison of Figures 1 and 2 reveals little 
change in porosity in AI,O, and YSZ layers after 
heat treatment. Therefore, porosity levels in 
the as-sprayed condition were assumed for the 
heat treated coatings. 

The porosity, density and the thickness of each 
coating are presented in Table I. As mentioned 
above, porosity levels were determined by a 
“mass/volume” (direct) measurement, or by 



procedures were optimized to minim&. particle 
- pull-out. Additionally, the density values 

determined using the porosity levels in Table I 
and the theoretical densities were nearly in 
agreement, suggesting that the density values 
determined by the “mass/volume” technique are 
reliable. 

Fig. l(a) Microstructure of PS A1203 in the as- 
sprayed condition 

Fig. 2(b) Microstructure of PS SYSZ in the heat 

Fig. l(b) Microstructure of PS 8YSZ coating in 
the as-sprayed condition 

Fig. 2(a) Microstructure of PS A&O3 in the heat 
treated condition 
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Fig. 3. Thermal diffusivity and specific heat 
data for Rene 95 substrate, Al,O, and SYSZ 

Thermal diffusivity and specific heat data for 
the Rene 95 substrate, AI,Oj and SYSZ are 
presented in Fig. 3. Thermal conductivities of 
monolithic Al2O3 and SYSZ as-sprayed coatings 
as a function of temperature, determined 
through Eqn. (1) using the data in Fig. 3, are 
presented in Figures 4 and 5, respectively. In 
these figures, thermal conductivity of as-sprayed 
coatings are compared with that of the solid 
materials incorporating the effect of porosity. 
It is to be noted that that the data for solid 
Al2O3 could not be obtained during the period of 
this study, due to diffkulties in sintering the 
spray powder. Therefore, the thermal 

image analysis/point counting techniques on 
polished cross-sections. The various techniques 
gave reasonable agreement once polishing 
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conductivity data reported in literature is 
employed in Fig. 4. 
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Fig. 4. Thermal conductivity of A&O, coatings 
compared with the porosity-corrected data for 
various solid AlrOs reported in literature 
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Fig. 5. Thermal conductivity of 8YSZ coatings 
compared with the porosity-corrected data of 
solid 8YSZ 

The degree of reduction in thermal conductivity 
due to porosity can be calculated from [ 111 

k, = k [l-P2’3] 

in which kc and k are the thermal conductivities 
of the porous material (with a porosity of 
volume fraction P) and the fully dense material, 
respectively. During the present work, Eqn. (2) 
was found to accurately describe the reduction in 
room-temperature thermal conductivity due to 
the presence of pores in solid AIrOr and ZrOr 
ceramics, when evaluated [1 1] against the data 
on sintered monolithic materials reported in 
literature [ 12-151. Therefore, Eqn. (2) was used 
to incorporate the effects of porosity on 
thermal conductivity in Figures 4 and 5. 

(b) Multilayer Coatings 
Microstmctures of multilayer coatings: AZ4 and 
AZ8 are shown in Figs. 6 (a&h) in the as- 
sprayed condition and in Figs. 7 (a&b) after heat 
treatment. A refers to AlzOJ and Z refers to 
8YSZ, with the numbers indicating the number 
of layers of each material. For example, AZ4 
contains 4 layers of AlrOs and 4 layers of 8YSZ, 
arranged altematingly. Table II illustrates the 
total coating thickness, individual layer size and 
the experimentally measured and calculated 
porosity levels, for various multilayer coatings 
made by the PS technique. 

b 

200 pm 

Fig. 6(a) Microstructure of PS AZ4 coating in 
the as-sprayed condition 

* 200 pm 
- 

Fig. 6(b) Microstructure of PS AZ8 coating in 
the as-sprayed condition 

Thermal conductivity data as a function of 
temperature for multilayer coatings in the as- 
sprayed and sprayed-and-heat treated conditions 
are presented in Figures 8 and 9, respectively. 
The conductivity data for fully dense materials 
are also included. In addition, estimates of 
conductivity of bilayer coatings (assuming AIrOr 
and 8YSZ in series) using either the porosity- 
corrected data for fully dense AIrOr and 8YSZ or 



Fig. 7(a) Microstructure of PS AZ4 coating in 
the heat treated condition 

Fig. 7(b) Microstructure of PS AZ8 coating in 
the heat treated condition 

*Experimentally determined 
+Calculated from porosity and solid density 

arrangement, and t. and t, are the thickness 
fractions of Al,03 and 8YSZ layers, 
respectively. Because the thickness fractions of 
A1203 and YSZ are nearly the same and equal in 
all of the multilayer coatings, these calculations 
provide a baseline for comparison with the 
measured thermal conductivities of the 
multilayer coatings. 
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Fig. 8. Comparison of experimental 
conductivity data of as-sprayed multilayers with 
the data for monolithic dense materials as well 
as calculated data for a bilayer coating 

the experimentally measured data for 
monolithic AI,O, and 8YSZ coatings, are 
presented. These calculations were performed 
using Equation (3) in the following form: 

kc = (kat%,tJ . ..(3) 
in which k, is the composite thermal 
conductivity with the layers in series 

O.lI."""""""~"""'l 
0 xx) 403 ml 600 low 1200 

Temperature (“C) 

Fig. 9. Comparison of experimental 
conductivity data of heat treated multilayer 
coatings with the data for monolithic dense 
materials as well as calculated data for a bilayer 
coating 



4. DISCUSSION: 
PLASMA SPRAYED COATINGS 

(a) Monolithic Coatings: 
The conductivity levels in the as-sprayed 
condition are substantially lower than the 
porosity-incorporated data of solid materials, 
for both A1,OB and 8YSZ coatings (Figs. 4 & 5). 
However, the data of A&O3 and 8YSZ free- 
standing heat treated coatings agreed well with 
the porosity-incorporated data of solid 
materials. For A1203, the agreement is good 
with the data of Youngblood et. al. [16]. The 
rationale behind this choice is discussed in the 
next section. 

The heat treated coatings differed from the as- 
sprayed in two respects: (i) a high degree of 
elimination of interfaces between the splats in 
the coating due to sintering and (ii) the 
elimination of the coating/substrate interface, 
since the coatings detached after heat treatment. 
Therefore, the increase in conductivity is 
perceived to be due to the elimination of both of 
these interfaces in the heat treated condition. 

Since dense specimens of A1203, for reference 
conductivity measurements, could not be made 
from the plasma spray powders, conductivity 
data reported in literature for A1203 were used in 
assessing the conductivities of present coatings. 
In this context, one of the primary issues is the 
accuracy of reference data and the equivalency 
of the microstructure of the reference material 
to that of the coating. For example, the 
literature thermal conductivity data (Fig. 4) for 
solid A1203 differed significantly, possibly due to 
variations in microstructure. The data of 
Youngblood et. al. [16] was generated using AD 
995 A1203 powder (Coors Ceramics, Inc., 
Golden, CO.) sintered to >99% theoretical 
density. The details regarding purity, phases and 
microstructure were not available. The data of 
Touloukian et. al. [17] is for A1203 having 
>98% theoretical density, but the details on 
purity and phases were not available. The data 
of Santos et. al. [18] was generated using 99.8% 
pure A&O3 (A-16SG powder from ALCOA) and 
correcting the measured conductivity data for 
residual porosity. Because of the different 
sources of these powders, considerable variability 
in the thermal conductivity data of dense A1203 
is seen (Fig. 4). Further, since the details on 
purity, phases and microstructure are not 
known, a comparison of them with the A1203 
coating is difftcult. The X-ray diffraction 
pattern of the AlaOs coating is shown in Fig. 10. 
The figure indicates that both a-A1203 and T- 
A1203 phases are present in significant 

quantities. In addition, small intensity maxima, 
characteristic of an amorphous phase, such as 
Si02, are also present. Amorphous Si02 is 
known [19] to be present as grain boundary 
phase in sintered A120,. Due to its low thermal 
conductivity relative to A1203, a significant 
change in conductivity, due to small changes in 
SiOz content can be expected. Figure 4 indicates 
that the conductivity data of Youngblood et. al. 
[16] agreed better with that of the heat treated 
material. The lack of agreement with the data 
of other reference materials, even after 
correcting for porosity, could be due to the 
microstructural differences between the coating 
and these materials. Further study is needed to 
clarify the role of purity, phases and 
microstructure on the thermal conductivity of 
A120,. 

1000 , I 

0 
Angle 

Fig. 10. X-ray diffraction pattern for as-sprayed 
A1203 coating. 

(h) Multilayer Coatings: 
Figure 8 reveals that the thermal conductivities 
calculated from Equation (3), using the data for 
dense materials and accounting for porosity, are 
significantly higher than the experimental 
measurements for the multilayers. On the other 
hand, the estimates from Equation (3) using the 
experimental conductivity data for the 
monolithic A&O3 and 8YSZ coatings are in 
reasonable agreement with the multilayer data. 
The latter agreement may be surmised to be due 
to the effect of thermal resistance due to splat 
interfaces and cracks, which is already included 
in the conductivities of the monolithic coatings. 
The conductivities of all of the multilayer 
coatings fall in a narrow band, suggesting that 
the contribution from the interlayer interfaces 
in reducing the overall thermal conductivity of 
the coating is relatively small. It should be 
noted that all the coatings had the same overall 
thickness with varying number of layers and 
corresponding layer thicknesses. Therefore, the 



total number of splat interfaces in each coating 
can be expected to be nearly the same. It 
appears that due to this similarity, the thermal 
conductivity levels of multilayer coatings 
differed little and thus can be predicted with 
reasonable accuracy from the experimental data 
of monolithic coatings. 

While the measured conductivity data for all the 
as-sprayed multilayer coatings showed a 
significant decrease with temperature, the data 
after heat treatment (Figure 9) were largely 
independent of temperature. Several 
microstructural factors should be considered in 
understanding thermal conductivity changes 
after heat treatment. Porosity and thermal 
resistance at interfaces can significantly 
influence the thermal conductivity in solids 
[4, 5, 10, 11, 151. Since porosity levels changed 
only a little, the effect on thermal conductivity 
due to this change can be considered negligible. 
On the other hand, interfaces between the splats 
in thermal sprayed coatings have been suggested 
to reduce the thermal conductivity due to the 

interface thermal resistance [5, 111. This effect 
due to internal interfaces can be appreciated 
from the data shown in Fig. 9. The predictions 
for a bilayer, calculated from the porosity- 
corrected data of fully dense materials as well as 
from the experimental data for heat-treated 
monolithic coatings using Equation (3), agree 
well with the experimental data for multilayer 
coatings. This suggests that heat treatment may 
have eliminated the effects due to the imperfect 
splat interfaces in the coatings and that the 
primary microstructural factor that influences 
thermal conductivity in this condition is the 
porosity within the layers. However, since the 
coatings detached after heat treatment, it was 
not possible to determine the relative 
contribution of the coating-substrate interface 
versus that of the splat interfaces. 

5. RESULTS: EB-PM COATINGS 

Details of EB-PVD coatings, including total 
coating thickness. individual layer thickness and 
density are presented in Table iI1. 

Table III. Description of Coatings, Layer Thickness and Density Values for EB-PVD 
Coatings with CMSX Single Crystal Substrates. 

ID 

PVD2 
PVD4 

PVD5 

PVD6 

PVD7 

PVDg 

Calcul ed from theoretical density If A1203 and SYSZ, using layer thickr :sses. 
** Substrate+bond coat was treated as a single material in thermal conductivity measurements and 
calculations. 
*** Refers to the total thickness of bond coat + substrate. 

Calc. 
Density* 

Coating 
Type (Em/cc) 

Substrate+ 
bond coat** 8.567 
PVD2 + 1 5.74 
layer 8YSZ 
PVD2 + 1 

layer each of 4.75 
AI,O, and 

8YSZ 
PVD2 + 4 

layer each of 4.65 
A1203 and 

8YSZ 
PVD2 + = 350 
alt. ALO, and 5.11 

4.69 0.749 0.094 

4.71 0.609 0.116 0.015 0.014 

Thick. Thick. 
of 8YSZ of AI*O, 

layer layer 
(mm) (mm) 

0.111 

0.00065 

0.00064 

0.045 

0.00035 

0.00034 



is the same (Santos et. al. [18]) as the data 
reported in Fig. 4. Additionally, single layer 
A&O3 coating with the same thickness as the 
other coatings, could not be deposited without 
cracking and spallation. The data calculated on 
the basis of series heat transfer model (Eqn. 3) 
using the thickness fractions of layers in each 
type of coating, is also presented. It can be seen 
that the multilayers have higher conductivity 
that that of IIYSZ, but lower than the data of bulk 
A1203, as expected. It appears that as the 
columnar nature of the layers decreased, the 
thermal conductivity also decreased. This is 
clearly evident by comparing the data of 2 layer 
coating and the 8 layer coating. 

Fig. 11. Microstructure of single layer EB-PVD 
8YSZ coating 

(4 

Fig. 12. Microstructure of multilayer coating 
with 4 alternating layers of each of 8YSZ and 
AlA 

Microstructures of EB-PVD coatings are 
presented in Figs. 11 through 13. Figures 11 and 
12 illustrate the microstructures of the single 
layer 8YSZ (PVD4) and 8 layer coating involving 
4 alternate layers of each of 8YSZ and A1203, 
respectively. Figures 12 (a&b) illustrate the 
microstructure of the multilayer coating with 
about 350 total alternating layers of 8YSZ and 
Al*Os. The microstructure of single layer 8YSZ 
coating is an array of fairly closely packed 
columns that run perpendicular to the interface 
of coating and substrate. As the total number of 
layers was increased, the tendency to exhibit the 
columnar structure decreased. The measured 
thermal conductivity data as a function of 
temperature for all the coatings studied are 
presented in Fig. 14. The solid 8YSZ data is for 
the original bulk material that was used to deposit 
the coating. A1203 could not be sintered to 
obtain a dense material. Therefore, the data for 
solid AlsO3 was taken from literature. This data 

CJ) 

Fig. 13 (a&b). Microstructures of multilayer 
coating with 350 total alternating layers of 8YSZ 
and AlsO, 
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Fig. 14. A comparison of the experimental 
thermal conductivities of EB-PVD coatings with 
the data for solid materials and the calculated data 
for multilayer coatings 

6. DISCUSSION: EB-PM COATINGS 

First of all, the thermal conductivity data of 
8YS.Z coating is higher than the bulk 8YSZ data 
by a factor of 1.5. In order to understand this 
discrepancy, some microstructural factors are to 
be considered. The solid SYSZ and the coating 
deposited using it, were found to be not under the 
same microstructural condition. Whereas the 
solid consisted of a mixture of monoclinic and 
tetragonal phases (Fig. 15), the coating consisted 
almost entirely of tetragonal phase (Fig. 16). The 
type of phase present in the YSZ microstructure 
is known [20] to affect the thermal conductivity 
and therefore, this factor should be considered in 
the comparison of the monolithic material and 
the coating. 

Fig. 15. X-ray diffraction pattern for solid 8YSZ 
material 

0 

Fig. 16. X-ray diffraction pattern for the 8YSZ 
coating 

First, it is of interest to see how the relative 
proportion of phases in YSZ, influenced by Y,O, 
level, would influence the conductivity of YSZ. 
In Fig. 17, the conductivity data of various dense 
YSZ specimens reported in literature [ 16,20,21], 
as well as that of solid 8YSZ evaluated in the 
present study, are compared. The data differed 
significantly among them, owing to the variation 
in the amount of Y203 stabilizer. For example, 
increasing Yz03 from 5.3wt.% to 9wt.%, a 
significant decrease in the conductivity level can 
be seen, over the entire temperature range. 
However, at llwt.% Y203, the conductivity 
appears to increase, relative to that of 8-9wt.% 
YzO1 stabilized ZrOl specimens. This trend is 
consistent with the variation in thermal 
diffusivity as a function of Yz03 content, as 
observed by Youngblood et. al. [16]. 
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Fig. 17. Thermal conductivity data for YSZ with 
various amount of stabilizer content, compiled 
from literature 



Fig. 18. A comparison of the experimental 
thermal conductivities of EB-PVD coatings with 
the revised data 

The study of Hasselman et. al [20] indicates that 
in the range of Y203 content varying from 4.5 to 
5.5 wt.%, Y,O,, YSZ almost entirely consists of 
tetragonal phase. Above 5.5 wt.% Yz03, a 
mixture of tetragonal and monoclinic phases was 
seen. The proportion of monoclinic phase was 
determined to be 25% in the 8.6YSZ specimen. 
This is consistent with the X-ray data of SYSZ 
dense material (Fig. 15) evaluated in the present 
study. Therefore, the present 8YSZ coating and 
the SYSZ dense material are not truly comparable 
due to the differences in the amount of tetragonal 
and monoclinic phases. The relative proportions 
of phases can affect the thermal conductivity of 
coatings due to: (i) the second phase-effect on 
thermal conductivity in composites [19], (ii) 
phonon scattering at the interphase interfaces 
[22] and (iii) a change in defect structure with 
composition [23]. In Fig. 18, the thermal 
conductivity comparisons employed in Fig. 14 
have been revised using the solid 5.3wt% YSZ 
conductivity data, since, this material entirely 
consisted of tetragonal phase. As can be seen, 
the agreement between the conductivities of solid 
8YSZ and 8YSZ coating as well as between the 
experimental data and the calculated data for 
multilayer coatings has improved. It is to be 
noted that the variations between the 
conductivity levels of multilayer coatings appear 
to be due to differences in the relative layer 
thicknesses of SYSZ and A1203 layers. 

7. ANALYSIS OF SENSITIVITY OF 
THEFMAL CONDUCTIVITY 
MEASUREMENT 

Thermal diffisivities of the coatings with the 
substrate, investigated in this study, were 
determined using a two-layer calculation 
procedure which is discussed in detail elsewhere 
[lo]. The input parameters which enter this 
calculation are the thicknesses, densities and the 
specific heat values of the coating and the 
substrate, the thermal diffusivity of substrate and 
the measured half-times. The sensitivity of each 
of these parameters also depends on the relative 
values between these parameters, i.e. the relative 
layer thicknesses, the relative magnitudes of 
ditlirsivities, etc. The situation is further 
complicated by the fact that the calculation of 
the diffusivity (or conductivity) of the coating is 
an iterative procedure. The effect of 
uncertainties in the input parameters for the PS 
and EB-PVD SYSZ coatings, on their calculated 
thermal conductivity values, was determined by 
introducing positive and negative errors in the 
parameters. The changes in the coating 
conductivity values are plotted as a function of 
positive and negative changes in different input 
parameters, in Figs. 19 and 20 for SYSZ coatings, 
deposited by PS and EB-PVD techniques, 
respectively. 

IM) 

-50 40 -30 -20 -10 0 10 20 30 40 50 

% A In Costing I Substrate Parameter 

Fig. 19. Sensitivity of thermal conductivity of 
PS 8YSZ coating to the changes in 
coating/substrate parameters 

For the PS SYSZ coating, in the order of 
decreasing sensitivity, the coating conductivity is 
sensitive to: substrate thickness (ts), half-time 
(Sc,5), substrate diffusivity (as), coating thickness 
(te), coating density (pc) or specific heat (Cc,,) 
and substrate density (p,) or specific heat (Cc,,). 
For example, for PS SYSZ coating (Fig. 19), a - 
lo/+10 change in the parameter caused changes 
in the coating conductivity as: -24/+46 for 
substrate thickness, +35/-20 for half-time, +22/- 
13 for substrate diffusivity, -21/+21 for coating 



substrate diffusivity, coating thickness, coating 
density or specific heat and substrate density or 
specific heat. For example, a -lo/+10 change in 
the parameter caused changes in the coating 
conductivity as: -44/+~ for substrate thickness, 
+105/-35 for half-time, +86/-29 for substrate 
diffusivity, -22/+27 for coating thickness, - 
15/+16 for coating density or specific heat and 
+5/-3 for substrate density or specific heat (Fig. 
20). The order of parameters in sensitivity 
ranking is similar to that of the PS coatings. 

It is to be noted that for the EB-PVD coatings 
the variability encountered in coating parameters 
are about the same as that of the PS coatings. 
However, the EB-PVD coating thickness is a 
factor of 4 smaller compared to the PS coatings. 
The substrate thickness was 1 mm. The sample 
used for thermal conductivity measurement was 
prepared by mechanically grinding the substrate 
from its original thickness of 3 mm to 1 mm. 
After grinding, the average variation in substrate 
thickness was found to be about +/- 0.04 mm. 
This would suggest that the uncertainty in 
substrate thickness is +/-4%. Therefore, the 
increased sensitivity of conductivity data in the 
case of EB-PVD coating, relative to PS coatings, 
seems to arise from the reduced thicknesses of 
the coating and the substrate. 

thickness, -1 l/+1 1 for coating density or specific 
heat and +1/-l for substrate density or specific 
heat. 

For the present PS coatings, the accuracy of the 
conductivity data principally depends on the 
parameters that cause the most variability in the 
present coatings. Since substrate thickness could 
be measured to the accuracy of 0.1 mm, the 
uncertainty in substrate thickness (0.03%) is too 
small to cause a”Y change in coating 
conductivity. The half-times are recorded using 
digital oscilloscopes, so the uncertainty in their 
measurement can be considered to be better than 
1%. The substrate diffusivity was independently 
measured using the free-standing sample and 
hence the measurements can be considered 
accurate within fl%. The density of the 
substrate were determined within *I% using the 
Archimedes principle. The specific heat values 
of the coating and the substrate can also be 
determined to a level of fl% or better. This 
leaves the coating thickness and the density as 
the most sensitive parameters involved in the 
present study. The coatings thicknesses were. of 
the order of 400 pm, with the coating surface 
roughness of the order of 40-50 pm, indicating 
that the variability in coating thickness is about 
10%. Additionally, the measurements of density 
of plasma sprayed coatings could be in error to 
some degree, due to the penetration of liquid 
medium through the open pores. Therefore, the 
present thermal conductivity data for PS coatings 
can be expected to be subject to these 
uncertainties. 

50 40 -aI -20 -10 0 10 20 30 40 50 
% A In Coating I Substrate Parameter 

Fig. 20. Sensitivity of thermal conductivity of 
EB-PVD SYSZ coating to the changes in 
coating/substrate parameters 

For the EB-PVD coating, in the order of 
decreasing sensitivity, the coating conductivity is 
sensitive to: substrate thickness, half time, 

8. CONCLUSIONS 

Plasma Sprayed Coatings: 
(1) The reductions in the thermal conductivities 
of single layer as well as multilayer plasma- 
sprayed Al2O3 and SYSZ coatings are brought 
about by porosity and thermal resistance at the 
interfaces in the coating. The thermal resistance 
appears to arise from the interfaces between the 
splats as well as the coating/substrate interface. 
The interlayer interfaces in the multilayer 
appears to play only a minor role in influencing 
the coating thermal conductivity. 

(2) The thermal conductivity levels of 
multilayered coatings of A&O, and SYSZ are 
comparable to that of the single layer SYSZ 
coating. Therefore, primarily the interface 
thermal resistance and secondarily the porosity 
appear to be the parameters that can be 
manipulated to reduce the thermal conductivity 
of thermal barrier coatings. 

(3) The uncertainty in the thermal conductivity 
values of the A&O, and ZrO, coatings were 
determined to be primarily due to the 
uncertainties in the coating thickness and density 
values. 



EB-PVD Coatings: 
(4) Microstructures of EB-PVD coatings 
consisted of an array of closely packed columnar 
grains. The columnar@ decreased as the number 
of layers increased, in the case of multilayer 
coatings involving AlzOl and IYSZ. 

(5) The A120, and 8YSZ layers consisted of 
almost entirely y-AIZOP and tetragonal phase, 
respectively, in the coatings. This is in contrast 
to the observation of a mixture of a/y phases in 
bulk AI,O3 and monoclinic and tetragonal phases 
in bulk IYSZ. 

(6) An accurate evaluation of thermal 
conductivity of EB-PVD coating requires accurate 
reference data on monolithic material having the 
same microstructural condition as the coating. 
For A1203, the relative proportion of a/y phases, 
impurity levels and microstructure may influence 
the reference conductivity data. For YSZ, the 
nature and the proportion of phases appears to be 
important (tetragonal, cubic or monoclinic). 

(7) Thermal conductivity of multilayer coatings 
can be predicted from the bulk material data, 
using the series heat transfer model. This 
suggests that there is no apparent effect of 
interface thermal resistance due to the interlayer 
boundaries. 

(8) Thermal conductivity data determined by 
laser flash technique can be subject to 
considerable errors due to the variability in 
coating parameters that are used as input in the 
calculations. The errors increase as the coating 
and the substrate thicknesses become small. 
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