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APPLICATION OF NDE METHODS TO GREEN CERAMICS: INITIAL RESULTS
by

D. S. Kupperman, H. Karplus, R. B. Poeppel, W. A. Ellingson,
H. Berger*, C. Robbins**, and E. Fuller*#*

ABSTRACT

This paper describes a preliminary investigation to assess the effect-
iveness of microradiography, ultrasonic methods, nuclear magnetic resonance,
and neutron 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 porosity, and

anisotraopy.

Microradiographs are sharper than ordimary radiographs, particularly if
samples are thick (>1 cm) or of odd geometry. Another major advantage of
microradiography is the capability to observe enlargements (20-40X) of an
object in real time while manipulating the object. Very small (<50-um) defects
can be detected by microradiography if they are sufficiently different in
density from the surrounding material. The application of microradiography
to ceramics is reviewed, and preliminary experiments with a commercial micro~
radiography unit are described.

Conventional ultrasonic techniques are difficult to apply to flaw de-
tection in green ceramics because of the high attenuation, fragility, and
couplant—-absorbing properties of these materials. However, velocity, attenu-
ation, and spectral data were obtained with pressure-coupled transducers and
provided useful information related to density variations and the presence of
agglomerates. The elastic anisotropy of the green state (an important para-
meter related to the fabrication process) and variations in dispersion (which
may also be related to microstructural variations) were also successfully

measured.

Nuclear magnetic resonance (NMR) imaging techniques and neutron radio-
grapty were considered for detection of anomalies in the distribution of
porosity. With NMR, areas of high porosity may be detectable if the binder
is burned out and replaced with a hydrogen-rich dopant such as water. Although
this technique may not be applicable to screening out defective specimens, it
may be useful for assessing the fabrication process.

With neutron radiography, imaging the binder distribution throughout the
sample may not be feasible because of the low overall concentration of binder,
but regions of high binder concentration (and thus high porosity) should be
detectable.

*Industrial Quality Inc., Gaithersburg, MD
**National Bureau of Standards, Washington, DC



I. INTRODUCTION

The strength of ceramic materials is controlled by the stress necessary
to enlarge a flaw of given size andlogientation to a critical size, that is,
a size sufficient to cause failure.™’ This critical size may be as small 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 tem-
perature, 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
established that flaws are smaller than a predetermined critical size and the
material properties meet appropriate specifications, adequate component life
can be assured. Improved nondestructive evaluation (NDE) methods can facili-
tate detection of these small flaws. Furthermore, 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 eli-
minated for defective components.

The research discussed below is part of an ongoing effort to study and
develop acoustic, radiographic, and other techniques to characterize struc-
tural ceramics with regard to porosity, cracks, inclusions, and amounts of
secondary phases. Since little information was found in the open literature
concerning NDE for green ceramics, the approach followed in this effort in-
cluded broad scoping studies to establish potentially useful NDE techniques
and the major parameters that will affect the detection of defects in green
ceramics.

II. SPECIMENS

Green ceramic specimens were provided by the Ceramics Group of the
Materials Science and Technology Division at Argonne National Laboratory (ANL)
and the Materials Chemistry Division of the National Bureau of Standards
(NBS). The specimens were generally 50-607 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 caluminate (spinel) disks 3.7 cm in diameter and 0.6 cm
thick. Some other materials were also included. The specimens were cold--
pressed with various loading pressures and additions of polyvinyl alcohol
(PVA) or Carbowax (CW) binder; agglomerates were added to some of the powders.
Table I ~ovides additional information about the specimens.

ITI. MICRORADIOGRAPHY

Radiographyz'_lo is a well-recognized and widely used NDE method. Several

types of radiatign_can be used for radiograghy; these include x-~rays, gamma
rays, neutrons, 1>12 and charged particles.l3,14 Industrial radiographic
inspection largely involves x-rays, and this report is primarily concerned
with x-radiography. However, many of the following comments apply to radio-

graphy in general.



TABLE I. Green Ceramic Specimens Used in the Present Investigation
Powder Powder
Diam x Grain Cold Diam x Grain Cold
Thickness Size Pressing Sp. Thickness Size Pressing Sp.
No. (cm) (vm) Load (MPa) Gravity] No. (cm) {um) Load (MPa) Gravity
ﬁ}l” + <2 wt.% PVA (ANL) MZOJ_‘(Spinel) + <1 wt.X PVA (NBS)
601 3.3 x 0.6 <5 110 1.61 {wetf 3.7x0.6 <5 210 ND
602% 110 1.61 | m2f 1.84
603% 210 1.75 | ng3f N
6042 210 1.75 | nmat
605° 165 1.69 | nB5®
6067 110 1.39 | nBe®
607" 110 1.41 | nB78 1.82
608" 165 1.45 | nB8® Np
609" 165 1.47 | xBo®
610° 220 1.57 | xB1g®
611" 220 1.58 | np11"
612 137 1.66 | np12®
613° 210 1.71 | xB13" 1.85
614° 210 173 | nt Y Y Y ND
615° 210 1.78 Mpd + 20 wr.% CW (ANL)
616° ! \ 210 1.80 | ALOK 3.3 x 0.8 0.3 ND ND
SiC + 10 we.% o (anp) B10K ND ND
SILC 3.3 x 1.9 <1 138 Np® | c20x ND ND
$12 3.3 x 0.6 69 1 69 1.52
Sc-3 3.3 x 0.3 104 2 69 1.48
sc-4 3.3 x 0.3 69 4 138 1.63
sc-5 3.3 x 0.3 Y 69 5 138 1.66
YCr0, + <l wt.% PVA (NBS) 6 Y Y 138 ND
YC-1 irregular NDd 104 ND

8% agglomerates (10-30 pm) and deflocculant added.

No agglomerates or deflocculant.

®With deflocculant only.

dExcepc 8C-5, which contained 10 wt.% PVA.

®ND = net determined.

fNo agglomerates.

8% agglomerates (75-100 um) added.

h20% agglomerates (75-100 um) added.



With conventional radiographic methods, the difference in attenuation
produced by a change of the order of 1-2% in object thickress can be visual-
ized. Thickness or density changes of as little as 0.5% and high-contrast
features as small as several micrometers in size can be detected under optimum
circumstances (good geometry, thin object, low x-ray energy, fine-grain
photographic film, etc.). As the contrast decreasés to a faw percent, the
resolution capability is degraded.

Conventional x-ray images are not as sharp as one might desire because
the radiation does not originate at a true point source. The minimum diameter
of the source, or focal spot, is dictated by the need to dissipate the heat
generated in an x-ray tube target by the electron beam. The size of the
radiation source and the geometry of the image system together produce a de-
focusing effect referred to as geometric unsharpness, UG (see Fig. 1).
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The magnitude of UG is given by
Ft
UG = —5 s N (1)

where F = size of the radiation source, t = distance from object plane to
detector, and D = distance from source to object.

The total unsharpness in a radiographic film image can be expressed as
the square root of the sum of the squared values of two components”: (a) U.,
as defined above, and (b) unsharpness caused by vibration of the detector.
For low-energy radiography, as would be used in most ceramic NDE applications,
geometric unsharpness is the major factor.



A, Techniques

Mi(:roradiographyls-21 refers to the production of radiographic images
that display improved spatial resolution. Generally, the term is applied to
techniques that provide magnified images (usually in the range of 2 to 1GO0X).
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 par~
ticularly important with ceramics and other brittle materials because, as
discussed earlier, defects that can lead to failure tend to be relatively
smalil (10 to 100 um). Readily available microradiographic methods, which may
be classified as either contact or projection techniques, now permit one to
detect some inhomogeneities in that size range.

Contact microradiographyl7’19 uses the same geometry as conventional
through-transmission radiography (Fig. 1), with the object close to the de~
tector. A ifine-grained photographic film is used to produce a 1:1 radiographic
image. The film can be enlarged or observed in a microscope to produce a
magnified view. This works well with thin objects, for which U_is small.

With single-emulsion, slow x-ray films such as DuPont NDT 35 or®Kodak R,
enlargements of 10 to 20X are possible. With very slow films, as are used
for lithography or spectroscopy, enlargements of 100X are possible.

Contact microradiograptv offers two advantages: (1) it can be accom-
plished with conventional 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 scattered radiation from the object is readily detected; this pro-
duces an overall background in the image and thus reduces the contrast.

Projection microradiography, which is the technique of major interest
for ceramic NDE applications, requires the use of a very small radiation
source. For x-radiography, this typically involves a focal spot of 100 um
(0.004 in.) or less. The object is placed near the source, as illustrated in
Fig. 2, to produce an x-ray image with magnification M:
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Calculation of Geometric Magnifi-
cation M Obtained with Projection
Microradiography.
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b L
M:.b£=fg (2)
1 1
where D, = object diameter, D, = image diameter, L, = source-to-object
aetector distance.

distance, and L2 = source-to-

In addition to improved spatial resolution, projection radiographs show
improved contrast as compared to conventional radiographs because the
separation between the object and the detector reduces the detection of
scattered radiation.? 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 capa-
bilities. 1Image intensifiers 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 with 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 in.)-thick szmple,
detectability is greatly reduced. A disadvantage of the projecticn magni-
fication method is that only a small area of the object can be inspected at
one time. For example, at 20X magnification, only about-l ecm of the object
would be in a given 22.5-cm image intensifier field.

Commercially available equipment for projection microradiography is listed
in Table II. The focali spot diameters given by the manufacturers vary from 5
to several hundred micrometers, although it should be noted that the exact
measurement of an x-ray focal spot (commonly performed with pinhole methods)23
is diffics%t. A more expensive alternative is to fabricate radioisotope sources
such as 17%1r in small sizes.

Other approaches to the production of magnified x-ray images have been
used. Good-quality single crystals can bend a monochromatic diffrasgigg X~-ray
beam by asymmetric diffraction and, in effect, act as x-ray lenses.“’” This
method, iliustrated in Fig. 3, has been used with copper k-alpha radiation
(about 12 keV) to produce radiographs at 100X magnification.2 This technique
is generally useful for relatively low-energy x-radiation because the crystal
atomic plane spacing would tend to limit the useful x-ray wavelength.

Fig. 3

Use of Asymmetric Diffraction from
Two Single Crystals to Expand a
Monochromatic X-Ray Beam in Two
Directions. The image-carrying beam
enters from the left; the expanded
beam exits at the right. After
Boettinger et al. (Ref. 25).




TABLE II. Availability of Microfocus X-Ray Units
Focal Spot
Manufacturer U.s. Energy Range Diameter
(Country) Supplier (kv) (um) Comments
Andrex a 20-150 15 Rod anode
(Denmark)
Magnaflux (US)P 15-100 50 Sealed tube
Nicolet (Us)® 20-90 10
Pantak d 20-160 5
(England)
Ridge (US)€ 10-160 10
Rigaku (Japan) £ 30-150 200 Rod ancde
Scanray g 10-150 20 Rod anode
(Denmark)
Technisch e 150 100 Rod anode
Physische Diernst
(Holland)
Wardray 30-80 15
(England)
a d g .
TFI Corp. Pantak Ltd. Gamma Industries

P.0. Box 1611
New Haven, CT 06506
Tel. (203) 934-5211

bMagnaflux Corp.

7300 W. Lawrence Ave.

Chicago, IL 60656
Tel. (312) 867-8000

cNicolet Instrument
255 Fournier Ave.
Fremont, CA 94539
Tel. (415) 490-8300

Vale Road

Windsor, Berks SL4SUP

England

Tel. Windsor (075 35)
55611

eRidge, Inc.

4432 Bibb Blvd.
Tucker, GA 30084
Tel. (404) 939-1554

fRigaku, USA

3 Electronics Ave.
Danvers, MA 01923
Tel. (617) 777-2446

2255 Ted Dunham Ave.
Baton Rouge, LA 70821
Tel. (504) 388-0800

hWardray & Co. Ltd.
Sanford Lane

Kennington, Oxford OX15RW
England

Tel. 0865 735465



Another potentially valuable method makes use of a coded aperture or zone
plate in the production of a radiograph.28'31 The coded radiograph, produced
by a coded radiation source29 or radiation scattered from the object, is re-
produced by a coherent light source (laser). The coded aperture approach has
been successfully applied to imaging in nuclear medicine, where even modest
improvements in spatial resolution offer advantages. Holographic repro-
duction of multiple x-ray images has also been reported. This _approach has
been considered for the creation of a three-dimensional image, and also
offers the potential for improved spatial resolution.

Applications of microradiography are varied. It has been used for micro-
analysis in conjunction _with the scanning electron microscope35’3 and with
synchrotron radiation.37 Other analz&ical studies have involved pigment dis-
persion-®» and geological samples. Observations of crystals in amorphous
metals41 and studies of crystal growth have been aided by microradiography.
Microstructural studies have included work with gomposities s to observe
fiber uniformity and orientation; with concrete4 to observe microporosity;
and with metals2l,46-> to observe alloy distribution, voids, cracks, and
inclusions. The medical/biologicié_ﬁgeishgz_ggso been a focal point for
applications in microradiography. e A relatively new area of
application is lithography, where needs for solid-state microcircuits have
created a demand for fiuer electrode and circuit elegeng;_gBan can be fabri-
cated by relatively 1ong—waveleng2g 8Et%§al methods.<*? ther inspection
applicatiogi have invo%vgg_zglds, L electronic dggices, ~ aerospace
components ceramics,3? laser fusion targets,<”»°°" plasmas,3 and
coated fuel particles. The microradiographic methods cited heres have shown
capability for magnification550 as high as 400X and for spatial resolution““?
of 0.1 um.

58

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-numwber inclusions in the size range of 25 pym (0.001 in.)
has been reported in silicon nitride and silicon carbide ceramics. An
example of a defect that is similar in attenuatior to the host material, and
thus difficult to detect even if relatively large, is a silicon inclusion in
gilicon nitride. Voids should be detectable if the size range fits the reso-
lution and contrast capability of the inspection system. For example, in a 5-
mn (0.2-in.)-thick specimen, a 100-pm (0.004-in.) void would represent a
contrast sensitivity of 27%; this should be detectable in a ceramic sample if
an x-ray energy appropriate to the material is used and U, is less than the
size of the magnified image. In a typical case, where an x-ray tube with a
10-pym focal spot is used with a source-to-object distance of 25 mm (1 in.)
and a source-to-detector distance of 500 mm (20 in.), the magnification would
be 20X and Ug would be 0.19 mm. The image contrast will clearly be reduced as
the image size approaches and goes below the U, value. In this example, one
would predict that the projected image of a 10-pm spherical void would be
slightly larger than U_,, and could therefore be detected. However, to main-
tain 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 between green and fired ceramics
are expected to be relatively small.



B. Experimental Results

The limited experimental results obtained thus far for greenm ceramic
specimens compare prints of projection microradiographs with prints of con-
ventional radiographs that were photographically enlarged to about the same
value (4X). The projection microradiographs were taken at NASA-Lewis
{Cleveland, Ohio) witk a microfocus unit made by the Nicolet Instrument Cor-
poration. The unit was operated at 35 kV and had a 10-um focal spot; the
source—-to-film distance was 30 cm and the source-to-object distance was 7 cm.
The conventional radiographs were taken at ANL; the «-ray unit was operated at
65 kV and had a 0.5-mm focal spot. The source~to-film distance was 75 cm; the
objecit was essentially in contact with the detector., The U, values calculated
from these geometries are 33 um for the microfocus system and about 15 um for
the conventional radiograph; both values are sufficiently low that their in-
fluence on total unsharpness should be small.

Figure 4 shows microcracking in ceramic sample SILG (Table I), which is
about 1.9 cm (0:75 in.) thick. When radiographic prints are compared, as done
here, much more cracking is evident in the microfocus radiograph. The un-
printed conventional radiograph showed almost all the microecracking, but with
less overall clarity than the unprinted microfocus radiograph.

Figure 5 shows prints of radiographs of ceramic sample NB10 (Table I),
which is 0.63 cm (0.25 in.) thick. The radiographic conditions were similar
to those described above. The radiographs chow small inclusions and poresity.
Although the print comparison again shows a marked superiority for the micro-
focus radiograph, the unprinted conventional radiograph showed most of the
same detail.

c. Conclusions

Analyses and literature results show that microradiography of ceramics
can provide useful inspection information. The small defects that can lead to
failure of ceramics can be detected by radiography under some circumstances.
The experimental results oObtained in this program thus far are limited. The
prints comparing microfocus radiographs with enlarged conventional radiographs
tend to be misleading in that the original negatives of the conventional
radiographs showed much of the same detail. Nevertheless, greater clarity was
noted on the microfocus radiographs.

IV. 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 flaws much smaller than 1 mm in size;
on the other hand, sound waves with frequencies >3 MHz generally undergo
excessive attenuation in samples >3 mm thick. Also, ordinary couplants (e.g.,
water or glycerol) are often absorbed by green ceramics; this not only miti-
gates their coupling function, but may also affect the subsequent 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.
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Fig. 4. Prints of a Conventional Radiograph (Top) and a Microfocus Radio-
graph (Bottom) of Green Ceramic Sample SILC, Showing Microcracking.



Tl

Fig. 5. Prints of a Microfocus Radiograph (Top) and a Conventional Radio-
graph (Bottom) of Green Ceramic Sample NB10, Showing Small
Inclusions (Black Dots).
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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, poro-
sity content, presence of agglomerates and delaminations, elastic anisotropy,
and material quality in general; some examples of promising approaches are
presented below. Further development of ultrasonic testing techniques,
coupled with signal enhazucement techniques, may lead to improved flaw de-
tection sensitivicy.

A. 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 respect to the specimen, thus varying the polarization of the
shear waves propagating in a particular direction. Sound velocity data were
acquired for SiC, Mg0, and YCrO, specimens with a Panametric 5052UAX ultra-
gonic transducer analyzer and a”Tektronix 7904 oscilloscope with 7B85 and
7B80 time bases. Panametrix 2.25-MHz normal-incidence shear-wave transducers
(13 mm in diameter) and Aerotech 2.25-MHz alpha transducers (6 mm in diameter)
were employed for ithe measurements. The velocity was measured by overlapping
successive echoes in the pulse-echo mode and determining the time delay from
the oscilloszope. The time base was calibrated by checking the oscilloscope
readings against a sequence of precisely timed pulses from a Tektronix type
184 time mark generator. With the SiC and Mg0Q specimens, which have a high
content of CW binder, Panametric shear-wave couplant was successfully used
for both longitudinal and shear waves. With the chalk-like YCrO3 specimens
(<1%Z PVA binder), no couplant was needed for either type of wave:

Figure 6 shows the echo pattern for 2.25~MHz longitudinal and shear waves
in a 3.8-mm-thick YCr(0, specimen. (About 6 us separate the first and second
longitudinal echoes; agout 10 uys separate the shear echoes.) Apparent cttenu-
ation is clearly ra.her high, on the order of 10-20 dB/cm. Furthermore, the
effect of polarization oa shear-wave velocity shows that the material is
elastically anisotropic: A maximum velocity variation of about 3% was repro—
ducibly observed as the shear-wave transducer was rotated abouc 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 IIT summarizes the
gound velocity data for the YCrO., sample. The low value of Poisson's ratio
implies that under stress, the vdlume of the specimen is significantly re-
duced; this is consistent with the porous, low-density nature of the sample.
Since the modulus of elasticity is related to the velocity of sound, varia-
tions in shear velocity with polarization can indicate variations of modulus
with direction. This variation in modulus could affect the performance of a
component made from such a sample.

Table ITI. Sound Velocity in YCrO3 Sample with PVA Binder

Longitudinal Velocity Shear _Velocity Poisson's Ratio,
(105 cm/s) (105 cm/s) ]
1.43 0.947 max 0.11

1.43 0.919 min 0.15
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Fig. 6

Echoes from 3.8-mm-Thick YCrO
Sample Insonified with (Top)
Longitudinal Waves and (Bottom)
Shear Waves at 2.25 MHz. Axis
dimensions are as follows:

(left) 200 mV/div, (top) 2 us/div.
and (bottom) 5 us/div.

AMPLITUDE (mV)

TIME (us)

Another example of variation with polarization was observed in a 3-mm-
thick section of a spinel disk, insonified with shear waves propagating in the
plane of the disk. With polarization parallel to the disk axis, the velocity
(error <0.5%) was about 3.57% 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 directionm.

B. Variation of Velocity with Density

The velocity of longitudinal waves has been measured as a function of
density for MgO specimens with 20 wt.7% CW binder. Density variations among
these specimens result from differences in loading pressure, i.e., in porosity.
Figure 7 shows a plot of density vs sound velocity for four samples. One of
the samples is anomalous (it has a visible delamination). Based on the
other three samples, a linear relationship between velocity and density is
apparent; the variation in density is 1/3 the variation in velocity. Also
shown in Fig. 7 is the nominal variation in density for three of the samples
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(rectangles around the data points), determined from variations in velocity
measurements taken at five different points on each sample. Variations in
density of up to 2% were observed. These results suggest that not only can
the density (and thus porosity) of a sample be determined from sound velocity
measurements, but if sufficiently small transducers were available, anomalous
microstructures 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 transducer suspended above the sample. The sample is enclosed in a plastic
"bag" which is then evacuated to assure intimate contact between sample and
plastic. 7ests 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 coupling. We plan to optimize this "immersion"
testing technique so that sound velocity variations in greern ceramic samples
can be reproducibly mapped.

The maximum density (0% porosity) of Mg0-20 wt.% CW, calculated from the
densities of the two constituents, is 2.7 g/cm3. The velocitg obtained at
this density by extrapolating the curve of Fig. 7 is 8.1 x 107 cm/s. This
velocity can be compared to theoretical models that predict upper and lower
bounds for sound velocity in a homogeneous composite material with a soft
matrix and hard filler, as a function of the volume fraction of one of the
constituents. Theoretical values for the longitudinal velocity wege calcu-
lated as a function of volume fraction using both the Voigt model /3274 (which
assumes constant strain and gives an upper bound for velocity) and the
Reuss model’3,74 (which assumes constant stress and gives a lower bound). The
velocities were calculated from the modulus according to the following relation-

ships:
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2 2 . .
pvy = £,0,vp + £,0,v,  (Voigt velocity), )
v 1 2
f £
; = % + g (Reuss velocity), (4)
pv P,V P,V
S 12, 2°%,

where f_,f, are fractional volumes, p.,p, are densities, and v, ,v, are
longitudinal velocities for constituents 1 and 2, respectively, and p =
f.p, + f.p.,. Figure 8 shows the resultant upper (Voigt) and lower (Reuss)
veldecity 1imits for MgQ/CW composites vs the volume fraction cf CW. The
extrapolated velocity for a volume fraction of 37.5% CW (the amount used in
the ANL pellets) is indicated. This value is within the theoretical bounds
and is close to the Voigt limit.

10 T | T
F---.~\‘_\\\\\\\~vomr
8 , —
EXPERIMENTAL
./ VELOCITY DATA
6 EXTRAPOLATED ]

T0 0% POROSITY

LONGITUDINAL VELOCITY OF SOUND {10° cm/s)
s-S

2 REUSS”” ]
o R R N B
0.2 04 06 08 10
CARBOWAX VOLUME FRACTION

Fig. 8. Theoretical Upper and Lower Bounds for Longitudinal Velocity vs
Carbowax Volume Fraction. Experimental value determined from extra-
polation of data in Fig. 7 is also shown.

These results indicate that sound velocity measurements can provide
quantitative information 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 predicted by models for composites,
further suggesting that sound velocity data and relationships to anomalous
microstructures may be understood from a fundamental point of view.
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C. Effect of Agglomerates on Ultrasonic Properties

The presence of agglomerates in the green state can have deleterious
effects on the properties of the ceramic specimen after firing.7 The use of
ultrasonic techniques to obtain information on the presence of agglcomerates
was investigated, on the assumption that ultrasonic scattering from groups of
agglomerates might alter the spectral characteristics or attenuation of ultra-
sonic waves even if individual agglomerates could not 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 MH=z.
Agglomerates in the 100-um (0.l1~mm) size range should scatter in the Rayleigh
region, where scattering is frequency dependent. Figure 9 shows frequency
spectra (0-2 MHz) for longitudinal waves propagating in spinel disks with O,
2, and 20 wt.7% agglomerates (75-100 um in size) in a matrix with particle
size <5 um. The spectrum for Plexiglass is alsn shown to permit correction
for the transducer characteristics. Rayleigh scattering dominates the fre-
quency dependence of the attenuation. Larger particles contribute more to
the higher frequency scattering and thus the introduction of agglomerates is
expected to accentuate the high-frequency attenuation. This appears to be

the case in Fig. 9.

These results suggest that frequency data may provide qualitative infor-
mation on the presence of agglomerates in green ceramics. Further efforts are
obviously needed to establish the validity of this concept. The effe.t of
agglomerates on the velocity of longitudinal and shear waves was also examined.
No statistically significant difference was noted between samples with and
without agglomerates.

D. 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 measurements of the group and
phase components of velocity, 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 repositioning 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 by placing a
suitable force gauge in the position of the specimens. Friction in the press
limited accuracy and repeatability; this problem was ameliorated with thorough
lubrication, vigorous tapping with a mallet, and separate calibration of
increasing and decreasing weight ranges.

To measure group velocity, impulses were sent from the transmitting
transducer to the receiving 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 trans-
mission signal with the sample removed, and the frequency that gave 0° and
180° phase shifts between the transmitted and received wave was determined.
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Fig. 9. 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.
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The phase shift between the transmitting and receiving transducers in the
absence of a sample was determined at that frequency to calculate a correction
factor. The frequency was then progressively reduced until a very small
number of waves (1/2, 1, or 1-1/2) could beoshown ungmbiguously 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 freguency. The
phase velocity c¢ is then calculated from the whole number of 180 phase shifts
N, the transducer phase shift ¢, the sample thickness L, and the frequency f,
where

c = fA (5)
and
A =L/(N + ¢/360). (6)

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

u = c/[1 - (£/c)(dc/df)]. (N

This method of determining phase velocity works only for highly attenu-
ating samples in which the standing waves. are very weak. Attenuation was
estimated from the spectrum of the received pulse. The spectra were obtained
by use of a Tektronix 7903 with a 3LS plug-in module. Group velocity was
found to vary with applied transducer pressure and sample density. Shear-wave
velocity (Fig. 10) shows a monotonic rise with applied pressure and with
increasing sample density. For longitudinal-wave velocity (Fig. 11), 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 significantly lower velocity. Caution is needed in inter-
preting these data in the light of the rather long-duration (low-frequency)
received pulse. (Measurements were made to the first zero crossing.)

T T
SILICON NITRIDE
FORMING
PRESSURE
(MPo)

3
2

[- /’)wi_ 220 N
WITH DEFLOCCULANT
fome ’/"’i‘& 165 AND AGGREGATES -~
602_— 10

/SIO/ZZO

— NO DEFLOCCULANT |

165 }
AGGREGATES |
L 10 NO AGGRE

i [ I
500 1000 1500
APPLIED TRANSDUCER PRESSURE (KPo)

SHEAR VELOCITY (m/s)
g §

8

Fig. 10. Shear-Wave Velocity vs Applied Transducer Pressure for Silicon
Nitride Greenware. Sample numbers (see Table I) are shown on the
curves,
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Fig. 11. Longitudinal-Wave Velocity vs Transducer Pressure for Spinel (Upper
Curve) and Silicon Nitride Greenware. Sample numbers (see Table I)
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curves.,

The dispersion measurements for phase velocity (Fig. 12, dashed curves)
also show a decrease in velocity at low frequencies. The order of magnitude
for the calculated group velocities (Fig. 12, solid curves) agrees with the
experimental values shown in Figs. 10 and 11. The spectrum obtained from a
received pulse transmitted through Plexiglass is shown for reference ‘in
Fig. 13. The longitudinal waves transmitted with 2.25-MHz transducers
attained higher frequencies (Fig. 14) than the shear waves (Fig. 15). 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 frequeacy (Fig. 16).

E. 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 greeu ceramics is subject to very high atteruation, 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 with applied pressure, particularly for the higher frequency
longitudinal waves. The variation of sound veloecity with applied pressure may
yield important information on the structure of green ceramics. Investi-
gations 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.
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Fig. 14

Variation of Received Longitudinal-
Wave Spectrum with Transducer
Pressure. The attenuation de-
creases with increasing pressure

in the range from 200 to 1400 kPa.
(Traced from photograph.)

Fig. 15

Comparison of Received Shear-Wave
Spectra Obtained with Transducer
Pressures of 200 and 1400 kPa.
(Traced from photograph.)

Fig. 16

Shear~Wave Spectrum for Spinel
Sample NB2, (Traced from
photograph.)
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V. UNCONVENTIONAL TECHNIQUES

A. Nuclear Magnetic Resonance

An important objective of NDE for green ceramics is to establish the
distribution of porosity and, in particular, the presence of pores on the
order of 100 um 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. 76-78.
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 them-
selves with an externally applied magnetic field. The resonant oscillation
(precession) of the nuclei during the alignment process is the NMR phenomenon.
The frequency of precession (Larmor frequency) is proportional to the applied
magnetic field and, in practice, occurs in the radio frequency (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.”® 1f 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. Computer techniques similar to those used in x-ray
tomography are emplcyed to obtain three—dimensional spatial information.

A preliminary evaluation of NMR imaging has been carried out in cooper-
ation with the General Electric Medical Systems Division, New Berlin, WI.
The objective of the initial feasibility tests was to establish whether com-
mercially available NMR tomographic imaging technology could be applied to
green ceramics. Detection of PVA binder proved to be extremely difficult, but
tests with water—-doped SiC were encouraging. These initial tests were con-
ducted 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 (V3% by weight) and then
cold pressed. Figure 17 shows axial views of two voumetric siices of the
Gdisk, 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. 18. 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 sensitivity and make it possible to resolve volumes as
small as 100 um.

Since the introduction of water (possibly as steam) to fill the inter-
connecting 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.
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8 MM AXIAL SLICES

Fig. 17. NMR Image of Slices Through a Water-doped SiC Disk (Axial View).

Two images of the same sample are evident. The upper right shows

a center portion and the lower left a section near the sample edge.
The white areas indicate the presence of water.
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Fig. 18. NMR Image of Same Sample as Fig. 17 (Side View).

B Neutron Radiography

Hydrogen-rich binders will also have relatively high neutron cross
sections. Therefore, neutron radiography79 was also considered for the de-
tection of areas with a high concentration of binder.

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

1w Tlgor (8)

where I is the radiation transmitted through an object of thickness x (in cm)
and linear absorption coefficient Y (in cm™ ).
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The_absorption coefficient580 for;ﬁlass (0.22 cm_l) and polyethylene
(3.5 cm™") were used to estimate the likelihood of detecting the PVA binder in
a 0.6-cm-thick green ceramic (spinel)/sample as follows:

- /
I/Io (ceramic) = e ux 0.§7;
/ .
I/Io {(ceramic + 1% binde7§ = e-(ulxl + u2x2)
' 0.81.

Thus, the binder reduces transmissiosn by “7%Z. From the characteristic
curve for Kodak "R" film (automatic processing) at a density of 2.0, one can
calculate that a 72 change in exposure will lead to a film variation of +0.04
density units, about twice the minimum detectable variation. Thus, it appears
that a 17 concentration of binder should be observable.

Thermal neutron radiographs of sample NB1 (with PVA binder) and NBl4
(from which the binder had been burned out) were prepared by Aerotest Oper-
ations, San Ramon, California. The sawples were placed side by side, and
successive radiographs were made with varying average film densities. Unfor-
tunately, no difference between the samples could be detected, partly because
neither sample had a uniform radiographic demsity. Future efforts will con-
centrate on preparing standards with varying amounts of PVA to establish the
sensitivity of this technique, sad on increasing the sensitivity by use of
cold neutrons.

VI. 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 objective was to obtain 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 reasonably thick (>1 cm) or of odd geometry. Another major ad-
vantage of microradiography is the capability to observe enlargements (20-40X)
of an object in real time while manipulating the object. Preliminary experi-
ments were carried 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 difficult to apply to flaw de-
tection in green ceramics because of the high attenuation, fragility, and
couplant-absorbing properties of these materials. However, it proved possible
to couple longitudinal- and shear-wave transducers to green specimens by
pressure alore. 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 spectral data were shown
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to provide useful information on density variations and the presence of agglo-
merates. The elastic anisotropy of the green state (an important parameter
related to the fabrication process) and variations in dispersion (which may
also be related to microstructural variations) were also successfully measured.
Future efforts will establish the correlation of these p=rameters with the
ultimate performance of the fired material.

A nuclear magnetic resonance imaging technique was considered for de-
tection 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 detected. WNeutron 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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