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Abstract

A new method for estimating the maximum achievable thermal conductivity of non-electrically conducting materials is presented. The method is
based on temperature dependent thermal diffusivity data using a linear extrapolation method enabling discrimination between phonon-phonon
and phonon-defect scattering. The thermal conductivities estimated in this way for Md®NNand [3-SisN, ceramics at 300K equal 28,

200 and 105 W m! K1, respectively in favourable agreement with the highest experimental values of 23, 266 and 106—12R W.rfihis

suggests the general applicability of the proposed estimation method for hon-metallic compounds. It is expected that when optic phonons
contribute to the heat conduction (as is the case for AIN) the intrinsic thermal conductivity at lower temperatures (e.g. 300 K) is underestimated.
However, the reliability and accuracy of the presented ‘easy to use’ estimation method seems to be much better than several other estimation
methods. Furthermore the needed input for this method can provide information about which processing parameters should be optimised to

obtain the highest thermal conductivity.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Several ceramic materials have been investigated in-

tensively for substrate applicationdecause of their po-
tentially high thermal conductivity in combination with
a high electrical resistivity. AIN especially has drawn a
lot of attentio™, but recently also the nitride materials
B-SizN4”~" and MgSiNg® have been considered to be po-
tentially interesting. To estimate the intrinsic thermal con-
ductivity one often uses Slack’s equation for non-metallic
materiald®. During our work on MgSiN we concluded
that his theoretical approximation only provides a rough
indication of the maximum achievable thermal conductiv-
ity, and that a more reliable and simpler estimation method
would be useful.
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Another (experimental) method to estimate the maximum
achievable thermal conductivity is based on linear extrap-
olation of the measured inverse thermal conductivity (ther-
mal resistivity}! versus the absolute temperature. Usually,
it is assumed that the slope is determined by the lattice
characteristics (intrinsic properties) and the intercept at 0K
by defects (impurities, grain boundaries, £33, It will
be shown that this last assumption is only partially correct,
making this method not generally applicable. However, by
combining some of the concepts of both approaches a new
estimation method for the intrinsic thermal conductivity for
non-metallic compounds was developed.

In this paper we will show that an estimation of the max-
imum achievable thermal conductivity of non-metallic crys-
tals (i.e. heat transport takes place by lattice vibrations),
based on temperature dependent thermal diffusivity data,
gives not only more accurate information, but is also applica-
ble over a wider temperature range. The method is applied to
experimental data obtained in our own group for MgSiN
and to a large amount of data for AIN afielSisN4 obtained
from the literature.
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2. The temperature dependence of the thermal Ambegaokat®. It was shown that this term is (almost)
diffusivity and conductivity temperature independent for low defect concentrations.
The phonon-grain boundary scattering tetga is also

The thermal conductivity« [W m~K~1]) of a material ~ temperature independent if the influence of the thermal
can be calculated using: expansion is neglected. So, the temperature dependence of
lot is dominated by thépp term, whereas the other terms
can be assumed to be temperature independent to a first
in whicha [m? s71] is the thermal diffusivity,om [mol m—3] approximatioh2929, This implies that in general at low
the molar density an@y [Jmol-tK~1] the heat capacity  temperaturd is determined by temperature independent
at constant volume. The density is only a weak function of extrinsic scattering processes (at defects and grain bound-
temperature, so the temperature dependence of the thermadries), whereas at high temperatures it is dominated by the
conductivity is determined by that of the thermal diffusivity temperature dependent intrinsic phonon-phonon scattering
and the heat capacity. process.

For a phonon conductor (i.e. heat transport predominantly  If the temperature is sufficiently high'(> 6/b) we can
takes place by lattice vibrations) the thermal diffusivity  write (including all the above mentioned phonon scattering

Kk = apmCyv 1)

equalst>16-18 mechanisms) for the inverse of the thermal diffusivity ap-
1 proximately:
a= §Usltot 2) 1 1 A

-~ ~—————+B
in which vs [ms™1] is the average phonon velocity (i.e. es- @ ot [exp(6/bT) — 1]
sentially the velocity of sound) arlgy; [m] the total mean bT 1/(0 1 (0 2
free path of the phonons. The average phonon velogity = <T> All—Z= (_> + = <_) 4.
is almost temperature independ’@ntso thata ~ lio. If 0
secondary phases are not taken into account then the total
phonon mean free path is determined by the lattice charac- +B~A [(bTT) — E} +B = (%) T+ (B — }A>
teristics (intrinsic properties) as well as defects and grain 0 2 0 2
boundaries present in the material (extrinsic properties), and (5)

i i istivitiedd—22-
can be written as a summation of resistivit ' The constan@ in Eq. (5) is related to the temperature depen-

i:iJri_l_ 1 1 3) dent phonon-phonon scattering processes (intrinsic lattice
ot lpp lpd lgp Sl diffusivity) and B to the temperature independent phonon
scattering processes (impurities, defects, grain boundaries,

in which Ipp [m] is the mean free path due to thermal eic). |t is obvious that Eq. (5) shows a linear relation be-
phonon-phonon scatteringpg [M] is the mean free path  yeena—! andT:

due to phonon-defect scattering (vacancies, impurities, iso- -

topes),Igh [m] is the mean free path due to phonon-grain ;=1 _ A'7 + B’ (forT> -~

boundary scattering and [m] the mean free path due to

other scattering mechanisms induced by e.g. stacking faults, . . ) .

dislocations, etc. in which the slope’ (= bA/) [m~2sK~1] is determined
For the temperature dependence of the phonon mean fre®Y the intrinsic Iatztice characteristics, and the interdgpt

path due to thermal phonon-phonon scatterlpg,of pure (= B—1/2A) [n~*s] by the impurities and microstructure

crystalline materials it is known that approximaféigs: as \_NeII as the intrinsic lattice characteristiég.(From Eq.
(6) it can be concluded that for pure defect free materils (

I— o ex LAY 1l with 9= @) = 0) a plot of the inverse of the thermal diffusivity versus

pp =10 P bT nl/3 the absolute temperature for measurements atd/b ex-
trapolated to O K, should result in a straight line with (nega-

in whichlg [m] is a pre-exponential facto#,[K] a character- tive) intercept—1/2A and which intercepts the temperature

istic temperature (the so-called reduced Debye temperaturexis at7 = 1/2A/A’ = 6/2b.

below which Umklapp processes start to disapr b If the temperature is sufficiently high so that the heat

is a constants 216172325 T [K] is the absolute tempera-  capacity is temperature independent 6°°) thenx ~ a

ture,0 [K] is the Debye temperature amdis the number of  (~lit) and the well known linear relation for the thermal

atoms per primitive unit cell. resistivity k1 resultd113;

For most materials only the first three terms of Eq. (3) -1 _ ,» %

are considered to be of importaf&L26, However, for the ATT+B" (forT>6) 0

present discussion it is sufficient to assume tha temper- This equation is often interpreted as beig(~ bA/6) de-

ature independent. The temperature dependence of phonontermined by the intrinsic lattice diffusivity, which is correct,

defect scatteringpq has been studied by Klemefig’ and and the intercept valuB” (~ (B — 1/2 A)) as being only

(6)
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determined by the microstructure and impurities, which is nik GmbH). By carefully grinding and polishing, samples
incorrect. This results in the erroneous conclusion that for with a uniform thickness and a low roughness were ob-
a pure defect free single crystalline material (for 6) the tained. Samples varying in microstructure, oxygen content
thermal resistivity £ 1) versus the absolute temperature plot and processed with and without additive were investigated
gives a straight line through the origit?1331 asB = 0 in- (Table 1). The accuracy of the measurement was estimated
stead ofB” = 0. to be within 5%. Some samples were coated with a thin
It is noted that at very high temperatures, where the layer of gold and/or carbon before measuring the thermal
phonon mean free path is limited by the inter-atomic dis- diffusivity. The thin gold layer prevents direct transmission
tances, Egs. (5) and (6) are no longer V#itlecause they  of the laser beam and aids the energy transfer to the sample.
predict a decrease of the phonon mean free path to zero. FoCarbon was used to increase the absorptivity of the front
most material$1 > 1 so that? < 6. Considering the above  surface, and the emissivity of the back surface. These ad-
discussion it is clear that the linear temperature dependencalitional layers reduce the measured thermal diffusivity only
for the inverse thermal diffusivitp—1 can be observed at slightly. A gold layer is always coated with a carbon layer
much lower temperatured'(> 6/b) than for the thermal  because the gold layer reflects the laser flash. The radia-
resistivity k1 as forT < 6 the heat capacity is temperature tive heat losses were minimised by measuring the samples
dependent. Furthermore the thermal diffusivity is directly in vacuum. The molar densiy, and heat capacity at con-
related to the total phonon mean free path, which has to bestant volumeCy required for calculating the thermal con-
maximised in order to optimise the thermal conductivity. ductivity were obtained from our previous work (dendity
So for identifying the dominant scattering mechanisms it is and heat capacify-*® assuming tha€y = Cp, resulting in
much more interesting to study the temperature dependencea maximum relative error of approximately 18%
of the thermal diffusivity rather than that of the thermal For AIN and SgN4 many temperature dependent ther-
conductivity. mal diffusivity or conductivity data are reported in litera-
Therefore, temperature dependent thermal diffusivity ture. Several AIN3140746 and SEN454751 ceramics, with
measurements when performed in a suitable temperaturedifferent processing conditions and thermal properties, were
region @/b(= 6/bnt/3) < T) can be a powerful tool in  evaluated (see Tables 2 and 3). When necessary, the thermal
understanding and optimising the thermal conductivity of diffusivity as a function of the temperature was calculated
promising materials. from the temperature dependence of the thermal conductiv-
ity, the density and heat capacity reported in the liter&fure

3. Experimental
4. Results for MgSiN,, AIN and B-SizNy4

For MgSiN, the thermal diffusivitya as a function of
the temperatur@ (300—-900 K) was measured on small ce- 4.1. The temperature dependence of the thermal
ramic samplesg 11 mm x 1 mm) cut from several large, diffusivity a
fully dense ceramic pellets processed under different condi-
tions (for details see Refs. 33—35) using the photo/laser flash As expected, the thermal diffusivity for the MgSiN
method® (laser flash equipment, Compotherm Messtech- samples processed in different ways decreases for higher

Table 1

Preparation characteristics, slope and intercept values @vithlue and intercept with th&-axis) of linearly fitted inverse thermal diffusiviat?) vs.
the absolute temperaturd)( and measured room temperature300 K) thermal conductivitykzgp for several MgSiN ceramic samples processed in
different ways3

Sample Densification method and Additives  Oxygen Grain  SlopeA’ Intercept R-value Intercept «300

reaction conditions content  size (m2sK1) B (m32s) T-axis (K) (Wm-1K™1)
wt.%)  (um)

RB02 Hot-pressing: 1823K, N None 3.8 - 424.6+ 7.5 5.3+ 4.6 x 10 0.9992 - 19
75MPa, 2h

RB11 Hot-pressing: 1823K, N None 1.8 - 409.8t 8.0 27.7+ 4.9 x 10° 0.9990 - 16
75MPa, 2h

RB13 Reaction hot-pressing: None 1.0 ~0.5 411.8+ 9.5 4.0+ 58 x 10° 0.9987 - 20
1873K, N, 75MPa, 2h

RB32 Reaction hot-pressing: 4.2wt.% 1.0 - 394.5+ 6.6 —1.74+ 4.0 x 16 0.9993 4 21
1873K, N, 75MPa, 2h MgsN2

RB34 Reaction hot-pressing: None 1.0 ~1.5 402.84+ 44 1364+ 2.7 x 10° 0.9997 34 23
1973K, N, 75MPa, 2h

RB37 Reaction hot-pressing: 6.0wt.% - - 4372+ 51 —19.7+ 3.1 x 10 0.9997 45 22

1873K, N, 75MPa, 2h Y03
Mean - - - - 4135 140 - - - -




Table 2

Preparation characteristics as reported in the literature, slope and intercept valueR-yalitie and intercept with th&axis) of linearly fitted inverse thermal diffusivity(?) vs. the absolute temperature

(T), and measured room temperature300 K) thermal conductivityzoo for several AIN ceramic samples processed in different ways

Sample Ref. Densification method and Additives SlopeA’ InterceptB’ (m~2s) Intercept K300
reaction conditions (m—2skK™ T-axis (K) Wm-1k-1)

Single crystal W-201 40,61 Sublimation-recondensation: None 100.0+ 1.0 —22.794+ 0.86 x 10° 228 285
2523 K, 95% N/5% Hy

Shapal 41,62 Not reported 8351.5 —8.08+ 1.10 x 10° 97 141

AIN without additive 4 Hot-pressing: 2123 K, 10 min None 10483.0 3.384+ 1.75 x 10° - 70
Annealing: 2123 K, 100 min

BP research AIN 31,62 Not reported 8H61.0 —14.33+ 0.45 x 10° 176 228

Shapal SH-04 31,62 Not reported 85t61.6 —11.66+ 0.77 x 10° 136 167

Shapal SH-15 919+ 15 —14.62+ 0.77 x 10° 159 144

Super Shapal 84.4+ 1.9 —14.794+ 0.94 x 10° 175 212

Toshiba TAN-170 31,62 Not reported 85#€01.5 —11.69+ 0.69 x 10° 138 170

Carborundum AIN 31,62 Not reported 824 1.1 —13.81+ 0.51 x 10° 168 212

AIN 42 Pressureless sintering: 2023 K, 4wt.% Y203 89.3+ 9.0 —16.11+ 4.21 x 10° 180 208
N2, 10h

B(N2) 43 Pressureless sintering: 2133 K, 1wt.% Y503 87.0+ 1.9 —4.724+ 1.05 x 10° 54 119
No, 1h

H(N2) 3wt.% Y203 916+ 2.4 —13.41+ 1.35x 10° 146 159

G(N2) 10wt.% Y,03 943+ 1.1 —12.74+ 0.58 x 10° 135 148

C1 43,44 Pressureless sintering: 2098 K, 3wt.% Y>03 + 0wt.% CaO 89.2+ 1.0 —10.50+ 0.56 x 10° 118 144
N2, 1h

11 43 3wt.% Y,03 + 1wt.% CaO 91.5+ 0.5 -9.11+ 0.30 x 10° 100 129

B1 43,44 3wt.% ¥O3 + 2wt.% CaO 100.0+ 1.0 —10.97+ 0.52 x 10° 110 124

H(N2) 43,45 Pressureless sintering: 2133 K, 3wt.% Y03 + 0wt.% SiQ 916+ 2.4 —13.41+ 1.35 x 103 146 159
N2, 1h

N(N2) 43 3wt.% Y,03 + 0.3wt.% SiQ 88.5+ 0.6 —8.19+ 0.32 x 10° 93 129

O(N2) 43,45 3wt.% %03 + 1wt.% SIQ 96.0+ 1.5 —6.62+ 0.83 x 10° 69 106

Q(N2) 43,45 3wt.% %03 + 2wt.% SIQ 148.9+ 5.3 9.10+ 2.93 x 10 - 46

S(Np) 43,45 3wt.% %03 + 5wt.% SIQ 2004+ 11.4 45.83+ 6.30 x 10° - 24

0LL

62.-19/ (S002) Sz A191908 d1wesa) ueadoin3 ays 4o feuinor / ‘e 19 sjnig Ty



Table 3
Preparation characteristics and resultfdraction as reported in the literature, slope and intercept values Rvithlue and intercept with thg-axis) of linearly fitted inverse thermal diffusivityat!)
vs. the absolute temperatur€)(and measured room temperature300 K) thermal conductivityzop for severalB-SisN4 and a/-SisN4 composite ceramic materials processed in different ways

Sample Densification method and Additives B-Fraction (%) SlopeA’ (m2sK™1) InterceptB’ (m=2s) Intercept K300
reaction conditions T-axis (K) (Wm1K-1)
SN5 50 Gas-pressure sintered: 0.5mol% Y,O3 + 0.5mol% N@Os 100 129.1+ 2.9 —22.84+ 3.14 x 10° 177 122
2473K, 30MPa (M), 4h
51 HIPped: 2673 K, 200 MPa 3.5wt.% Y,03 100 98.9 —10.27 x 10° 104 107
(N2), 2h
A 47 High pressure hot-pressing: None 100 125.7+ 6.3 42,57+ 4.49 x 106 - 30
2173K, 3GPa, 1h
B 4wt.% MgO 100 143.6+ 5.1 38.46+ 3.51 x 10° - 29
D 4wt.% Al,O3 100 251.3+ 19.3 106.38+ 13.67 x 10° - 14
C High pressure hot-pressing: 4wt.% Y,03 100 159.0+ 9.5 64.24+ 6.71 x 10° - 22
2073K, 3GPa, 1h
O 48 Capsule-HIPped: 1973K, 3mol% Y>03 + 3mol% ALO3 ~25 210.6+ 4.3 20.36+ 3.18 x 10° - 28
60MPa (Ar), 1h
@) 2mol% Y,03 + 4mol% AlLO3 ~34 199.8+ 6.6 31.35+ 4.82 x 10° - 26
A 4mol% Y,03 + 2mol% ALO3 ~67 146.2+ 5.4 48.01+ 3.91 x 10° - 24
M-100 48 Capsule-HIPped: 2023K, 3mol% Y,03 + 3mol% AlLO3 100 143.5+ 4.4 38.24+ 4.02 x 10° - 28
60MPa (Ar), 1h
- % Capsule-HIPped: 1973K, 3mol% Y,03 + 3mol% AlLO3 ~90 143.84+ 6.6 53.44+ 4.82 x 10° - 22
60MPa (Ar), 1h
- 34 Capsule-HIPped: 1823K, 3mol% Y,03 + 3mol% AlLO3 ~34 169.2+ 10.4 83.86+ 7.56 x 10° - 16
60MPa (Ar), 1h
+ 6/0 48 Capsule-HIPped: 2023 K, 6mol% Y,03 + 0mol% AlLO3 100 112.1+ 1.3 —3.77+ 1.20 x 1C® 34 73
60MPa (Ar), 1h
+5/1 5mol% Y>03 + 1 mol% AlLO3 100 116.0+ 1.2 6.40+ 1.10 x 10° - 53
+ 412 4mol% Y,03 + 2mol% ALOs 100 127.7+ 3.6 26.94+ 3.30 x 10° - 35
+3/3 3mol% Y,03 + 3mol% AhLO; 100 1435+ 4.4 38.24+ 4.02 x 106 - 28
+2/4 2mol% Y,03 + 4mol% Al,O3 100 150.9+ 4.7 50.57+ 4.34 x 106 - 23
+ 1/5 1mol% Y,03 + 5mol% ALO3 100 1375+ 7.4 67.91+ 6.71 x 10° - 21
+ 0/6 0mol% Y,03 + 6 mol% AlLO3 100 146.2+ 6.1 92.43+ 5.53 x 10° - 17
Tape cast 6 Hot-pressed: 2073K, 5wt.% Y,03; + 5vol.% rod-like - 845+ 2.1 —8.96 + 1.52 x 10° 106 155
40MPa, 2h and B-SisN4 seeds
subsequently HIPped:
2773K, 200MPa (), 2h
187.0+ 4.8 —22.29+ 3.10 x 10° 119 70

6..-19/ (5002) Gz A19190S o1wesa) ueadoing oy} 4o fewinog / '[e 19 sjnig Ty
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Fig. 1. The thermal diffusivity &) plotted vs. the absolute temperature

() for several MgSiN samples (see Table 1). Fig. 3. The inverse thermal diffusivitya(!) vs. temperatureT) plot as

obtained from literature data for AIN samples without additive/y, a
temperatures (Fig. 1). The same is true for the AIN (Table 2) typical sample $)*19 and a single crystal&)™ (see Table 2).
and SNy (Table 3). For all three materials the observed
thermal conductivity at 300K varied over a relatively
broad range (MgSipt 16-23Wnr1K~1 (Table 1); AIN:

1.0E+05
24-285W nr1 K1 (Table 2);3-SisN4: 14-122 Wl K1 X AIN without additives
(Table 3)), indicating large differences in impurity content 0.86+05 4 :;x'zﬁfgg =
and microstructure for the different samples. The differ- XAIN 40t % ¥20s X
ence in thermal diffusivity between the samples is less o 06E+0s 1 A10Wt % Y05 X 4
pronounced at higher temperatures (see e.g. Fig. 1) as theng
intrinsic phonon scattering processes are dominating the =
thermal diffusivity (SOA'T > B'). w 04EX05 T
4.2. Inverse thermal diffusivity @ versus temperature T 0.2B+05 T
plots

0.0E+00 } } } } t } }

As expected from theory (see Section 2), for all three 0 100 200 300 T4FIS] 500 600 700 800

compounds a linear fit of the inverse of the thermal diffusiv-
ity plotted against the absolute temperature (Figs. 2-8) re-rig. 4. The inverse thermal diffusivityat!) vs. temperatureT) plot as
sulted in a good description of the temperature dependenceobtained from literature data for AIN ceramics, processed with different
(typically R > 0.99) (Tables 1-3). The indicated uncertain- amounts of ¥O3 as a sintering additive. Data obtained froifwithout
ties for the slope and the intercept correspond with the 9595 additives):? (4wt.% Y205) and™ (1, 3 and 10wt.% ¥O) (see Table 2).
confidence interval.

2.5E+05
4.5E+05 *3 Wt % Y,0s + 0 wt. % SiO2
4.0E+05 ¥ URBO2 +RBI1 3wt % Y205 + 0.3 Wt. % SiO;
35405 + CRB13 CORB32 2.0E+05 T A 3wt % Y203 + 1 wt.% SiO2 IRt
XRB34 ARB37 ®3 wt. % Y203 + 2 wt. % SiO, ?“
3.0E+05 . o i X
— o 156405 1 X3 Wt. % Y203 + 5 wt. % SiO> .
's 2.5E+05 IS .
" ﬂ‘ X .- (]
53 2.0E+05 . 10E+05 4 P o
1.5E+05 T
e
1.0E+05 F 0.5E+05 T o
0.5E+05 F .35533y525:== -
0.0E+00 } } t } 0.0E+00 } } t t } } }
0 200 400 600 800 1000 0 100 200 300 400 500 600 700 800
T [K] TIK]

Fig. 2. The inverse thermal diffusivitya(!) vs. the absolute temperature

Fig. 5. The inverse thermal diffusivitya(!) vs. temperatureT) plot as
(T) p|ot for MgS|N2 ceramic samp|es processed in different ways (see obtained from literature dat&*> for AIN ceramics, processed with 3wt.%
Table 1).

Y203 and different amounts of SiOas sintering additives (see Table 2).
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Fig. 6. The inverse thermal diffusivitya(!) vs. temperatureT) plot as
obtained from literature data f@-SisN4 ceramics processed in different
ways. Data obtained from Ref. 47 (sample A-D) and Ref. 50 (sample
SN5) (see Table 3).

3.0E+05
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Fig. 7. The inverse thermal diffusivitya(!) vs. temperatureT) plot as
obtained from literature daté (see Table 3) foB-SisN4 ceramics using
mixtures of Y,03 and ALO3 as sintering additives.

2.5E+05
O Tape-casting direction
4 Stacking direction
2.0E+05 Oisotropic -SisN4 (SN5)
& 1.5E+05 T =B
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Fig. 8. The inverse thermal diffusivitya(?) vs. temperatureT) plot as
obtained from literature data f@-SisN4 ceramics along the casting and
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4.2.1. MgSiN

For all MgSiN, samples about the same slofyeof 414
+ 14m?sK~1is observed (Table 1 and Fig. 2) indicating
that the lattice characteristics are not influenced by the pro-
cessing conditions used. In contrast, the inter&mhows
a relatively large variation, as the samples differ in impu-
rity content and grain siZé. As expected, the samples with
the highest purity and grain size have in general the lowest
intercept values (Table 1).

4.2.2. AN

The AIN ceramics processed with several different ad-
ditives have a typical slope value of 80-90#s K1
(Table 2). These values are somewhat smaller than the value
observed for the hot-pressed AIN sample without sintering
additive (104.8+ 3.0nT2sK™1). This difference can be
ascribed to the presence of oxygen containing secondary
phases. Also for the best heat-conducting sample (single
crystal W-201% a somewhat larger slope is observed
(100.0+ 1.0m?sK1) as compared to the typical value
(Fig. 3). However, this observation may be related to the
fact that this sample is a single crystal for which the thermal
conductivity was determined along theaxis.

The slope is not much influenced by the addition of small
amounts of ¥0O3 (<10wt.%) (Fig. 4) and CaO<2wt.%
together with 3wt.% ¥O3 (Table 2)), whereas the slope
changes drastically for larger amounts Si@ddition
(=2 wt.% together with 3wt.% ¥Os) (Fig. 5). From these
observations it can be concluded thatOg and CaO addi-
tions mainly influence the defect chemistry and microstruc-
ture of the AIN ceramics (phonon-defect and phonon-grain
boundary scattering), whereas Si@ddition also results
in a change of the lattice characteristics (phonon-phonon
scattering). In complete agreement with this conclusion for
these samples, de Baranda et®aleported that for an Si©
addition of 2wt.% and above, together with a 3 wt.%04
additive, sialon polytypoids with an AIN like structure are
formed, resulting in the formation of a different lattice and
thus a different slope value (Table 2 and Fig. 5).

For samples with the typical slope value of 80-9¢%m
K—1, the intercept valu®' is the smallest for the (almost)
defect free single crystal and largest for hot-pressed ceramics
processed without additives containing many defects due to
the oxygen impurities dissolved into the AIN lattice (Fig. 3
and Table 2). By suitable processing (Table 2: A)Nthe
defect concentration in the AIN lattice is reduced resulting
in a decrease of the intercept approaching the value for the
(almost) defect free single crystal.

With increasing ¥O3 addition the intercept valu® first
decreases and subsequently increases again (Table 2 and
Fig. 4) in agreement with other observatigh3® that with
increasing %03 addition the thermal conductivity first in-
creases (till about 4-6wt.% additioh and subsequently
decreases. This indicates that (as expected)s¥s an ef-

stacking direction as compared to an isotropic sample. Data obtained fective sintering aid for sintering of AIN by reducing the

from® (casting and stacking direction) afid{sample SN5) (see Table 3).

defect concentration (Al vacancies) in the AIN lattice. For
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higher dopant levels the thermal conductivity decreases be-

cause the thermal conductivity of the formed yttrium alu-
minates (and ¥Os) is much lower than that for AIR>2,

resulting in some increase of the observed slope value too.

4.2.3. B-SiNy

The lowest slope valud’ for the isotropicB-SisNg4 sam-
ples equals 100-130mMs K1 (Table 3). The slope ob-
served for the sample with the highest thermal diffusivity
(SN5) equals 129.% 2.9 2sK~1. The addition of MgO
and Y>03 has only a limited influence on the slope, whereas
in contrast the addition of AD3 has a strong effect (Fig. 6).
The reason for this different behaviour is that the@®d ad-
dition can dissolve into th@-SisN4 lattice resulting in the
formation of ap-sialon (Sk_,Al,O,Ng_.), whereas ¥O3
and MgO can only react with SgOon the surface of the

SigNg grains to form a separate secondary phase. The rel-

atively large scattering in the data points for the samples

A-D, especially at higher temperatures (Fig. 6), can be par-

tially ascribed to the inaccuracy introduced when obtaining
the data from a plot of Ref. 47.

For a lowerB content of thex/B-SisN4 composite ceram-
ics the observed slope increases (Table 3). This observatio
can be explained in view of the difference between the crys-
tal structure of thex- andB-modifications of SjN4. As the
a-modification is more complex than th@modification
(x-SigN4: n = 28; B-SizNg: n = 14) it is expected for
a-SisNg4 to have a higher value for the slopé (assuming
thath, A, andé are about the same for both modifications)
and thus a lower intrinsic thermal conductivity tHauBi3N4.

A nice illustration of the influence of the type and amount

of additive on the slope and intercept values can be Obtainedphonon-phonon scattering,

from the data of Watari et 4 who studied the influence
of Y203 and AbOj3 additions totalling 6 mol% on the ther-
mal conductivity of-SisN4 (Table 3 and Fig. 7). It can
be concluded that XO3 without Al>O3 is an effective ad-
ditive for increasing the thermal conductivity @FSizN4
because it does not dissolve in the lattice (slépe- con-
stanta 110 nT2s K~1) and decreases the interc@&t(<0),
whereas with increasing AD3 content a sialon is formed

resulting in a change of the lattice characteristics (increase

of the slopeA’ due to lowering) as a consequence of Si—-N
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direction (predominantly along-axis) below the typically
observed value and the one in the stacking direction (pre-
dominantly alongr-axis) above the typically observed slope
value (Table 3).

5. Discussion

From the results of tha~! versusT plots it is clear that
these plots can be very useful for optimisation of the thermal
diffusivity. The data of a material processed in different ways
can be used to study the influence of different additives.
Increase of the slope indicates that the additive dissolves into
the lattice, whereas a decrease in slope or intercept indicates
that the additive improves the thermal conductivity.

5.1. Interpretation of the fitting parameters

In general the observed slopAsfor the three materials
have a typical constant value (MgSiNt00—-430 m2s K1
(Table 1); AIN: 80-90m?2s K~ (Table 2); and3-SizNa:

n00-130 m2s K1 (Table 3)) and deviations from this con-

stant value can be explained in view of the lattice char-
acteristics. For the samples with the same lattice charac-
teristics (constanf) but with different impurity content
and microstructure a relatively large variation in the in-
tercept valueB’' can be observed. Considering the large
variation in thermal conductivity observed for the samples
with an approximately constant slope, it can be concluded
that all phonon scattering processes, except the intrinsic
are indeed (almost) temperature
independent. As expected from the theory, also negative in-
tercept values are found. Furthermore AIN with the lowest
slope valueA’ shows the highest reduced Debye tempera-
turedg (Table 4). This indicates that the presented theoretical
concept has a sound basis.

5.2. Thermal conductivity estimates for Mg&iMIN and
B-SieNg

In order to estimate the maximum achievable theoretical

— Al-O replacement) and defect concentration (increase of thermal diffusivity @ = 0), besides the slop& the intercept

the intercepB’ due to Al on Si site and O on N site acting
as scattering centres for phonons) (Fig. 7 and Table 3).

A problem in the comparison of the different samples
is that they often show a considerable anisotropy; in par-
ticular all recently produced samples with conductivities
>100 W nt 1 K1 have elongated grains. The anisotropy was
clearly demonstrated by Li et al. using thermoreflectance
microscopy to measure the conductivity inside individual
grain®*. They found conductivity-values of 69 WmhK 1
along thea-axis and 180 W m' K~ along thec-axis. The
consequences of anisotropy for thel versusT plot are
clearly visible in Fig. 8 for a tape-cast sample. This plot
shows two different slope values, the one in the casting

with the a~1-axis or theT-axis should be known. For the
present discussion the intercept with fhaxis was used as
this value is only dependent ehandb.

5.2.1. Determination of and b

Assuming that the acoustic phonons are the major heat
carriers, the high temperature limit of the Debye tempera-
ture based on the acoustic phonedsis needet to eval-
uate the reduced Debye temperatt?lreﬁince9{,‘o is often
not available it is normally approximated by the Debye tem-
perature evaluated from elastic constants or heat capacity
data near 0 K2-3055 resulting indp. Thereforedy data for
MgSiN,, AIN and SiN4°° obtained from elastic constants
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Table 4
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The measured slop& (= bA/d), the Derye temperaturg the number of atoms per primitive unit cel] the resulting reduced Debye temperatére
(=6/n'/3) and the calculated intercepe(@/2b with b = 2) for MgSiN,, AIN and B-SisN4

Material SlopeA’ (m—2sK-1) 6 (K) n 6 (K) Intercept p=2) (K)
MgSiN, 400-430 90PP 165 357 89
AIN 80-90 9465 457 592 148
B-SizNy4 100-130 955 1484 396 99
1156% 480 120

Data from Ref. 55 are fofp, data from Ref. 56 are fof”.

were used to calculate(Table 4). The number of atoms per
primitive unit celln can be obtained from crystallographic

for AIN phonon dispersion curves indicate that also op-
tic phonons contribute to the heat conduction resulting in

data (Table 4). This results in reduced Debye temperatures@n underestimation of the reduced Debye temperzture

(Po) of 357, 592 and 396 K for MgSi)N AIN and SiNj,
respectively. For SN4 Morelli and Heremar® recently
calculatedd’, = 480K. As shown in Table 5, the use of
6o = 396 K instead of 480 K for §N, leads to a 10% lower
conductivity at 300K and only 3% at 600 K.

The value ob for describing the temperature dependence
of the thermal diffusivity is not exactly known. Based on the
simple Debye theory it can be argued that 216172325,
However,b may differ somewhat from 2 and vary from sub-
stance to substant® Leibfried and Schlémarifl suggest
that for a FCC latticd = ,/5/3 = 1.29. However, the scarce
experimental results confirm the valuetof 2 (2.3, 2.7 and
2.1 for solid helium, diamond and sapphire, respecti/gly
Takingb = 2 results in theoretically calculated intercepts of
89, 148 and 99K for pure, defect free MgSiNAIN and
SizNg ceramics, respectively (Table 4).

5.2.2. Comparison between theoretical and experimental
intercept with the T-axis
The theoretical intercept with th&-axis of MgSIiN

When using thea™! versusT method, both the slop&’

and the (theoretical) intercept with tAeaxis are related to

6. However, especially at high temperatures the influence
of 6 on the estimate is limited a1 = AT + B ~ AT
andA is determined experimentally (see Table 5: 600 and
900K estimates). This makes the estimates for the thermal
diffusivity less sensitive for errors induced by not taking
optic phonons fully into account.

5.2.3. Thermal conductivity estimates

Using the data in Table 4, together with available values
of the density and heat capacity, we can estimate the intrinsic
thermal conductivity (see Eq. (1)) at temperatufes 6,2
(T = 179, 296 and 198K for MgSiN AIN and B-Si3Nag,
respectively). Results at 300, 600 and 900K are shown in
Table 5, together with experimentally obtained values. For
these calculations we used the lowest values of the slope
since we want to estimate the maximum diffusivity. This
is still a conservative estimate since the Debye temperature
used in our calculation may be too low due to neglect of

is as expected higher than the experimentally observedoptical phonon contributions.

value. However, foB-SisN4 and AIN, particularly for the

For MgSiN, ceramics the highest experimentally ob-

anisotropic samples, this is not always the case. Moreover,tained thermal conductivity at 300K (Table 5) does not

Table 5

The estimates for the maximum achievable thermal conductiyiy at 300, 600 and 900K, using the data of Table 4 for MgSiNIN and -Si3N4
together with the molar density, and heat capacitf,, compared with corresponding highest experimentally observed thermal conduegiyity

Material a(m?s1 pm (Mol m~3) Cp =Cv (Imorik—1 Kkthe (Wm~1K—1) Kexp (WmM™1K™1)
300K
MgSiN> 1.18 x 1073 3.90 x 10* 61.7 28 23
AIN 8.22 x 10°° 7.94 x 10* 30.6 200 246-266
B-SizNg 452 x 10°° 2.29 x 10* 90.6 94 107
5.05 x 10°° 105
600K
MgSiN; 0.49 x 1075 3.88 x 10* 88.1 17 15
AIN 2.77 x 107° 7.91 x 10* 44.0 96 96
B-SisNy 1.81x 1073 2.28 x 10 144.5 60 76
1.89 x 1073 62
900K
MgSiN, 0.31x 10°° 3.86 x 10* 95.6 11 11
AN 1.66 x 105 7.87 x 10* 47.7 62 55
B-SisNg 1.13x 1073 2.27 x 10 157.0 40 45
1.17 x 1075 42
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exceed 25W mlK~1 despite the fact that already con- as mentioned earlier room temperature values higher than
siderable effort has been made to improve the thermal 100WnT1K™! are all obtained on anisotropic samples.
conductivity?3334555859 A5 the predicted value of Fromthe conductivity data measured alongahandc-axes
28Wnr1K-1 is close to this value, it can be concluded in a single graif, one can estimate an average isotropic
that the highest experimentally observed value is close toValue of about 106 Wm!K~, close to our estimation of
the intrinsic one. From Tables 1 and 5 and Fig. 2 it is ob- 105WnT1K™1.
vious that a further reduction of the defect concentration in  In general the theoretical estimates are in good agreement
the MgSiN lattice will not result in a significant increase  (Within 20%) with the best experimentally observed values
of the thermal diffusivity, because for the best samples the (Table 5). If the intercept with thé-axis is underestimated
intercept with theT-axis of 45K (Table 1 and Fig. 2) is (like in the case of AIN due to optic phonons contributing
already very close to the theoretical value of 89 K (Table 4). substantially to the heat conduction) the maximum achiev-
For AIN the highest experimental value for a ceramic sam- able thermal conductivity is underestimated. However, at
ple is 266 W nt1 K—160 higher than our estimate of about higher temperature§'(> 3 x (1/4)6p) the exact value of the
200WnT1K~1. A problem with the comparison of the ex- intercept with theT-axis becomes less important. At high
perimental value is that optimisation of the microstructure temperatures the accuracy of the estimate is consequently
leads to anisotropic grains and therefore higher values thandetermined by the error in the sloge. As for most ap-
can be expected from our calculations since we then under-plications the thermal conductivity at elevated temperature
estimate the intercept with thE-axis (see Section 5.2.2). (>300K) is of importance, the estimate of the intercept is
For the estimates at 600 and 900 K the agreement betweersonsidered sufficiently accurate.
estimated and experimental values improves as the exact
value of the intercept with th&-axis is of less importance  5.3. Limitations, accuracy and reliability
asa ! = AT + B ~ AT (at high temperature). The value
of 319WnT 1K1 reported in Ref. 40 is based on extrap- It should be noted that the new estimation method based
olation of the single crystal data obtained for tbexis on Eq. (5) was obtained by approximating an already simple
and therefore cannot be compared to our isotropic value.description of the (temperature dependence of the) thermal
Our estimation also agrees better with the experimental datadiffusivity (Eq. (4)) of a pure phonon conductor. Furthermore
than the value calculated from the Slack formula (Table 6), the values ofb =2 and6 used to calculate the intercept
which is more sensitive for errors in the reduced Debye with the T-axis are somewhat arbitrary. For practical use the
temperature. choice ofb = 2 andé = 6y seems to work out reasonably
The estimates foB-SisN4 at 300, 600 and 900K are well as g can be easily obtained from elastic constants
close to the experimentally observed values (Table 5), butand reasonable, somewhat conservative, estimates for the

Table 6
Estimates of the thermal conductivity for MgSINAIN and B-SisN4 ceramics at 300K, based on different theoretical approximations
Estimated value (W mtK—1) Reference Estimation method based on
MgSiN, 14 Kexp = 23Wm 1K1
28 This work alvs. T
34 65 Standard Slack equation
26+ 4 14 Thermal diffusivity measurements
35-50 58 Defect scattering
40-70 58 Slack equation
75 66 Slack equation
Timet 120 8 Not specifietd
AIN Kexp = 266 W 1 K~160
200 This work alvs. T
128 65 Slack equation
319 40 Defect scattering
Time?t 320 2 Scaling factoMsg3
B-SigNa4 Kexp = 106 W nT 1 K154
105 This work alvs.T
260 67 Molecular dynamics
250 56 Slack formula
124 65 Slack formula
177 7 Two-phase composite model
Timet 200-320 5 Slack equation

For comparison the highest measured valugsy) are also given*probably based on~?/® dependence of the Slack equafi®rand the estimate of the
intrinsic thermal conductivity of about 300 WThK~1 for AIN; **anisotropic values).
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theoretical thermal conductivity are obtained. As shown for References

Si3N4 even better agreement is obtained if values foré@e
are available.
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