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A moddl estimating the thermal conductivity of silicon nitride ceramics with a grain
boundary glassy phase proposed by Kitayama et d. was dightly modified and combined with
a Eucken modd. The model derived from the combination was used to estimate the thermal
conductivity of alumina ceramics in this paper. The coincidence of the thermal conductivity
estimated by this modd with the measured data was better than that of the Eucken model that
assumed no grain boundary morphol ogy.
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INTRODUCTION

Al,O3; ceramics were sintered without
adding flux components and the thermd
conductivity (hereafter abbreviated as TC) of the
specimens was measured by the Laser Flash
method.*®  The measured TC data were
compared with a model of a composite which
was composed of a continuous matrix with a
dispersed second phase® In references 1-3,
the matrix phase was Al,Oz; and the dispersed
phase was ZrO, particles or pores. However, the
coincddence of the measured data with the
caculated vaues from the Eucken modd was
not so good.*

Kitayama M., Hirao K., Toriyama M. and
Kanzaki S. (hereafter written only the name,
Kitayama) proposed a modd which was applied
to the TC of SisN4 ceramics with glassy grain
boundary films and glass pockets®  They
reported that the experimental results coincided
well with the estimated val ues of the model .

In our previous paper,”) it was assumed
that there was no grain boundary film in the
Al;O5; specimens because no flux was added.
However, a smal amount (< 0.5 wt%) of
impurities (i.e. SIO,, Fe;0; and Na,0)™ in the
as-purchased raw powder might form a very thin
grain boundary film. Thus, the same thermd
conductivity data were compared with the

koflk o +dk, + 2 )}

calculated TC values based on Kitayama model
in this paper.

MODELING
General formula

Simple therma conductivity models of a
composite depict a series of dabs and pardld
slabs. Series dab models mean the structures of
the two phases are in series and the direction of
heat conduction is perpendicular to them. In
parald models, the direction of heat conduction
is parale to the plane of the dabs.® The
equations of thermal conductivity for these
model's are quoted in the Appendix.

Figure 1 shows an idedized three
dimensiona model composed of grains with a
thin layer of a grain boundary phase as the
continuous phase and some amounts of glass
pockets in between grains as the dispersed phase.
This is the same model proposed by Kitayama
et.al.” In the Kitayama model, a rectangular
grain was assumed, but in this paper, a cubic
grain is assumed. The continuous phase of
Figure 1 can adso be treasted as a composite with
grain boundary and its thermal conductivity, kc(,
can be expressed by equation (1), the details are
given in the Appendix.

kc¢=

IkG +d(kA +2<G)

According to Eucken,® Figure 1 is simply
considered as the composite of only 2 phases, a
continuous phase and the dispersed phase (no

1+, (1- k, [k, ) (2K, Tk, +1)

. ()

grain boundary involved). The TC of such
compasite, K, isasshown in equation (2).

™ o n, (- k, Tk ) (2K, Tk +1)

k. and k, arethe TCs of the continuous and
discontinuous phases, respectivdy. Andn, is the
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volume fraction of the disconti nuous phase.
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Figure 1(a). Three dimensional microstructure model composed of cubic grains and grain

boundary thin layers.

(©

-
o
)

Figure 1(b). Layers taken apart from the three dimensional microstructure model to explain
parallel and series calculation, (a) paralld first layer, (b) thin layer seriesto (a), (c)
first serieslayer and (d) thin layer paralld to (c).

By applying both the Kitayama and
Eucken models to the structure of Figure 1, with
the assumption that it is the structure of a two

phase composite, k. =kct, and k, is the

thermal conductivity of the dispersed glass
pockets. Thus we arive a a modd including
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the grain boundary phase and glass pocket.
Practicaly, it is difficult to estimate the right
volume of the glass pocket because some amount
of glass phase is consumed as the thin film
between grains. Therefore the following
procedureis proposed.
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When the glass layer is very thin, its
thickness,d , is very small compared with the
width of Al,Os; grain,|. When the volume of
glass is larger than the threshold, glass pockets
generate.  On the other hand, when d is not so
small and the volume of glass phase is less than
that of the threshald, the glass phase does not fill
al the grain boundaries. This results in no
glass pocket. The total volume of grain
boundary phase, ut, is calculated by the
foll owing equation.

I 3

ur=t (1+d)’

. (3)

Assuming | as 1, 10 and 100nm and d

as 1, 10 and 100 nm, the threshold volume of
glass phase (ut) is calculated and graphicaly
presented in Figure 2. The caculated lines
display the limit of the threshold, hence glass
pocket will generate when the content of glass
phase is above theline.
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Figure2. Thethreshold volume of glassy phase asfunction of grain size (micro meter) and
thickness of grain boundary phase (nano meter).

Calculation premise for Al,O3 ceramics

Grain boundary is not only a glass phase,
but aso a distorted lattice and a high
concentration solid solution phase.  In this
paper, the word “grain boundary” is used as a
representative expression for this complexity.
Cdl culation was performed for 1-10 nm of Al,O3
grains and in the range of 0-20 nm grain
boundary  thicknesses. In the following
cdculation, 40 W/mK and 1 W/mK were used as
the TCs a room temperature of Al,Oz and grain
boundary phases, respectivey.

The rdationship between TC of Al,O3
ceramics as a function of grain boundary
thickness plotted according to equation 2 using

n,= ut, is shown in Figure 3. When the
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thickness of grain boundary increases from 1 nm
to 20 nm, TC of the Al,Os; ceramics decreases.
The effect is serious when the grain size is as
small as 1-2 nm. The rdationship between TC
of Al,Oz ceramics as a function of the grain size
of Al,O5; was aso plotted according to equation 2,
shown in Figure 4.  In these figures, the amount
of glass phase is the amount which fills the grain
boundary asathinfilm. Theeffect of grain size
on the TC of Al,O; ceramicsis clearly illustrated
in Figure 4. When grain size is smaller than 5
mm and the thickness of the grain boundary is
over 10 nm, TC of Al,O3z ceramics decreases
drastically.
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Figure 3. Thermal conductivity of composite as function of grain size and the thickness of grain

boundary phase.
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Figure4. TC of Al,O3 as function of grain boundary thickness and grain size.

The properties of ceramics are usually
considered a function of the purity of the main
material: for example, Al,O5; content in the case
of Al,O; ceramics. Figure 5 shows the
relationship between the TC and the volume
percent of Al,O; in the ceramics (plotted

according to equation 2, replacing K. with
kctand treating glass pockets as the dispersed
phase). Asshownin (A) and (B), TC decreases
and threshold grain boundary volume increases

with increasing thickness of grain boundary,
especidly when the grain size is as smal as 1-2
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mm. Neither TC nor threshold grain boundary
volume change much when grain size is larger
than 5 mMm as shown in (C) and (D). The
descending sl ope of the lines when the volume of
Al,O;3 is decreased shows the effect of the glass
pocket content on TC. The angles of dope are
not much different from one another.  One weak
point of the model is that it can not predict the
TC in the region where the volume of the grain
boundary is less than the threshold.  Probably in
this case, the TC should have a value between 40
W/mK and that of the threshold point.
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Figure 5. The relationship between the thermal conductivity and volume percentage of Al,Ozin
the alumina ceramics for the average Al,O3 grain size (A) 1 nm, (B) 2nm, (C) 5mm
and (D) 10 nm. Thethickness of grain boundary is2 nm (solid ling), 10 nm (dash line)

and 20 nm (long dash line).

DISCUSSION

It was reported that dumina ceramics
would sinter by liquid phase sintering when the
purity was less than 99.7 wt%. Generdly the
impurities in Al,O3; powder were SIO, and Na&,O
(Reference 4, Table 1), hence the grain boundary
phaseis a glass composed of SIO, and Na,O and
the volume of glass phase is estimated to be
about 0.6 volume%, because the density of a
glass composed of SiO, and Na,0 is about 2 g/cm®
and that of Al,O; is ~4 g/cm®. However, the
report did not define the grain boundary phase
exactly.

High purity aumina ceramics were
consolidated and the TCs of the specimens were
measured. The detals of the experimentd data
were reported in References 1-3 (available at the
library of the Faculty of Science, Chulalongkorn
University). The coind dence of the experimental
values with calculated values from the Eucken
model was not so good® because the model was
premised on the assumption that no grain
boundary is involved. The purities of Al;Oz in
the two kinds of aumina powder, AKP-30
(0.3 p) and AES-11 (0.5 ), were 99.99 and
99.80 wt%, respectively. Considering the purity,
there would be almost no grain boundary if
reference (8) is correct.

It has dso been reported that very high
purity alumina ceramics, for example 99.995
wt% Al,Oz; with 300 ppm impurity such as
Yttrium, had a grain boundary phase which was
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different from the bulk.™®  Other cation
impurities such as Mg, Ti also segregated into
grain  boundary.™*  The grain boundary
thickness was suggested to be ~0.5 nm™ or 2
nm.*? G C. Wei™ thought that the relatively
large grain-boundary width, ~50 nm, seemed to
be reasonable as a chemical-width (chemicaly
different boundary thickness) rather than a
structural-width based on reference 15.

As mentioned above, there are severa
kinds of grain boundary such as glassy phase,
other cation segregated thin layer, and boundary
layer which are not structurally but chemically
different in composition. Sometimes cation
segregated in grain boundary also dissolved in
the lattice™™ Considering al the papers
mentioned above it seems that various types of
grain boundary tend to give different TC values.
However, these papers had not provided any
information on TC.

Figure 6 shows a relationship between the
thermal conductivity and the volume percentage
of Al,O; in dumina ceramics. The plots are
drawn from the experimental results and the
values premised on the models in the previous
section. The plotted lines are calculated for the
case in which the grain size of Al,O3is2 mmand
grain boundary thicknesses are 2, 10 and 20 nm.
The top line shows the calculated line
assuming the Eucken model. As seen in the
Figure, based on Kitayama model, the TC values

J. . Res. Chula. Univ,, \ol. 30, No. 2 (2005)
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(+) of specimens synthesized from AKP-30 and
sintered at high temperatures (1600 and 1650°C)
are close to the caculated line for 2 nm grain
boundary. On the other hand, the TC vaues (4)
of spedmens synthesized from AES-11 and
sintered at the same temperatures are close to

40

the cdculated line for 10 nm grain boundary.
The TC vaues (o) of specimens synthesized
from AKP-30 and sintered at lower temperatures
(1450 and 1550°C) are aso cdose to the
calculated line for 10 nm grain boundary.
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Figure 6. Therdationship between the thermal conductivity and the volume percentage of Al,O3
in alumina ceramics comparing the experimental results and calculated values from

the model when thegrain sizeis2 mm.

Though the experimenta data are close to
some of the calculated lines, the morphology of
each specimen has not been analyzed in detall
since such thickness of grain boundary phase
requires a high resolution transmission e ectron
microscope (TEM). Therefore, the coincidence
is taken as accidental, and it can not be
concluded that the specimens have a grain
boundary thickness of 2 nm or 10 nm. Moreover,
so far there have been no references of the TC of
grain boundary available, so our calculaion
assumed that the TC of the grain boundary is 1
W/mK. However, there is no proof that this
value is reasonable. On the other hand, by
changing the grain size of Al,O; and the grain
boundary thickness, the model with grain
boundary and glass pocket can cover a wide
range of TC vaues. In this sense, the model
must be better than that of Eucken.

The TC of alumina ceramics relating to the
chemical composition and morphology will be
investidrgated more in detail by the authors in
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the near future and will be discussed based on
the modd .

CONCLUSIONS

A  modd edtimating the thermal
conductivity of aumina ceramics based on
Kitayama's was proposed. The coincidence of
the thermal conductivity estimated by this model
with the measured thermal conductivity data was
better than the Eucken model that assumed no
gran boundary morphology. Though the
experimental data are close to some of the
caculated lines, the morphology of each
specimen has not been andyzed in deall.
Therefore, the coincidences are thought to be
accidental. However by changing the grain size
of Al,O; and grain boundary thickness, the
model with grain boundary and glass pocket
covers a wide range of TC. In this sense, the
model should be more appropriate than the
Eucken modd.

201



............................................................... Shigetaka Wada, Srithan Jiemsirilers and Supatra Jinawath

Appendix: Formulation of the equation to calculate the thermal conductivity (hereafter abbreviated as
TC) of acomposite having an idealized three dimensional model.

TheTC of paralld dab moddsis calculated by equation (1a).
k., =nk;+n,k, .. (18)

That of series dlab modelsis calculated by equation (2a).

5
N

n
14
K,

% ... (29)

=~

2

k. isthe thermal conductivity of a composite, K,k ,are the thermal conductivities andv, ,v, are

the volume fractions of phases 1 and 2 of the composite, respectively.® These two formulas are
applied to cd culate the TC of a composite with grain boundary film (but without glass pocket).

The TC of the composite shown in Figure 1 In the first process, at first TC of the
when glass pocket is excluded can be formulated  parallel composite layer shown in (a),kp, is
by ether one of the two processes. The first

process is shown in the Appendix, Figures 1b (a) calculated following equation (1a) and shown as

and (b), and the second is in Figures 1b (c) and equation (39).
(d).
.2 N 2 2
el ¢ F(1+d)?- 124
k =¢——* Kk, +{i—F—F—VK .. (3
P T&i+dg A (1+d) b (33

Here, | and d are the width of the Al,O; grain and the thickness of grain boundary, respectively.
k, and k; are the TCs of Al,O; and grain boundary phase, respectively. Total volume of the
= I3, and volume of grain boundary = (I+d )l - 3.

is calculated following equation (2a) and

composite = (I+d )?l, volume of Al,O; grains
Next, TC of the layer and boundary film shown in (b),k
shown as equation (4a).

ps?

1 _ el 01 a&d o1
—=C - +Q :
ko &l+dpk, & +dgkg

- (49)

Where total volume of the composite = (I+d )2, volume of Al,O; grains = (I+d )?l, and volume of
grain boundary = (I+d )*d .

. . . . . 2 3 . . .
Substitute K, in (48), and omit the terms containing d “and d °, k ,; isformuated asin equation (53).

The equati on shows the TC of the composite having the structure shown in Figure 1, but with no glass
pockets.

_kellk, +dk, + 26 )
P IkG+d(kA+z(G) (Sa)

The second process is shown in Appendix,  TC of the series composite layer shownin (¢),k,
Figure1b (c) and (d). At first, by asimilar process,  jsformulated asin equation (68).
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S

Next, paralld TC of the series composite and grain boundary film shown in (d), k - Isformulated as

in equation (7). The structure of this compaosite is the same as that of (&), but the direction of heat
conduction is different.

| & d &
kSp:ge_: +ge_3<e .. (79

Then, the composite layer having the TC of kSp is layered again with grain boundary film. The TC
of final composite (k sp) Isformulated in equation (8).

... (89)

Substitute K in equation (78) and kg, in equation (8a), then K,
the substitute and cal culation were omitted here. Findly, the equation of k -

K ,s shown in equation (58).

is formulated. The details of
is the same as that of

p

p
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