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Because of its excellent thermal, mechanical and electrical properties silicon carbide is
widely used for heating elements. Nevertheless these elements are affected by electrical
ageing (increase of electrical resistivity during use). This phenomenon is generally
attributed to oxidation but no satisfactory answer has been presently found to reduce its
effects. The aim of this study is to obtain a better understanding of the degradation of the
electrical properties through the oxidation behavior of hot pressed samples containing
various amount of additives. Eight dense SiC ceramic samples with Al,O3, AIN, Y,03 and
NiO additives were prepared by hot pressing. The influence of these additives on sintering,
oxidation behavior and electrical properties was evaluated. Formation of an yttrium garnet
phase leads to liquid phase sintering but decreases the oxidation resistance. The
dependence of electrical resistivity with temperature can be explained by the presence or
not of a metallic phase formed between Ni and Si. This secondary phase permits a low
(<5 ©-cm) and almost constant value of the electrical resistivity from ambient temperature
up to 950°C to be obtained. © 2001 Kluwer Academic Publishers

1. Introduction

Since a long time, silicon carbide has widely been used
as a heating element between 1200 and 1600°C be-
cause of its good mechanical and electrical proper-
ties. Nevertheless, electrical ageing of SiC constitutes
the major drawback of its application at high temper-
ature in oxidizing environment. The main parameters
which influence the electrothermal behavior have re-
cently been reviewed for SiC commercial heating ele-
ments [1] constituted of «-SiC, 5-SiC or (« + 8)-SiC.
The grain size varied from 100 um to 300 um de-
pending on the major polytype and the porosity was
approximately 30 vol. %. This high value of porosity
will promote oxidation which is usually considered as
responsible for electrical ageing [2]. The second origin
of the ageing could be attributed to the nature of the
secondary phases, depending on the type and on the
amount of additives contained in the elements [3].

As a complementary approach this paper examines
the thermal stability and the electrical behaviour of
dense SiC ceramics (with less than 2 % porosity) con-
taining various amounts of Al,O3, AIN, Y,03 and NiO
additives. These additives are generally used in the pro-
cessing of silicon carbide materials because of their
ability to enhance electrical and structural properties.
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2. Experimental

2.1. Starting materials

A commercial @-SiC powder (FCP 13 Norton, U.S.A.)
with an average grain size of 1.5 um was used. Its
chemical characteristics are given in Table L.

Because of the highly covalent character of the Si-C
bond, silicon carbide can not be sintered without us-
ing high pressure and/or the presence of sintering ad-
ditives to form a liquid phase. A classical way is to use
Al;O3 and Y,03 additives to promote the formation of
the yttrium aluminum garnet (YAG) phase which al-
lows liquid phase sintering of SiC between 1760 and
2000°C [4]. SiC materials exhibiting 99% or more of
the theoretical density can then be achieved [5]. In
this respect, additives were Al,O3 (Baikowski, France,
dso=0.50 um), AIN (Atochem, France, dsop =1 um)
and Y,Oj3 (Rhone Poulenc, France, dsp = 1.1 um). NiO
(Prolabo, France, dso = 0.5 um) was used to obtain suit-
able electrical properties.

2.2. Preparation of samples

The samples composition was chosen using one half
fraction of a 2¥ factorial design [6]. The value of k was
fixed by the number of additive powders (the number of
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TABLE I Chemical analysis of the silicon carbide powder used

Chemical analysis of the Norton FCP 13 SiC powder

Free SiO; (%) 0.8 Fe (ppm) 100 Cr (ppm) 10
Free Si (%) 0.03 Al (ppm) 600 Ca (ppm) 40
Free C (%) 0.25 Ni (ppm) 10 Ti (ppm) 100

V (ppm) 120
Na (ppm) 200

Mg (ppm) <100

TABLE II Composition of the samples prepared according to the 2¢~!
factorial design (wt. % with respect to SiC powder)

Sample Al,O3 (Wt %) AIN(Wt%) Y203 (Wt%) NiO (wt %)
1 0.5 0.5 0.5 0.5

11 0.5 5 5 0.5

juis 5 5 0.5 0.5

I\Y% 0.5 0.5 5 5

\% 5 0.5 5 0.5

VI 0.5 5 0.5 5

VII 5 5 5 5

VIII 5 0.5 0.5 5

experiments was then equal to 2*~! = 8). Each weight
concentration of additive was taken to a minimum
(0.5 wt. %) or to a maximum value (5 wt. %). Table II
presents the eight compositions used in this study. For
all compositions, the SiC powder and the additives were
mixed with ethanol in a zirconia ball mill for one hour,
then dried in air at 85°C for at least 3 hours. After this
operation, the mean grain size of the powder mix was
approximately 0.6 ym.

Powder pellets, with a diameter of 50 mm and a
height of 10 mm, were formed by dry pressing with
a low pressure (P =4 MPa) in a graphite die and then
were subjected to hot pressing under 40 MPa in argon.
A temperature of 1800 °C was chosen to achieve den-
sification with less than 2 % of residual porosity. The
sintering time and the final density for each sample are
reported in Table III. Hot pressing presents the advan-

tage that evaporation of additives during sintering is
lowered compared to pressureless sintering.

2.3. Characterisation

The influence of the nature and of the amount of addi-
tives was studied in terms of i) microstructure of sin-
tered samples, ii) phases developed during sintering,
iii) oxidation behaviour and, iv) electrical properties.

The density of the hot pressed samples was measured
using Archimede’s method. Secondary phase formation
in the hot pressed samples was investigated by X-ray
diffraction. Observations of the sample microstructures
were performed after a fine polishing of the surfaces and
an palsma-etching. Secondary phases and oxide lay-
ers (formed after oxidation treatment) were performed
using a scanning electron microscope coupled with an
energy dispersive spectrometer. Samples were polished
and the microstructures were revealed by plasma etch-
ing. All the oxidation experiments were conducted on
the hot pressed samples in a way that the real condi-
tions of use for the heating elements were approached.
They were oxidized under static air at 1000 °C, 1200 °C
and 1400 °C in a furnace containing an inside layer
of a silico- aluminate refractory. These temperatures
were attained using a heating rate of 60 °C-min~!.
The weight gains were measured after short treatment
periods (1 to 2 hours) in the early stage of oxidation
and then every 10 or 20 hours.

Electrical resistivity was measured on hot pressed
samples from room temperature to 950 °C in air, using
the four terminal method in order to avoid any elec-
trical contact resistance [7]. The voltage (U) between
two terminals separated by a distance / is measured on a
sample crossed by a direct current (/) applied between
two other terminals separated by a distance L(L >1).
For a given temperature, the electrical resistivity is ob-
tained from the relation:

p =W/ x(S/D (M

were S is the cross section of the element.

TABLE III Sintering time and density of hot pressed samples (1800°C — 40 MPa)

Sintering time Density
Sample (min) (g-cm™)
I
(0.5 wt % Al,03; 0.5 wt % AIN; 0.5 wt % Y,03; 0.5 wt % NiO) 30 3.23
I
(0.5 wt % Al,O3; 5 wt % AIN; 5 wt % Y,03; 0.5 wt % NiO) 15 3.28
I
(5 wt % Al,O3; 5 wt % AIN; 0.5 wt % Y,03; 0.5 wt % NiO) 40 3.34
v
(0.5 wt % AlL03; 0.5 wt % AIN; 5 wt % Y203; 5 wt % NiO) 20 3.34
\%
(5 wt % Al,03; 0.5 wt % AIN; 5 wt % Y,03; 0.5 wt % NiO) 10 3.27
VI
(0.5 wt % Al,03; 5 wt % AIN; 0.5 wt % Y203; 5 wt % NiO) 40 3.20
VII
(5 wt % AL, O3; 5 wt % AIN; 5 wt % Y203; 5 wt % NiO) 15 3.34
VIII
(5 wt % Al,03; 0.5 wt % AIN; 0.5 wt % Y203; 5 wt % NiO) 2 3.28

3794



3. Results and discussion
3.1. Densification and microstructure
of samples

All hot pressed samples show a very high density
3.20 to 3.34 g - cm™ and do not present open porosity
(Table III). Because it is not easy to accurately deter-
mine the theoretical density for each composition, val-
ues of relative density were not calculated. The SEM
micrograph (Secondary electron image) of samples I,
V and VII which contain 2, 11 and 20 wt% of ad-
ditives are presented in Figs 1-3, respectively. These
three micrographs are representatives of the size of SiC
grains after sintering, according to the amount of the
additives (samples II, III, IV, VI, and VIII are simi-
lar to sample VII). The grain size is decreasing when
the amount of additives is increasing. The large grey
zones correspond to the SiC matrix, white and black
zones correspond to YAG-rich and Ni-rich intergranu-
lar phases, respectively. SEM observations and Energy
dispersive analysis on samples reveals, i) a continuous
grain boundary second phase with a high level of yt-
trium and aluminum (example of sample IV in Fig. 4)
and, ii) the presence of crystallized grains containing
nickel and silicon (example of sample IV in Fig. 5), ap-
proximately 1 pum in size, located at grain boundary in
the intergranular second phase for samples containing
5 wt % NiO (sample IV, VI, VII, VIII). No porosity was
observed. It clearly appears that the grain growth is not
important, the grain size stays roughly equal or lower
to one micrometer. Grain growth is inhibited when the
quantity of additives is large.

X-Ray diffraction experiments on samples contain-
ing 5 wt% Al,O3 and 5 wt % Y,03 (samples V, VII)

confirms the presence of the YAG (example of
sample V in Fig. 6). In the case of samples contain-
ing a low amount of Al,O3, i.e. 0.5 wt %, 5 wt %
AIN and 5 wt % Y,03 (sample II), the formation of
the YAG phase was also expected but surprisingly the
only detected secondary phase is the yttrium silicate
Y,SiOs.

3.2. Oxidation of the hot pressed samples
3.2.1. T=1000°C

Oxidation experiments on the hot pressed samples were
first conducted at 1000 °C. For all the compositions,
in our weight gain detection range (Am > (0.1 mg) no
weight change could be recorded after 80 hours of treat-
ment in static air at this temperature. This is not sur-
prising if we consider that the formation of a 1 um
thick amorphous oxide scale (density 2.2) on our sam-
ples would represent a weight gain of 0.07 mg. Several
studies report the oxidation of pure SiC and mention
weight gain as low as 0.3 mg - cm ™2 after 100 hours of
treatment at 1300°C in wet air [8] or layer thickness as
thin as 0.1 um after 40 hours of treatment at 1100°C
in dry air [9]. The absence of detectable weight change
for our samples at 1000°C suggests a very slow rate
of surface oxidation and that our additives containing
samples behave in a manner similar to pure SiC. At
1000 °C, no crystallization of the oxide layer could
be detected by small angle X-ray diffraction. We can
then assume the formation of an amorphous oxide scale
(such SiO,, characterized by large amount of Si by EDS
analysis), through passive oxidation of the hot pressed
samples. This behavior is generally encountered at low

Figure 1 SEM micrograph of sample I (0.5 wt % Al,03; 0.5 wt % AIN; 0.5 wt % Y203; 0.5 wt % NiO). Grey zone corresponds to the SiC matrix,
white and black zones correspond to the YAG-rich and Ni-rich intergranular phases, respectively.
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Figure 2 SEM micrograph of sample V (5§ wt % Al O3; 0.5 wt % AIN; 5 wt % Y203; 0.5 wt % NiO). Grey zone corresponds to the SiC matrix, white
and black zones correspond to the YAG-rich and Ni-rich intergranular phases, respectively.

Figure 3 SEM micrograph of sample VII (5 wt % Al,03; 5 wt % AIN; 5 wt % Y203; 5 wt % NiO). Grey zone corresponds to the SiC matrix, white
and black zones correspond to the YAG-rich and Ni-rich intergranular phases, respectively.
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Figure 4 Energy Dispersive Analysis of the grain boundary phase of
sample IV (0.5 wt % Al,03; 0.5 wt % AIN; 5 wt % Y203; 5 wt % NiO).
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Figure 5 Energy Dispersive Analysis of the crystallized secondary
phase present in sample IV (0.5 wt % Al,O3; 0.5 wt % AIN; 5 wt %
Y,03; 5 wt % NiO).
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Figure 6 X-Ray diffraction patterns of sample II (0.5 wt % Al,O3;
5 wt % AIN; 5 wt % Y,203; 0.5 wt % NiO) and sample V (5 wt %
Al>,03; 0.5 wt % AIN; 5 wt % Y203; 0.5 wt % NiO).

temperature and high oxygen pressure. The rate con-
trolling reactions are as follows (depending on the local
equilibrium) [9, 10]:

SiC + O <> Si0, +-C 2)
SiC 4 3/20, < Si0, 4+ CO 3)
SiC + 20, < Si0; + CO, 4)

The passive oxidation mechanism favors the forma-
tion of an amorphous or crystallized (depending on the
temperature and/or impurity contained in the material)

protective surface layer which develops by oxygen dif-
fusion to the SiC/SiO, interface.

3.2.2. T= 1200 and 1400°C

In comparison to the oxidation treatments conducted at
1000 °C, the weight gain increases at higher tempera-
tures for all compositions, consequently the oxidation
rate because the dimensions of the samples, and sur-
faces exposed to oxidation, are identical. The weight
gain is an order of magnitude higher at 1400 °C than at
1200°C (Figs 7 and 8). This result strongly differs from
the oxidation behavior of pure silicon carbide or of pure
silicon nitride above 1100 °C as was described by Billy
[10]. This author and others [11-15] reported decreas-
ing oxidation rates with increase of temperature in the
range 1100 °C-1500 °C, attributed to the crystallization
of the protective surface SiO; layer which occurs above
1100 °C and is promoted at higher temperatures. This
is clearly not the case in our study. At 1400°C after
10 hours of treatment the oxidation is stopped, sug-
gesting a protective surface layer, whereas at 1200°C
the weight gain is continuous, even after 60 hours. The
oxidized layer at 1200°C is likely not enough thick
to prevent from oxidation. In addition, the secondary
phases, which depend on the nature and on the amount
of additives, have a significant influence on oxidation
of doped SiC materials [3, 16-18].
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Figure 7 Weight gain evolution versus time at 1200 °C for the eight hot
pressed samples O Sample I, A Sample II, <) Sample III,O Sample IV,
W Sample V, A Sample VI, ¢ Sample VII, ® Sample VIII.
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Figure 8§ Weight gain evolution versus time at 1400 °C for the eight hot
pressed samples O Sample I, A Sample II, <) Sample III, 0 Sample IV,
W Sample V, A Sample VI, ¢ Sample VII, ® Sample VIII.
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3.2.3. Influence of the quantity of additives
A satisfactory interpretation of our results can be related
to the sample composition. In general, for a given tem-
perature, increased dopant concentrations lead to higher
oxidation rates [16]. The origin of this phenomenon can
be explained by the generated chemical gradient be-
tween the pure SiO, growing layer at the surface of the
ceramic body and the additives and impurities cations
containing silicate, in the grain boundary of the silicon
carbide material [19]. This gradient induces the migra-
tion of metal cations, from the grain boundary formed
during the sintering stage, towards the growing oxide
scale. As a result, the viscosity of the growing silica
layer is even further reduced since the oxidation tem-
perature and then cation migration are high. In the case
of our doped SiC samples, a temperature increase cor-
responds to an increased flow of oxygen towards the
SiC/SiO, interface and consequently to an enhanced
reaction between SiC and O, that increases the grow-
ing rate of the surface oxide layer as shown by samples
VII and I at 1200 °C and 1400 °C (Figs 7 and 8).

After 30 hours of oxidation at 1200 °C, sample VII,
which contains the highest total proportion of additives,
exhibits the fastest weight gain whereas, for the other
samples, the weight gain values are difficult to separate,
taking into account the accuracy of the weight measure-
ment (Fig. 7).

In contrast, sample I (lowest total amount of ad-
ditives) clearly exhibits the best oxidation resistance
(Fig. 8) confirming the advantage of minimizing the
amount of additives.

3.2.4. Influence of the nature
of the additives

Apart from the specific case of sample VII, it can be
noted that the other samples containing 5 wt. % of
Al,O3 (sample III, V and VIII) exhibit the highest
rates of oxidation at 1400°C. This may be explained
by diffusion of aluminum through the oxide scale since
this cation is known to lower the oxide scale visco-
sity [12, 16, 19]. An EDS analysis reveals the abundant
presence of Al and Y in the oxide scale formed at the
surface of samples V, and in all samples which con-
tain a high amount of Y,03, Al;O3 or AIN. Yttrium
silicate crystals formed by migration of yttrium cations
into the scale after oxidation treatment of sample V at
1400 °C are clearly visible (Fig. 9). Nevertheless, de-
pending on the origin of this cation (Al,O3 or AIN), a
noticeable difference exists between the oxidation be-
haviors of the aluminum containing samples. The bet-
ter oxidation resistance of sample II (0.5 wt. % Al,Os3;
5 wt. % AIN; 5 wt. % Y,03; 0.5 wt. % NiO) com-
pared to sample V (5 wt. % Al,03; 0.5 wt. % AIN;
5 wt. % Y,03; 0.5 wt. % NiO) is evident. The YAG
phase was not detected in sample II (§3.1.), whereas
this phase was present in sample V. A study concerning
the oxidation of Al-doped SiC mentions a better oxida-
tion resistance when Al originates from AIN rather than
from Al,O3 [7]. This suggests that the presence of the
YAG phase was detrimental to the oxidation resistance
of SiC.
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Figure 9 SEM micrography of sample V showing yttrium silicate crys-
tals in the SiO; scale.

As we have seen in Figs 1 to 3 the microstructure
of samples I, V and VII are very different. To quantify
the chemical composition of oxidized layer, a compar-
ison of the migration of cations (additives and impuri-
ties) between sample I (low amount of additives) and
samples V and VII (high amount of additives) treated
at 1200 in air, with a hold time of 10 and 40 hours,
has been performed by EDS semi-quantitative analy-
sis on the outer surface of the oxidized layer. At this
temperature, the quantities of impurities increase in the
oxide layer as the time increase. Concerning the im-
purities, we can not conclude on the evolution of their
concentration versus time in the oxide layer because
their concentrations in the oxide layer are under the
limit of detection of the acquisition system (1 wt.%).

3.2.5. Influence of cycling
A cycling procedure from 20 °C to the oxidation treat-
ment temperature was used to evaluate the oxidation
resistance of our materials. The weight gain was mea-
sured on samples taken out of the furnace and then in-
serted again for a further oxidation time. This method
can have an influence on the results. As an example, the
effect of cycling on Al,O3; doped SiC has already been
considered as responsible for occurrence of cracks.
Nevertheless, it was shown that the cracks immediately
heal during the next cycle and that the final obtained
oxidation behavior is very similar to an isothermal oxi-
dation treatment [20]. The oxidation rate is also similar
during oxidation without cycling.

An advantage of the cycling can be the break down of
the oxidation kinetics into several stages. From the rep-
resentation of the square of the weight gain versus time
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Figure 10 Variation of the square of the weight gain (in percentage) with
time at 1200 °C. Samples IV(O), V(R), VI(A) and VIII(®).
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Figure 11 Variation of the square of the weight gain (in percentage) with
time at 1200 °C. Samples 1(0), II(A), ITI($) and VII(®).

(Figs 10 and 11) at 1200 °C, it can be seen that an in-
crease of the oxidation rate occurs after about 20 hours
of treatment. These increase can be attributed to the
microstructural and composition modifications of the
oxide layer due to the migration of additives.

3.2.6. Conclusions

From this study on the oxidation of doped HP SiC sam-
ples, three major conclusions can be retained; i) the
lowest amount of additives promotes the best oxidation
resistance (note the low oxidation rate of sample I) and
the highest quantity of additives leads to the least de-
sirable oxidation behavior (note the high oxidation rate
of sample VII at 1200°C); ii) the presence of the YAG
phase seems to decrease the resistance to oxidation and
the nature of the additives is of major importance (note
the better oxidation behavior obtained with AIN com-
pared to Al O3 addition); iii) apart from sample I (low-
est amount of additives) oxidation rates do not follow
simple parabolic law especially at 1400 °C due to the
modification of the properties of the protective oxide
layer by outward migration of additives.

3.3. Electrical properties

Fig. 12 shows the electrical resistivity variation from
room temperature to 950°C for the hot-pressed sam-
ples. Two groups of results can be distinguished. The
first group is constituted of samples containing 5 wt %
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Figure 12 Variation of the electrical resistivity with temperature for the
hot pressed samples. Samples I(0), II(A), ITI(P), IV©O), V(H), VI(A),
VII(®) and VIII(®).

of NiO with a rather constant value of resistivity in the
range 20 °C-950 °C. The second group consist of the
four samples with 0.5 wt. % of NiO displaying a con-
stant decrease of the resistivity with temperature. At
room temperature, the electrical resistivity of the sec-
ond group samples is lying around 8000 €2 - cm and for
the first group it is comprised between 1 and 5 Q- cm
showing the determinant role of NiO on the samples
resistivity. The increase of the resistivity generally re-
ported from around 700°C to higher temperatures for
silicon carbide [21] is not observed for our materials.
The electrical behaviour of our samples, of particularly
relevance to heating elements, are obtained through the
combination of different effects. When a small amount
of NiO is present (0.5 wt %), the variation of p versus
T is quite similar to the results obtained for pure SiC
crystals [21]. However, in the case of a large amount
of NiO (5 wt. %), the low and almost constant value
of the resistivity in the range of temperature studied
almost certainly indicates the presence of a metallic
type component which might be Ni3Si; as suggested by
the elementary analysis performed on grains present at
the grain boundary (§ 3.1 — sample IV containing 5 %
NiO). This type of secondary phase has already been
encountered by Hashiguchi [22]. Its resistivity is ap-
proximately 107#Q-cm at room temperature with a
metallic type behaviour up to 750 °C.

When the data of electrical conductivity is plotted in
an Arrhenius diagram (Fig. 13), it can also be noted that
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Figure 13 Electrical conductivity variation of the four samples con-
taining high level of nickel oxide. Samples IV(O), VI(A), VII(®) and
VII(e).
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for the four samples containing 5 wt. % NiO there is a
steepening of the apparent activation energy to greater
than 0.1 eV above 700 °C. This suggests that the metal
phase grains no longer act as a complete bypass of the
SiC grains.

4. Conclusion

Silicon carbide samples containing different combina-
tions of four additives (Al,O3, AIN, Y,03; and NiO)
have been analyzed in terms of oxidation behavior and
electrical resistivity. The nature of the additives present
at their high level in the samples were determinant for
the four characteristics listed above.

The association of alumina or aluminum nitride to
yttrium oxide clearly favored the appearance of a liquid
phase at a temperature above 1600°C and consequently
the densification. The Al,O3/Y,03 combination leads
to the formation of the YAG phase. When aluminum
nitride was used instead of alumina the YAG phase was
no longer detected.

The oxidation resistance of the eight hot pressed sam-
ples was good, especially at 1000°C where no weight
gain could be measured after 80 hours of treatment. At
1200°C, the oxidation was still very slow but after about
20 hours of treatment, an acceleration of the weight
gain, probably correlated with impurity and additives
cations diffusion toward the reaction interface, in the
surface SiO; protective scale, was recorded. At 1400°C,
whatever the composition, the samples appeared to be
less resistant to oxidation than at 1000 and 1200 °C.
In particular, the samples containing high levels of alu-
mina and yttrium oxide exhibited less oxidation resis-
tance while those samples with lowest additive content
reacted more slowly.

Formation of a metallic type phase Ni3Si, decreased
electrical resistivity of the samples containing a high
level of NiO (5 wt. %). The resistivity was also almost
constant in the range of temperature tested, i.e. from
20°Ct0 950 °C which is very interesting for the heating
element application of silicon carbide.

This electrical behavior associated with a good oxi-
dation resistance should allow the performance of sili-
con carbide heating elements to be improved.
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