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Abstract

Two silicon nitride powders prepared by diimide precipitation and direct nitridation were doped with 5 vol.% yttria using (i) a

commercial Y2O3 powder and (ii) a soluble Y-organometallic compound as additive. The aim of this work was a direct comparison
between those two doping methods. Homogeneity of additive distribution was characterized by Fourier transform infra-red spec-
troscopy (FT-IR), photo electron spectroscopy (XPS) and transmission electron microscopy (TEM). Depending on the doping
technique used, no major difference in sintering behavior and microstructure evolution were monitored. However, chemical doping

results in (i) an enhanced densification rate in the early stage of sintering, (ii) a slight shift of the densification rate maximum (ds/dt)
to higher temperatures, and (iii) in a slightly finer final microstructure. Note that doping via organometallic precursors can only be
successfully applied, when the powder particle surface reveals the presence of silanol groups, as in case of diimide starting powders.
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1. Introduction

Dense silicon nitride ceramics reveal an excellent
combination of thermo-mechanical properties, which
favor this group of materials for a wide range of tech-
nical applications.1�6 However, it is well established that
improved homogeneity, reproducibility as well as sinter-
ability are essential requirements to develop high-grade
structural ceramics. Since the Si–N chemical bond is of
covalent character and Si3N4 decomposes incongruently
at temperatures exceeding 1800 �C,7,8 densification com-
monly necessitates both the addition of external sintering
aids and a N2 overpressure to counteract decomposition.
To initiate the liquid-phase sintering mechanism at ele-
vated temperatures, sintering additives should be finely
dispersed within the powder compact, in order to lower
affective diffusion distances. Several techniques to
introduce those sintering aids have been reported in lit-
erature9�18 such as (i) mixing with metal oxides via ball

milling, (ii) the precursor route, (iii) the sol-gel approach
and (iv) using metal salts as starting compounds to form
the respective oxides.
The optimization and adjustment of the amount and

composition of sintering additives required for densifica-
tion as well as their effect on the high-temperature perfor-
mance of Si3N4 ceramics are of wide interest.5 During
mixing/milling, which is commonly used in technical pro-
cesses, metal oxide powders are ground with the Si3N4

starting powder for several hours. This technique does not
allow a fine dispersion of the metal oxide and can intro-
duce impurities due to wear of milling media. Moreover,
it is difficult to homogeneously disperse a small amount
of additives. A method which is also of interest for
homogeneous doping of ceramic powders, in particular,
when a small amount of sintering aid is required, is the
use of soluble organometallic compounds.19 Soluble
organometallic precursors as well as commercial metal
oxide powders were employed in this study to incorpo-
rate the sintering aid. This direct comparison of doping
routes should enable us to answer the question whether
organometallic precursors are indeed favorable for Si3N4

doping and if this technique is in general applicable, i.e.
being independent from the Si3N4 starting powder.
Therefore, an improved characterization of the Si3N4

powders, exceeding the methods generally used,20�33 was
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performed here, to fully exploit/understand the poten-
tial of this chemical doping method. In this context, sur-
face sensitive techniques [Fourier transform infra-red
spectroscopy (FT-IR), photo electron spectroscopy (XPS)]
and imaging systems [scanning electron microscopy
(SEM), and transmission electron microscopy (TEM)]
were used to characterize the chemistry and morphology
of Si3N4 powder particles.

2. Experimental procedures

For the present investigation two silicon nitride pow-
ders Tosoh TS-10 (synthesized by diimide precipitation)
and Denka SN-9FW (processed by direct nitridation)
were utilized.34,35 Special characterization of the starting
Si3N4 particle-surface properties was performed by FT-
IR, XPS, and TEM. These analysis techniques are differ-
ent in lateral and depth resolution. FT-IR was used to
analyze surface OH groups while XPS and respective
sputter profile measurements monitor the oxygen dis-
tribution in a surface-near region. The lateral resolution
of these two techniques is typically lower than the par-
ticle diameter. The characterization of ceramic powders
by TEM yields additional information about the local
chemical composition.36

Y2O3 was introduced as sintering additive by (i) solid
metal oxide powder (H.C. Starck, Goslar) during ball-
milling for 4 h (Si3N4 milling media) and (ii) via an Y-
organometallic compound (Y-methoxyethoxide in
methoxyethanol) followed by calcination. The chemical
doping reaction was performed in a water-free suspen-
sion by adding a solution of the reactive organometallic
compound under vigorous stirring. A covalent Si–O–Y
unit is formed by reaction of the strong alkaline pre-
cursor with surface OH groups.37 The total additive
content (calculated as metal oxide) was varied between
1.0 and 10.5 wt.% (the latter being above the limit of
homogeneous chemical doping). The two powders were
dried, sieved (mesh size 0.250 mm) and wobbled in an
eccentric tumble mixer to form granules. Powder com-
paction was performed by die pressing (6.5 MPa) and
subsequent cold-isostatic pressing (National Forge NF-
E) at 170 MPa. Hydrocarbon residues of the organome-
tallic compound were removed by calcination at 800 �C
(Nabertherm furnace N60/HR), which fully converts the
organometallic precursor to Y2O3, as verified in a con-
trol experiment with pure substances.
Thermal densification was performed by gas-pressure

sintering (5 MPa N2 pressure for 1 h at 1875 �C as max-
imum temperature) combined with in-situ dilatometry
measurements (KCE-system FPW). Identical sintering
cycles were employed for both doping techniques, in order
to allow a direct comparison. FT-IR spectra were
obtained by a Digilab FTS 15/80 spectrometer in the
range of 4000–600 wavenumbers in reflection mode.

XPS spectra were monitored by a Leybold AS spectro-
meter (Mg-Ka and Al-Ka radiation).
The Y2O3 distribution in the Si3N4 powder compacts

was characterized by SEM equipped with an energy-
dispersive X-ray spectrometer (EDX; Tracor, Noran) in
conjunction with TEM equipped with an EELS system.
SEM measurements were carried out using a Jeol JSM
6400, while TEM investigations were performed on a
Philips CM20FEG (field emission gun) instrument,
operating at 200 kV (point resolution=0.24 nm). The
TEM microscope was fitted with an EELS-spectrometer
(parallel detection, Gatan, Model 666).

3. Results

The Si3N4 powders Tosoh TS-10 and Denka SN-
9FWS used in this investigation are quite different
regarding their synthesis method (diimide precipitation
vs. direct nitridation with additional HF-cleaning of the
oxidized surface). Analytical data, given by the manu-
facturers, are summarized in Table 1.
The Denka powder (direct nitridation) reveals a lower

total oxygen content, as compared to the Tosoh pow-
der. The XPS spectrum shows only a minor oxygen O1s
peak intensity, but an additional fluorine peak with
noticeable intensity and nearly no OH vibration band in
the FT-IR spectrum, as given in Fig. 1. The fluorine
content is a consequence of the subsequent HF-treat-
ment, also eliminating silanol surface groups. Skeletal
vibrations near 1000 cm�1 38�42 show a minor intensity
for Si–O–Si compared to Si–N–Si groups. The oxygen
concentration does not strongly decrease during ion
sputtering, which indicates a homogeneous distribution
within the Si3N4 lattice. For this powder a lack of sur-
face bonded oxygen and the absence of reactive surface
groups is noted, although the total oxygen content of
the powder is similar to the diimide powder (1.1 vs. 1.5
wt.%, compare also Table 1). The particle morphology
is globular with a rather wide particle size distribution
ranging from 10 to 1000 nm.33 The Denka powder, and
in general powders from direct nitridation, reveal a high
amount of oxygen within the a-Si3N4 crystal lattice up
to 1.0 wt.%.43�46

For the Tosoh TS-10 powder (diimide precipitation) a
relatively high number of OH groups and a localization

Table 1

Powder characteristics of the two Si3N4 starting powders

Powder Tosoh TS-10 Denka SN9FW

Synthesis method Diimide precipitation Direct nitridation

Oxygen content (wt.%) 1.5 1.1

Surface area (m2/g) 14.3 12.5

Metallic impurities (wt.%) <0.03 <0.4

a(a+b) (%) 96 92
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of oxygen at the particle surfaces was found by FT-IR,
XPS and TEM investigations. FT-IR spectra reveal an
pronounced vibration band due to the stretching mode
of O–H bonds at 3750 cm�1 [see Fig. 1(a)]. XPS spectra
show a relatively high intensity of the O1s peak, which
decreases rapidly with continuous sputtering time
(depth profile measurements), as compared to the
nitrogen N1s peak.
The spectroscopic data clearly show that in the case of

the Tosoh powder (and in general for diimide powders37)
a higher volume fraction of oxygen is bonded to Si3N4 in a
near-surface region (outer shell). This oxidized surface
layer (with a relatively high SiO2 concentration) is

advantageous for thermal densification, because a
higher number of reactive silanol groups are present,
which yield homogeneous doping with the organome-
tallic precursors. In contrast, the addition of Y2O3

powder results in a localized concentration of the sin-
tering aid (compare Fig. 2).
Gas-pressure sintering combined with in-situ dilato-

metry was performed to investigate the thermal densifi-
cation behavior. Diimide powders stand out for their
high potential for chemical doping, due to their higher
number of silanol surface groups. Therefore, the analy-
sis of the sintering behavior shown here concentrates
only on the Tosoh powder samples doped with 7.7 wt.%
Y2O3. It should be noted that when adding 2.5 or 4.0
wt.% yttria, no difference in densification behavior as
well as final microstructure was monitored (compare also
Table 2). Therefore, we here focus only on those sam-
ples doped with 5 vol.% additive (equivalent to 7.7
wt.%), which however are representative for the general
trend observed.
The values of total densification are about the same

for the two doping methods (compare Table 2, final
density). As given in Fig. 3, the first densification max-
imum is slightly shifted to higher temperatures, when Y-
methoxyethoxide is used as additive, as compared to the
same concentration of metal oxide powder. The dia-
gram also shows a slightly enhanced densification rate
at lower temperatures for samples with organometallic
doping (faster initial densification rate at �1550 �C).
This enhanced densification rate in the early stage of
sintering (shift of the sintering onset to a lower tempera-
ture) is due to the homogeneous distribution of the sin-
tering aid, which consequently lowers the affective
diffusion distance. When the eutectic temperature of the
Si3N4–SiO2–Y2O3 system is reached, capillary forces
favor a fast (and homogeneous) distribution of the sinter-
ing aid throughout the ceramic body. As a consequence,

Fig. 1. (a) FT-IR and (b) XPS spectra of the two as-received Si3N4

powders Tosoh TS-10 (diimide precipitation) and Denka SN-9FW

(direct nitridation) studied. Note that fluorine was only observed in

the Denka powder (HF-leaching).

Fig. 2. SEM micrograh of the powder compact (Tosoh TS-10) with

7.7 wt.% Y2O3 powder addition. Since back scattered electrons (BSE)

were monitored, the local inhomogeneous distribution of the sintering

aid becomes obvious.
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local rearrangement and densification is promoted at a
relatively low temperature.
Upon densification, the resulting microstructure was

characterized by SEM. Fig. 4 shows the polished and
plasma-etched surface of both Y-doped Si3N4 materials.
Employing organometallic doping yields a slightly finer
microstructure, as compared to metal oxide powder addi-
tion. However, the overall microstructure evolution of the
two materials is rather similar, so that no marked varia-
tions in corresponding mechanical properties are expected.

4. Discussion

Si3N4 powders synthesized by direct nitridation have
in principal good properties for thermal densification
such as a wide particle-size distribution and a favorable
particle morphology. However, in the case of the Denka
powder, a removal of the surface oxygen (HF-treat-
ment) hinders thermal densification even under supple-
ment of sintering aids.27 Hence, oxygen distribution
within the Si3N4 particle (crystal lattice vs. surface
coating) dominates densification. In nitrided powders,
up to 1.0 wt.% of oxygen is commonly dissolved within
the Si3N4 crystal lattice,44�46 but no oxidized surface

layer was observed. As a consequence, although the total
amount of oxygen would be sufficient for rapid densifica-
tion, such a powder cannot be densified even when
employing a higher volume fraction of sintering aid.
Therefore, organometallic doping showed in general no
advantage as compared to metal oxide addition; the sam-
ples simply revealed a high amount of residual porosity.
Silicon nitride powders synthesized by diimide pre-

cipitation reveal a higher potential for chemical doping,
because of their relatively high number of reactive OH
groups at the particle surface, in contrast to powders

Table 2

Comparison of density values and first sintering maximum of the two materials doped by metal oxide powder and organometallic precursor

Tosoh TS-10 Metal oxide powder Organometallic precursor

Wt.% Y2O3 Green density (g/cm3) Final density (% th.d.) First max. (�C) Green density (g/cm3) Final density (% th.d.) First max. (�C)

1.0 1.65 83.8 1837 1.73 87.2 1835

2.5 1.64 98.6 1785 1.71 99.2 1808

4.0 1.71 98.7 1785 1.71 98.9 1834

7.7 1.72 98.5 1780 1.69 98.8 1830

10.5 1.70 87.5 1718 1.62 89.6 1714

Fig. 3. In-situ dilatometry data (ds/dt vs. temperature) of the Si3N4

powder Tosoh TS-10 doped with 7.7 wt.% Y2O3. Employing organo-

metallic doping, two distinct differences are seen compared to metal

oxide addition: (i) shift of the onset of sintering to lower temperature

(�1550 �C) and (ii) shift of the first densification maximum to a higher

temperature (1780 vs. 1830 �C).

Fig. 4. SEM images of polished and plasma-etched surfaces of the

dense Si3N4 ceramics sintered at 1830 �C, 1 h, 5 MPa N2 pressure and

doped via (a) metal oxide (Y2O3) addition and (b) organometallic

presursor (Y-methoxyethoxide).
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obtained by direct nitridation. The important parameter
here, affecting the efficiency of chemical doping, is the
surface density of the OH groups due to a high oxygen
concentration at the particle surface. Doping with reac-
tive organometallic compounds leads to a covalent che-
mical bond between Si–O– and metal oxide, which
directly bonds the doping agent to the oxidized surface
layer and forms a thin homogeneous surface coating, as
depicted in Fig. 5. However, the addition of a higher
volume fraction of organometallic precursor (e.g. 10.5
wt.%) leads to a local precipitation of amorphous metal
oxide clusters on Si3N4 particles [see also Fig. 5(b)],
because in this case there are not sufficient silanol
groups at the near-surface region.
SEM imaging of the dense sampled revealed a slightly

finer microstructure when utilizing organometallic dop-
ing. Since homogeneous distribution of the sintering aid
(organometallic precursor) resulted in a higher densifi-
cation rate at the early stage of sintering, one would
expect just the opposite, a coarser final microstructure.
However, since the first densification maximum was
shifted to a higher temperature (1780 vs. 1830 �C, see

also Fig. 3), the positive low-temperature effect is coun-
terbalanced. It is assumed that residual carbon con-
tamination as a residue from the organometallic
precursor limits densification at high temperature and,
therefore, results in both a retardation of the high-tem-
perature sintering process and the evolution of a finer
microstructure, as shown in Fig. 4. The latter observa-
tion is rationalized by the fact that the total affective
time for grain growth at high temperature is reduced,
due to this slightly retarded densification process.

5. Conclusions

After calcination at 800 �C, organometallic doping
yields a yttria layer at the surface of the ceramic parti-
cle. XPS in conjunction with TEM revealed that each
single powder particle is coated by a thin amorphous
metal oxide film. Therefore, chemical doping of diimide
powders, which reveal a sufficiently high number of
silanol surface groups, leads to a homogeneous dis-
tribution of sintering aids (even of a small amount)
within the powder compact, which cannot be achieved
by adding metal oxide powders and subsequent ball-
milling. This homogeneous additive distribution reduces
the affective diffusion length in the early stage of sinter-
ing and enhances densification at a relatively low tem-
perature (�1550 �C). Moreover, in-situ dilatometry
studies during gas-pressure sintering showed that the
sintering behavior (e.g. temperature of the first densifi-
cation maximum and final density) is slightly enhanced
by using Y-organometallic compounds, as compared to
doping with metal oxide powder. In addition, a slightly
finer microstructure was observed, when employing
organometallic precursors, which was rationalized by
the presence of residual carbon retarding both densifi-
cation and grain growth. It should be emphasized that,
since this doping technique is very sensitive to the Si3N4

particle surface (i.e. the amount of silanol surface
groups), it is not directly applicable to any kind of Si3N4

powder. For example, when using nitrided Si3N4 pow-
ders, a pre-oxidation treatment is required prior to
organometallic doping, because such powders typically
do not show a high oxygen concentration at the particle
surface and therefore no silanol groups.
It has to be concluded that organometallic doping

only represents an alternative doping method (i) when
suitable Si3N4 powders are utilized and (ii) when the
amount of sintering aid is above a threshold value of 2.0
wt.%, which allows to complete the surface reaction.
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Fig. 5. TEM micrographs (high-resolution images) of doped Si3N4

powder particles (Tosoh TS-10) revealing a continuous thin coating (5

nm thickness) with the sintering aid on the particle surface: (a) Si3N4

powder particle doped with 7.7 wt.% Y2O3 and (b) with 10.5 wt.%

Y2O3 addition (both organometallic doping). Note that when a high

volume fraction of sintering aid is used, areas with local additive pre-

cipitation start to occur.

H.-J. Kleebe et al. / Journal of the European Ceramic Society 22 (2002) 955–961 959



References

1. Kingery, W. D., Densification during sintering in the presence of

a liquid phase: I. Theory. J. Appl. Phys., 1959, 30, 301–305.

2. Ziegler, G., Heinrich, J. and Wötting, G., Review: relationships

between processing, microstructure and properties of dense and

reaction-bonded silicon nitride. J. Mater. Sci., 1987, 22, 3041–

3086.

3. Riley, F. L. Progress in nitrogen ceramics. In: Proc. NATO ASI

Series E. Applied Sciences, Martinus Nijhoff, Dordrecht, 1983.

4. Wötting, G. and Ziegler, G., Powder characteristics and sintering

behavior of Si3N4 powders. Powder Met. Int., 1986, 18, 25–32.

5. Raj, R., Fundamental research in structural ceramics for service

near 2000 �C. J. Am. Ceram. Soc., 1993, 76(9), 2147–2174.

6. Lyckfeldt, O., Liden, E., Persson, M., Carlsson, R. and Apell, P.,

Progress in the fabrication of si3n4 turbine rotors by pressure slip

casting. J. Eur. Ceram. Soc., 1994, 14, 383–395.

7. Hollemann, A. F. and Wiberg, E., Lehrbuch der Anorganischen

Chemie. Walter de Gruyter, Berlin, 1976.

8. Lide, D. R., Handbook of Chemistry and Physics. CRC Press,

Boca Raton, 1995.

9. Malghan, S. G., Wang, P. S., Sivakumar, A. and Somasundaran,

P., Deposition of colloidal sintering-aid particles on silicon

nitride. Composite Interfaces, 1993, 1(3), 193–210.

10. Fagerholm, H., Johansson, L.-S. and Rosenholm, J. B., A surface

study on adsorption of lignosulphonate on mixed Si3N4-Y2O3

powder dispersions. J. Eur. Ceram. Soc., 1994, 14, 403–409.

11. Nakamura, H. and Kato, A., Effect of crystallization of alumina

hydrate in preparation of alumina-coated composite particles.

Ceramics International, 1992, 18, 201–206.

12. Kulig, M., Oroschin, W. and Greil, P., Sol-gel coating of silicon

nitride with Mg-Al-oxide sintering aid. J. Eur. Ceram. Soc., 1989,

5, 209–217.

13. Garg, A. K. and De Jonghe, L. C., Microencapsulation of silicon

nitride particles with yttria and yttria–alumina precursors. J.

Mater. Res., 1990, 5(1), 136–142.

14. Kuzjukevics, A. and Ishizaki, K., Sintering of silicon nitride with

YAlO3 additive. J. Am. Ceram. Soc., 1993, 76(9), 2373–2375.

15. Kim, J.-S., Schubert, H. and Petzow, G., Sintering of Si3N4 with

Y2O3 and Al2O3 added by coprecipitation. J. Eur. Ceram. Soc.,

1989, 5, 311–319.

16. Liden, E., Persson, M., Carlstrom, E. and Carlsson, R., Electro-

static adsorption of a colloidal sintering agent on silicon nitride

particles. J. Am. Ceram. Soc., 1991, 74(6), 1335–1339.

17. Kizler, P., Kleebe, H.-J., Aldinger, F. and Rühle, M., Extended

X-ray absorption fine structure (EXAFS) study of secondary

phases in Yb2O3-doped Si3N4 ceramics. J. Mater. Sci., 1997, 32,

369–374.

18. Joshi, P. N. and McCauley, R. A., Metalorganic surfactants as

sintering aids for silicon nitride in an aqueous medium. J. Am.

Ceram. Soc., 1994, 77(11), 2926–2934.

19. Schmidt, H., Nabert, G., Ziegler, G. and Goretzki, H., Char-

acterisation and surface chemistry of uncoated and coated silicon

nitride powders. J. Eur. Ceram. Soc., 1995, 15(7), 667–674.

20. Kulig, M., Greil, P. Surface chemistry suspension stability of

oxide–nitride powder mixtures. J. Mater. Sci., 1991, 26, 216–

224.

21. Yamada, T., Kanetsuki, Y., Fueda, K., Takahashi, T., Kohtoku,

Y. and Asada, H., Effect of powder characteristics on sintering

behavior of silicon nitride. In Proc. Int. Conf. on Silicon Nitride-

Based Ceramics, Vol. 89–91, ed. M. J. Hoffmann, P. F. Becher

and G. Petzow. Trans. Tech. Publications, Switzerland, 1994,

pp. 177–180.

22. Natansohn, S., Pasto, A. E. and Rourke, W. J., Effect of powder

surface modifications on the properties of silicon nitride ceramics.

J. Am. Ceram. Soc., 1993, 76(9), 2273–2284.

23. Galassi, C., Biasini, V. and Bellosi, A., Effects of powder

characteristics and mixing processes on the microstructure and

properties of silicon nitride. Proc. Adv. Mater., 1993, 3, 153–161.

24. Nitzsche, R. and Boden, G., Oberflächenmodifizierung und-
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