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Binder distribution in SizN4 ceramic green
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Nuclear magnetic resonance (NMR) imaging is an emerging technology which provides a
unique material-diagnostic technique by in situ internal mapping. It can provide information
not only on material distribution, but also on the chemical and physical characteristics of
materials. However, due to the nuclear dipole-dipole interaction in solid state materials, NMR
spectroscopic signals are normally very broad. NMR imaging based on these unresolved broad
lines is extremely difficult, and resolution is poor. The binder distribution was studied in
ceramic green bodies with a stray-field NMR imaging facility at a proton frequency of

163 MHz near the edge of a 9.394 T superconducting magnet. The "H nuclear spin echo
signal from silicon nitride green bodies containing 10 wt % of either polyethylene glycol or
polyvinyl alcohol as a binder was detected at 163 MHz. NMR images show a good
homogeneity of the binder distribution in the cross-sections of the samples. Overall results
show that the distribution of polyethylene glycol in Si;N, green bodies is more homogeneous
than that of polyvinyl alcohol under similar processing parameters. NMR spectroscopic results
also indicate a higher moisture content in the green bodies containing a polyvinyl alcohol

binder.

1. Introduction

In the manufacture of most of advanced ceramics,
the starting materials are sub-micrometre sized pow-
ders. These powders possess varying degrees of chem-
ical impurities and surface properties, depending on
the synthesis process. One of the first steps in the
manufacturing of ceramics is to mix these powders
with polymeric surfactants in an aqueous or non-
aqueous environment in order to achieve a variety of
functions in the slurry and green (unsintered) ceramic.
Two examples of the use of polymeric surfactants are
dispersants and binders. The role of dispersants is to
provide de-agglomeration and stabilization against
re-agglomeration of particles as a result of steric or
electrosteric interaction forces in the presence of a
liquid environment. Polyacrylates of different molecu-
lar weights and composition are commonly used as
dispersants for oxide and non-oxide powders where
stabilization of particles is provided by the adsorption
of polyacrylic ions on the negatively charged particles.
This type of adsorption results in the enhancement of
the net negative charge on the particles and thereby
increases interparticle repulsion. Binders are added to
achieve a variety of functions such as strengthening
the green ceramic by binding particles, lubrication of
particles to promote interparticle sliding, and plastici-
zing to improve the flexibility of binder films. Some of
the binders used in ceramic powder processing are
polyvinyl alcohol, polyethylene glycol, cellulose and
dextrin.
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With such a large number of organic chemicals
present in the slurries of ceramic powders, these chem-
icals interact. The complexity of the bulk and interface
interactions of powder, water, inorganic impurities,
and organic surfactants are not well-understood.
These interactions lead to inhomogeneities in the
suspensions and green body in the form of agglomer-
ates, a non-homogeneous distribution of surfactants,
voids and chemical segregation. These inhomogene-
ities, once formed in the green state, remain in the final
ceramic; thus they form defects in the sintered ceramic.
These defects are considered to be the main cause of
the problems associated with the repeatability of man-
ufacturing processes.

In advanced ceramic components, the failures often
occur due to defects such as voids and large-scale
chemical segregations undetectable by conventional
methods. Nuclear magnetic resonance (NMR) imag-
ing is an emerging technology which provides a uni-
que material-diagnostic technique by in situ, internal
mapping. It can provide information not only on the
material distribution (nuclear spin density), but also
on the chemical and physical characteristics of these
materials (nuclear spin relaxation times). In a ceramic
green body, the binder distribution is a critical para-
meter that affects the final ceramic’s mechanical, ther-
mal and electrical properties, and its reliability. An
understanding of the interfacial reactions between
the binder and ceramic powders under various process-
ing parameters is essential to alleviate binder
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distribution related problems in ceramic processing
technology. Efforts have been made to improve this
understanding [1-8].

Since it was first publicized in 1973 [9], much effort
has been spent in developing NMR imaging for medi-
cal, biological, and materials applications. Con-
siderable advancements have been accomplished in
the medical and biological applications because the
samples involved are in a mobile state. However, due
to the nuclear-dipolar broadening in solids, the devel-
opment of NMR imaging for application to solid
materials has been difficult.

The spatial resolution, 8, in NMR imaging can be
related to the spectroscopic linewidth, », and the
magnetic-field gradient, G, by the following equation:

& = v/oG

where o is the gyromagnetic ratio of the nucleus
observed. In solids, especially hard solids like ceram-
ics, the linewidth due to the nuclear-dipolar inter-
action is often a few thousand times larger than in
mobile samples because of the restriction in atomic
motion. Consequently, line narrowing and large field
gradients are the two factors critical to a successful
NMR imaging technique for solids.

Considerable efforts have been made to develop
various techniques for the improvement of line narro-
wing in NMR spectroscopy [10-11]. These techniques
are readily applied to imaging so that a better resolved
solid image can be achieved. They range from the
development of a multiple-pulse sequence to multiple
quantum coherence [12-20]. However, line broaden-
ing still remains as an obstacle to NMR spectroscopy
in solids. Thus a large magnetic-field gradient is re-
quired to offset line broadening for a useful resolution
in NMR imaging. To develop a large field-gradient
from gradient coils is not an easy task. The design of
the hardware and software often depends on the
nature of the experiment. To generate a large field-
gradient to compensate for a wide-line NMR signal
for image construction is also very challenging
[21, 22]. This paper reports the results of organic
binder distribution in a ceramic green body by NMR
imaging utilizing a large field gradient provided by a
stray field together with a series of solid echoes for
nuclear detection [17].

2. Experimental procedure*

The following materials were used to prepare the
samples: Polyacrylic acid (PAA), 5000 MW, Aldrich.
Polyethylene glycol (PEG), 1000 MW, Aldrich. Poly-
vinyl alcohol (PVA) 13000-23000 MW, Aldrich.
Siz;N,, UBE SN-E-10, (median size 0.2 um, specific
area, 10 m? g~ 1, Ube Industries); and HNO,, reagent
grade, 1.024 N.

* Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental proced-
ure adequately. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and Techno-
logy, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.

Silicon nitride was added to distilled water and the
slurry was acidified with HNO,; to a pH of 5.8-6.0,
and mixed with prediluted binders. The slurry was
subjected to ultrasonic vibration with a 1.9 cm dia-
meter probe at 270 W for 1 min and then allowed to
stand for 1 min. This procedure was repeated three
times for each slurry. During the ultrasonic treatment,
the slurries were kept cool by an ice-water bath. The
slurry was transferred to a polyethylene tube (75 mm
long, 15 mm outer diameter, 12 mm inner diameter)
with a Teflon bottom stopper and centrifuged at
2700 r.p.m. (revs per minute) for 30 min. The super-
natant liquid was withdrawn by a pipette and the cast
sample was heated in a vacuum oven at 40°C over-
night at 5% relative humidity. The resulting solid
samples were stored in a desiccator and used for NMR
studies.

A cylindrical sample of 12 mm diameter and 10 mm
thickness was glued by epoxy to a sample holder (a
ring with an inner diameter slightly larger than
12 mm). The sample and the holder were attached to
an extension rod from the first rotation ring at the
joint of a “screw driver” for the second rotation. Since
stray-field imaging is a new technique, its principle will
be explained in Section 3. The sample moisture con-
tent was analysed by a Bruker MSL-400 spectrometer
at 400.13 MHz.

3. Results and discussion
3.1. Principle and operation of the stray-field
NMR imaging facility

The stray-field NMR imaging facility was assembled
around a Bruker MSL-400 wide-bore spectrometer.
This unique NMR imaging facility for the study of
solids utilizes the large gradient in the stray field. A
planar surface under the edge of the superconducting
coil in a 9.394 T magnet system is used for this pur-
pose. At this surface, a static field-gradient strength of
approximately 80 Tm ™! was found [23-24]. The res-
onance frequency for protons at this surface is approx-
imately 163 MHz instead of 400 MHz. Since the field
is static in nature, the sample must be moved to obtain
spatial information.

The resonant-probe head consists of moving parts
for linear motion of the sample and the resonant coil
and for rotations of the sample. In this manner, a
three-dimensional projection can be made. A spherical
resonant coil of 18 mm diameter was built around the
sample and the holder. The coil was designed so that
half of it can be easily removed from the probe for
sample loading and unloading. When the sample is
moved up through the surface of a large gradient
along the z-axis of the magnet (parallel to the gradient
direction), a maximum of 512 points will be irradiated
by a solid-echo multipulse train to detect the nuclear-
echo signal [17]. This linear movement can be re-
peated as many times (number of scans) as desired and
echo signals can be accumulated to achieve a good
signal-to-noise ratio. When this one-dimensional
mapping is complete, the sample rotates in the yz-
plane and then continues scanning for its nuclear echo
signals. After the sample completes a 360° rotation in
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the yz-plane, a two-dimensional map can be construc-
ted by back projection of these echo signals. To
construct a three-dimensional picture, the sample
must be rotated away from the yz-plane. All these
movements are controlled automatically by an
ASPECT 3000 computer.

The precise three-dimensional motion (one linear
and two rotational dimensions) was controlled by a
motion-control unit which was connected to a second
modulator which was initially designed for cross po-
larization in the spectrometer. This control unit drives
three step-motors in the gear box which is connected
to the moving part of the resonant probe. Meanwhile,
the control unit continuously monitors the precise
position and motion of the sample optically.

Since resonance was observed not at the centre but
at the edge of the magnetic field, the resonant coil was
designed to observe 163 MHz instead of 400 MHz, the
magnetic strength at this sensitive surface is only
approximately 3.828 T instead of 9.394 T. The dis-
placement distance for each step of the step-motor
driving the linear motion is 37.5 um. This gives a
maximum resolution of 37.5 um in a picture irradiated
by 512 points. However, the experiment currently only
irradiates every other point, and so the current resolu-
tion is no better than 75 pm.

A solid-echo train of (n/2), — 1t —{n/2), — 21 —
echo — (n/2), — 2t — echo... was used to produce a
nuclear-echo signal in solids. Typically, a train of eight
pulses is used. The n/2 pulse width is 4 ps for our
spectrometer at the proton frequency (163.7 MHz).

3.2. Binder distribution in the silicon nitride
ceramic green bodies

Fig. 1 shows an example of a cross-sectional view of

the PEG distribution in a green body containing

10 wt % binder. White regions have high binder con-

centrations. A fairly homogeneous distribution of the
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Figure | A cross-sectional view of the binder distribution in a
10 wt % PEG in a silicon nitride green body obtained by stray-field
NMR imaging. Angle — 90°, length 29297 Hz.
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binder was observed for this sample in this direction.
Note that the brightest area, at the top of this picture,
is not due to the binder. It is a signal from the epoxy
used to glue the sample to the holder: epoxy contains
protons. The spectrum on this picture is an intensity
profile of the binder distribution along the vertical
arrow. This arrow can be changed to any angle so a
more quantitative expression of spin density can be
obtained. Pictures taken perpendicular to this surface
indicate that there is a low-binder zone in this sample.
Fig. 2 gives an example. The dark area in the center rep-
resents a region which contains a low concentration

Figure 2 A vertical view of the binder distribution in a 10 wt %
PEG in a silicon nitride green body obtained by stray-field NMR
imaging. Angle 0°, length 9765 Hz.

Figure 3 A cross-sectional view of the binder distribution in a

10 wt % PVA in a silicon nitride green body obtained by stray-field

NMR imaging.
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Figure 4 400.13 MHz proton FT-NMR spectrum of a silicon
nitride green body containing 10 wt % PVA as a binder.

of binder. It can be easily seen that the left of the
picture has a higher binder concentration than the
right. A spectroscopic profile made horizontally
across this picture proves this distribution. A calcu-
lation of the proton intensity from this spectroscopic
profile shows that along the region of the horizontal
arrow the PEG-binder concentrations in the right-
hand and central areas are only 68% and 47%, re-
spectively, of the left-hand area. In addition, both
mapping and spectroscopic profile detect some weak
proton-containing material on the left-hand side of the
radio-frequency resonant probe. This may be due to
the lacquer coated on the wire used to build the probe.

Fig. 3 gives an example of the PVA distribution in a
cross-sectional view of a silicon-nitride green body
containing 10 wt % binder and 100 p.p.m. of dis-
persant. Once again there is a fairly homogeneous
binder distribution along this direction. The overall
results indicate that the distribution of PEG in SizN,
green bodies obtained by centrifugal casting is more
homogeneous than in those containing PVA pro-
cessed under similar conditions. A spectroscopic
'HFT-NMR study at 400.13 MHz for these samples
suggests that the green bodies containing PVA have a
higher moisture content. Fig. 4 represents a proton
FT-NMR spectrum at 400.13 MHz of a sample con-
taining 10 wt % PVA (the same sample was used in
Fig. 3). The broad signal is due to the solid protons in
the PVA which have a strong dipole-dipole inter-
action. The narrow peak is the result of moisture in the
sample.

4. Conclusion

A plane of large field gradient (80 Tm™") in the stray
field near the edge of the superconducting coil was
utilized in a high-resolution solid NMR imaging facil-
ity at a proton frequency of 163.7 MHz. Nuclear-echo
signals were detected by a multiple radio-frequency
pulse sequence. A resolution of 75 pm was achieved by
this equipment. Silicon nitride green bodies prepared
by centrifugal casting with PEG or PVA as a binder
were examined for homogeneity in three dimensions.
Generally, samples containing both binders exhibited

uniform distribution in a given cross-section. How-
ever, the distribution of PEG was more homogen-
eous than that of the PVA in a SizN, green body pre-
pared under similar conditions. 'HFT-NMR at
400.13 MHz indicated that the sample containing
PVA had high moisture content. This moisture is
thought to be that retained in agglomerates formed as
a result of using PVA binder.
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