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Metal-based thermal barrier coatings (MBTBCs) have been produced using high frequency induction
plasma spraying (IPS) of iron-based nanostructured alloy powders. The study of MBTBCs has been
initiated to challenge issues associated with current TBC materials such as difficult prediction of their
‘‘in-service’’ lifetime. Reliability of TBCs is an important aspect besides the economical consideration.
Therefore, the study of MBTBCs, which should posses higher toughness than the current TBC materials,
has been initiated to challenge the mechanical problems of ceramic-based TBCs (CBTBCs) to create a
new generation of TBCs. The thermal diffusivity (TD) (a) properties of the MBTBCs were measured
using a laser flash method, and density (q) and specific heat (Cp) of the MBTBCs were also measured for
their thermal conductivity (k) calculation (k = aqCp).

Keywords amorphous/nanostructure, metal-based thermal
barrier coatings (MBTBCs), phonon scattering

1. Introduction

Over the last two decades, thermal barrier coatings
(TBCs) technologies have been enormously improved and
enhanced by many researchers. Yttria stabilized zirconia
(YSZ) has one of the lowest thermal conductivities (TC)
about 2 W/mK, along with one of the highest expansion
coefficients for a ceramic material (9.5� 10)6/K) being
close to those of metals. Therefore, YSZ is widely used as
a thermal insulator at elevated temperatures (Ref 1). One
application for YSZ is thermally sprayed TBCs which are
aimed to protect and insulate the hot section of metal
components of advanced gas-turbines or internal com-
bustion engines and have TC values of less than 1 W/mK
(Ref 2). The use of TBCs can result in a temperature
reduction of as much as 200 �C at the metal surface,
thereby improving the durability of the metal component
as well as enhancing the fuel efficiency (Ref 3). However,
TBCs using the traditionally employed ceramic materials,
such as YSZ, have a very difficult life-time prediction
assessment because of their inherent brittle behavior.
Therefore, a new concept of metal-based TBCs
(MBTBCs) has been devised and is now considered
appropriate for a new generation of TBCs. However, the

MBTBCs have certainly a lower in-service temperature
limit (around 500 �C) than ceramics due to phase change,
grain growth, etc. (Ref 4). Therefore, the MBTBCs are
appropriate only for certain application such as gasoline
engines.

For the MBTBCs, it is very important to consider the
free electron contributions to thermal conductivity be-
cause most of the metallic based materials are very elec-
trically and thermally conductive, due to the existence of
free electrons and phonons propagation at the atomic
scale. The basic relationship between thermal conductivity
k and a corresponding mean free path ‘, for either elec-
trons or phonons, can be defined as k =1=3Ct‘ (Ref 1).
The main focus of this study is how k can be minimized
by reducing the mean free path. One of the theoretical
approaches to the reduction of ‘ is to engineer defects into
the material to hinder the mobility of electrons or phonons
in the system for electron/phonon scatterings. For in-
stance, different imperfections scatter phonons with dif-
ferent frequency dependence. High frequency phonons,
which have wavelengths of the order of atomic dimen-
sions, are scattered by point defects, while grain bound-
aries scatter low frequency phonons, and therefore their
mean free path is comparable to the material grain size
(Ref 5-9). In particular, Yang (Ref 10) has reported that a
strong, grain-size-dependent, reduction in thermal con-
ductivity is observed at temperatures from 6 to 480 K. The
thermal conductivity of YSZ with a 10 nm grain size is
reduced by more than a factor of two compared to that of
much coarser-grained coatings. However, the grain size
effect is smaller with increasing temperature (Ref 7).

In this work, MBTBCs were plasma-sprayed from iron-
based alloy powders using induction plasma spraying
(IPS) (Ref 4). The powder used is a commercially avail-
able iron based alloy material by the Nanosteel company
(SHS717�), which is made from metal alloys in the
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composition of Fe-25Cr-8Mo-10W-5Mn-5B-2C-2Si in
wt%, with a particle size distribution was d10% = 17 lm,
d50% = 23 lm, and d90% = 45 lm. The basis of choosing
the material is that it has a thermal conductivity of 5-6 W/mK
(Ref 11) as a bulk material. With thermally sprayed
coatings of the material, we expect the conductivity could
reach much lower than 5 or 6 W/mK. The thermal con-
ductivity of the coating ‘‘as sprayed’’ using the powder was
calculated, from measurement of the density (q), specific
heat (Cp), and thermal diffusivity (TD) (a). Crystal
structure and phases in MBTBCs were characterized by
Transmission Electron Microscopy (TEM) and x-ray
diffraction (XRD), respectively.

2. Description of Experiments

2.1 Coating Production

Scanning electron microscopy (SEM, JEOL JSM-840A/
Hitachi S4700 Cold Field Emission) images of the powder
in the as-received condition are presented in Fig. 1.
Nanostructured features are observable in the cross section
of an individual powder, and they are in the size range
between 50 and 150 nm. The powder was injected into
Ar-N2 or Ar-O2 plasma, formed using a high frequency
induction plasma torch (PL-50, TEKNA Plasma System
Inc.). IPS parameters were optimized to get a lower thermal
conductivity of MBTBCs.

The optimization of IPS parameters was performed
with a method of analysis of variance (ANOVA). The
purpose of ANOVA is to find out the sensitivity of IPS
parameters on porosity of coatings because porosity is one
of the major factors to be controlled for lower thermal
conductivity in plasma-sprayed coatings. The three inde-
pendent variables, used as spraying parameters, that have
been considered are induction plasma torch power (kW),
spray distance (mm) and N2 vol.% in the plasma sheath
gas, associated with the use of a TEKNA PL-50 induction
plasma torch (TEKNA Plasma Systems, Sherbrooke,
Québec). The level of each factor employed is presented
in Table 1. The major objective of the optimization is the
study of factors that have the strongest effects on porosity
variation in the produced coatings. Design of the experi-

ment is based on one half fraction of the 2X)1 design, with
the defining relation of I = ABC. To construct the design,
the basic design should be set as a 23)1 = 22 design, with
the three independent variables, the level of the third
factor C being found by solving I = ABC for C. The re-
sponse of the design is set as the porosity. Rather than
using N2 as a sheath gas, O2 gas was also used for a study
of reactive plasma spraying, which is one of the major
benefit of using RF induction plasma spraying techniques.

In-flight particle characterization was also carried out
to determine in-situ processing conditions of IPS param-
eters using a DPV2000 in-flight particle diagnostic system
(Ref 12) (Tecnar Automation, St-Bruno, Quebec, Can-
ada). The mean temperature and velocity were measured
taking into account only particles in the range from 20 to
40 lm to avoid biassing the results due to the detectivity
limit of the system (Ref 13).

2.2 Coating Characterization

The XRD technique was used to perform phase iden-
tification and grain size calculation of the coatings using an
X-ray diffractometer (Philips X’pert Pro diffractometer).
XRD techniques with Scherrer equation were also used to
estimate the average grain size in the sprayed coatings,
using the FWHM (full width at half maximum) values
obtained from the XRD patterns of the coatings (Ref 14,
15). Oxygen/nitrogen content analysis was performed by
using a TC500C Nitrogen/Oxygen Determinator (LECO
Corporation). SEM was used to observe coating’s struc-
ture and porosity in backscattered electron mode on a
micro polished cross section of the coatings. Transmission
electron microscopy (TEM, JEOL JEM 2100M) was used
to observe the crystal structure and nanostructured grain
sizes. Samples were sliced with a focussed ion beam

Table 1 ANOVA of two levels of the selected three
factors

Levels

Factor

A: Power, kW B: Spraying distance, mm C: N2, vol.%

+ 45 150 80
) 24 270 20

Fig. 1 SEM images on a cross section of SHS717 as received powder
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system (FIB, Hitachi FB2000A) into to have a width,
length and thickness for 10� 8� 0.2 lm, respectively. The
identified crystal structure and gain size measured by
TEM diffraction technique and image analysis, respec-
tively, are used to confirm the data from the XRD tech-
nique. Coating porosity was measured by image analysis
with 5 randomly taken SEM pictures from each sample at
500 times magnification. The apparent density (DN) of the
sprayed coatings was measured by the Archimedes prin-
ciple (Ref 16) based on the ASTM B31-93, C693-93, and
D3800-99 testing methods (Ref 17-19). All samples were
dried in a furnace for 24 h at 110 �C to evaporate any
moisture in open pores of the coatings, and weighted for
mdry. The samples were then immersed in distilled water
by vacuum impregnation to fill the open pores with the
water. Then, Archimedes weight, mArch, was measured
using a hydrostatic weighing system (Sartorius 6068, Sar-
torius GmbH, Germany) for the coating density calcula-
tion. Thermal diffusivity measurement of the coatings was
carried out at room temperature by using the laser flash
method (Ref 20). A 0.8 J YAG laser pulse (70 ls duration,
6 mm diameter) was used to heat the front coating sur-
face, and the temperature of the rear surface was moni-
tored using an infrared InSb detector. The infrared signal
was digitized using a Nicolet 440 scope. Specific heat (Cp)
of the coatings was also measured using the Q1000
Tzero� DSC (Differential scanning calorimetry, TA
Instruments, Delaware) at room temperature. Thermal
conductivity (k) was calculated by use of the relationship
k = aqCp. For study of anisotropic properties of MBTBCs,
1-cm thick coating was sprayed and transversally cut to
measure its thermal diffusivity. Schematic description of
the anisotropy measurement is presented in Fig. 2.

3. Results and Discussion

3.1 Selection of IPS Parameters

Induction plasma spraying parameters were selected
after conducting the ANOVA, and the results are shown
in Table 2. The factor effects are calculated using an

experimental design software (Ref 21) and shown in
Table 3. From the table, the most effective factors are
found to be the spraying distance and the N2 vol.% in the
plasma sheath gas. The porosity range obtained in this
study lies between 5 and 17%. With respect to the porosity
range, the independent variables are optimized and listed
in Table 4. The expected porosity is plotted in Fig. 3.
Along with the optimized independent variables for
N2 plasma spraying, five different spraying parameters
(S1-S5) are selected, as presented in Table 5.

As discussed, one of the major benefits of using IPS is
the in-flight reactive spraying to be adopted. Additional
phases in MBTBCs can be induced by the use of reactive
spraying of nanostructured alloy powder with an O2 gas
mixture in the plasma gas. Three different O2 vol.% in
plasma gas and their corresponding spraying parameters
(S6-S8) were selected arbitrarily and presented in Table 5.

4. Induction Plasma Sprayed MBTBCs
with N2 (IPS-N2)

4.1 In-Flight Particle Characteristics

Studies on the in-flight particle temperature and
velocity are presented in Fig. 4 and 5. The graphs reveal
that average in-flight particle temperatures are in the
range between 1800 and 2000 �C, which is higher than the

Incident 
laser 

Incident 
laser 

(a) (b)

Fig. 2 Thermal diffusivity measurements: (a) PA direction: the
incident laser is parallel to spraying direction; (b) PE direction:
the incident laser is perpendicular to the spraying direction. The
dotted arrows indicate the spraying direction

Table 2 The 23)1 design with the defining relation
I = ABC

Run
order

Basic design

Treatment
combination Porosity, %A: Power

B: Spraying
distance C: N2

1 + + + ABC 17
2 ) ) + C 7
3 + ) ) A 5
4 ) + ) B 10

Table 3 Factor effects

Code Factor Contribution %

A Torch power 7.55
B Spraying distance 67.98
C N2 vol.% 24.47

Table 4 Optimized independent parameters

Run
number

Spraying
distance, mm

N2 vol.%
in plasma sheath gas

Expected
porosity, %

S1 150 80 (75 slpm) 12.7
S2 150 50 (47 slpm) 11.2
S3 150 20 (18 slpm) 10.2
S4 210 80 (75 slpm) 14.2
S5 270 80 (75 slpm) 15.5
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melting point of the Nanosteel powder, which is known as
1200 �C (Ref 22).

With increased N2 partial pressure in the plasma gas,
the in-flight particle temperature is increased by about
50 �C as shown in Fig. 4, while particle velocity remains
between 42 and 45 m/s within the error of the 90% con-
fidence level. Increasing particles temperature at the
higher N2 partial pressures can be explained by higher
heat transfer coefficient due to N2 vol.% increase in
plasma.

As SD increases, the temperature decreases due to
cooling of the in-flight particles as they exit from the IPS
torch as presented in Fig. 5. Particle velocities versus SD
change shows somewhat unusual behaviors, their veloci-
ties reaching maximum values at the spraying distance of

�210 mm thereafter dropping to 270 mm. This behavior
could be related to the acceleration and then deceleration
of the particles as they are getting far away from the torch
exit even though the variation is very small.

4.2 X-ray Diffraction

The XRD patterns set-out in Fig. 6 present that
MBTBCs have fine nano or amorphous crystal structures.
After spraying, crystal structure of the material has been
changed from crystalline (as-received powder) to amor-
phous (as sprayed coating).

Along with the N2 vol.% changes from 20 to 80 in the
plasma gas and the spraying distance (SD) changes from
150 to 270 mm, the crystal structures of MBTBCs do not
change significantly as can be seen in Fig. 6.

4.3 O2/N2 Contents

The result of the O2/N2 analysis is presented in Fig. 7.
The N2 wt% in the coatings tends to increase as a function
of N2 vol.% increase in plasma gas while O2 wt% de-
creases. Higher N2 partial pressure in plasma gas results in
more nitrides formed or possible nitrogen solution in Fe
with the maximum solubility of 0.1 wt% at 590 �C
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Fig. 4 In-flight particle temperature and velocity with different
N2 vol.% in the plasma for the selected particle size range be-
tween 20 and 40 lm
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Fig. 5 In-flight particle temperature and velocity with spray
distance change for the selected particle size range between 20
and 40 lm
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Fig. 3 Expected posity vs. spraying conditions: (a) spraying
distance (mm) and (b) N2 vol.% in plasma

Table 5 IPS spraying conditions

Parameters S1 S2 S3 S4 S5 S6 S7 S8

Power, kW 24
Feedrate, g/min 16
Substrate cooling Water
Coating temperature
controlled with

Liquid N2

Chamber pressure, Torr 100
Spraying distance, mm 150 150 150 210 270 210
Gas flow, slpm Ar-sheath 18 46 75 75 75 75 62 45

N2-sheath 75 47 18 18 18
O2-sheath 7 20 37
Ar-central 23
Ar-carrier 4
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(Ref 23) in the coatings. Oxidation occurs due to residual
oxygen present in IPS reactor and is promoted by longer
dwelling time at a larger SD. N2 wt% decreases because

oxidation is the dominant reaction for Fe-based materials,
which is in agreement with the free energy formation (Ref
24):

DGFe4N ¼ 4 kJ/mol; DGFeO ¼ 2; 486 kJ/mol;

DGFe2O3
¼ 750 kJ/mol; DGFe3O4

¼ 1; 015 kJ/mol

4.4 Microstructure, Grain Size, and Porosity

TEM images shown in Fig. 8 confirm that as-sprayed
MBTBCs are almost completely amorphous. These ima-
ges were taken from a sample sprayed with IPS-20% N2

and SD of 150 mm. The crystal structure consists of
crystalline phases in an amorphous matrix. The amor-
phous structure in the MBTBCs can be explained by the
quenching of fully molten particles from their hottest
temperature (2000 �C) through the action of ‘‘flattening’’
onto the substrate surface. The crystalline phases are re-
tained most likely from partially molten particles embed-
ded into the coating. The grain size of MBTBCs, as
measured by use of the Scherrer equation, is only a few
nanometers, as presented in Fig. 9. In terms of changing
the N2 vol.% in the plasma gas and SD, grain sizes also
tend to remain around 3 nm.

As illustrated in Fig. 10a, porosity increases with the N2

vol.% as we expected from the optimization of spraying
parameters (Table 5), which may be explained by a differ-
ent wetting behavior of the molten particles impinging on
the surface of the already deposited splats (Ref 15, 25). With
respect to the results on in-flight particle characteristics, it is
indeed very unusual that higher in-flight particle tempera-
ture yields higher porosity in coatings. However, the higher
in-flight temperature can be explained by the higher heat
transfer coefficient due to N2 vol.% increase in plasma. In
Fig. 10b, porosity change at the different spraying distances
(SD) also resulted in more porous coating, corresponding to
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Fig. 6 XRD patterns of Nanosteel powder and the product MBTBCs sprayed with (a) N2 vol.% change in plasma with SD = 150 mm,
and (b) spraying distance (SD) change with IPS-20% N2
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the expected porosity from the optimization as presented in
Table 5. In this case, porosity increase can be explained by
the cooler spray particle temperatures existing at increased
SD. As shown in Fig. 5, particle temperatures drop from

around 1900 �C at a SD of 150 mm to around 1800 �C at a
SD of 270 mm, which results in less particle flattening, and
more porosity in the MBTBCs.

4.5 Thermal Diffusivity

In Fig. 11, the results on TD measurements show that
N2 vol.% change does not affect significantly TD of
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Fig. 9 Grain size change vs. (a) N2 vol.% change in plasma, and
(b) spraying distance change

Fig. 8 TEM images on as-sprayed MBTBCs with IPS-20% N2 and SD of 150 mm
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Fig. 10 Porosity changes vs. (a) various N2 vol.% levels in
plasma, and (b) spraying distance
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MBTBCs which it tends to slightly increase with the SD
even though the relative porosity increases by 25%. This
means that porosity is not a major factor affecting thermal
properties of the MBTBCs.

4.6 Thermal Conductivity of MBTBCs

From the Cp and q values measured, TC of IPS-N2

MBTBCs were calculated and plotted in Fig. 12. The
lowest TC obtained in this study is 2.0 W/mK. The N2

vol.% in plasma is not found to influence TC significantly
based on the large error reported for these measurement.
However, TC increases with larger spraying distance. It
can be explained by the specific heat increase, shown in
Fig. 13, which is associated with O2 wt% increase as
shown in Fig. 7.

4.7 Anisotropic Properties of MBTBCs

The coating structures of MBTBCs are anisotropic
since they are formed by the ‘‘stacking’’ of previously
molten splats into layers perpendicular to the spray
direction. Anisotropic TD was measured in two directions,
the laser incident direction a) parallel (PA) and perpen-
dicular (PE) to the spray direction for the TD measure-
ment (see Fig. 2). Calculated TC for the MBTBCs is
presented in Table 6.

From the table, it can be noted that the thermal con-
ductivity is a bit lower with the PA types, but it is not very
significant so that we may ignore anisotropic thermal
property in this MBTBCs study.
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5. Induction Plasma Sprayed MBTBCs
with O2 (IPS-O2)

5.1 In-Flight Particle Characteristics

Figure 14 shows that in-flight particle temperatures in-
crease as the O2 partial pressure increases in the plasma,
while particle velocity remains nearly constant (between 39
and 43 m/s) within the error of the 90% confidence level.

The temperature increase noted can be also explained
by the greater amount of exothermic reaction taking place
between the O2 rich plasma and the in-flight molten par-
ticles.

5.2 X-Ray Diffraction

The XRD patterns in Fig. 15 show that higher O2

partial pressure in plasma gas results in more crystalline
phases and oxides in the coatings. As illustrated in this
Figure, peaks at 2Q values of 44.67, 65.02, and 82.33 cor-
respond to the Fe phase (Ref 26), and they become
stronger with the increase in O2 partial pressure in the
plasma, indicating that more Fe crystalline phase is pres-
ent in the MBTBCs. Peaks at 2Q values of 35.45, 56.78,
and 62.72 correspond to Fe3O4 (Ref 27). The oxide is
more likely formed in flight because we may ignore oxi-
dation on the substrate due to the low substrate temper-
ature of 200 �C.

5.3 O2/N2 Contents

As shown in Fig. 16, the result on O2/N2 analysis con-
firms the XRD data in Fig. 15, which show increased O2

wt% in the coatings as O2 vol.% increase in the plasma
gas.

5.4 Microstructure, Grain Size, and Porosity

Crystal structure of IPS-O2 MBTBCs changes from
almost fully amorphous to significantly crystalline with
O2 vol.% change in plasma from 6 to 35%, as presented
in Fig. 15. Crystalline phases observed in MBTBCs with
higher O2 partial pressures in the plasma may be
resulting from the different flattening behaviors with the
different oxide contents present in molten particles when
they impinge onto a substrate. With greater oxide con-
tent in particles, they flatten to lesser extent on impacting
the substrate as seen in Fig. 17c), due to the altered
wetting behavior discussed in case of IPS-N2 MBTBCs

Table 6 Thermal diffusivity, density, specific heat,
thermal conductivity of anisotropic MBTBCs

Type of MBTBCs
TD,

10)7 m2/s
DN,

kg/m3
Cp,

J/kg/K
TC,

W/mK

MBTBCs (IPS-N2)
PA 6.30 ± 0.02 6910 ± 95 456 ± 16 2.0 ± 0.13
PE 6.78 ± 0.02 6859 ± 28 470 ± 16 2.2 ± 0.10

Note: MBTBCs used for the anisotropic study are IPS-20% N2

sprayed with spraying distance of 210 mm.
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(Ref 15, 26). Thus the cooling rates of the impinging
particles are lower so that the particles have more time
to crystallize.

As seen from Fig. 18, the grain size of MBTBCs
changes from a few nanometers to few tens of nanometers
with O2 partial pressure increase in the plasma. This is
consistent with the lower quenching rate expected at high
O2 pressure.

Increased O2 partial pressure in the plasma resulted in
more pores in the MBTBCs, as presented in Fig. 17. The
porosity increases from 13 to 25% with an O2 vol.%
change from 6 to 35% in the plasma, respectively. The
increased porosity can be explained by the wetting
behavior already discussed.

5.5 Thermal Diffusivity

As shown in Fig. 19, TD of IPS-O2 MBTBCs increases
as O2 partial pressure increases in the plasma. The in-
crease can be explained by the larger amount of crystalline
phase, and grain size increase from a few nanometers to
about 30 nm as well as presence of the oxide phase, Fe3O4

(magnetite), which has a high thermal conductivity
(9.7 W/mK after Ref 28). For the TD increase, porosity
effect, changing from 13 to 25%, looks to be outrun by the
crystallinity change.

6. Features Affecting Properties of
MBTBCs

A matrix of dependent and independent variables
summarizes all the results obtained in this study.

As shown in Table 7, MBTBCs with larger SD consist
of more O2 contents which cause higher heat capacity and
higher thermal diffusivity (considering O2 contents as
Fe3O4) of the coatings resulting in higher TC in MBTBCs.
Porosity and density are also changed with SD change but
it looks to be outrun.

Higher N2 partial pressure in IPS plasma gas increases
N2 contents and porosity in MBTBCs. Higher N2 contents
resulted in higher heat capacity of MBTBCs, which in-
creases directly TC of MBTBCs.

O2 vol.% in plasma gas affects several factors such as
O2 contents, porosity (density), phase, and crystal struc-
ture. Higher O2 contents in the coatings resulted in higher

Table 7 Matrix of features affecting properties of MBTBCs

Independent variables

Dependent variables

N2 contents
in coating,

wt%

O2 contents
in coating,

wt% Porosity
Density,

kg/m3 Phases

Grain
size,
nm

Crystal
structure

Thermal
diffusivity,
E-7 m2/s

Heat
capacity,
J/kg/K

Thermal
conductivity,

W/mK

S3 SD, mm 150 0.11 0.11 12 6910 A 3 A 6.30 456 1.99
S4 210 0.09 0.15 13 6779 A 3 A 6.45 482 2.11
S5 270 0.07 0.14 15 6701 A 3 A 6.78 485 2.20

S3 IPS with N2 vol.%
change in plasma

20 0.11 0.11 12 6910 A 3 A 6.30 456 1.99
S2 50 0.12 0.10 14 6620 A 3 A 6.29 495 2.06
S1 80 0.12 0.10 16 6590 A 3 A 6.41 498 2.10

S6 IPS with O2 vol.%
change in plasma

6 0.3 0.45 13 6715 A 3 A 7.52 496 2.50
S7 18 0.3 0.19 17 6571 Fe 21 A + N 9.06 488 2.91
S8 35 0.4 2.38 25 6198 Fe & Fe3O4 32 A + N 9.97 497 3.07
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Fig. 18 Grain size changes in MBTBCs, with increased plasma
O2 partial pressure

Fig. 17 SEM backscattered images and porosity of MBTBCs sprayed with (a) 6%, (b) 18%, and (c) 35% O2 vol.% in the plasma
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porosity (lower density), precipitation of a new phase
Fe3O4, and crystal structure change from amorphous to a
mixture of amorphous and nanostructure. In this case,
Fe3O4 phase and the mixed crystal structure are dominant
factors contributing to the higher TD and TC of MBTBCs.

7. Conclusions

The key experimental observations are listed below:

1. High TC of metallic-based materials was reduced by
engineering of amorphous and nanocrystalline struc-
ture of MBTBCs using IPS technology.

2. The measured TC of MBTBCs was found to be as low
as 2.0 W/mK, and this low TC was likely obtained
from the increased phonon scattering by use of engi-
neered amorphous structures in the coatings so that
the phonon contribution to the total TC was reduced.

In summary, we may conclude that thermal properties
of MBTBCs are mainly governed by two factors, such as
phases and crystal structure or grain size. There are also
hidden factors, such as interlamellar contact, splat thick-
ness, the ratio between molten/unmolten numbers of
particles in the coatings, and crack lengths, which should
be considered to complete the correlation between the
dependent and independent variables. The study of those
factors is to be remained for future work.
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