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Abstract

2Si NMR, diffuse reflectance infrared fourier
transform (DRIFT) spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), ultraviolet spectroscopy
(UV)}, ellipsometry, and atomic force microscopy
(AFM ) measurements were used to characterize the
interaction of N—(triethoxysilylpropyl)-O—poly—
ethylene oxide urethane with a SisNy surface in
water. The experimental results show that this tri
alkoxy silane molecule covalently bonds to the sur-
face of Si;N4. Maximum adsorption of this com-
pound was 2-13 umolm=2, but less than 0-1 pmolm=2
of this amount is chemically grafted to the surface.
However, AFM results show that such a low amount
of material is sufficient to increase the repulsive
potential between SizN, surfaces. © 1998 Elsevier
Science Limited. All rights reserved

1 Introduction

Because of its low coefficient of thermal expansion
and high fracture toughness, components manu-
factured from silicon nitride are of great interest
for engine parts, cutting tools,! and other applica-
tions? which require high heat-resistance and wear-
resistance. These types of components require high
performance and high reliability which are proper-
ties not normally attributed to ceramic materials.
Colloidal ceramic processing,®* has the potential
to remove or minimize the flaw populations
responsible for low Weibull moduli and poor frac-
ture toughness. Material properties are improved
by the removal of strength limiting heterogeneities

*To whom correspondence should be addressed.
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by filtration. In this method, the ceramic powder is
first dispersed in a medium. For environmental and
economic reasons, an aqueous medium is pre-
ferred. When the particles are first dispersed in the
medium the volume fraction of particles should be
low and the interparticle potential highly repulsive,
so that the pressure needed to filter the suspension
is minimal. After removing the heterogeneities and
prior to consolidation to a higher volume fraction,
the interparticle potential should be changed to a
weakly attractive potential (i.e. short range repul-
sive potential). The weakly attractive potential is
necessary for three reasons. First, it will prevent
mass segregation in suspensions of different phases
during consolidation.’ Second, it allows a mechan-
ism to alleviate residual stress introduced during
consolidation.® Third, particle suspensions with a
weakly attractive potential possess a yield stress
and thus bodies can be reformed into a desired
shape after consolidation.”

A short range repulsive potential between cera-
mic particles can be produced by many different
techniques.®~1° All methods involve some variation
of truncating the attractive van der Waals poten-
tial.!! One such method is by adsorbing molecules
on the surfaces of the particles.!> The adsorbed
molecules produce a brush-like structure on the
surface which limits the closest separation distance
of the particles to twice the length of the adsorbed
molecule. Varying the length of the adsorbed
chain, changes the magnitude of the truncation of
the attractive van der Waals potential and thus the
strength of interaction between particles.!? The
longer the adsorbed molecule the weaker the
attraction between particles. At some characteristic
length, the interparticle potential will become
purely repulsive. The characteristic length will
depend on the Hamaker constant of the material
being dispersed. For materials with larger
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Hamaker constants, longer chain lengths will be
needed to achieve colloidal stability.

One difficulty that often arises during powder
consolidation is the desorption of organic aids
from the surface.!*> This desorption removes the
short range repulsive force and allows particles to
come into contact, negating some of the advan-
tages of the colloidal processing method. There-
fore, it is necessary to use very strongly physically
or chemically adsorbed molecules. Kramer et al.!*
have shown that it is possible to chemically graft
alcohol chains of varying length onto the surface of
silicon nitride. However, the alcohol chains cause
the particles to be hydrophobic and thus not solu-
ble in the preferred aqueous medium.

Recently, Buchta et al.!® and Colic et al.'® used
silane molecules to disperse silicon nitride in water.
These molecules provided the desired short range
repulsive force and did not desorb during con-
solidation. In addition, their results suggested that
the silane molecules prevented dissolution of the
silica from the surface of the particles.

Tri alkoxy silane molecules have been used for
years in the adhesion industry as coupling
agents.!'”!® The R group and the X group can be
altered depending on the desired application. Upon
addition to water the alkoxy groups hydrolyze to
form silanols, eqn (1). This hydrolysis reaction is
rapid in an acidic environment. The tri alkoxy
silane molecule can then polymerize by reacting
with other silanol groups, eqn (2).

XSi(OR) - 2H20 —2dd_, XSiOR(OH) 7t 2ROH

OH

! |
XSi(OH)3 + —S'i OH — X = G wm O w= §j +H20 2
|

OH

It is well documented?®-2! that the amine groups on
the surface of Si3;N4 react with water to form sila-
nol groups, eqn (3).

I .
- SlnNHZ +H{ > SiOH + NH &

Buchta et al.'* had the novel idea that the tri
alkoxy silane molecule would react with the silanol
molecules on the surface of SizN,, forming the
much desired chemical bond [eqn (2)]. The length
of the adsorbed chain can be varied by altering the
length of the X-group.

This paper will attempt to characterize the inter-
action of a tri alkoxy silane molecule with a SizNy
surface and determine its effect on the interparticle

potential. 2°Si NMR was used to characterize the
starting compound as well as the compounds
formed upon hydrolysis and then condensation.
Diffuse reflectance infrared fourier transform
(DRIFT) spectroscopy and X-ray photoelectron
spectroscopy (XPS) were used to characterize how
the tri alkoxy molecule bonds to the surface of
silicon nitride. Ultraviolet spectroscopy (UV) and
ellipsometry measurements were used to determine
the amount of adsorbed material. Atomic force
microscopy (AFM) measurements of force versus
separation distance were used to determine the
effect of the tri alkoxy silane molecule on the
interparticle potential.

2 Materials

The silane molecule used in this study was N-
(triethoxysilylpropyl)-O—poly—ethylene oxide ure-
thane (Gelest Inc. (ABCR), Germany), Fig. 1, and
will be referred to as PEO silane. This was one of
the compounds explored by Colic et al.'® This
compound was used as received. In a fully exten-
ded all-trans conformation the hydrolyzed mole-
cule has a length of approximately 2-2nm. The
Si3N,4 powder used for the UV adsorption studies
and DRIFT measurements was UBE EO03
(dso=1-21 um). Polished substrates for AFM and
XPS studies were made from gas pressure sintered
Si3N4 bodies with 8 wt% (3 wt% Al,O3; and Swt%
Y,0;) sintering aids. Polished substrates suitable
for ellipsometry measurements were prepared from
hot isostatic pressed Si3N, bodies with 2wt%
(Al,O5 and Y->QO3) sintering aids.

3 Experimental

3.1 NMR

Samples were analyzed by 2°Si NMR spectroscopy
using a Bruker spectrometer DRX 500 (Karlsruhe,
Germany), operating at a frequency of 90-34 MHz.
Spectra were run at 25°C. The field width was
15kHz, the sequence delay (d1) 30s, and the pulse
sequence was inversed gated decoupling. Two
samples were prepared, PEO silane in deuterated
tetrahydrofuran (THF) and PEO silane in D,O
with HC1 . A 4 to 1 ratio of solvent to PEO silane
was used. Samples were prepared 24 h before tak-
ing the spectra. The following nomenclature, T,,

W
-NH-C -O-(CHZCHZO)SH

(C2H50)3—SJ—CH -CHZ—CH

2 2

Fig. 1. Molecular structure of N—(triethoxysilylpropy!)-O-
poly—ethylene oxide urethane.
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will be used to describe the chemical environment
of the silicon atom. The superscript y denotes that
a bond has formed by a condensation reaction and
the subscript x denotes that a silanol has formed by
hydrolysis. x and y must not exceed 3. Figure 2
shows an example of a T,! silicon atom.

3.2 Drift

Diffuse reflectance infrared fourier transform
(DRIFT) spectroscopy measurements were made
with a Bruker (Karlsruhe, Germany) Infrared
Spectrometer 66 with a diffuse reflectance acces-
sory from Harrick Scientific Instruments (Ossning,
NY, USA). Samples were prepared by dispersing
the silicon nitride powder in water (pH 2) with
(0-25wt%) and without PEO silane. The suspen-
sions were allowed to equilibrate for 24 h and then
centrifuged to remove the solvent. The powder was
then rinsed with deionized water and allowed to
dry. The rinsing and drying procedure was repe-
ated five times. Measurements were done at room
temperature.

3.3 XPS

The surface composition and concentration of a
PEO-Silane film on a SizN, substrate as well as the
substrate itself were analyzed by X-ray photoelec-
tron spectroscopy (XPS).2?724 In order to prevent a
degradation of the organic film, a special handling
procedure was followed: The polished substrate
was allowed to remain in the PEO silane solution
(0-25wt%) until just before measurement. After
only a short drying time the sample was put into a
vacuum pre-chamber for an outgassing time of 48 h
at a base pressure of approximately 1x107>Pa.
The samples were then transferred into the main
UHV-chamber with a base pressure of 3x10~7 Pa.
The XPS measurements were performed with a
Perkin-Elmer ©5300 spectrometer, using a Mg-K,,
X-ray source with an electron acceleration energy
of 12kV and a power of 300 W.

The photoelectrons, emitted from the Si 2s, the
Si 2p, the C 1s, the N 1s and O 1s levels, were
measured at a take-off angle of 45°, relative to the
surface with a concentric hemispherical analyzer. A
pass energy of 89-5e¢V was used for the survey
spectra and a pass energy of 71-55¢V for the mul-
tiplex (narrow scan) spectra. In order to analyze
the near-surface concentration, the take off angle

OCH2CH3

X = G wm O == §j

OH

Fig. 2. Example of a T;! silica atom.

(W) was varied stepwise between 15° and 45°
relative to the surface. Decreasing the take-off
angle (W) of the emitted photoelectron, results in a
decrease of the information depth. Thus, signals
from the outer layer (e.g. the polymer film) are
more pronounced. Since X-ray bombardment is
known to degrade organics, acquisition time was
reduced at the expense of the signal-to-noise
ratio.

In order to acquire a standard for comparison,
an untreated Si;N, substrate was analyzed. The
sample was found to have a ‘natural’ surface con-
tamination layer, which was sputtered off by 3KeV
Ar™ bombardment after approximately 24 min.

3.4 UV adsorption isotherm

PEO silane was determined to be UV active at a
wavelength of 212nm. A calibration curve was
generated by determining the UV adsorption in
transmission for known amounts of PEQ silane.
Samples were prepared by dispersing a fixed
volume fraction of silicon nitride powder in water
(pH 10) with various concentrations of PEO silane.
The samples were vigorously shaken for 24 h and
then the powder and solvent were separated by
centrifugation. The supernate was analyzed to
determine the amount of PEO silane. The differ-
ence of the starting concentration and the con-
centration in the supernate was determined to be
the amount adsorbed.

3.5 Ellipsometry

The measurements were performed using a null
ellipsometer manufactured by Optrel (Berlin, Ger-
many). All measurements shown were taken with a
He-Ne laser with a wavelength of 632-8nm.
Adsorption isotherms were determined as follows:
The polished sample was placed into a specially
designed glass cell. The cell was then filled with
deionized water at pH 10. The stability of the sys-
tem was then checked. A concentrated solution of
PEO silanol was then added and the system was
allowed to reach equilibrium. The concentrated
solution was prepared at pH 10. An isotherm curve
was obtained by systematically increasing the PEO
silanol concentration while recording the ellipso-
metric angles A and W. It was assumed that the
system was comprised of three layers, SizNy, SiO,,
and PEO silane. For the four different samples
explored, the layer of SiO, between the bulk Si;N,
sample and the PEO silane film varied between 12
and 25 angstroms. The Fresnel equations were then
solved using the software provided by Optrel to
determine the index of refraction and the film
thickness for each concentration. Equation (4) was
then used to determine the amount of adsorbed
compound, A (mgm™—2).
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A = dy(n; — ny)/(dn/dc) (4)
d, is the calculated layer thickness and n; is the
refractive index of the adsorbed film, ny is the
refractive index of the pure water and dn/dc is the
refractive index increment of PEO Silanol in water.
It has been determined on an Abbe refractometer
that dn/dc = 1-225 x 10~ ml mg~".

3.6 Atomic force microscopy

Interparticle forces were measured in a closed
liquid cell using a Digital Instruments Multimode
Nanoscope III atomic force microscope (Santa
Barbara, CA, USA). The standard cantilever for
this AFM is made of Siz;Ny. Solutions of deionized
water and 1x 1073 gml~! PEO silane were prepared
at pH 10. The substrate was loaded into the liquid
cell, filled with deionized water, and then the
interparticle forces between the Si;N, substrate
and the Si3N; AFM tip were measured. The
interparticle potential with 1x 1073 g ml PEO silane
was measured in the same way. A description of
the analysis of the force-distance curves is given
elsewhere.?>

4 Report and Discussion of Experimental Results

4.1 NMR

Figure 3 shows 2°Si NMR spectra of PEO Silane in
THF. Since the THF contains no water, hydrolysis
of the compound should not take place and the
results should show the starting compound. Figure
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3 shows that no polymerization has occurred in the
starting compound (i.e. y=0). Hence, the as
received PEO silane from Gelest consists of only
T, (46ppm), T,° (4578 ppm), T,® (45-56 ppm)
silica molecules, Fig. 3. It is possible that the peak
for To? is the peak for T,° and T,° is T,% and T, is
T,%, but three free silanol groups would be extre-
mely reactive and the spectra shows no Si-O-Si
bonds. Hence, we conclude that there is no Ts°.
Integration of the peaks shows that the as received
PEO silane is comprised of 41-8% of Ty, 37-2% of
T,% and 21% of T,°, Fig. 4.

Figure 5 shows the spectra for PEO silane dis-
solved in D,0O with HC! added. Without the addi-
tion of HCI, the PEO silane and D,O initially
phase separated. The kinetics of the reaction given
by eqn (2) are greater reduced at higher pH. When
HCIl was added the solution rapidly became fully
soluble. Figure 5 shows that PEQO silane in D,O
undergoes polycondensation reactions [eqn (2)] to
form T,! (51.09ppm), T,> (59-958 ppm), and
(67-65 ppm) siloxane molecules. Non-condensated
Si molecules, T,® (41-48 ppm), are also still present
in solution. Integration of the peaks shows that the
solution is comprised of 9% of T,!, 53% of T,?,
37% of T3, and 1% T,°. The broad peak around
110 ppm is the peak signal for the tube glass.

4.2 Drift

Figure 6(a) shows the entire DRIFT spectra for
uncoated and PEO coated silicon nitride powder.
The peaks at low wave number are attributed to
the powder. Figure 6 (insert) shows an enlargement
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Fig. 3. 2°Si NMR spectra of PEO silane in deuterated THF.
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Fig. 4. Structures of Ty°, T,°, and T,° silica atoms.
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Fig. 5. ?°Si NMR of PEO silane in D,0.

of the region from wave number 2500 to 3500. A
difference between the two spectra can clearly be
seen in this region. For the coated powder, there is
a strong peak at 2930 and a weak peak at 2850.
These peaks corresponds to a CH; group. The lit-
erature suggests that a CHj group should give a
strong peak at 2960 and a weak peak at 2875.
There appears to be a shoulder at 2960 and the
peak at 2875 is mainly covered by the two peaks of
the CH, group.

4.3 XPS

Figure 7 shows the survey spectra with the PEO-
film [Fig. 7(a)] and with the ‘natural’ surface con-
tamination [Fig. 7(b)], both at a take-off angle of
45°. The intensity of both spectra were adjusted to
a common scale with 1375 countss~! and per divi-
sion. The coverage with PEO silane results in a
strong increase of the oxygen and carbon signal
and a corresponding decrease in both the silicon
and nitrogen signal intensities. For a better quan-
titative comparison, the integrated peak areas were
divided by the appropriate atomic sensitivity fac-
tors. The ionization cross section and the trans-
mission function of the spectrometer were taken

500 1000 1500 2000 2500 3000 3500 4000
Wave number (cm™)

Fig. 6. DRIFT spectra of silicon powder with and without
PEO silane.

into account. The atomic sensitivity factors were
provided by Physical Electronics. The atomic con-
centration ratio of Ols/Si2p and Si2p/Nls are lis-
ted in Table 1. The atomic ratio of O1s/Si2p for the
PEO-film is almost double that of the natural con-
tamination layer. The atomic ratio of Si2p/Nls
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Fig. 7. XPS survey spectra of the Si;Ny substrate with (a) the
PEO-filmand with (b) a natural contamination layer.

does not change drastically, 1-21 to 0-94. Sputter
cleaning of the sample results in a decrease of the
carbon and oxygen signal. The atomic ratio of Si/
N also further decreases, but does not achieve the
nominal concentration ratio of 0-75, indicating that
the surface terminates with silicon coverage.

A detailed investigation of the different peaks
show that the nitrogen peak is very sensitive to the
chemical environment. In all figures, underground
subtraction was carried out. All spectra were
adjusted to a common y-axis with 975 countss~!
per division. In Fig. 8, peak no. 1 shows the nitro-
gen peak of the sputter cleaned SizN, substrate. It
shows a nearly symmetric Gaussian peak shape, as
it is expected from other measurements.?>?¢ Peak
no. 2 shows the nitrogen peak intensity of the same
sample before the sputter cleaning procedure. Fur-
thermore the main peak intensity shifts slightly
(AE=0-4eV) toward a higher binding energy
(BE)- (see Table 2). The coverage with the PEO-
film results in a further decrease of the main inten-
sity and an increase of the additional peak intensity
(see no. 3). Again the main peak shifts slightly by
(AE=0-2eV). As shown in Fig. 8 (insert), this
nitrogen peak (no. 3) can be fitted very well with
two Gaussian peaks. The higher intensity at lower

BE will be denoted by N 1s(l) and the peak with
the lower intensity at higher BE will be denoted as
N 1s(h) and the sum as N 1s. The atomic ratios of
Si2p, Ols, and Nls(l) are listed in Table 1 for the
Si;N, substrate coated with the organic film for
various take-off angle (¥). Table 1 also lists the
same atomic ratios for the untreated Si;N4 sub-
strate for various sputtering time.

In order to measure the surface composition in
the organic surface layer and on the underlying
substrate, the take-off angle (W), relative to the
surface, was varied stepwise between 15° and 45°.
The XPS-spectra for nitrogen (N1s(l) and Nls(h))
for various take-off angles are displayed in Fig. 9,
W =45° (spectrum no. 1), ¥=15° (spectrum no. 3).
Spectrum no. 2 shows the XPS-spectra at ¥=15°
several hours after XPS-measurement. It can
clearly be seen, that the total intensity of Nls as
well as the atomic ratio of N1s (1)/N1s (h) increases
with increasing take-off angle (see Table 1).

The binding energies (BE) of the two nitrogen 1s
levels and oxygen 1s do not change with the take-
off angle. However, the BE of the Si 2p core level
shifts with increasing take-off angle from 104-4eV
to 104-0eV (see Table 2). Indicating that the Si2p
peak is composed of peaks from different binding
energies at different depths.

The N 1s(I) peak is attributed to nitrogen binded
in the bulk Si;N4 material and N 1s(h) peak to
nitrogen in a contamination layer on the surface
(i.e. N binded to C and O). Table 1 shows that the
ratio of N1s(1)/N 1s(h) peak areas is significantly
less for the PEO coated substrate than for the
untreated Si;N,4 substrate with a contamination
layer. Table 1 also shows that the ratio of the Ols/
Si2p peak areas is higher for the PEO treated Si;Ny
surface than the normal contaminated SizN, sur-
face which suggests a thick oxygen layer on the
bulk substrate. Both of these effects are attributed
to the addition of a thin organic layer.

For the PEO coated substrate, the ratio of the
O1s/Si2p peak areas decreases with increasing take
off angle, equivalent to an increase in information
depth. A clear indication that the Si is beneath a
thick C and O-layer (i.e. the X group of the silane

Table 1. Atomic ratio of the elements Si, N, and O in untreated Si;N4 and PEO silane treated SizN,

Ols/Si2p
(atomic-ratio)

Si2p/Nl1s
(atomic ratio)

Si 2p/N Is(h)
atomic ratio

Si 2p/N Is(1)
atomi ratio

Nis (1)/N 1s(h)

PEO-film on a Si3;N, substrate
at a take-off angle of

P=15° 2055
W =30° 1-691
W=45° 1.281

Sputter time of Siz;N,-standard

at a take-off angle of W=45°
0 min 0-77
24 min 0-31

3-24 7.57 522 1.450

1-64 6-49 2:17 2993

6-32 1.55 4.078

094 8-63 1-86 8144
24.47 0-94 2593
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Fig. 8. XPS-Spectra of the nitrogen 1s peak for three different samplesurfaces: no. 1 for the sputter-cleaned Si;N,4 substrate; no. 2

for SizN, substrate with a natural contamination layer; no. 3 for Si;Ny substrate with a PEO-film. In the small inserted picture the

nitrogen spectrum no. 3 is magnified and deconvoluted with two Gaussian shaped peaks. The two different peaks are denoted as
Nis (1) and Nls (h).

molecule is pointing away from the surface). This
assumption also agrees with the angle dependence
of the atomic ratio of N1s(1)/N1s(h) as well as with
the angle dependence of the atomic ratio of Si2p/
N1s(l) (see Table 1). The nitrogen bonded in the
bulk is beneath the nitrogen bonded in the polymer
and the Si which is at the interface between sub-
strate and polymer. Consequently, one would
expect an increase in the ratio of the Si 2p/N 1s(h)
peak areas with increasing information depth.
However, Table 1 shows the ratio does not change
but actually decreases a small amount. This unex-
pected result is attributed to an attenuation effect.
Due to the different kinetic energies of the emitted
photoelectrons (Eg; > En > Eg), the mean free path
of Si is higher than for nitrogen and thus the
information depth for Si is higher than for N.
Therefore, already for a small take-off angle, more
signal emitted from the silicon layer just beneath
the nitrogen-polymer-layer than emitted from the

Table 2. Binding energies of the Si2ps, N1s(l) and N1s(h) peak
intensities in untreated Si;N4 and PEO silane treated SizNg.
See Section 4-3 for definitions of Nls (1) and N1ls (h)

BE Si2p BE Ols BE Nlis
PEO-film on a Si3N4
substrate at a
take-off angle of
W=5° 104-4 434-8 399-8
Y =30° 104-2 534-8 399-8
Y =45° 104.2 534-8 399.8
Sputter time of
SizNy-standard at a
take-off angle of
W =45°
Omin 103-8 534.6 399-6
1 min 103-4 5336 399.2
24 min 103-2 533.8 399.2

nitrogen in the PEO layer arrives at the analyzer.
Hence, increasing the take-off angle leads to an
unproportional increase of the nitrogen signal result-
ing in a slight decrease of the concentration ratio.

4.4 UV adsorption isotherm

The adsorption isotherm of PEO silane on silicon
nitride powder using UV techniques is shown in
Fig. 10. The measurements were severely hampered
by dissolution of ammonia from the surface. The
ammonia, being UV active at the same wavelength,
caused higher UV reading than the calibration
curve would predict. Therefore, it was only possi-
ble to determine when all PEO silane added adsor-
bed to the surface of the powder (point E in Fig. 10)
and when the maximum adsorbed amount had
been achieved (< F in Fig. 10). Point E was deter-
mined by comparing the measured value to that of
the supernate of silicon nitride powder dispersed in
water without PEO silane. Point F was calculated
by determining the point at which the UV adsorp-
tion increased linear with increasing PEO silane
concentration. Point E and F correspond to
adsorbed amounts of 0-052umolm~2 and
0-104 umolm—2, respectively. The value of F is
determined by assuming that all the PEO silane
added between the concentrations generating
points E and F adsorbs. The saturation concentra-
tion is approximately 5x107>gml~!. Samples
allowed to equilibrate for 2 weeks yielded the same
experimental results.

4.5 Ellipsometry

The kinetics of the adsorption of PEO silane on
silicon nitride was too slow to allow the determi-
nation of an adsorption isotherm curve. In
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addition, solution of the Fresnel equations for the
system was not possible. Only measurement of the
maximum adsorbed amount was possible. Figure
11 shows a plot of the optical parameter A, related
to film thickness, as a function of time. Point A
and B correspond to the addition of Sml of
1x10~ 1 gml~! PEO silane solution at pH 10. For
this large concentration the adsorption was rapid.
The maximum adsorbed amount for the 5 samples
explored was determined to be 2-1 wmolm~2 ( £0.5).

4.6 AFM

Figure 12 shows the interparticle potential between
SisN, in water at pH 10 with and without PEO
silane. At pH 10 silicon nitride has a very high
surface charge and thus a long range repulsive
force. Figure 12 shows that the silane coated sys-
tem experiences a longer range repulsive force then
the untreated Siz;N,4 sample.

jes]

Adsorbed Amount gmol/ m)
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1107

Fig. 10. UV determined adsorption isotherm. Point E and F
correspond to adsorbed amounts of 0-052umolm~2 and
0-104 umol m~2, respectively (see text).
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Fig. 11. Ellipsometry determined adsorption isotherm.

5 Discussion

The 2°Si NMR spectra of the starting compound in
THF dg (Fig. 3) shows that it is extremely stable
with regards to polycondensation. No special sto-
rage or handling conditions (e.g. glove box, glove
bag, nitrogen storage) are used and still after
months of use the compound does not polymerize.
Figure 5 shows that upon the addition of water
and acid polycondensation reactions occur. Only
1% of the starting material remains in the solution
after 24 h.

The structure of the PEO silane compared with
that of the surface of Si3Nj, is such that the only sur-
face groups detectable by DRIFT are CO, CH, and
CH3;. The surface of silicon nitride already has Si—O
and N-H bonds and thus it is extremely difficult if
not impossible to measure an increase in this
quantity caused by the chemical binding of the
silane molecule to the surface. Therefore, DRIFT
measurements could confirm that the PEO silane is
strongly bonded to the surface but could not
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Fig. 12. Comparison of AFM results for SisN, coated with
(le-3gml~") and without PEO Silane.

confirm whether the silane molecule is physically
bound or chemically grafted. Presence of CH; groups
in the DRIFT spectra indicate that there are still
unreacted alkoxy groups on the PEO silane molecule.

XPS results confirm the presence of the PEO
silane molecule on the Si;N, substrate. The
vacuum pressure of the UHV chamber, 3x10~7 Pa,
is an indication of how strongly the molecule is
bonded. The XPS results clearly show that the
silane end of the molecule is adjacent to the silanol
rich SisN4 surface. For thermodynamic reasons,
two SiOH bonds in immediate proximity will react
to form an Si-O-Si bond and thus we can conclude
that the PEO silane molecule chemically binds to
the surface of SizNy. It is possible that the PEO
silane molecule can form covalent bonds with the
Si-N bonds on the surface of SizNy4, but it is not
thermodynamically favored.

The maximum adsorbed amount determined by
UV spectroscopy and ellipsometry differ by a fac-
tor of 20. This strongly indicates that the PEO
silane molecule not only chemically binds, but also
physically binds to the surface. The physically
bonded molecules are removed during centrifuga-
tion giving the lower maximum adsorbed amount
by UV adsorption. Buchta ef al.!> came to a simi-
lar conclusion by different experimental methods.
They suggested that the silane end when adjacent
to the silicon nitride surface forms a chemical bond
and the X polymer chain when adjacent to the
surface forms a physical bond. In the case of the
PEO silane molecule. The terminating alcohol
group forms a hydrogen bond with the silicon
nitride surface groups. Thus, the PEO silane mole-
cule is only physically bonded when the PEO chain
is adjacent to the silicon nitride surface. AFM
results presented here and the rheology results of
Colic et al. show that this trace amount of silane
molecule is adequate to improve the dispersability
of the powder.

6 Conclusions

Diffuse reflectance infrared fourier transform
(DRIFT) spectroscopy showed that PEO silane is
strongly bonded to the surface of silicon nitride. X-
Ray photoelectron spectroscopy (XPS) was able to
determine that the PEO silane is chemically grafted
to the surface. UV spectroscopy and ellipsometry
measurements were able to determine that the
amount of chemically grafted PEO silane is very
small. The majority of the PEO silane is physically
bonded to the Si;N4 surface. AFM results show
that even a small amount of PEO silane on the
surface of silicon nitride has a beneficial effect on
the interparticle forces. Thus, the large amount of
physically bonded PEO silane leads to the reduc-
tion in the rate of silica dissolution'¢ and the small
amount of chemically bonded compound prevents
particles from being pushed into the deep potential
well during consolidation.!é
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