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Abstract

This study investigates the thermal diffusivity and conductivity of YAG/AIN-alloyed LPS-SiC as a function of composition and
temperature using the laser-flash technique. Maxwell’s model for the thermal conductivity of composites with spherical inclusions is
adapted to typical features of the LPS-microstructure and its predictions are compared with experimental data. The results indicate
that the thermal conductivity of LPS-SiC is controlled by (i) concentration of impurity atoms in the SiC-phase, (ii) fraction of bulk
oxide phase and (iii) amorphous interphases which act as thermal resistance barriers.
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1. Introduction

Various engineering applications require materials
which combine thermal shock resistance with durability
against abrasion and low thermal distortion. Examples
for such parts include gas seal rings in compressor
pumps and wear linings for dewatering elements in
paper machines.' Commercial products with such
properties have been successfully launched during
recent years by employing a new class of high strength
SiC ceramics which contain oxide sintering additives.>3

Suitable blends for the processing of silicon carbide
include mixtures of alumina and rare earth (RE) oxides,
usually yttria, or alumina/RE-oxide compounds, e.g.
yttrium-aluminum garnet. Together with SiO, from the
SiC surface and with optional sintering aids such as
AIN,>* the additives form a liquid phase (Liquid-
Phase-Sintered SiC=LPS-SiC) at temperatures as low
as 1750 °C.>® The liquid promotes densification and
allows consolidation to full density significantly below
the temperatures required for solid state sintered SiC.!
A vast body of literature describes various aspects of the
processing of LPS-SiC.>~!12

LPS-SiC composites feature a unique combination of
strength, toughness and hardness, which is superior to
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the mechanical properties of sintered SiC. Two basic
classes of LPS-SiC exist: (i) composites with equiaxed
grains whose improved fracture resistance has been
attributed to microcrack toughening at favourably
oriented interfaces between SiC and YAG'" and (ii)
coarsened microstructures where toughening by in-situ
formed SiC platelets was identfied as the key mechanism
for improved fracture resistance.>'4~'® The mechanical
properties of LPS-SiC have been discussed in numerous
studies in the recent literature, see e.g. Refs. 5-7, 12-16.

Surprisingly, the interest in thermal and electrical
properties of LPS-SiC has arisen only recently,!’!°
despite the substantial research performed on LPS-SiC
during the past decade. The principles governing trans-
port properties of single phase SiC, both single- and
polycrystalline, are well understood,?*?! and the effects
of SiC particles on the thermal diffusivity/conductivity
of metallic and ceramic composites have been
investigated.?”~?7 Nevertheless, analysis of both elec-
trical and thermal properties of LPS-SiC is scarce and
the understanding of the governing mechanisms is
incomplete.

This paper provides experimental data on the thermal
diffusivity and conductivity of YAG/AIN-alloyed LPS-
SiC with 3 up to 30 vol.% oxide phase as a function of
temperature. Furthermore it aims at modeling thermal
conductivity with respect to microstructural features
such as volume fraction of bulk oxide phase. Finally it is
attempted to clarify whether amorphous interphases act
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as thermal resistance barriers and to what extent their
properties affect the thermal transport characteristics of
LPS-SiC composites.

2. Experimental procedures

Submicron o-SiC (Wacker Chemie GmbH, Ceramics
Division, Kempten, Germany) (BET 12.5 m?/g, oxygen
content 0.6 wt.%), pre-alloyed yttrium-aluminum gar-
net (3 Y>,O3x5 Al,O3) and AIN (AIN Grade F, H.C.
Starck GmbH, Goslar, Germany) were used as starting
materials to prepare a range of SiC-YAG compositions.
The yttrium-aluminum garnet (YAG) was prepared
from commercial alumina (Alumina Grade Al6, Alcoa
Industrial Chemicals, Bauxite, AR, USA) and yttria
(Yttria Grade fine, H.C. Starck GmbH, Goslar, Germany)
powders by mixing, tempering at 1600 °C for 2 h and
subsequent milling in a planetary ball mill to a specific
surface of 2 m?/g. The SiC powder was eventually blended
with YAG and AIN powder (molar ratio YAG:AIN =
4:1) to yield LPS-SiC composites with 3, 5, 10, 20 and
30 vol.% of oxide phase in the as-sintered composites.
The SiC-YAG-AIN powder blend was homogenized in
a planetary ball mill for 60 min in water using SiC
media and SiC containers to avoid contamination during
processing.

After milling, the slurry was freeze-dried and
screened. Bodies (60x20x20 mm?®) were eventually
formed by cold-isostatic pressing at 200 MPa. They
were subsequently heated up at 15 K/min in a graphite
containment which was placed in a graphite tube resis-
tance furnace and sintered at 1970 °C for 30 min under
0.1 MPa argon. At the end of the sintering cycle an Ar-
pressure of 10 MPa was applied for 10 min. to reach full
density. Weight loss after sintering was determined to be
less than 1 wt.% in all composites. Specimens for mea-
suring thermal diffusivity were then sliced from the bars
and ground to form thin disks, 10 mm in diameter and
2.34 mm thick. Both faces of the disks were polished to
a 1 pm finish.

Thermal diffusivity, a, of each composition was mea-
sured in the temperature range from 25 to 1000 °C using
the laser-flash technique.?® In this procedure the front
face of the disk sample is subjected to a short-duration
laser pulse and the thermal history of the opposite face
is assessed. In the present study, the heat pulse was
supplied by a 40 J neodymium laser (wavelength 1036
nm) with a 0.5 ms pulse duration, and the specimen
temperature was recorded with a Ni—-Ni/Cr thermo-
couple. The thermal diffusivity, a, was calculated from

a=w— M

where w is a dimensionless constant taking the value
0.139 for the present set-up, d is the thickness of the

specimen, and 7, is the time period required for the
rear face of the specimen to reach half of the maximum
value of temperature. Heat losses were minimized by
performing the measurements in vacuum using thin
alumina tubes for holding the specimen and radiation
shields to reduce radiation losses. Compensation of
equation (1) for finite pulse time was made by using the
method of Clark and Taylor.” Measurements were
made in steps of 100 °C during the heat-up cycle and in
case of the 3 vol.% Y AG specimen also during subsequent
cooling. No significant deviation between heating and
cooling cycle was detected. Each data point represents
the mean of three individual measurements, the variation
being typically less than +2%.

The density, p, was determined at room temperature by
the water immersion method. The room temperature
density of the composites, p(RT), was extrapolated to
high temperatures by using po(7) = p(RT)/[1 + 3a(T—RT)],
where RT denotes room temperature, using a thermal
expansion coefficient of a~4.2 1076/K.!

The specific heat, c,,, of each composite was measured in
the same temperature range, using differential scanning
calorimetry, with single-crystal alumina as a reference
material. The experimentally obtained values for ¢,
compare well with ¢,-data approximated by a linear rule
of mixtures and specific heat values for the components
SiC and YAG taken from Refs. 30, 31. The thermal
conductivity, A, was finally calculated from the rela-
tionship A = ac, p.

The microstructure of the composites was studied by
scanning electron microscopy (SEM) of polished and
plasma etched surfaces and by transmission electron
microscopy (TEM).* Plasma etching of polished samples
was performed with commercial plasma etching equip-
ment. Details of ceramographic preparation, TEM-foil
production and transmission electron microscopy are
described elsewhere.!! The grain size of SiC was deter-
mined as the mean intercept length, L, using the linear-
intercept method.?? For comparison, the properties of a
commercial SiC doped with AIN and carbon (EKasic®
D, Wacker Chemie GmbH, Ceramics Division, Kemp-
ten, Germany) were also evaluated by the methods
described above.

3. Results
3.1. Microstructure

Typical microstructures of LPS-SiC composites with 3
and 20 vol% of oxide phase are shown in Fig. la, b.

Similar to the microstructures described in previous
reports,* 13 the SiC grains are predominantly equiaxed

4 TEM investigations were kindly performed by Dr. H.J. Kleebe at
the University of Bayreuth, Germany.
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Fig. 1. SEM Micrographs of plasma-etched LPS-SiC composites with
(a) 3 vol.% YAG, and (b) 20 vol% YAG. The core/rim structured SiC
crystals are imbedded in a continuous YAG-matrix. SiC/SiC grain
boundaries are seperated by an amorphous interphase.

with a mean grain size of LA2 pm and a log-normal size
distribution. This microstructure is typical for soaking
times <1 h and sintering temperatures below 2000 °C.!
Specifically in the high oxide composites, it is evident
that the matrix forms a continuous phase (Fig. 1b).
With increasing SiC content, the SiC grains tend to
agglomerate and below 20 vol.% oxide addition, the
clusters constitute a three-dimensional skeleton (Fig. 1a).
Thus on first sight it appears, that at low oxide contents
the composites consist of two inter-penetrating, con-
tinuous networks.

SEM micrographs of plasma etched composites indi-
cate, however, that the interfaces between SiC grains are
not strictly contiguous, i.e. the SiC grains are covered by
an interphase (Fig. 1a). This observation confirms pre-
vious TEM studies'"'3-33 and is supported by high
resolution TEM micrographs, which reveal a thin layer
of an amorphous phase with a typical width of 1.0 nm
residing between SiC/SiC boundaries (Fig. 2). It is
important to note, that microcracks at SiC/YAG or
SiC/SiC boundaries, which might affect the thermal

Fig. 2. TEM micrograph of a SiC/SiC grain boundary in a 5 vol.%
YAG LPS-SiC composite revealing an amorphous grain boundary
film with a typical width of ~1.0 nm.

transport properties, are virtually absent in the bulk
material. According to Kleebe,'? microcracks in LPS-
SiC emanate only in the stress field of a travelling crack.

X-ray inspection shows, that the oxide matrix in LPS-
SiC is predominantely crystalline YAG (Y3Al501,),
confirming results of previous X-ray investigations*
and selected area diffraction experiments.'®3* High
resolution transmission micrographs reveal that besides
the major phase of crystalline YAG, thin layers of
amorphous oxide with a typical width of ~1.2 nm exist at
YAG/SiC interfaces (Fig. 3). Though the statistical sig-
nificance of TEM observations is limited, SEM micro-
graphs suggest that virtually all SiC grains are enveloped
by amorphous oxide films (Fig. 1a), i.e. a continuous
amorphous film appears to exist around SiC grains.

As reported previously, the composition of SiC crys-
tals is heterogeneous and exhibits a core/rim structure
(Fig. 1), which is due to solution and reprecipitation of
SiC during sintering.!! These investigations have
revealed that the rim is slightly enriched in Al and O as
compared to the initial composition of the core.!! Thus
the microstructure of LPS-SiC can be generally described
as core/rim-structured SiC-crystals seperated by thin
amorphous oxide layers and embedded into a fully
continuous network of crystalline YAG.

3.2. Properties

The thermal diffusivity and specific heat data for all
LPS-SiC composites are plotted in Figs. 4 and 5 as a
function of temperature, the densities at ambient tem-
perature are listed in Table 1. From these data the
thermal conductivity was calculated from A=acpp, and
is plotted in Fig. 6 as a function of temperature. It is
seen that both a and A decline monotonously with
increasing fraction of oxide phase and with increasing
temperature.
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Fig. 3. TEM micrograph of a triple point area in a 5 vol.% YAG
LPS-SiC composite. Note that the triple point is essentially composed
of crystalline YAG. An amorphous oxide layer resides between crys-
talline YAG and SiC with a typical width of ~1.2 nm.
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Fig. 4. Thermal diffusivity, a, of LPS-SiC YAG composites as a
function of temperature. Also plotted are the data for a commercial
AIN/C-doped SiC.

4. Modelling

The conductivity of a composite can be predicted
provided suitable assumptions are made about the flow
of heat through the constituents. Upper and lower
bounds for the thermal conductivity of two-phase com-
posites are readily derived when the constituent phases
are arranged as slabs.?® In a serial arrangement of slabs,
the thermal gradient is identical in both phases, whereas
in a parallel configuration the total heat flux is identical
in both phases. With these restrictions and using 4, 45,
f1 and fr=1—f to denote the thermal conductivities
and volume fractions of phase 1 and phase 2 respec-
tively, the thermal conductivity of a composite is given
by

A= f1h1+ f2l2 (2a)
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Fig. 5. Specific heat capacity, c,, of LPS-SiC YAG composites as a
function of temperature. Also plotted are the data for a commercial
AIN/C-doped SiC.

Table 1
Density of LPS-SiC composites and of single-phase AIN/C-doped SiC
in g/cm? at room temperature

Volume fraction YAG, vol.%

0 (EKasic® D) 3 5 10 20 30

3.195 3.244 3.272 3.339 3.474 3.609

The data for 100-1000 °C were calculated using po(7) = prt/(1 + 2 AT)
with a=4.2 10~¢/K.!

for the serial configuration. The solution for the parallel
arrangement is>>

1

A= T ol @5

A refined model for the thermal conductivity of two-
phase composites is provided by Maxwell’s solution for
spherical particles which are discontinuously dispersed
in a continuous matrix. The thermal conductivity of the
composite is given by3*37

2o (Ap/ o — 1) + 2p/ A + 2

A= Am
fi)(l _}*p//lm) +lp//1m +2

(©)

where A, Am, fp and f,=1—f, denote the thermal
conductivities and volume fractions of the dispersed
particles and the matrix respectively. It should be noted
that Eq. (3) is sensitive as to whether the high- or the
low-conductivity phase constitutes the matrix.

The SEM and TEM observations described above
indicate, that LPS-SiC is a complex, multi-level compo-
site material, where the following microstructural
features need to be accounted for the modelling of
thermal conductivity:
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(i) On the first level, LPS-SiC is a composite made
up of SiC-agglomerates which are dispersed in a
continuous, crystalline YAG-matrix

(i) The SiC agglomerates themselves are a compo-
site material consisting of crystalline SiC sur-
rounded by a continuous film of amorphous grain
boundary phase

(ii1) Finally, the SiC crystallites also form a compo-
site. material because they feature a core/rim
structure with different amounts of elements such
as Al, N, and O in solid solution.

To account for observation (i) Eq. (3) implies that the
thermal conductivity of this composite is given by

2(1 = fyag) (Aa/iyac — 1) + Aa/2yac + 2
(I = fyag) (I — Aa/ivac) + Aa/Ayac +2
4

/= AYAG

where Ja, Avag and fyag denote the thermal con-
ductivities of the SiC-agglomerates and of YAG, and
the volume fraction of YAG respectively. According to
(ii), the thermal conductivity of the SiC-agglomerates,
Aa, With SiC particles being embedded into a continuous
matrix of an amorphous grain-boundary phase is,
again, expressed by Eq. (3) as

2(1 — foB) (4sic/Age — 1) + Asic/AgB + 2
(1 —foB) (1 — Zsic/AgB) + 4sic/AGB + 2

/A = AGB
®)

where Agp and fgp denote the thermal conductivity and
volume fraction of the grain boundary phase in the SiC-
agglomerates respectively. Inserting Eq. (5) into Eq. (4)
eventually yields the thermal conductivity of the com-
posites as a function of the thermal conductivities of the
constituent phases.

The volume fraction of the grain boundary phase in
the SiC-agglomerates, fgg, is readily derived by noting
that

foB

VGe

— 95 6
Ve + Vsic ©)

The grain boundary phase of volme Vg has a width,
tge, and surrounds SiC grains of volume Vg;c. With the
specific surface of SiC crystallites, SYC=4/Lgic,*> the
volume of grain boundary phase, Vgg, is given by

- 4
Vas = SN Vsictos = —— Vsic o (7
sic

where Lg;c is the mean linear intercept length of the SiC
crystals. Inserting Eq. (7) into (Eq. (6) and noting that
VSiC > > VGB ylelds

1
fop = 4-2 (8)
SiC

With rgp~1 nm (Fig. 2) and Lg;c~2 pm, one obtains
fee™~0.2 vol.%.

5. Discussion

With Z-values as high as 400 W/mK at RT, single-
crystal SiC ranks among the best thermal conductors,
being superseded only by diamond and cubic boron
nitride. The thermal conductivity of polycrystalline SiC is,
however, significantly reduced due to increased scattering
of phonons at impurity atoms which are dissolved in the
SiC lattice.?%2*3% These impurities originate from the
sintering aids required for the consolidation of SiC.
Generally, carbon together with boron and/or alumi-
num and their respective compounds are used for solid
state sintering of SiC, but sintering aids such as Be or
BeO have also been suggested.! Due to the low solubi-
lity of Be in SiC, Be-doped silicon carbide can exhibit
thermal conductivites up to 250 W/mK at RT. 2! The
thermal conductivity of B-doped materials is reduced to
J-values of 100-150 W/mK,2°2% due to the fact that the
SiC lattice dissolves more B than Be. Al being even
more soluble in SiC, further reduces the thermal con-
ductivity of Al-doped SiC to A-values in the range of
80-120 W/mK 2924 With a thermal conductivity of 105
W/mK at RT, the A-values of the AIN/C-doped refer-
ence material agree well with literature data.

5.1. Compositional dependence

Using Egs. (4)-(6) to relate the microstructural fea-
tures and the thermal conductivities of the individual
constituents to the thermal conductivity of the compo-
sites, it will be attempted in this section to clarify the
role of microstructure on the thermal transport in LPS-
SiC materials. As evidenced by Fig. 6, addition of an
oxide phase significantly reduces the thermal con-
ductivity of LPS-SiC as compared to polycrystalline
“single-phase” SiC. An initial check for the applicability
of the models from Section 4 is made by using room
temperature data only. Taking Agt=105 W/mK for SiC
with Al and N in solid solution (Fig. 6) and Agt=9.8
W/mK for YAG#* as thermal conductivities of the con-
stituents at room temperature, estimates for the upper
and lower bounds of the thermal conductivity of the
composites are readily inferred from Egs. (2a, b).
These bounds are plotted in Fig. 7 together with
experimental A-values for the LPS-SiC ceramics (dotted
lines). As expected, the experimental data for all
compositions are located well within Hashin’s parallel/
serial boundaries.
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Also plotted is the prediction of Maxwell’s model [Eq.
(3)] of spherical SiC-particles, dispersed in a matrix of
YAG, and assuming that no amorphous phase is present
at the SiC grain boundaries, i.e. fgg=0. From Fig. 7 it
becomes evident, that a model neglecting the grain
boundary phase overestimates the thermal conductivity of
LPS-SiC composites by ~20%. It is therefore concluded
that the amorphous grain boundary phase significantly
reduces the thermal conductivity of LPS-SiC materials.

The effect of the grain boundary film is modelled by
calculating the thermal conductivity of the SiC/grain
boundary “‘composite” according to Eq. (5). Following
Kingery*® and Scholze,*® the thermal conductivity of
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Fig. 6. Thermal conductivity, 4, of LPS-SiC YAG composites as a
function of temperature. Also plotted are the data for a commercial
AIN/C-doped SiC.
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Fig. 7. Thermal conductivity, 4, of LPS-SiC YAG composites at room
temperature, plotted as a function of composition (solid circles). The
dashed lines represent Hashin’s bounds. The dash-dotted line is a best
fit according to Egs. (4)—(6) with no GB-phase (fgg=0) and with Ag;c,
Ayag of 105 and 9.8 W/mK respectively. The solid line is a best fit-line
as above, but with a GB-phase setting Agg=2 W/mK and fgg=0.2
vol.%.

SiO»-rich glasses is in the range 1 W/mK < Agass <3 W/
mK and stays fairly constant with increasing tempera-
ture. Combing Eqs. (4) and (5), setting ZAsic, AvyaGg> 4GB
as 105, 9.8 and 2 W/mK and, as elucidated above,

foe=0.2 vol.%, yields the fit depicted in Fig. 7 (solid

line). This prediction describes the trend of the experi-
mental data at room temperature reasonably well.

5.2. Temperature dependence

Having obtained preliminary confidence in its valid-
ity, the model is further checked by fitting Eqgs. (4) and
(5) to the experimental A-values of LPS-SiC composites
at various temperatures, but now considering Agic(T)
and Ayag(T) as fit-parameters® with the assumption of
Age(T)=const.=2 W/mK and fgg=0.2 vol.%. This
procedure is intended to figure out whether increased
contents of Al and O in the rim of SiC crystallites would
affect the thermal conductivity of the composites. In
case of a reduced thermal conductivity, the fit data for
Asic(T) would be expected to be smaller than the experi-
mental A-values of the commercial AIN/C-doped SiC.

The results for the best-fit parameters are plotted in
Fig. 8 and compared to the experimental A(7T)-values for
the AIN/C-doped SiC and for YAG from Ref. 40. It
should be noted that the results are fairly insensitive to a
variation of Agp and fgg within 0.5</gg<3 W/mK
and 0.1<fgp<0.3 vol.%.

As can be inferred from Fig. 8, the fitted A(7)-values
of the LPS-SiC composites match very well with
experimental data for AIN/C-doped SiC. From this
evidence it is suggested that the core rim/structure does
not significantly impact thermal conductivity of the SiC
crystallites. Most likely, this behavior is due to a limited
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® EKasic® D, this work
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Fig. 8. Temperature dependence of “‘best fit” thermal resistance data
of SiC and YAG compared to literature data.

3 The data were fitted with KaleidaGraph® of Synergy Software,
Reading, PA.
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Fig. 9. Comparison of thermal conductivity of LPS-SiC composites
calculated from Egs. (4), (5) and (8) using Aigg=2 W/mK and
fop=0.2 vol.% (lines) with experimental data (symbols).

sensitivity of scattering in SiC crystals being already
highly saturated with Al, N and O.

The fitted Ayag(7T)-values are of the same magnitude
as YAG conductivities published by Padture and Kle-
mens [40], yet the agreement is worse than for SiC. It is
hypothesized that this behavior might be due to the fact
that Padture and Klemens conducted their measure-
ments on pure YAG. The present data are inferred from
YAG which due to liquid phase sintering will contain
remnants of Si and C in solid solution.

Above the Debye-temperature, the temperature
dependence of the thermal resistance, 1/4, of crystalline
solids with phonon dominated conduction can be rea-
sonably approximated by a linear function of the type 1/
J=(a+bT)?>°37 The bestfit-data for Agic(7) and
Avag(T) from Fig. 8, both have a linear temperature
dependence with the following best-fit equations

1
=381 10 +173 10° T 8a
Asic(T) (8a)
1
—  —=1.04 107" +957 10> T 8b
Ayac(T) (8)

Combining these expressions with Egs. (4) and (5)
allows the temperature dependence of the thermal con-
ductivity of LPS-SiC composites to be calculated and
checked against experimental data for self consistency.
The thermal conductivity of LPS-SiC composites pre-
dicted from Egs. (4), (5) and (8) using Age(7)=2 W/mK
and fgg=0.2 vol.%, is plotted as solid lines together
with experimental A-values in Fig. 9. It is seen that the
experimental data are in reasonable agreement. It is also
interesting to note, that the thermal resistance, 1/4, of
the composites scales with temperature, though such
behaviour of a composite material would not be neces-
sarily expected.

6. Concluding remarks

The following conclusions can be drawn from this
study:

1. The thermal conductivity of LPS-SiC is strongly
affected by the oxide and nitride sintering addi-
tives which form a continous matrix. The matrix
is predominantly composed of crystalline YAG
and features thin amorphous layers which
envelop the SiC crystallites.

2. The low conductivity of crystalline YAG reduces
the overall conductivity according to a rule of
mixtures which is reasonably well described by
Maxwell’s formula for spherical particles in a
continuous matrix.

3. The amorphous grain boundary film further
reduces the conductivity of LPS-SiC by ~20%.

4. Given the low thermal conductivity of the oxide
matrix, improvement of the thermal conductivity
of LPS-SiC composites will be most efficient by
enhancing the conductivity of the SiC phase.
Some atomic species of conventional sintering
additives (RE-oxides with Al,O; and/or AIN)
being highly soluble in SiC, constitutes however
an upper bound for the room temperature con-
ductivity of LPS-SiC at 80-90 W/mK. Further
enhancement of the thermal conductivity of LPS-
SiC will require the replacement of Al-compounds
by sintering additives with low solubility in SiC. A
promising route towards this goal has been
recently described in Ref. 19 who used Y,Os-
La,03/Nd,0s sintering additives to densify SiC.
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