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Abstract

Si;N,-SiC and Si;N4-SiC-MeSi, (Me = Nb, Mo, W, Zr) composites were densified by means of hot pressing at 1840 °C.
Additional heat treatment was performed at 1900 °C in a gas pressure furnace at 1900 °C. The hot-pressed and heat-
treated composites were investigated with X-ray diffraction, scanning electron microscopy and measurements of
their electrical resistivity. The electrical resistivity of the hot-pressed Si;N,-SiC composite was about 104 Qcm. The
addition of silicides yielded a decrease in composite resistivity to values of about 101-10-2 Qcm. The subsequent heat
treatment results in a further decrease of the resistivity by at least one order of magnitude for all composites. An o« —
transformationin SiC was detected in the Si;N4-SiC-MeSi, composites with XRD and electron backscatter diffraction
(EBSD) analysis. The « — B transformation in SiC was strongly associated with a high-nitrogen doping concentration
of the SiC grains, resulting in lower electrical resistivity of the Si;N4-SiC-MeSi, composites in comparison with the
Si;N,4-SiC composite. Differences in the solution-precipitation process of SiC have been claimed as a reason for the
highly doped SiC grains in the Si;N4-SiC-MeSi, composites.
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I. Introduction

Si3Ny is an excellent material for structural applica-
tions. Owing to its high chemical stability as well as high
strength and toughness even at high temperatures and
good thermal shock resistance, it is particularly suitable
for high-temperature applications . Electrically conduc-
tive composites for use as ceramic heating elements can
be obtained by adding transition metal silicides, such as
MoSi, 2:3. Si3N4-MoSi, composites have an electrical re-
sistivity of about 10-3-10-5 Qcmand exhibit high oxidation
resistance . Unfortunately, the thermal expansion coeffi-
cient (CTE) mismatch between SisNy (2.5 - 10-6 K-1) 5and
MoSi, (8.25- 1076 K-1) 6 can cause internal stresses in the
material during thermal cycling if the component consists
of isolating Si3N and a conducting Si3Ny4- MoSi, part”.
Composites made of Si3N, and SiC can be an alternative
to the Si3N4-MoSi, composites because the CTE of SiC
(5.3-10-6K-1) 5 is more similar to that of Si;N 4. However,
the electrical resistivity of SisN,-SiC composites is about
107 to 103 Qcm 8,9. Additionally, special requirements for
the electrical properties over a wide temperature range
must be met if the composites are to be used as high-tem-
perature heating elements. Si3N4-SiC composites usually
possess a high negative temperature coefficient of resis-
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tivity (NTCR). During heating the electrical resistivity
decreases, leading to higher energy release at constant
voltage and increasing heating rates. This could ultimately
result in burnout of the electrical device 1011, Therefore,
materials that possess a low NTCR or positive tempera-
ture coefficient of resistivity (PTCR) are preferable 10,11,
In general, the electrical resistivity and the temperature
dependence of the resistivity of SiC can be decreased by
increasing carrier concentration within the crystal lat-
tice 12. Common dopants used in SiC are aluminium (p-
type) and nitrogen (n-type) 13. Nitrogen concentrations of
4-1019 t0 21020 cm-3 yield electrical resistivity of about
1073 Qcmin4H-SiC and 6H-SiC bulk crystals grown with
amodified Lely method as reviewed by Rost 4. In general,
in a highly doped n-type semiconductor the Fermi level
can be situated in the conduction band and the carriers
are fully ionized at all temperatures. The semiconductor is
degenerately doped and begins to exhibit metal-like con-
ductivity 12,1516, Hence, the temperature coefficient of
resistivity increases with temperature owing to scattering
effects 12.

In polycrystalline semiconductors, however, the bulk re-
sistance is represented by connection of grain and grain
boundary resistances in series 17. The grain boundaries can
significantly affect the resistivity of polycrystalline SiC
owing to the formation of potential barriers 18 =21, The
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height of the potential barrieris supposed to be determined
by the number of dangling bonds or the grain boundary
energy and the content of dissolved impurities 22,23, Ac-
cordingly, the resistivity of SiC polycrystalline materials
can be reduced by additional annealing reducing the grain
boundary defects 17-18:20 and by a high content of nitro-
gen incorporated in the SiC crystal lattice 20.

For S13N4-SiC composites, a high doping concentration
of the SiC grains would also lead to low electrical resistivi-
ty and low temperature dependence of resistivity. An elec-
trical resistivity of about 1 Qecm-! was reported for polysi-
lazane-derived Si;N4-SiC composites, most likely as a re-
sult of the nitrogen doping of the SiC 24.

Si3N4-SiC-MoSi, composites are considered as an alter-
native to Si3N4-MoSi, and Si3N4-SiC composites 7. The
addition of SiC to a Si3;N4- MoSi, matrix reduces internal
stresses that occur during thermal cycling caused by the
CTE mismatch of Si3N 4 and MoSi, 725, Furthermore, the
electrical resistivity of the ternary composites is adjustable
between several 10-3 Qcm and 1012 Qcm 7. A great advan-
tage of the Si3N,4-SiC-MoSi, composites was the reduced
amount of MoSi, necessary for obtaining low electrical re-
sistivity comparable to that of Si3N4-MoSi, composites 7.
However, up to now the reasons for reduced electrical re-
sistivity of Si3N,4-SiC-MoSi, composites have not been
adequately investigated.

In this work, Si3N4-SiC-MeSi, (Me = Nb, Mo, W, Zr)
composites were made and characterised with regard to
their phase composition, microstructure and electrical re-
sistivity. Already small amounts of transition metal sili-
cide result in strong reduction of the electrical resistivity
compared to the Si3N4-SiC composite. The influence of
the transition metal silicides on the solution precipitation
process of SiC and hence the doping of the SiC grains was
discussed.

II. Experimental

The investigation of the Si3N4-SiC composite resistivity
was the point of departure for further studies. The com-
posite SC47 containing a SiC volume fraction in excess
of the percolation threshold were modified with the ad-
dition of 8 vol% ZrSi, (R=76-10-6 Qcm) 26, MoSi, (R =
22-10-6 Qcm) 26, NbSi, (R = 50106 Qcm) 26 or WSi,
(R=13-10-6Qcm) 26 in order for ternary composites with
lower resistivity to be obtained (Table 1).

Additionally, the influence of the silicide amount on the
composite resistivity was investigated based on the substi-
tution of SiC with varying amounts of MoSi, (2, 4, 8 and
12vol%).

The Si3Ny-SiC-MeSi, composites and SC47 were made
from commercial Si;Ny (Silzot HQ), SiC (HCST, «-SiC,
Grade UF 15), ZrSi, (HCST), MoSi, (HCST, Type C),
NbSi, (ABCR, 98 %, 325 mesh),and WSi, (ABCR, 99 % ).
SiO, (Heraeus, Pyro Syn) and Yb,O3 (Treibach) were
added as sintering additives. The starting powders were
mixed in isopropanol for 4h with attrition milling. The
slurries were dried and heated up to 800 °C in argon at-
mosphere to remove the residual organics. All composites
were hot-pressed at 25 MPa in a nitrogen atmosphere at
temperatures up to 1840 °C. The hot-pressed disc made
from the Si3N4-SiC-ZrSi, composite showed a bright rim
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and a darker centre. Thus specimens were cut from the
centres of the hot-pressed discs. One quarter of the hot-
pressed discs were heat-treated in a gas pressure furnace at
1900 °C with anitrogen pressure of 5 MPafor the purposes
of generating a coarser microstructure. The relative densi-
ty was calculated from the ratio of the measured density
of the sintered composites with the Archimedes method
to their theoretical density. The theoretical density of the
composites was estimated from the densities of its compo-
nents and their weight fractions.

Table 1: Compositions of the composites.

Composite|  Conducting Non-conducting
phases [vol%] phases [vol%]
SiC | MeSi, | Si;Ng |SiO,/Yb,04
SC47 47 0 44 9
Z1rSi,-8 39 8 44 9
NbSi,-8 | 39 8 44 9
WSi,-8 39 8 44 9
MoSi,2 | 45 2 44 9
MoSi,-4 43 4 44 9
MoSi,-8 39 8 44 9
MoSi,-12 35 12 44 9
MoSi, SN | 0 8 83 9

The phase composition of the sintered materials was de-
termined with XRD (XRD 7, Seifert, CuKa; 40kV, 30 mA,
20: 10°-90°). For this purpose, the samples were crushed
and sieved to a fine powder (<40 um). Quantitative anal-
ysis of the phase composition was conducted with the Ri-
etveld method (Autoquan software, GE Inspection Tech-
nologies). The typical relative errors were 7 % for the ma-
jor components and 10 % — 15 % for the minor compo-
nents (< 10vol%); i.e. the silicon carbide and silicon ni-
tride contents were determined with an absolute accuracy
of 2vol%. The accuracy for discrimination between the «-
SiC and B-SiC polytype is about 6 % — 10 %.

The cross-sections of the specimens were polished and
analysed using an FESEM (NVison 40, Carl Zeiss SMT
GmbH). Electron backscatter diffraction (EBSD) was
used to distinguish between «-SiC and B-SiC grains in
the local microstructures of the subsequently heat-treated
Si3N4-SiC-MoSi, composites. The samples were tilted
approximately 70° and an acceleration voltage of 10 kV
was used. The raw datasets were analysed by means of
the software package channel 5 (Oxford Instruments
GmbH).

The electrical resistivity was measured with the four-
probe method on specimens with dimensions of 4 mm x
4 mm x 20 mm between 20°C and 800°C in an Ar at-
mosphere. A silver braze layer (CB11, Unicore-BrazeTec)
was applied as an electrical contact. Two contacts were
placed at the 4 mm x 4 mm faces and two small dots on one
of the 4 mm x 20 mm faces. Gold wires were then mounted
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using an Ag/Pd paste. While the samples were heated in a
tube furnace in an argon atmosphere, the electrical resis-
tivity and temperature were measured with a multimeter.

II1. Results and Discussion

(1) Sintering

All composites were prepared by means of hot pressingat
1840°C/ 60 min/ 25 MPa in a nitrogen atmosphere. Fig. 1
shows the relative density as a function of time. The analy-
sis of the polished cross-section showed that the porosity
was less than 0.5 %.

Si3N4-SiC-MeSi, composites densified faster than the
composite SC47. A relative density of about 95 % was
achieved for SC47 at 123 min and for M0Si,-8 and ZrSi,-8
at 110 min and 96 min, respectively (Fig. 1).

The faster densification of silicide-modified composites
suggests thatin addition to an oxide melt, which is respon-
sible for the main densification mechanisms of Si;N, and
SiC liquid, Si-containing melt was formed.
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Fig. 1: The calculated relative density as a function of time.

(2) Phase composition

The XRD results reveal that during sintering the silicides
partially decomposed either into the metal nitride, the
metal carbide or a metal-rich silicide depending on the na-
ture of the transition metal reacting with residual carbon
or nitrogen of the atmosphere. The Rietveld method was
used for a quantitative phase analysis. The relative amount
of composite’s crystalline phases is given in Table2 and

Table 3.

Table 2: Relative amount of crystalline phases in the composites after hot pressing and subsequent heat treatment at 1900 °C
(HT). The quantitative phase analysis was determined by means of Rietveld analysis.

. e Conducting phases Non-conducting phases

Composite |10, 1 [[vol%] [vol%]
SiC MeSiz Me55i3 MeC | MeN Si3N4 szSlOs Yb25i207 Yb4Si2N207 Yb4’67(SiO4)3O YbSZ

SC47 3104 | 4941 451 61 13£1
SC47 HT 4103 | 45+1 42+1
Z1Si,-8 3-10°1 [ 4241 | 5+1 1+1 45+1 4+1 1+1 12+1 2+1
ZrSi-8 HT | 3-10°2 | 39+1| 4+1 1+1 4241 1+1 1£+1
NbSi,-8 4100 [ 41+1| 61 1£1 45+1 71 13+1 2+1
NbSi,-8 9-10-2 | 3542 | 4+1 11 4412 1+1
HT
WSi,-8 8-100 | 3942 | 6+1 1£1 1+1 4612 71 8+1
WSi,-8 HT | 6-10-1 | 3943 | 4+1 1£1 1+1 44+1 3+1

Table 3: Relative amount of crystalline phases in the Si3N,4-SiC-MoSi, composites after hot pressing and subsequent heat
treatment at 1900 °C (HT) determined by means of Rietveld analysis.

Composite 0 Conducting phases Non-conducting phases

[Qcm] |[vol%)] [vol%]

SiC MOSiZ M058i3 M04.gsi3C0.6 Si3N4 SIOZ szSlOS Yb25i207 Yb4si2N207 Yb4’67(SiO4)3O

MoSi,-2 1-103 |46+1| 1+1 1+1 45+1 6+1 1£1
MoSi,-2 HT | 9-10°2 | 4242 | 1#1 1+1 41+1 15+1
MoSi,-4 1-102 | 43%1| 11 2+1 451 1£1 5+1 3+1 2+1
MoSi,-4 HT | 2-10°2 | 41+2| 241 1+1 45+1 9+1
MoSi,-8 1-101 | 3941 | 341 241 4741 1+1 5+1 3+1
MoSi,-8 HT 1-1072 | 362 | 3+1 2+1 45+1 14+1
MoSi,-12 1-100 | 35%1 | 741 2+1 48+1 | 3+1 8+1 2+1 2+1
MoSi,-12 HT | 5-10-3 | 33+1 | 14%1 1+1 451
MoSi,-SN >1012 5+1 1+1 87+1 | 5%1 71 1+1 1141
MoSi,-SN HT| >1012 5+1 1+1 771
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An overview of the reactions taking place within the
composites is given here. A detailed description of the re-
actions within the Si;N4-SiC-ZrSi, composite has already
been published elsewhere 27. The phase composition of
the other composites can be summarized as followed:

Si3N4-SiC-NbSi,

During hot pressing, a small amount of NbSi, reacted
with SiC to form NbC. The carbide formation did not
noticeably increase during the subsequent heat treatment
at 1900 °C.

Si3N4-5iC-WSi,

During sintering, a small amount of WSi, decomposed
into the metal-rich silicide W5Si5 and additionally formed
WC. The subsequent heat treatment did not promote fur-
ther reactions of the remaining WSi, to any significant ex-
tent.

Si3N4—SiC—MOSi2

Besides MoSi, the metal-rich phase Moy ¢Si3Cq ¢ was
obtained in the Si3N4-SiC-MoSi, hot-pressed and heat-
treated composites (Table 3). The subsequent heat treat-
ment in a nitrogen atmosphere caused a considerable
transformation from «-SiC (6H) to -SiC (3C). The SiC
reflections often overlapped the reflections of other com-
ponents, making correct assignment of the SiC polytype
more difficult. However, as shown in the X-ray diffrac-
tion patterns of MoSi,-12 (Fig.2), typical reflections of
the 6H-SiC phase, the main phase in the starting SiC pow-
der, disappeared and only reflections corresponding to the
3C-SiC (35.6°, 59.9°) were observed for the heat-treated
composite. The formation of 8-SiC could supported by
the Rietveld refinement (Fig. 3) and EBSD-analysis (sec-
tion 4.3). The o — B transformation in SiC also agrees
with literature data if solution-precipitation of SiC takes
place at these temperatures in a nitrogen sintering atmo-
sphere 28,29, During heat treatment the formation of a
metallic melt was expected from the eutectic temperatures
in the system Mo-Si (Table 4). The eutectic temperature
of the mixture MoSiy-Moy gSi3Cq¢-SiC is even lower
(1850 °C) 30,
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Fig.2: The x-ray diffraction patterns of MoSiy-12; a) after hot
pressing and b) after a subsequent heat treatment at 1900 °C. After
the subsequent heat treatment the reflexes of the 6H-SiC-phase
disappeared except those that can also associated with the 3C-SiC.
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Fig.3: The electrical resistivity and the proportion of the 3C-SiC
indicated as a percentage of the total SiC volume as a function
of the added MoSi, content for the heat treated Si;N,4-SiC-MoSi,
composites.

Table 4: Melting points and eutectic temperatures of sili-
cides used in this work 46.

Melting Eutectic Eutectic
point in °C Phases Temperature [°C]

. ZrSiy — Z1Si 1626
ZrSiy 1626 ZtSi, - Si 1361
. NbSi, — NbsSi; 1887
NbSi, 1945 NbSi2 - Si 1398
MOSiz 2020 MOSiz - M058i3 1900
WSi, 2160  WSi, - WsSi 2010

The amount of 8-SiC increased with increasing MoSi,
content and thus with increasing amount of silicide melt
during heat treatment (Fig. 3). The used starting SiC pow-
der UF15 contains approximately 70 % of the 6H poly-
type. A clear distinction of the polytypes in the mixture is
difficult. Especially low amounts of 3C are difficult to de-
termine exactly. In the hot-pressed composites the amount
of 3C-SiC is low. Only a few 3C-SiC structures were
detected with EBSD analysis in some of the Si3N,-SiC-
MeSi, composites. But in the case of phase transition dur-
ing the heat treatment the change could be clearly observed
in the XRD pattern.

(3) Microstructure

Fig. 4 shows the SEM images of some of the hot-pressed
and heat-treated composites. The grains of the conduct-
ing phases SiC, MoSi,, Moy §Si3Cq ¢, ZrSi, and ZrN ap-
pear grey. The MoSi,-, Moy ¢Si13Cq ¢-, ZrSi,- and ZrN-
grains are uniformly grey and slightly larger than the SiC
grains. The FESEM in-lens mode reveals a core-rim struc-
ture of the SiC grains. The core is brighter than the rim, in
contrast to the brighter rim with a higher Al content than
that of the darker core described by other authors 31. This
might be connected with the different doping of the SiC
(p- versus n-doped semiconductor). The dark regions cor-
respond to the non-conducting Si3N grains and the oxide
grain boundaries.
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Fig.4: The SEM images of the composite after hot pressing a: SC47; c: MoSi,-8; e: ZrSi,-8 and after the subsequent heat treatment at 1900 °C

WL T

Electrical Resistivity of SizN4-SiC-MeSi, (Me = Nb, Mo, W, Zr) Composites 201

7 T | o = e

b: SC47-HT; d: MoSi,-8 HT; {: ZrSi,-8 HT. Using an inlens-detector the grains of the conducting phases SiC, MoSi,, Mo, ¢Si3Cg ¢, ZrSi, and
ZrN appear grey. The SiC-grains show a core-rim structure. After the heat treatment, large SiC-structures are formed in composites modified

with silicides.

After the subsequent heat treatment the SiC grain size
is increased in all composites. The FESEM images show
that composites modified with MoSi, and ZrSi, consist of
some larger SiC structures in addition to the SiC grains
with core-rim structure.

The large SiC structures are particularly prevalent in
the heat-treated Si;N4-SiC-MoSi, composites and their
amount increases with increasing MoSi, content (Fig. 5).
In MoSi,-12 HT nearly all the small SiC grains with core-
rim structures disappeared, with only the large SiC struc-
tures remaining. Besides, the quantitative phase analysis of

MoSi,-12HT revealed a nearly complete transformation
of «-SiC to B-SiC (Fig. 3). The o« — B transformation in SiC
was confirmed by means of electron backscatter diffrac-
tion (Fig. 5). The small SiC grains with core-rim structures
were identified as 6H-SiC, whereas the large SiC-struc-
tures were identified as B-SiC.

(4) Electrical resistivity

Si3Ny has a resistivity greater than 1012 Qcm 32, The ad-
dition of 20 vol% SiC resulted in a sharp decrease in elec-
trical resistivity. Further additions of SiC cause only small
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changes inresistivity as shown in Fig. 6. Although the elec-
trical resistivity can be obtained in the range of kQcm, a
further decrease in resistivity would be beneficial for ap-
plications in many fields. Therefore SC47 is modified with
8 vol% silicides in order to affect the composite resistivity.

g ( T
Fig.5: The SEM (Inlens) images of the composites after the subse-
quent heat treatment a) MoSi,-2 HT and b) MoSi,-12 HT. EBSD
point measurements were performed at SiC grains with core-rim
structure (6H-SiC) and the large irregular formed SiC structures
(3C-SiC). A schematic illustration of the Kikuchi bands is shown.
In MoSi,-12 HT nearly all 6H-SiC transformed to 3C-SiC.

Fig. 7 shows the electrical resistivity as a function of tem-
perature for SC47 and the silicide-modified composites af-
ter hot pressing. SC47 possesses a significant negative tem-
perature coefficient of resistivity (NTCR). At room tem-
perature the resistivity of SC47 is 104 Qcm and at 800 °C
10 Qcm. The resistivity and the temperature dependence
of resistivity was reduced by adding 8 vol% of a metal sili-
cide. The specific resistivity of MoSi,-8, WSi,-8 and Nb-
Si,-8 is about 10 Qcm at room temperature and 1 Qcm at
800 °C. The effect is even more pronounced for ZrSi,-8.
Z1Si,-8 has a resistivity of about 101 Qcm and the tem-
perature dependence of resistivity is low over the whole
temperature range.

Asdescribed earlier for a Si3N4-SiC-ZrB, composite, the
electrically conductive pathways are provided predomi-
nantly by the three-dimensional SiC network, whereas the
grains of the silicide do not form an additional percolat-
ing network which might be responsible for a decrease
in electrical resistivity 27. The silicide grains act as addi-
tional bridges between the SiC grains, but these bridges
do not yield a strong change in the resistivity 27. The for-
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mation of a three-dimensional network of silicide grains
in the composites is also excluded, as MoSi,-SN contain-
ing 8 vol% MoSi, but no SiC possesses electrical insulat-
ing properties. In comparison, MoSi,-8 containing 8 vol%
MoSi, and 39vol% SiC offers an electrical resistivity of
about 10 Qcm (Table 3).
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Fig. 6 : The room-temperature resistivity as a function of SiC vol-

ume fraction for Si3N-SiC composites. The composite SC47 con-
taining 47 vol% SiC (SC47) was used for further investigations.
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Fig. 7: The electrical resistivity as function of temperature for the
hot-pressed composites.

Accordingly, the conductivity is supposed to depend
on the conductivity of the SiC grains itself and the grain
boundaries 17. For thin separating layers (< 10 nm) the re-
sistance of the thin film should be negligible because of
tunnelling effects 33> 34. TEM investigations to determine
the thickness of an amorphous grain boundary film were
without success. The complicated microstructures con-
sisting of a mixture of many phases make the investiga-
tion difficult. Data from literature about the presence of an
amorphous grainboundary film in SiC polycrystals are of -
ten contradictory 17> 2% 35, However, the thickness of the
amorphous grain boundary film measured with TEM was
reported in the range of less than 3 nm 36,37 1.e. much low-
er than the critical value. In the case of grain boundaries
consisting of the same material as the grains but containing
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defects and dopants, the grain boundary resistivity strong-
ly depends on the doping concentration of the adjacent SiC
grains 20,22, Hence the impact of the grain boundaries on
the composite resistivity is very difficult to estimate.

On the other hand, low resistivity and low temperature
dependence of the resistivity imply that the SiC grains
are highly conductive owing to a high carrier concentra-
tion 4. The doping of the SiC grains depends on the activ-
ity of the doping element around the SiC grains and on the
kinetics of the doping process.

The diffusion of the doping elements into SiC grains
is slow 38, i.e. less than 10-16 cm? s-1 below 2000 °C 39.
Hence, the doping is supposed to occur during the solu-
tion-precipitation process. This process takes place via the
oxynitride or a metal liquid.

In the silicide-free composite SC47 the solution-precip-
itation took place via an oxynitride liquid, resulting in a
specific resistivity of 4-10% Qcm after hot pressing and
5-103 Qcm after the heat treatment (Fig.7, Fig.8). No
large 3C-SiC structures were observed even after the heat
treatment (Fig. 4). These observations prove a slow solu-
tion precipitation process of SiC grains. The Si3N4-SiC-
MeSi, composites were sintered at a temperature near the
melting point of the transition metal silicides (Table 4).
During sintering, a Si-containing melt enhances the solu-
tion precipitation of Si3N4 and SiC and thus the densifica-
tion of the composites (Fig. 1).

10°
—0— SCA47 HT
10" —e— WSi,-8 HT
10°] —2— NbSi,-8 HT
) —o—ZrSi2-8 HT
g 10 > MoSi.-8 HT
(&) 1 2

0 200 400 600 800
Temperature [°C]

Fig. 8: The electrical resistivity as function of temperature for the
heat treated (HT) composites.

The measured phase compositions reveal that the Si-con-
taining melt during sintering will not have the chemical
composition of the added transition metal silicide. For Mo
and W, a second silicide was observed, indicating that the
Me/Si ratio was somewhere between 1:2 and 1:0.6. In the
case of the zirconium silicide a small amount of Si was also
observed, as described elsewhere 27. Therefore in all sys-
tems, formation of a silicide melt is reasonable. It is known
thatup t0 0.01 wt% nitrogen can be dissolved in liquid sili-
conat 1542 °C 40,41, Therefore the nitrogen doping is sup-
posed to be achieved via the presence of a nitrogen-con-
taining metallic melt from which the doped SiC recrystal-
lized 28.
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Itis assumed that the doping process was kinetically con-
trolled. Evidence for that was that the addition of transi-
tion metal silicides results in enhanced densification and in
adecrease in resistivity (Fig. 1, Fig. 7). This was most pro-
nounced for ZrSi,-8, containing the silicide with the low-
est melting point (Table 4). In this system the formation of
a high amount of silicide melt even during hot pressing is
reasonable whereas in the other composites a smaller or
even no amount of silicide liquid could be expected during
hot pressing (Table 4).

Furthermore the composite resistivity depends on the
amountof silicidesadded. As shown for Si3N4-SiC-MoSi,
composites with 2, 4, 8 and 12 vol% MoSi, the resistivity
decreases with an increasing amount of silicide (Fig. 9).
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Fig. 9: The electrical resistivity as function of temperature for the
hot-pressed Si3N4-SiC-MoSi, composites.

Another sign for a kinetically controlled doping process
was that the electrical resistivity of the composites de-
creases owing to the subsequent heat treatment at 1900 °C
(Fig.8). Especially the heat-treated Si;IN4-SiC-MoSi,
composites have a resistivity of less than about 10-1 Qcm
with only a weak temperature dependence between 25 °C
and 800 °C (Fig. 10). MoSi,-8 HT and MoSi,-12 HT have
a positive temperature coefficient of resistivicy (PTCR)
and the resistivity increases with increasing temperature.
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Fig. 10: The electrical resistivity as function of temperature for the
heat treated (HT) Si3N4-SiC-MoSi, composites.
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Also the difference in resistivity between ZrSi,-8 and
some other Si3N4-SiC-MeSi, composites become smaller
owing to the heat treatment at 1900 °C at which the oth-
er transition metal silicides were also liquid (Fig. 8). The
highest resistivity of the silicide-containing materials af-
ter heat treatment has the WSi,-8 HT material, which con-
tains the most refractive silicide (Table 4).

The presence of liquid phases over a longer period dur-
ing the heat treatment could promote the solution-pre-
cipitation process and the doping of SiC grains as well as
the annealing of lattice defects and dangling bonds at the
SiC grain boundaries 7. It is proposed that this causes the
low resistivity of ZrSi,-8 and it is suggested as an explana-
tion for the decrease in the composite resistivity owing to
a subsequent heat treatment at 1900 °C in general. How-
ever, with increasing MoSi,-content the electrical resistiv-
ity still decreases. Also the 3C-SiC content in the compos-
ites increases with increasing MoSi, volume fraction. The
greatest amount of 3C-SiC, i.e. the strongest solution pre-
cipitation process of SiC was observed for MoSi,-12 HT
resulting in the lowest resistivity (Fig. 3).

These data suggest that the doping process was not fin-
ished for the compositions with lower MoSi, amounts,
and was kinetically controlled even during heat treatment
at 1900 °C.

Besides the kinetics, the nitrogen activity within the com-
posite determines the doping level and hence the conduc-
tivity of the SiC grains.

During sintering an equilibrium is established between
Si3Ny, the nitrogen gas pressure p(N,) in the sintering
atmosphere and the silicon and nitrogen activity in the Si-
containing metallic melt 49 41,

Assuming that the nitrogen dissolved in the Si-containing
melt is in equilibrium with the nitrogen in the sintering
atmosphere:

H(N(dissolved)) = n(Na(g)) (1)

This results in the equation between nitrogen activity (a)
and nitrogen gas pressure 42

a(N,(dissolved)) ~ p(N,) (1a)

The equilibrium nitrogen pressure can be calculated based
on the observed phases. The existence of the two sili-
cides and silicon nitride equivocally determine the nitro-
genpressureatagiven temperature based on the equations:

15MeSi2+14N22ﬁ3Me5Si4+7Si3N4 (2)
Me = Mo, W, Nb
SZrSi2+2N2ﬁ3ZrSi+Si3N4 (3)

The calculated partial pressures are given in Fig. 11. Of
course, for the molten state this is only an approximation,
but no strong derivations would be expected.

The calculated equilibrium partial pressure and there-
with the nitrogen activity is about one magnitude high-
er for the Si3N4-SiC-MoSi, composites than for the other
materials. Since the doping depends on the activity of the
dopants, the higher nitrogen activity is assumed to signifi-
cantly affect the doping and hence the conductivity of the
SiC grains. This explains why the resistivity of the Si3Ny-
SiC-MoSi, composites was particularly low.
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Fig. 11: The calculated equilibrium partial pressures (FactSage 6.3
equilib module) for the solid phases MeSi,/MesSi3/SisN, (Me =
Mo, W, Nb) and ZrSi,/ZrSi/Si3N, and Si/Si;Ny4 between 1400 °C
and 2000 °C are depicted as a line+symbol graph. The nitridation of
silicon (S1) and the silicides (MeSi,) starts, when the nitrogen partial
pressure exceeds the lines.

It was not possible to determine the nitrogen doping
concentration in the SiC up to now. However, the « — 8
transformation in SiC that was most pronounced for the
Si3N4-SiC-MoSi, composites hints at the high nitrogen
doping concentration. The « — § transformation in highly
nitrogen-doped alpha SiC was already reported by sever-
al groups 16, 43, 44, Alexander 16,44 ascertained thatin 6H-
SiC, it was not possible to achieve a nitrogen concentra-
tion greater than 6-101% cm-3 was because nitrogen pres-
sures adequate to give doping in this range would lead to
the formation of the 8-SiC polytype. The relationship be-
tween nitrogen doping and the stability of the -SiCis also
shown by Kim 34. The carrier concentration and the resis-
tivity of the nitrogen-doped B-SiC were about 1020 ¢cm-3
and 10-3 Qcm, respectively 4.

In this work, an o — B transformation in SiC was particu-
larly observed in Si3N4-SiC-MeSi, composites after a sub-
sequent heat treatment was applied. The composites have
aresistivity of less than about 10 Qcm and the temperature
dependence of resistivity is low (Fig. 8). All this is evidence
that the conductivity of the SiC network in the material is
increased owing to a higher dopinglevel of the SiC formed
by the solution precipitation.

IV. Conclusions

Si3N,4-SiC composites having a resistivity of about
10* Qcm were modified with the addition of 8 vol% sili-
cides. The addition of silicides results in a decrease in
resistivity to about 10! - 10-2 Qcm. The composite resis-
tivity was further decreased to a value of about 10-2 Qcm
when subsequent heat treatment at 1900 °C in a nitrogen
atmosphere was applied. The resistivities of the silicide-
modified composites are less temperature-dependent than
that of the Si;N,4-SiC composites.

The silicide addition significantly affected the phase
composition and microstructure of the composite as
shown by XRD and FESEM analyses. An « — B transfor-
mation in SiC was detected in the subsequently heat-treat-
ed composites by means of electron backscatter diffraction
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(EBSD). The amount of 8-SiC increases with an increasing
MoSi, volume and is associated with a decrease in resistiv-
ity. Therefore it is assumed that the « — § transformation
indicate a high nitrogen doping concentration in the SiC
grains.
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