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Abstract

The manufacture of reliable high performance structural ceramics re

quires a good understanding of the different steps involved in the process.

The presence of nonuniformities in the distribution of the polymeric binder

could give rise to local fluctuations of density that could produce failure of

the ceramic piece. Specimens prepared from A12O3 with 15 and 2.5 % w/w

binder were subjected NMR imaging in order to measure binder distribu-

tion maps. The results show that NMR imaging could be a useful technique

to nondestructively evaluate the quality of green-state specimens.
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Introduction

In the process of developing reliable ceramic parts for mass production,

a much better understanding of the various processing steps is required

than has been achieved to date. Flaws introduced into high performance

ceramic components during manufacturing may lead to drastically reduced

strength in the final densified parts. Several factors, such as the distribution

of organic binders and plasticizers, the degree of removal of these organics

(i.e., dewaxing) and the distribution of porosity left by the burn out process,

among others, could affect the local mechanical properties of advanced

ceramics.

NMR imaging techniques have been very useful in detecting the presence

of rather small (~- 700 /tm) nonuniformities in some specimens and have

enabled qualitative evaluation of the open porosity (the internal void space

connected with the exterior of the sample) by imaging a "filler" fluid as a

marker.1'2

The low molecular weight polymers or waxes used as binder agents in

the preparation of green ceramic parts by injection molding, cold press-

ing, etc., are rich in protons. This makes them excellent candidates for

direct imaging. However, due to the different characteristics of NMR spec-

troscopy of solids as compared with that of fluids, the imaging of solid

materials presents some difficulties resulting from several factors.3"5 There

are two basic nuclear spin relaxation parameters which characterize a ma-

terial, and which control the total time required for the production of an

image, the achievable signal-to-noise ratio and the spatial resolution. First,



the spin-lattice relaxation time Ti is the time for the nuclear spins to re-

polarize following a previous excitation and detection sequence (i.e., the

"pulse sequence"); Ti controls the minimun time between repetitions of

the pulse sequence, and hence the total imaging time. A short value of Ti

is most desirable. Second, the spin-spin relaxation time T2 's the character-

istic time for the decay of the transient NMR signal immediately following

excitation. Its inverse is the spectral bandwidth over which the signal oc-

curs. Its value determines the signal-to-noise obtainable in one detection

of a transient signal and limits the spatial resolution attainable with mag-

netic field gradients of a given strength. A long T2 is best for good spatial

resolution and signal-to-noise ratio.

The reduced molecular motion in solids as compared with that in liq-

uids tends to make spin-lattice relaxation times Tj considerably longer,

although in typical organic solids, protons are abundant and can relax

via spin diffusion to rapidly relaxing Tj "sinks" (e.g., paramagnetic cen-

ters or rapidly rotating methyl groups). Therefore, most binders used in

ceramics can be imaged without having major problems with spin-lattice

relaxation. In solid materials, large spectral bandwidths (i.e., short Tj's)

are a consequence of the interaction between the magnetic moments of the

nuclear spins (dipole-dipole coupling) and the anisotropy of the chemical

shift. They make imaging plane selection difficult and degrade the spatial

resolution of frequency-encoded dimensions. Fortunately, many polymeric

binders are plastic materials ("soft" solids) and have T2's on the order of

hundreds of microseconds in length, which is just sufficient to make imaging



possible, although special instrumentation and techniques are needed.

In the present work, we explore the use of NMR imaging techniques to

map binders in green-state ceramics in an attempt to better understand

some of the steps in the production of advanced ceramic components.

Experimental Details

The samples used were prepared at Alcoa using alumina powder with a

mean particle size about 4.5 fim and 2.5 % w/w polymeric binder material,

and were compacted in a single acting ram at 680 MPa (10 000 Psi). The

length to diameter (L/D) ratios for these 25.4 mm diameter cvclindrical

specimens were 0.17 and 0.58. A sample with 15 % w/w binder was used

to test the binder imaging techniques. Several holes were drilled in this

sample with diameters raging from 1.1 to 4.8 mm.

The NMR images were obtained on a Technicare prototype NMR im-

ager equiped with a 2.0 T (proton frequency 85 MHz) 18 cm horizontal bore

superconducting magnet. The binder irm.ges were obtained using conven-

tional two- and three-dimensional spin-echo techniques adapted to the solid

state nature of the binder material. Short echo times TE (time between

the 90° RF pulse and the center of the echo) were used, on the order of 2

to 4 ms, because of the short T2 of the binder agent. Pulse repetition times

TR were typically 200-400 ms. The spatial resolution was 330-660 fim in

both axes (128X by 128Y pixels). Depending upon the data acquisition pa-

rameters and the dimensionality of the acquisition, the image acquisition

times varied from few minutes to several hours. A special NMR probe built



to our specifications (able to produce large magnetic field gradient pulses

in very short echo times) was used to obtain these images.

The image processing was performed on a DEC VAX 11/780 computer

using Fortran software and the PLOTDATA graphics package fro;n the

TRIUMF facility at University of British Columbia.

Results and Discussion

Figure 1 shows a transaxial ]H binder image of the green compact with

15 % w/'w binder obtained using a two-dimensional (2D) spin-echo RF

pulse sequence with a TE of 1.98 ms. We used 16 signal averages per

phase-encoding gradient step with a total imaging time of 7.8 min. The

repetition time TR was 200 ms. The digital resolution in the image is 128X

by 128Y pixels, corresponding to 660 /xm in either direction. Although,

the resolution along the frequency-encoded dimension is degraded by the

broad spectral linewidth of the polymeric binder, the hole with the smallest

diameter is clearly visible.

Figures 2 and 3 show transaxial 'H binder images of green compacts with

2.5 % w/w binder and L/D ratios of 0.17 and 0.58, respectively. The same

sequence was used, except with 256 signal averages per phase-encoding

gradient, for a total imaging time of 247 min. The repetition time was

400 ms. The bright rim observed in Figure 2 seem to indicate a segregation

of the binder toward the edges in the specimen with smaller L/D ratio. The

signal appears to be stronger at the top and bottom of the sample (along the

vertical, phase-encoded dimension) than at both sides (along the horizontal,



frequency-encoded dimension). This is because of the signal being spread

across several pixels along the frequency axis due to the broad spectral

linewidth of the binder. On the other hand, the image of the sample with

L/D ratio of 0.58 indicates a relatively uniform distribution of the binder

across it. (The bright spots at the center of the image and outside the

sample are artifacts).

The use of a three-dimensional (3D) spin-echo sequence with phase-

encoding magnetic field gradients in two dimensions avoids the degradation

in resolution associated with the frequency-encoded dimension in the 2D

spin-echo sequences. However, the imaging time increases dramatically.

Figure 4 shows a transaxial 'H binder image of a sample with L/D= 0.17

and 2.5 % w/w binder. It was obtained using a 3D spin-echo sequence with

a TE= 3.2 ms. A total of 16 signal averages were taken for each phase-

encoding gradient step for a total imaging time of 17 h. This extensive

signal averaging is necessary because of the very low binder concentration

and the small amount of material contained in each image pixel. The

resolution is 128X by 128Y pixels of 330 /xm in both axes.

In previous work2 we have developed image processing techniques to

assist in the visualization of NMR image details. Although histograms do

not in general provide spatial discrimination, their analysis can be use to

construct the distribution function for binder concentration. Figure 5 shows

a signal intensity histogram of the data shown in Figure 1, corresponding to

a circular region of interest placed at the center of the specimen and with

a diameter 95 % of the sample diameter. The abcissa represents signal



intensity in arbritary units. The histogram might be expected to show

a bimodal distribution because of the two regions within the sample, one

with low signal intensity (holes) and the other with h ^h signal intensity

(rest of the sample), but three factors contribute to the long tail observed.

Firstly, the holes do not pass through the entire sample length, giving

some NMR signal in those areas (these images are obtained without slice

selection, and therefore project the entire depth of the specimen onto the

image plane). Secondly, pixels which lie on the boundary between the two

regions have mixed values. Thirdly, because of the signal being spread

over several pixels due to the broad spectral linewidth of the binuer, the

boundaries themselves are not well defined along the frequency-encoding

direction, showing a smooth transition and a range of values over several

pixels. In general, a narrow distribution function would be indicative of a

highly uniform distribution of binder while the presence of tails, bimodal

or wide distributions woul-J indicate a nonuniform sample.

Conclusions

We have shown it is possible to obtain the binder distribution in green

state ceramics by direct imaging of the polymeric binder using two- and

three-dimensional data acquisition techniques along with special instrumen-

tation. By image processing, a criterion based on the binder distribution

function can be established to define one measure of goodness for green

specimens.
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List of Figures

Figure 1. Transaxial binder image of a green compact with 15 % w/w

binder, taken with a two-dimensional spin-echo pulse sequence, TE 1.98

ins, 16 signal averages per phase-encoding step, total imaging time 7.8 min.

Figure 2. Transaxial binder image of a green compact with 2.5 % w/w

binder and L/D ratio of 0.17, taken with a two-dimensional spin-echo pulse

sequence, TE 1.98 ms, 256 signal averages per phase-encoding step, total

imaging time 247 min.

Figure 3. Transaxial binder image of a green compact with 2.5 % w/w

binder and L/D ratio of 0.58, taken with a two-dimensional spin-echo pulse

sequence, TE 1.98 ms, 256 signal averages per phase-encoding step, total

imaging time 247 rnin.

Figure 4. Transaxial binder image of a green compact with 2.5 % w/w

binder and L/D ratio of 0.17, taken with a three-dimensional spin-echo

pulse sequence, TE 3.2 ms, 16 signal averages per phase-encoding step, to-

tal imaging time 17 h. The thin band is a piece of tape fixing the specimen

in place.

Figure 5. Histogram representation of the signal intensity data of a

region of interest 95 % of the specimen diameter shown in Figure 1 (sample



with 15 % w/w binder). The horizontal axis is in percentage with respect to

the maxmimun intensity value in the raw data. The vertical axis represents

the number of pixels with-the X-axis intensity.
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