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ABSTRACT

This paper describes a preliminary investi-
gation to assess the effectiveness of micro-
radiography, ultrasonic methods, nuclear mag-
netic resonance, snd neucron radiography for
the nondestructive evaluation of green (unfired)
ceramics. The objective is to obtain useful
information on defects, cracking, delaminations,
agglomerates, inclusions, regions of high por-
osity, and anisotropy.

The application of microradiography to
ceramics is reviewed, and preliminary experi-
ments with a commercial microradiography unit
are described.

Conventional ultrasonic techniques are
difficult to apply to flaw detection in green
ceramics because of the high attenuation, fra-
gility, and couplant-absorbing properties of
these materials. However, velocity, attenu-
ation, and spectral data were obtained with
pressure-coupled transducers and provided use-
ful information related to density variations
and the presence of agglomerates.

Nuclear magnetic resonance (NMR) imaging
techniques and neutron radiography were con-
sidered for detection of anomalies in the dis-
tribution of porosity. With NMR, areas ci high
porosity might be detected after the samples
are doped with water. In the case of neutron
radiography, although imaging the binder distri-
bution throughout the sample may not be feasible
because of the low overall concentration of
binder, regions of high binder concentration
(and thus high porosity) should be detectable.

THE STRENGTH OF CERAMIC MATERIALS is controlled
by the stress necessary to enlarge a flaw of
given size and orientation to a critical size,
that is, a size sufficient to cause failure.1'2

This critical size may be as snail as 10-
100 um,3 which is orders of magnitude smaller
than for metals. Most ceramic materials
exhibit a slow rate of crack growth which varies

with temperature, stress, and environment. If
these conditions are known and the material is
adequately characterized as to the type and size
of existing flaws, the probability of failure
can be predicted; moreover, if it can be es-
tablished that flaws are smaller than a pre-
determined critical size and the material pro-
perties meet appropriate specifications, adequate
component life can be assured. Improved non-
destructive evaluation (NDE) methods can facili-
tate detection of these small flaws. Further-
more, development of NDE methods for the unfired
(green) state can result in considerable cost
savings in fabricating structural components, as
the final firing stage would be eliminated for
de fec t ive componen ts.

The research discussed below is part of an
ongoing effort to study and develop acoustic,
radiographic, and other techniques to charac-
terize structural ceramics with regard to the
porosity, cracks, inclusions, and amounts of
secondarir phases. Since little information was
found in the open literature concerning NDE for
green ceramics, the approach followed in this
effort included broad scoping studies to es-
tablish potentially useful NDE techniques and
the major parameters chat will affect the de-
tection of defects in green ceramics.

SPECIMENS

Green ceramic specimens were provided by
the Ceramics Group of the Materials Science and
Technology Division at Argonne National Labora-
tory (ANL) and the Materials Chemistry Division
of the National "ureau of Standards (NBS). The
specimens were generally 50-60% of theoretical
density and very fragile. The main experimental
effort was carried out with silicon nitride disks
3.3 cm in diameter and 0.6 cm thick, silicon
carbide disks of various sizes, and magnesium
aluminate spinel disks 3.7 cm in diameter and
0.6 cm chick. Some other materials were also
included. The specimens were cold-pressed with
various loading pressures and additions of
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polyvinyl alcohol (PVA) or Carbowax (CW) binder,
and with or without agglomerates. Table I pro-
vides additional information about the specimens.

No.

601a

602a

603a

604 a

605a

606b

607b

608b

609b

610b

611b

612C

613C

614°

615C

616C

SILC

SI2

SC-3

SC-4

SC-5

YC-1

Diam x
Thickness

(cm)

3

3

3

3

3

3

Si N

.3 x 0.6

1

SiC +

3 x 1.9

3 x 0.6

3 x 0.3

3 x 0.3

3 x 0.3

YCrO, +

irregular

Table I.

Powder
Grain
Size
(pm)

+ <2 wt

<5

1

10 wt.%

<1

<1 wt.%

ND

Green Ceramic

Cold
Pressing
Load (MPa)

.% PVA (ANL)

110

110

220

220

165

110

110

165

165

220

220

137

210

210

210

210

CWd (ANL)

138

69

104

69

69

PVA (NBS)

104

Specimens Used in the Present

Sp.
Gravity

1.61

1.61

1.73

1.75

1.69

1.39

1.41

1.45

1.47

1.57

1.58

1.66

1.71

1.73

1.78

1.80

NDe

ND

Powder
Diam x Grain

Thickness Size
No. (cm) (lim)

Investigation

Cold
Pressing
Load (MPa)

Sp.
Gravity

MgAl.,0, (Spinel) + <l wt.% PVA (NBS)

NBlf 3.7 x 0.6 <5

NB2f

NB3f

NB4f

NB5S

NB6S

NB78

NB8g

NB9S

NB10H

NBllh

NB12h

NB13h

NB14h

MgO + 20 wt

A10K 3.3 x 0.8 0.3

B10K

C20K

1

2

4

5

6

210

.% CW (ANL)

ND

ND

ND

69

69

138

138

138

ND

1.84

HD

11
T

1.82

ND

1.85

ND

ND

ND

ND

1.52

1.48

1.63

1.66

ND

2% agglomerates (10-30 ym) and deflocculant added.

No agglomerates or deflocculant.

With deflocculant only.

Except SC-5, which contained 10 wt.% PVA.
eND = not determined.

No agglomerates.
g2?2 agglomerates (75-100 Vim) added.
h20% agglomerates (75-100 Um) added.
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MICKORADIC-APHY

APPLICATION TO NDE OF CERAMICS - Radio-
graphy""1 ° is a well-recognized and widely used
NDE method. Several types of radiation can be
used for radiography; these include x-rays,
gamma rays, neutrons,11'12 and charged parti-
cles. 13»1'1 Industrial radiographic inspection
largely involves x-rays, and this report is pri-
marily concerned with x-radiography. However,
many of the following comments apply to radio-
graphy in general.

With conventional radiographic methods, the
difference in attenuation produced by a change
in object thickness on the order of 1-2" can be
visualized. Thickness or density changes of as
little as 0.5% and high-contrast features as
small as several micrometers in size can be de-
tected under optimum circumstances (good geo-
metry, thin object, low x-ray energy, fine-grain
photographic film, etc.). As the contrast de-
creases to a few percent, the resolution capa-
bility is degraded.

Microradiography15 21 refers to the pro-
duction of radiographic images that display im-
proved spatial resolution. Generally, the term
is applied to techniques that provide magnified
images (usually in the range of 2 to 100X).
Microradiography offers the potential capability
to detect and display small inhomogeneities so
they can be located, sized, and evaluated as to
type and severity. This capability is important
with all materials, but it is particularly im-
portant with ceramics and other brittle ma-
terials because, as discussed earlier, defects
that can lead to failure tend to be relatively
small (10 to 100 Um). Readily available micro-
radiographic methods, which may be classified
as either contact or projection techniques, now
permit one to detect ' ae inhomogeneities in that
size range.

Contact microradiography offers two ad-
vantages: (1) it can be accomplished with con-
ventional x-ray equipment and (2) large areas
(the size of the film) can be inspected at one
time. Disadvantages of the contact method in-
clude the time required for the extra step of
enlarging the image and the fact that scatter
from the object is readily detected, thereby con-
tributing to reduced image contrast.

Projection microradiography provides better
contrast because the object is well removed from
the detector and scatter is detected to a lesser
degree. Also, the enlargement of the x-ray image
offers the possibility of performing radiography
in real time with fast detectors, such as image
intensifier systems,22 which have inherently
poorer resolution capabilities. Image intensi-
fiers usually show a spatial resolution of
0.125 mm (4 line pairs/mm) to 0.50 mm (1 line
pair/mm). For a typical 20X enlargement system,
object details 10 times or more smaller than the
above values should be detectable at reasonable
contrast. Real-time methods offer the advantage
of object manipulation to obtain the optimum
radiographic view (to align a crack with the

radiation beam, for example). This is important
because if the alignment is off by as much as
6 degrees in a 1.25-cm (0.5-ir..)-thick sample,
detectability is greatly reduced.8 A disadvan-
tage of the projection magnification method is
that only a small area of the object can be in-
spected at one time. For example, at 20X magni-
fication, only about 1 cm of the object would be
in a given 22.5—cm image intensifier field.

In ceramics, heavy inclusions such as
tungsten carbide or iron usually present good
x-ray contrast to the low-atomic-number host
material. Detection of such high-atomic-number
inclusions in the size range of 25 Um (0.001 in.)
has been reported in silicon nitride and silicon
carbide ceramics.23 An example of a defect that
is similar in attenuation to the host material,
and thus difficult to detect even if relatively
large, is a silicon inclusion in silicon nitride.
Voids should be detectable if the size range fits
the resolution and contrast capability of the
inspection system. For example, in, a 5-mm
(0.2-in.)-thick specimen, a 100-Um (0.004-in.)
void would represent a contrast sensitivity of
2%; this should be detectable in a ceramic
sample if an x-ray energy appropriate to the ma-
terial is used and the geometric unsharpness UQ
is less than the size of the magnified image.
In a typical case, where an x-ray tube with a
10-Um focal spot is used with a source-to-ebject
distance of 25 mm (1 in.) and an object-to-
detector distance of 5C0 mm (20 in.), the magni-
fication would be 20X and UQ would be 0.2 mm.
The image contrast will clearly be reduced as
the image size approaches and goes below the un-
sharpness value. In this example, one would
predict that the projected image of a 10-um
spherical void would be slightly larger than U Q ,
and could therefore be detected. However, to
maintain at least the 2% contrast, this size
void should be in a specimen no thicker than
0.5 mm.

Volatile binders designed to be removed by
firing are relatively low-atomic-number materials
that should have little influence on x-ray atten-
uation. Therefore, radiographic differences be-
tween green and fired ceramics are expected to be
relatively small.

EXPERIMENTAL RESULTS - The limited experi-
mental results obtained thus far for green
ceramic specimens compare prints of projection
microradiographs with prints of conventional
radiographs that were photographically enlarged
to about the same value (4X). The projection
microradiographs were taken at NASA-Lewis
(Cleveland, Ohio) with a microfocus unit made by
the Nicolet Instrument Corporation. The unit was
operated at 35 kV and had a 10-um focal spot; the
source-to-filni distance was 30 cm and the source-
to-object distance was 7 cm. The conventional
radiographs were taken at ANL; the x-ray unit was
operated at 65 kV and had a 0.5-mm focal spot.
The source-to-film distance was 75 cm; the object
was essentially in contact with the detector.
The Up values that would result from these geo-
metries is 33 Um for the microfocus system and
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about 15 pm for Che conventional radiograph;
both values are sufficiently low that their in-
fluence on total unsharpness should be small.

Figure 1 shows mlcrocracking in ceramic
sample SILC, which is about 1.9 en (0.75 in.)
Chick. When radiographic prints are compared,
as is done here, much more cracking is evident
in the microfocus radiograph. The unprinted
conventional radiograph showed almost all the
microcracking, but with less overall clarity
than the unprinted microfocus radiograph.

Fig. 1 - Prints of a conventional radiograph
(top) and a microfocus radiograph (bottom) of
green ceramic sample S2LC, showing micro-
cracking

Figure 2 shows prints of radiographs of
ceramic sample NB10 which is 0.63 cm (0.25 in.)
thick. The radiographic conditions were similar
to those described above. The radiographs show
small inclusions and porosity. Although the
print comparison again shows a marked superiority
for the microfocus radiograph, the unprinted
conventional radiograph showed most of the same
detail.

Fig. 2 - Prints of a microfocus radiograph (top)
and a conventional radiograph (bottom) of green
ceramic sample NB10, showing small inclusions
(black dots)

CONCLUSIONS - Analyses and literature re-
sults show chat microradiography of ceramics tan
provide useful inspection information. The small
defects that can lead to failure of ceramics can
be detected by radiography undei- some circum-
stances. The experimental results obtained in
this program thus far are limited. The prints
comparing microfocus radiographs with enlarged
conventional radiographs tend to be misleading in
that tha original negatives of the conventional
radiographs showed much of the same detail.
Nevertheless, greater clarity was noted on the
microfocus radiographs.
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ULTRASONIC TECHNIQUES

The difficulties associated with ultrasonic
examination of green ceramics are formidable.
For example, low-frequency sound waves are not
scattered sufficiently to allow the detection of
ilaws much smaller than 1 mm in size; on the
othe.' hand, sound waves with frequencies >3 MHz
generally undergo excessive attenuation in sam-
ples >3 mm thick. Also, ordinary couplants
(e.g., water or glycerol) are often absorbed by
green ceramics; this not only mitigates their
coupling function, but may also affect the sub-
sequent fabrication process. This problem can
be avoided by using pressure alone to couple the
transducer to the specimen, but great care is
required because the applied pressure can affect
the data or even result in sample breakage.

In spite of these difficulties, studies of
ultrasonic attenuation and acoustic velocity
(including dispersion and frequency spectra) in
green ceramics may provide useful information
related to density variations, porosity content,
presence of agglomerates and delaniinations,
elastic anisotropy, and material quality in
general; .r̂ rae examples of promising approaches
are presentea below. Further development of
ultrasonic testing techniques, coupled with
signal enhancement techniques, may lead to im-
proved flaw detection sensitivity.

ELASTIC ANISOTROPY - The elastic anisotropy
of a green ceramic specimen can be determined
from the change in sound velocity that occurs
when a shear-wave transducer is rotated with re-
spect to the specimen, thus varying the polar-
ization of the shear waves propagating in a par-
ticular direction. Sound velocity data were
acquired for SiC, MgO, and YCrO^ specimens with
a Panametric 5052UAX ultrasonic transducer
analyzer and a Tektronix 7904 oscilloscope with
7B85 and 7B80 time bases. Panametric 2.25-MHz
normal-incidence shear-wave transducers (13 mm
in diameter) and Aerotech 2.25-MHz alpha trans-
ducers (6 mm in diameter) were employed for the
measurements. The velocity was measured by over-
lapping successive echoes in the pulse-echo mode
and determining the time delay from the oscillo-
scope. The time base was calibrated by checking
the oscilloscope readings against a sequence of
precisely timed pulses fro"i a Tektronix type 184
time nark generator. Wi*-' V SiC and MgO
specimens, which have a ~T-=nt of Carbcwax
binder, Panam^-.ric she- "lant was suc-
cessfully useo -or both 1L ' and shear
waves. With the chalk-like YCr^ ^ecimens
(<1% PVA binder), no couplant was needed for
either type of wave.

Figure 3 shows the echo pattern for 2.25-
MHz longitudinal and shear waves in a 3.3-mm-
thick YCrOj specimen. (About 6 us separate the
first and second longitudinal echoes; about
10 us separate the sh°ar echoes.) Apparent
attenuation is clearl rather high, on the order
of 10-20 eB/cm. Furth more, t'i2 effect of
polarization on shear-wave velocity shows that
the material is elastically anisotropic: A

maximum velocity variation of about 3% was repro-
ducibly observed as the shtar-wave transducer was
rotated about its axis while remaining over the
same point on the sample. (The pressure of the
transducer on the sample was controlled so that
the velocity variations could not be attributed
to variations in transducer loading.) Table II
summarizes the sound velocity data for the YCrO3

sample. The low value of Poisson's ratio implies
that under stress, the volume of the specimen
is significantly reduced; this is consistent with
the porous, low-density nature of the sample.
Since the modulus of elasticity is related to the
velocity of sound, variations in shear velocity
with polarization can indicate variations of
modulus with direction. Thi= variation in
modulus could affect the performance of a com-
ponent made from such a sample.

TIME (/is)
50

Fig. 3 - Echoes from 3.8-mm-thick YCrO sample
insonified with (top) longitudinal waves and
(bottom) shear waves at 2.25 MHz. Axis di-
mensions are as follows: (left) 200 mV/div,
(top) 2 us/div, and (bottom) 5 us/div

Kupperman, et al.



Table I I . Sound Velocity in YCrO, Sample

Longitudinal Velocicy Shear
(105 cm/s) (105

1
1

.43

.43
0.947
0.919

Velocity
cm/s)

max
min

with PVA

Poisson

Binder

's Ratio,

c

0.11
0.15

Another example of variation with polari-
zation was observed ia a 3-ram-thick section of a
spinel disk, Insonified with shear waves propa-
gating in the plane of the disk. With polari-
zation parallel to the disk axis, the velocity
(error <0.5%) was about 3.5% higher than with
polarization perpendicular to the disk axis.
No variation of velocity with polarization was
found for wave propagation parallel to the disk
axis. This implies that the shear modulus is
greatest in the pressing direction.

VARIATION OF VELOCITY WITH DENSITY - The
velocity of longitudinal waves has been measured
as a function of density for MgO specimens wich
20 wt.% Carbowax binder. Density variations
among these specimens result from differences in
loading pressure, i.e., in porosity. Figure 4
shows a plot of density vs sound velocity for
four samples. One of the samples is anomalous
(it has visible delamination). Based on the
other three samples, a linear relationship be-
tween velocity and density is apparent; the
variation in density is 1/3 the variation in
velocity. Also showr. in Fig. 4 is the nominal
variation in density for three of the samples
(rectangles around the data points), determined
from variations in velocity measurements taken
at five different points on each sample. Varia-
tions in density of up to 2% were observed.
These results suggest that not only can the
density (and thus porosity) of a sample be de-
termined from sound velocity measurements, but
if sufficiently small transducers were available,
anomalous raicrostructures could be detected by
mapping local variations in density.

As discussed in a later section, the
measured sound velocity can vary with transducer
loading in some instances. A technique has been
developed that would allow through-transmission
measurements to be made in water, with the trans-
ducer suspended above the sample. The sample is
enclosed in a plastic "bag" which is then evacu-
ated to assure intimate contact between sample
and plastic. Tests have shown that sound can be
transmitted through the immersed bag and sample,
allowing velocity scans of the sample to be
acquired with minimal variation in acoustic coup-
ling. We plan to optimize this "immersion"
testing technique so that sound velocity varia-
tions in green ceramic samples can be repro-
ducibly mapped.

1.7

1.6 —

o 1.5-

L4I

1

— MgO + 20 %
CARBOWAX B1!

/

1

1

SPECIMEN WITH-
DELAMINATION

WEIGHT

T-
1

/

3

z' -
_

V

2.0 2.5

LONGITUDINAL VELOCITY OF SOUND HO5 cm/sl

3.0

Fig. 4 - Sample density vs longitudinal velocity
of sound for MgO + 20% Carbowax. Rectangles
show variation within each sample

The maximum density (0% porosity) of MgO-
20 wt.% Carbowax, calculated from the densities
of the two constituents, is 2.7 g/cm3. The
velocity obtained at this density by extrapo-
lating the curve of Fig. 4 is 8.1 x 10 cm/s.
This velocity can be compared to theoretical
models that predict upper and lower bounds for
sound velocity in a homogeneous composite ma-
terial with a soft matrix and hard filler, as a
function of the volume fraction of one of the
constituents. Theoretical values for the longi-
tudinal velocity were calculated as a function of
volume fraction using both the Voigt model21'>2S

(which assumes constant strain and gives an 2^5
upper bound for velocity) and the Reuss model
(which assumes constant stress and gives a lower
bound). The velocities were calculated from the
modulus according to the following relationships:

vl (Voigt velocity), (1)

2
V1R

(Reuss velocity), (2)

where f ,f.
densities, and v

are fractional volumes, P,,C- are

I, 'Xare longitudinal
l'"2
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velocities for constituents 1 and 2, respec-
tively, and 0 = f^Pi + f2P2- Figure 5 shows the
resultant upper (Voight) and lower (Reuss)
velocity limits for MgO/Carbowax composites vs
the volume fraction of Carbowax. The extrapo-
lated velocity for a volume fraction of 37.5%
Carbowax (the amount used in the ANL pellets) is
indicated. This value is within the theoretical
bounds and is close to the Voigt limit.

The spectrum for Plexiglass is also shown to
permit correction for the transducer character-
istics. Rayleigh scattering dominates the fre-
quency dependence of the attenuation. Laiger
particles contribute more to the higher fre-
quency scattering and thus the introduction of
agglomerates is expected to accentuate the high-
frequency attenuation. This appears to be the
case in Fig. 6.

( fEXPERIMENTAL
\ J VELOCITY DATA

1 EXTRAPOLATED
[TO 0 % POROSITY

0.2 0.4 0.6 0.8

CARBOWAX VOLUME FRACTION

Fig. 5 - Theoretical upper and lower bounds for
longitudinal velocity vs Carbowax volume frac-
tion. Experimental value determined from extra-
polation of data in Fig. 4 is also shown

These results indicate that sound velocity
measurements can provide quantitative infor-
rat-.ion on porosity and local fluctuation in
density, and can perhaps indicate anomalous
microstructures. The analysis also indicates
that data acquired in this manner may be pre-
dicted by models for composites, further sug-
gesting that sound velocity data and relation-
ships to anomalous microstructures may be under-
stood from a fundamental point of view.

EFFECT OF AGGLOMERATES ON ULTRASONIC PRO-
PERTIES - The presence of agglomerates in the
green state can have deleterious effects on the
properties of *-.he ceramic specimen after
firing.26 The use of ultrasonic techniques to
obtain information on the presence of agglomer-
ates was investigated, on the assumption that
ultrasonic scattering from groups of agglomer-
ates might alter the spectral characteristics or
attenuation of ultrasonic waves even if indi-
vidual agglomerates cannot be detected. Since
ordinary attenuation is difficult to measure
accurately, spectral data were examined. The
wavelength of longitudinal waves is about 1.3 mm
at 1 MHz. Agglomerates in the 100-Um (0.1-mm)
size range should scatter in the Rayleigh region,
where scattering is frequency dependent. Fig-
ure 6 shows frequency spectra (0-2 MHz) for
longitudinal waves propagating in spinel disks
with 0, 2, and 20 wt.% agglomerates (75-100 urn
in size) in a matrix with particle size <5 lim.

FREQUENCY (MHz)

Fig. 6 - Frequency spectra for longitudinal waves
propagating in (A) Plexiglass and (B-D) spinel
disks with agglomerate contents of (B) 0%,
(C) 2%, and (D) 20%. Horizontal axis shows
200 kHz/div; vertical axis shows 10 dB/div

These results suggest that freq'uency data
aay provide qualitative information on the pres-
ence of agglomerates in green ceramics. Further
efforts are obviously needed to establish the
validity of this concept. The effect of agglom-
erates on the velocity of longitudinal and shear
waves was also examined. No statistically
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significant difference was noted between samples
with and without agglomerates.

DISPERSION AND EFFECTS OF PRESSURE ON
VELOCITY AND ATTENUATION - The high attenuation
of ultrasonic waves in green ceramics makes it
difficult to obtain reliable ultrasonic data
with standard single-transducer, pulse-echo
techniques. To obtain more accurate measure-
ments of the group and phase components of veloc-
ity, data were acquired with two transducers,
placed on opposite sides of the disk specimens.
The receiver could then be coupled to a high-
gain, low-noise amplifier and a signal obtained
even under highly attenuating conditions, without
contamination by residual transducer ringing.

In order to keep transmitting and receiving
transducers aligned while changing and repo-
sitioning specimens, one transducer was held in
the chuck of a sturdy drill press. Weights were
hung on the drill press handle to apply steady
pressure. The force on the transducers was
calibrated using a suitable force gauge in the
position of the specimens. Friction in the
press limited accuracy and repeatability; this
problem was ameliorated with thorough lubrica-
tion, vigorous tapping with a mallet, and
separate calibration of increasing and de-
creasing weight ranges.

To measure group velocity, impulses were
sent from the transmitting transducer to the re-
ceiving transducer with and without the sample in
place, and the arrival times were compared. To
measure phase velocity, the phase of the through-
transmission signal was compared with the phase
of the transmission signal with the sample re-
moved, and the frequency that gave 0° and 180°
phase shifts between the transmitted and re-
ceived wave was determined. The phase shift
between the transmitting and receiving trans-
ducers in the absence of a sample was determined
at that frequency to calculate a correction
factor. The frequency was then progressively re-
duced until a very small number of waves (1/2,
1, or 1-1/2) could be shown unambiguously to be
present in the sample. By counting the number
of 0° and 180° phase shifts and adding <}>, the
exact number of wavelengths can be calculated at
each frequency. The phase velocity c is then
calculated from the whole number of 180° phase
shifts N, the transducer phase shift <j>, the
sample thickness L, and the frequency f, where

c = f\

and

(3)

(L/(N + <J>/360).

Phase velocity is then plotted as a function of
frequency and the slope dc/df is determined
graphically. The group velocity, u, can then be
determined from the formula

This method of determining phase velocity
works only for highly attenuating samples in
which the standing waves are very weak. Attenu-
ation was estimated from the spectrum of the
received pulse. The spectra were obtained using
a Tektronix 7903 with a 31.5 plug-in module.
Group velocity was found to vary with applied
transducer pressure and sample density. Shear-
wave velocity (Fig. 7) shows a monotonic rise
with applied pressure and with increasing sample
density. For longitudinal-wave velocity (Fig. 8)
the rise is even steeper than for shear waves
and the dependence on sample density is more
complex. A few measurements with larger low-
frequency transducers tend to indicate a signi-
ficantly lower velocity. Caution is needed ir.
interpreting these data in the light of the
rather long-duration (low-frequency) received
pulse. (Measurements were made to the first zero
crossing.)

The dispersion measurements for phase veloc-
ity (Fig. 9, dashed curves) also show a decrease
in velocity at low frequencies. The order of
magnitude for the calculated group velocities
(Fig. 9, solid curves) agrees with the experi-
mental values shown in Figs. 7 and S. The spec-
trum obtained from a received pulse transmitted
through Plexiglass is shown for reference in
Fig. 10. The longitudinal waves transmitted with
2.25-MHz transducers attained higher frequencies
(Fig. 11) than the shear waves (Fig. 12). Also,
the spectrum and amplitude were much more strongly
pressure dependent for the longitudinal waves
than for the shear waves. Shear-wave transmission
for the spinel samples was also very limited in
frequency (Fig. 13).

CONCLUSIONS - The acoustical properties of
green ceramics are obviously more complex than
the properties of other familiar materials.
Although the propagation of ultrasonic waves in
green ceramics is subject to very high attenua-
tion, the sensitivity of the present techniques
permitted studies on samples 6-10 mm thick with
longitudinal- wave frequencies as high as 3 MHz
and shear-wave frequencies as high as 1.7 MHz.
Strong changes in attenuation and velocity were
observed, particularly for the higher frequency
longitudinal waves, with applied pressure. The
variation of sound velocity with applied pressure
may yield important information on the structure
of green ceramics. Investigations of a wider
range of materials, as well as the relation of
the observed parameters to the properties of
fired ceramics, are needed in the future.

u = c/[l - (f/c)(dc/df)]. (5)

Kupperman, et al.
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Fig. 7 - Shear-wave velocity vs applied trans-
ducer pressure for silicon nitride greenware.
Sample numbers (see Table I) are shown on the
curves

Fig. 9 - Phase velocities (dashed curves) and
group velocities (solid curves) of longitudinal
and shear waves as a function of frequency

= •ooc

500
«0C '000 1500 2CC0 2 5 X 300C J5CC

APPLIED TRANSDUCER PRESSURE UPol

Fig. 8 - Longitudinal-wave velocity vs trans-
ducer pressure for spinel (upper curve) and sili-
con nitride greenware. Sample numbers (see
Table I) and forming pressures (in MPa) are
shown on the silicon nitride curves
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Fig. 10 - Reference transmission through Plexi-
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Fig. 11 - Variation of received longitudinal-
wave spectrum with transducer pressure. The
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in the range from 200 to 1400 kPa
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Fig. 13 - Shear-wave spectrum for spinel
sample NB2

UNCONVENTIONAL TECHNIQUES

NUCLEAR MAGNETIC RESONANCE - An important
objective of NDE for green ceramics is to es-
tablish the distribution of porosity and, in
particular, the presence of pores on the order
of 100 pm or larger. Since the pores of green
ceramics are filled with a hydrogen-rich binder,
they will be rich in protons. Therefore, nuclear
magnetic resonance (NMR) was considered as a
possible method for detecting and imaging the
pores.

The technology of NMR imaging is discussed
in detail in Refs. 27-29. Briefly, NMR is a
quantum mechanical phenomenon observed in atomic
nuclei that have spin and thus a small magnetic
moment. The nuclei tend to align themselves with
an externally applied magnetic field. The reso-
nant oscillation (precession) of the nuclei
during the alignment process is the NMR pheno-
menon. The frequency of precession (Lannor fre-
quency) is proportional to the applied magnetic
field and, in practice, occurs in the radio fre-
quency (RF) band. To observe an NMR signal, a
second time-dependent magnetic field (at the
Larmor frequency) must be added to the static
field. An induced signal following an RF pulse
is detected by a tuned RF coil.29 If a magnetic

gradient is added, then the Larmor frequency will
vary spatially across a specimen. After Fourier
transformation, the NMR signal takes the form of
a wave related to the shape of the sample. Com-
puter techniques similar to those used in x-ray
tomography are employed to obtain three-
dimensional spatial information.

A preliminary evaluation of NMR imaging has
been carried out in cooperation with the General
Electric Medical Systems Division, New Berlin,
Wisconsin. The objective of the initial feasi-
bility tests was to establish whether com-
mercially available NMR tomographic imaging tech-
nology could be applied to green ceramics. De-
tection of PVA binder proved to be extremely dif-
ficult, but tests with water-doped SiC were en-
couraging. These initial tests were conducted
with equipment designed for medical rather than
structural-ceramics applications, but the system
could be modified to enhance the sensitivity for
application to ceramic materials.

Silicon carbide disk SILC was doped with
water (̂ 355 by weight) and then cold pressed.
Figure 14 shows axial views of two volumetric
slices of the disk, each 8 mm in axial length,
which were visible because of their proton-rich
regions (water-filled pores); their positions
are indicated by circles. An orthogonal view is
seen in Fig. 15. The two views are consistent
with respect to the distribution of proton-rich
areas. Quantitative information can also be
obtained from the intensity of the image. The
use of a smaller coil would enhance the sensi-
tivity and make it possible to resolve volumes
as small as 100 ym.

Since the introduction of water (possibly
as steam) to fill the interconnecting porosity
network may have an adverse effect on the final
fired component, the most likely application of
NMR techniques would be in the development of
processing techniques rather than in screening
components before firing.

NEUTRON RADIOGRAPHY - Hydrogen-rich binders
will also have relatively high neutron cross
sections. Therefore, neutron radiography3' was
also considered for the detection of areas with
a high concentration of binder.

The relative intensity of radiation that
will be transmitted through an object under in-
spection is given by

Io e
-Hx (6)

where I is the radiation transmitted through an
object of thickness x (in cm) and linear ab-
sorption coefficient y (in cm"'-).

The absorption coefficients31 for glass
(0.22 cm"1) and polyethylene (3.5 cm"1) were
used to estimate the likelihood of detecting the
PVA binder in a 0.6-cm-thick green ceramic
(spinel) sample as follows:

I/IQ (ceramic) = e"
UX = 0.87;

I/I (ceramic + IX binder) = e"(VlXl + y 2 x 2 )

o ,
= 0.81.

Kupperman, et al.
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Fig. 14 - NMR image of slices through a
water-doped SiC disk (axial /iew). Two
images of the sa^e sample are evident.
The upper right shews a center portion
and the lower left a section near the
sample edge. The white areas indicate
the presence of water

Fig. 15 - NMR image of same sample as Fig. 14
(side view)

Thus, the binder reduces transmission by
"^7%. From the characteristic curve for Kodak
"R" filtr (automatic processing) at a density of
2.0, one can calculate that a 72 change in
exposure will lead to a film variation of -HJ.ty.
density units, about twice the niniir.um detectable
variation. Thus, it appears that a I?; concen-
tration of binder should be observable.

Thermal neutron radiographs of sample -C3"
(with PVA binder) and NB14 (fruT?. which t..e binder
had been burned out) were prepared by Aerotest
Operations, San Ramon, California. The samples
were placed side by side, and successive radio-
graphs were -.ade with varying avenge film
densities. Unfortunately, no difference between
the sample? could be detected, partly because
neither s.-imple had a uniform radiographic densi-
ty. Fut re efforts will concentrate on preparing
standards with varying amounts of PVA to es-
tablish the sensitivity of this technique, and
on increasing Che sensitivity by use of cold
neutrons.

Kupperraan, et al.
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SUMMARY

A preliminary investigation was carried out
to assess the effectiveness of microradiography,
ultrasonic methods, nuclear magnetic resonance,
and neutron radiography for the nondestructive
evaluation of green (unfired) ceramics. The ob-
jective was to obta.a useful information on
defects, cracking, delaminations, agglomerates,
inclusions, regions of high porosity, and aniso-
tropy.

Microradiographs are sharper than ordinary
radiographs, particularly if samples are reason-
ably thick (>1 cm) or of odd geometry. Another
major advantage of microradiography is the capa-
bility to observe enlargements (20-40X) of an
object in real time while manipulating the
object. Preliminary experiments were c?rried
out with a commercial microradiography unit
(courtesy of NASA-Lewis). Very small (<50-um)
defects can be detected by microradiography if
they are sufficiently different in density from
the surrounding material. Voids are much more
difficult to detect than high-density inclusions.

Conventional ultrasonic techniques are dif-
ficult to apply to flaw detection in green
ceramics because of the high attenuation, fra-
gility, and couplant-absorbing properties of
these materials. However, it proved possible to
couple longitudinal- and shear-wave transducers
to green specimens by pressure alone. The
amount of pressure strongly affected the measured
velocity and attenuation, particularly for high-
frequency longitudinal waves, and this was taken
into account. Velocity, attenuation, and spec-
tral data were shown to provide useful infor-
mation on density variations and the presence
of agglomerates. The elastic anisotropy of the
green state (an important parameter related to
the fabrication process) and variations in dis-
persion (which may also be related to micro-
structural variations) were also successfully
measured. Future efforts will establish the
correlation of these parameters with the ulti-
mate performance of the fired material.

A nuclear magnetic resonance imaging tech-
nique was considered for detection of porosity
in the green state. When the binder was burned
out and replaced with a proton-rich dopant such
as water, areas of high porosity could be de-
tected. Neutron radiography was considered for
detection of anomalies in the distribution of
binders, which have a relatively high neutron
cross section. Although imaging the binder
distribution throughout the sample may not be
feasible because of the low overall concentration
of binder, regions of high binder concentration
should be detectable.
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