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Aluminum oxide nanocomposites reinforced with multiwalled car-
bon nanotubes (MWNT) were prepared by atmospheric plasma
spraying of blended and spray-dried powders. Thermal conduc-
tivity was measured using the laser flash technique for tempera-
tures between 25° and 300°C. An aluminum oxide—4 wt%
MWNT nanocomposite prepared from the blended powder
showed the highest conductivity, followed by aluminum oxide
without nanotubes, 8 and 4 wt% MWNT composite prepared
from spray-dried powder in that order. The thermal conductivity
values obtained are rationalized taking into account the crystallite
size, porosity, MWNT content, microstructure, and the interfaces
and metastable y-Al,O3 content present in the nanocomposite.

I. Introduction

HERMAL conductivity is an important physical property,

which is required in modeling heat transfer through solids
and structures. It has also been used as a quality control pa-
rameter in the production and performance of nuclear fuels' and
thermal barrier coatings.> Carbon nanotubes have shown excel-
lent mechanical, thermal, and electrical properties due to which
they have been proposed for a myriad number of applications.?
Multiwalled carbon nanotubes (MWNT) have also shown* very
high thermal conductivities in excess of 3000 W-(m-K) .
Hence, they serve as a first choice of materials as fillers for ther-
mal conductivity enhancement in thermal management materi-
als. The thermal conductivity of dense aluminum oxide has been
reported® to be between 27 and 35 W - (m - K)~" In our previous
work,® it has been shown that addition of carbon nanotubes to
aluminum oxide resulted in a 43% increase in the fracture
toughness. Addition of MWNT is also expected to increase
the thermal conductivity of the composites, which is beneficial
for many applications like electronic packaging. It is generally
difficult to predict the thermal conductivity of plasma-sprayed
coatings because of its complicated microstructure, which con-
sists of splats, porosity, and interfaces. The goal of this paper is
to study the thermal conductivity of plasma-sprayed aluminum
oxide—MWNT nanocomposites and rationalize them by taking
into account the crystallite size, porosity, MWNT content, ma-
trix microstructure, interfaces, and metastable y-Al,O3 content
present in the coatings.

1I.

(1) Plasma Spraying

The samples were fabricated using DC arc plasma spraying with
a Praxair SG-100 gun (Praxair Inc., Danbury, CT). The powders
were fed internally into the plasma using argon as a carrier gas.
Four types of powders were sprayed. They are (a) a spray-dried
nanoaluminum oxide (referred to as nano-Al,Oj3 hereafter), (b) a
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spray-dried nanoaluminum oxide blended with 4 wt% MWNT
(referred to as Al,O;—4 wt% MWNT blended hereafter), (c) a
spray-dried nanoaluminum oxide 4 wt% MWNT mixture (re-
ferred to as Al,O;—4 wt% MWNT spray dried hereafter), and
(d) a spray-dried nanoaluminum oxide 8 wt% MWNT mixture
(referred to as Al,O;—8 wt% MWNT spray dried hereafter).
Coatings of thickness between 0.5 and 1 mm were sprayed onto a
mild steel substrate. The details of the plasma spraying and the
microstructure of the coatings are given elsewhere.” Carbon
nanotubes were found to be well distributed in the partially mol-
ten regions and were also found in the intersplat and inter-par-
ticle regions.® It was also seen that the nanotubes were coated
well with Al,Os, indicating wetting and better interfacial heat
transfer between the two. Undamaged CNTs in the plasma-
sprayed coatings were confirmed from scanning electron micro-
scope (SEM, JEOL JSM-6330F, JEOL USA Inc., Peabody,
MA) observation of fracture surfaces,® micro-Raman spectros-
copy,® and high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai F30, FEI Company, Hillsboro, OR).

(2) Thermal Conductivity Measurement

To fabricate samples for thermal conductivity, the substrate with
coating was cut into a 10 mm x 10 mm piece with a low-speed
diamond saw (Buehler Isomet 11-1180, Buehler Ltd., Lake Bluff,
IL). The diamond saw was used to cut through the substrate. The
thin layer of mild steel attached to the coating was then removed
by dissolving in nitric acid. Thus, free-standing samples of 10
mm x 10 mm area and 0.5-1-mm thickness were prepared. The
bulk density of the samples was measured by the water displace-
ment method using the Archimedes principle. Thermal diffusivity
was measured using a Holometrix Micromet-300 Thermal Diff-
usivity Instrument (Metrisa Inc., Bedford, MA) by the pulse
method for a number of temperatures between 25° and 300°C.
The thermal diffusivity values were corrected for radiation heat
losses using Cowan’s method.” The nano-ALO; sample was
coated with carbon using a carbon spray, to make it opaque to
the laser radiation, and then the edges were ground to ensure that
the carbon layer was only at the top and bottom surfaces. The
MWNT-containing nanocomposites did not require any carbon
coating as they were already opaque to the laser radiation. The
error in the measured values of thermal diffusivity was within
+3%. The specific heat capacity of aluminum oxide was taken
from the thermodynamic databank FactSage 5.0.% The specific
heat of carbon nanotubes was taken to be the same as that of
graphite and was also obtained from FactSage 5.0. Masarapu
et al’ determined the specific heat capacity of aligned multi-
walled carbon nanotubes and found it to be similar to that of
graphite. The specific heat capacities of the 4 and 8 wt% MWNT
composites were calculated using the Neumann—-Kopp additive
rule. Finally, the thermal conductivity was calculated from the
following equation:

k=a-p-Cp (1

Here, k is the thermal conductivity, o is the measured value of
thermal diffusivity, p is the bulk density, and C,, is the specific
heat capacity.
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Fig.1. Variation of thermal diffusivity with temperature.

III. Results and Discussion

(1) Variation of Thermal Properties with Temperature

Figure 1 shows the variation of the thermal diffusivity of the
nanocomposites with temperature. Similar to all dielectric ma-
terials, the thermal diffusivity decreases with an increase in the
temperature. The Al,O3;—4 wt% MWNT blended nanocom-
posite has the highest thermal diffusivity, while the Al,O;—4
wt% MWNT spray-dried nanocomposite has the lowest. The
variation of the thermal conductivity has been plotted in Fig. 2.
The solid curves in the figure represent the least square fit for the
data with an equation of the type (4+BT)~! where 4 and B are
constants and T is the absolute temperature. The thermal con-
ductivity decreases with an increase in temperature endorsing
the phonon mechanism of heat conduction.

It is observed that the Al,Os—4 wt% MWNT-blended nano-
composite coating has the highest thermal conductivity. For the
AlLOs-MWNT nanocomposite synthesized from spray-dried
powder, the thermal conductivity increases with the increase in
the MWNT content.

The thermal conductivities of the nano-Al,O; and the
AlLO3;—8 wt% MWNT spray-dried nanocomposite are almost
similar. The thermal conductivity is affected by many factors
like the crystallite boundaries, porosity, carbon nanotube con-
tent, interphase boundaries, and phase content. It is a complex
function of the above features. In the following analysis, the
thermal conductivity will be considered to be influenced by the
crystallite size, porosity, and the MWNT content. This can be
expressed by the following equation:

ke = fi(r) x f2(fp) X f3(/mwnT) (@)

where k. is the overall thermal conductivity of the composite, r
the crystallite size of a-Al,Os3, f, the volume fraction of porosity
present in the coatings, farwn is the volume fraction of MWNT
present in the coatings, and fi, f>, and f3 denote functions.
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Fig.2. Variation of thermal conductivity with temperature.

(2) Effect of Crystallite Size

Thermal resistance at the crystallite boundaries can lead to low-
ering of thermal conductivity. The thermal conductivity of a
crystal with a known crystallite size can be expressed according
to the relation'®

I
kﬂl” - k_m + " Rbound (3)

where 7 is the number of crystallites per unit length, k,,, the the-
oretical or the single-crystal thermal conductivity of Al,Os, k,,,,
the thermal conductivity of a-Al,O3 with nanocrystalline grains,
and R is the boundary thermal resistance or the Kapitza resis-
tance. The crystallite size and phase content in the coatings have
been tabulated in Table I. The crystallite size of the phases in the
initial powders and coatings was determined using the peak
width of the XRD curves of the samples and sapphire reference.
It is to be noted that the powder contains a 100% o-Al,O3
phase. Also, we see that the crystallite size of a-Al,O; in the
coatings is more than that in the powders.

This is due to the grain coalescence and growth during plas-
ma spraying. In the ALO;—4 wt% MWNT-blended sample, all
the nanotubes reside on the surface of the spray-dried particle as
compared with the ALO;—4 wt% MWNT spray-dried powder.
Hence, there is more absorption and retention of heat and con-
sequently more coarsening in case of the AlL,O;—4 wt%
MWNT-blended coating. This also explains the increase in crys-
tallite size with the increase in MWNT percent. Yang er al.'!
have measured the temperature dependence of the crystallite
boundary resistance and have shown that they are efficient in
reducing the thermal conductivity of YSZ. They found the
Kapitza resistance to be between 0.4x 107% and 2x 1078
m?-(W-K)~!. Crystallite size and thermal conductivity values
of a-Al,O5; were used for the computation because there are no
data available for the thermal properties of y-Al,O;. The value
for the boundary resistance was taken to be equal to 1 x 108

Table I. Phase Content and Crystallite Size of the Powders and the Coatings

Coating

Powder

o-AlLOs a-AlLO; a-ALOs v-ALO3 v-AlLO;
Crystallite size and phase content crystallite size (nm) crystallite size (nm) content (%) crystallite size (nm) content (%)
Nano-Al,O3 44 55 77 22 23
ALOs4 wt% MWNT blended 46 95 68 13 32
ALOs4 wt% MWNT spray dried 45 73 82 15 18
Al,O3-8 wt% MWNT spray dried 43 76 75 21 25

Amount and crystallite size of o and y phase of aluminum oxide present in the coatings as measured from the area under peaks and peak broadening in XRD patterns of
the coating. Note the large crystallite size of o phase in case of ALO;—4 wt% MWNT Blended coating.
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Table II. Calculated Values of Thermal Conductivity Based on Crystallite Size of o-Phase

Crystallite size of

Number of crystallites Calculated thermal conductivity, k,,,,

Sample a-phase (nm) per unit length (m™") (W-(m-K)™h
Nano-Al,O3 55 18181800 4.6
AlLOs;4 wt% MWNT blended 95 10526300 7.2
Al,O34 wt% MWNT spray dried 73 13698600 5.9
ALO5-8 wt% MWNT spray dried 76 13157900 6.1

k,,—Thermal conductivity of 100 percent dense matrix with nanocrystalline structure. Effect of crystallite size and hence amount crystallite boundary on the thermal
conductivity. It is the main factor in reducing the thermal conductivity of the coatings and the main reason for the higher thermal conductivity of Al,O3-4wt% MWNT-

blended coating.

m?-(W-K)~!, which is the average of that calculated by Yang
et al."! and that has also been used by Poulier et al.'° for al-
umina. The value of k,, was taken to be 30 W-(m-K)~'. The
calculated values of the thermal conductivity have been tabu-
lated in Table II.

It can be seen that the crystallite size of the AlLO;—4 wt%
MWNT-blended coating is the highest, and it is expected to
have a higher conductivity due to the presence of lower number
of interfaces. This is the main reason for the high thermal con-
ductivity of the Al,O;—4 wt% MWNT-blended coating. The
values tabulated in Table II will be used as the thermal conduc-
tivity values for the 100% dense samples (k,,,,) in all calculations
that follow.

(3) Effect of Porosity
The porosity content present in the plasma-sprayed nanocom-
posites has been tabulated in Table III. Porosities scatter pho-
nons and hence the more the porosity, the lower the
conductivity. Also, the porosities are filled with air, which has
poor conductivity. One reason for the higher values of the ther-
mal conductivity of the AlLL,O;—8 wt% MWNT spray-dried
coating as compared with the Al,O;—4 wt% MWNT spray-
dried coating is its lower porosity content. As mentioned earlier,
the thermal conductivity of aluminum oxide has been reported®
to be between 27 and 35 W-(m-K)~' at room temperature,
which is very high compared with the values obtained in this
work. The samples in the above-mentioned work were all hot-
pressed or sintered and had an equiaxed microstructure with a
comparatively coarser grain size than our coatings. Various re-
lationships have been proposed for the porosity dependence of
thermal conductivity based on the shape and distribution of the
pores, especially in the context of nuclear fuels.!” 1

The usual porosity relations that hold true for sintered or hot-
pressed compacts do not hold true for plasma-sprayed coatings.
The thermal conductivities of plasma-sprayed aluminum oxide
and zirconium oxide coatings are much smaller than those pre-
dicted by these relationships.'®!7 This is due to the fact that the
above relations are derived considering the pores to be spherical
or prolate or oblate spheroids. Plasma-sprayed coatings have a
lamellar microstructure with pores in between the lamellae. The
pores are like very thin disks and because they are all aligned
parallel to the thickness of the coating, they reduce the trans-
verse thermal conductivity drastically. The formulas for the

Table III. Density and Porosity Fraction Present in the

Coatings
Coating Density g/cm? Porosity %
Nano-Al,O3 347 13
ALO;—4wt% MWNT blended 3.40 12.8
ALOs4wt% MWNT spray dried 3.52 9.8
ALO5s—8wt% MWNT spray dried 3.53 6

Note that the fractional porosity reduces of the coatings formed from the spray-
dried powders reduces with increase in CNT content. Thermal conductivity of the
ALO3;-4wt% MWNT blended coating is highest irrespective of its higher porosity.

thermal conductivity of the nanocrystalline matrix with pores
according to various models are listed below:
Landauer'®

1
kmnp = Z |:kp(3fp - 1) + kmn(z - 3fp)

/
+{ [kp(3fi> - 1) + kmn(2 - 3fp)]2+8kmnkp}l 2:| (4)
Meredith and Tobias'®
kmnp _ |: 2 _fp :| I: 2(1 _fp) :| (5)

where W =1 (# + ﬁ)’ Fis the shape factor, which is 0.1 for
lamellar pores:
Shafiro and Kachanov®

=)
Kn T t

where f;, is the fractional porosity and dJt is the aspect ratio of
the lamellar pores, which will be taken as 5 here. Here, k,,,,,, re-
fers to the thermal conductivity of the nanocrystalline matrix
containing the pores and kj, refers to the thermal conductivity of
the pore. This value of the aspect ratio is taken in accordance to
that observed by Wang et al.?! The values of thermal conduc-
tivity of the porous coatings were calculated based on the po-
rosity relations mentioned above by taking the value of k,,,, from
Table II and porosity values from Table III and k,=0.4
W - (m-K)!, and has been tabulated in Table IV below.

It can be observed that the values of the thermal conductivity
calculated in this manner are close to that measured experimen-
tally for the Al,Os—4 wt% MWNT blended and the Al,O;—8
wt% MWNT spray-dried coatings. The nano-Al,O3 coating ex-
hibits a larger conductivity compared with the calculated one,
which may be due to the smaller value of Kapitza resistance for
the interfaces of a-Al,O5 crystallites. The effect of addition of
carbon nanotubes has not been taken into account yet. The ad-
dition of carbon nanotubes will increase the computed values of
the thermal conductivities of the composites. The thermal con-
ductivity of plasma-sprayed zirconium oxide and aluminum ox-
ide has been shown to be very low compared with the thermal
conductivitzy of fully dense compacts produced by other meth-
ods."*!72122 Qur values for aluminum oxide are in agreement
with those reported by Kulkarni es al.>* McPherson? has pro-
vided a model for thermal conductivity of plasma-sprayed coat-
ings, considering that there are only a few regions of good
contact between the lamella and existence of planar pores, which
are essentially nonconducting at low temperatures. According to
the model, the ratio of the thermal resistivity of the coating (R.)
and a fully dense bulk material (Ry) is given by

R
. )
b 2/
where “2a” is the mean radius of the circular regions of contact
between the splats, f'is the mean fraction of the total area in true
contact in any plane parallel to the coating surface, and 9§ is the



March 2008 Thermal Conductivity of Plasma-Sprayed Al,O3 945

Table IV. Calculated Thermal Conductivity of the Composites Based on the Porosity Relations at 298 K

Calculated K, at 298 K (W-(m-K)™")

Porosity Measured k at 298 K, Landauer Meredith and Kachanov
Sample fraction (W-(m-K)™h Model Tobias Model Model
Nano-Al,O3 coating 0.13 54 3.8 33 2.7
AlL,Os;—-4wt% MWNT blended 0.128 6.0 5.9 53 43
AlLO3;—4wt% MWNT spray dried 0.098 3.0 5.1 4.6 4.0
AlLOs;—8wt% MWNT spray dried 0.06 5.5 5.6 53 4.9

K,np is the computed value of the thermal conductivity of the nanocrystalline Al,O3; matric containing pores. The Meredith and Tobias model, which takes into account

the pore shape, gives values close to the observed values. These values are used for further calculations.

thickness of the lamella or splats. From transmission electron
microscope (TEM) images of the coatings, it was found that
“2a’ is comparable with “#” and the value of “f”” can be taken to
be around 0.2 from the fact that the values of elastic modulus of
the coatings are around 0.2 times the theoretical values. Using
these values, R./Ry, is calculated to be around 4. This means that
the thermal conductivity of plasma-sprayed coatings can be as
low as 0.25 times the bulk value. Hence, the model predicts the
observed values quite well, qualitatively.

(4) Effect of MWNT Addition
Improvements in thermal conductivity have been reported due
to the addition of nanotubes.>**’ Recently, Sivakumar et al*®
have reported a 70% increase in thermal conductivity of SiO,
due to the addition of 10 vol.% of MWNT. This increase is very
low compared with the calculated values obtained from a simple
rule of mixtures.

This indicates that the interfacial thermal resistance plays an
important role in determining the effective thermal conductivity.

Conventional models of thermal conductivity of composites
predict a large value for the thermal conductivity of MWNT
composites and this has led to the development of new models
based on the Effective Medium Approach (EMA) of Maxwell-
Garnett.””® These are summarized below in Table V.

Here, k. is the effective thermal conductivity of the compos-
ite, k,,,p 1s the thermal conductivity of the matrix taken from
Meredith and Tobias values of Table III, k. is the MWNT ther-
mal conductivity (3000 W -(m-K)™), f is the MWNT volume
fraction, o = k¢/k,,mp, and ay is the so-called Kapitza radius,
which is given as @, = Ryk,, where Ry is the Kapitza resistance
or the thermal boundary resistance. The Kapitza radius is as-
sumed to be 15 nm here. The MWNT used are 40-70 nm in
diameter and 0.5-2 pm in length. The MWNT volume fraction
fmwnr 18 equal to 6.6% and 12.4% for the 4 and 8 wt%, com-
posite, respectively. It can be seen that the value obtained from
the rule of mixture formula is quite large. It is seen from Table V
that the values obtained from these EMA models are larger than
the observed values by a factor of 2-3. Huxtable e al.*° have
shown that an exceptionally small interfacial heat conductance

Table V. Calculated Thermal Conductivity Values at 298 K for Different MWNT Content

Calculated k. at 298 K (W-(m-K)™")

ALO;—4wt% ALO3pu—8wt%

ALO;—4wt%  MWNT spray MWNT spray
Reference Model formulation MWNT blended dried dried
Rule of 77 71 129
mixtures® ke -1 +JM
kmnp 3kmnp
Nan et al.®® 11 10 15
ke 3+ /mwnr(By +B.)
kmnp 3- ZBA ’
B _ 2(k(I:I - kmnp) B — k(3:3 1
! k(I:I + k’nﬂp ’ . kmnp
k k
k‘{l = 2ac ke k§3 = ZaC k.
L o . Ll s

Xue® with 22 21 39
gOOd ke o 1 _fMWNT + (4fMWNT/7T) V kc/knmp X ta—n_l (TE/4 V kc/kmnp)
dispersion Kmp 1 = fawnt + (4wt /) \/Kop [  tan= (/4 / ke [Knp)
Xue® with . ok 10 8 14
poor ke 1 =JMwNT + 2 mwNT = In S
dispersion - : : -

P Kmmp 1 — MWNT + 2/MwNT k!f /c,j”p In kzz,l,mpp

Thermal conductivities are (k.: CNT composite, k.:multiwalled CNT, k,,,,,: nanocrystalline matrix with porosity). Models based on EMA approach are used to calculate
thermal conductivity of CNT composites.
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Fig.3. Transmission electron microscopic image of the (a) Al,O;—S8 wt% multiwalled carbon nanotubes (MWNT) spray dried coating showing the
v-Al,O53 nucleated on MWNT, and (b) HRTEM image of the nanotube surface showing a y-Al,O5 precipitate.

of 12 MW - (m-K)~"-K limits the enhancement of the thermal
conductivity of CNT composites. Shenogina et al.’! performed
FEM calculations and found that as the distance between the
two nanotubes approached zero, the rate of heat flow in the
composite increased only marginally, indicating a possible lack
of thermal percolation in carbon nanotube composites. Zhan
et al** have observed thermal conductivity of aluminum
oxide—SWNT composites as compared with aluminum oxide
prepared by spark plasma sintering. They also found that the
thermal conductivity reduced with increasing vol.% of SWNT.
They had attributed this to the lower thermal conductivity of
SWNT bundles and possibly the high thermal resistivity of the
SWNT-ALO; interface. However, there could be many reasons
for the observed lower values of the thermal conductivity than
tabulated in Table IV, which will be discussed below.

(A) Effect of Intersplat Thermal Resistance: Tt is known
that during plasma spraying, the powder feedstock is introduced
into the plasma where particles become heated. A molten/semi-
molten particle accelerates and strikes the substrate at high
velocities® of ~200 m/s and forms a splat (as measured using
in-flight particle diagnostic sensor Accuraspray G3, Tecnar Au-
tomation LTEE, St. Bruno, QC, Canada). Hence, the nano-
composite has a layered morphology with interlamellar pores,
intersplat interfaces, partially molten garticles, and cracks due to
thermal stress. Ravichandran et al.'’ have obtained values of
thermal conductivity of plasma-sprayed alumina with 19% po-
rosity as low as 1/10 (~3 W - (m - K)~™! at room temperature) of
the theoretical value. According to their simple interfacial ther-
mal resistance model,?! the effective value of thermal conduc-
tivity of a layered splat-like microstructure is given by

L
S —
E+s

m i

keff =

i ®)

where L is the total thickness of the coating, n the number of
splats making up the coating,  the average splat thickness, k,,
the thermal conductivity of the bulk material, and /#; is the in-
terfacial heat transfer coefficient. Hence, for a coating of alu-
minum oxide made of 100 splats of thickness 1 um each and
assuming /; to be 10° W-(m-K)™! and &, to be 30
W-(m-K)~', one gets the ke value as low as 1 W-(m-K)™".
So it is seen that interfacial resistance plays a significant role in
reducing the thermal conductivity value. The value of the inter-
facial heat transfer coefficient will depend on many parameters
including the area of contact, contact pressure due to residual
stresses, impurity segregation, and gas pressure in the voids,

which are all dependent on many processing parameters. Hence
it is not possible to assign a reasonable value or predict the value
of the heat transfer coefficient at the interfaces. The MWNT
distribution and morphology between the splats will also influ-
ence the interfacial conductance.

(B) Effect of v-ALL,O3; Formation: Tt is well known that
during plasma s3praying, metastable X_A1203 forms during plas-
ma spraying.>>** Guilemany es al.>* have found that plasma-
sprayed a-Al,O5 coatings contain between 17% and 23% of
a-Al,O5; and the rest y-Al,O3;. The phase resulting from re-
solidification of aluminum oxide is always the metastable phase
v-Al,O3. Figure 3 shows a TEM micrograph of the Al,O;—38
wt% MWNT spray-dried coating. It can be seen that CNT act
as nucleation sites for y-Al,O3. As stated, previously in the
AlLO;—4 wt% MWNT-blended powder, the nanotubes reside
on the surface and this leads to more absorption and retention
of heat and consequently a higher degree of melting compared
with the Al,O3;—4 wt% MWNT spray dried and the ALO;—8
wt% MWNT spray-dried coating. This, combined with the fact
that y-Al,O; nucleates on MWNT, explains the higher amount
of y-Al,O3 in the Al,O3—4 wt% MWNT-blended coating. The
more the amount of y-Al,O3, the more the interfacial area be-
tween y-Al,O; and a-Al,Os, which will provide an additional
interfacial resistance term and will reduce the thermal conduc-
tivity. The higher value of the thermal conductivity of the
AlLL,O;—4 wt% MWNT-blended coating might be due to the
overwhelming effect of an increase in the crystallite size of
a-AlLO3.

The modeling of the effect of the y-Al,O5 content on the ther-
mal conductivity will require knowledge of the interface resistance
and were involve the distribution and orientation of the y and
o interfaces and a value of thermal conductivity for the y-Al,O3
phase that is not available in the literature because of its meta-
stable nature. Also the y-Al,O5 content and distribution is a func-
tion of many processing parameters and is difficult to quantify.

IV. Conclusions

The thermal conductivity of plasma-sprayed aluminum oxide
blended with 4 wt% MWNT was higher than the coatings
obtained from spray-dried powders containing 4 and 8 wt%
MWNT. The thermal conductivity increases with an increase in
the MWNT content. The crystallite size has a strong effect in
reducing the thermal conductivity of the coatings. The addition
of MWNT does not increase the values of the thermal conduc-
tivity significantly as predicted by the models based on the
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Effective Medium Approach. The measured thermal conductiv-
ity values of the plasma-sprayed coatings are two to three
times lower than that calculated by taking into consideration
the boundary resistance. The lower thermal conductivity of
the ALO;-MWNT composite coatings can be ascribed to the
inter-splat thermal resistance, which is difficult to quantify.
MWNT acts as nucleation sites for y-Al,O3; formation and the
v-Al,O3 serves as phonon-scattering centers, further reducing
the thermal conductivity. It is challenging to quantify the effect
of the crystallite size and content of y-Al,O5 due to the unavail-
ability of data on the physical properties and the complexity of
the distribution of y-Al,Os.
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