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I INTRODUCT ION

• : In recent years a great deal of effort has gone into the develop-

ment of ceramic materials for high-performance app lications such as gas

turbines. The primary materials in this category are silicon nitride

(Si
3
N
4

) ,  silicon carbide (SiC), and lithium-aluminum silicate. Such

ceramics are brittle , and their strength is highly dependent on whether

defects such as cracks, voids , and inclusions are present in the material.

Since it is impossible to completely eliminate such defects , the economic

feasibility of using these materials will depend on the availability cf

nondestructive evaluation (NDE) techniques for locating these defects

and determining whether the defects can be tolerated .

A number of conventional NDE techniques have been evaluated for use

with ceramic materials.1* These techniques include X-ray radiography,

neutron radiography, ultrasonic inspection, and dye—penetrant inspection.

Of these , X-ray radiography and ultrasonic inspection have probably re-

ceived the most attention. X-rays have an intrinsically high resolution

capability; however , the sensitivity of this technique is limited by the

thickness of the piece to be inspected and by the characteristics of the

recording medium (film). X-rays are most effective in detecting high-

density inclusions such as metallic particles , but they have difficulty

in detecting low-density defects or voids. The opposite is claimed to

be true for conventiona l ultrasonic techniques.

There are a number of different types of defects that can occur in

ceramic materials. Besides voids , cracks , and density laminations , there

can be inclusions of various materials such as tungsten carbide , iron

and tungsten , silicon , and carbon. A flaw size of 100 to 200 ~im (4 to

12 mils) is considered to be critical at room temperature . However , at

*
References are listed at the end of this report.
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1400°C this critical dimension reduces to about 25 .tm (1 mil) for some

applications .2 This latter dimension represents a severe challenge for

any NDE technique, especially since the grain size in high-density hot-

pressed material can be as large as 5 im , and as large as 100 im in

cold-formed material. In addition , the criticality of a flaw depend s

on its type , so a good NDE technique should also be capable of classify-

ing flaws.

It would seem that, in principle, a combination of X-ray radiog-

raphy and very-high-frequency (100 MHz or greater) ultrasonics3 can

probably meet this demand for high resolution , high sensitivity, and

defect classification. However , in practice , there are several prob-

lems . X-ray radiography is expensive and time-consuming . The highest

frequency that is practica l for ultrasonic techniques is limited by

surface roughness and grain-boundary scattering. Even for smooth sur-

faces, great care must be taken in coupling a high-frequency ultrasonic

transducer to the ceramic. This requirement makes it difficult to move

the transducer or sample for scanning purposes and limits application of

the technique to simple geometries.

In view of these limitations there is a need to explore the possi-

bility of using other NDE techniques to complement the X-ray and ultra-

sonic techniques alread y in use. One possible candidate for a comple-
*mentary technique is the use of electromagnetic waves at microwave

frequencies , which , for short, are called microwaves. There are three

main reasons for considering microwaves for this application:

(1) Microwaves can penetrate low—loss dielectric materials , and
will interact with local variations in the dielectric proper-
ties of these materials.

( 2) Microwave transducers (antennas)  do not need to be in physical
contact with the material to be inspected , nor do they require
a coupling med ium other than air. Thus, scanning rates will
be limited primarily by mechanical considerations .

(3) Microwave technology is well advanced .

*The term “microwave” is used here to signify frequencies that are
greater than i09 Hz (1 gigahertz , abbreviated GHz), and less than
3 X I O 11 Hz.

2
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The app lication of microwaves to various NDE problems has been dis-

cussed and studied extensively during the last 15 years.46 Microwaves

have been used to probe dielectric materials to measure changes in thick-

ness and material composition, and to detect and locate interior flaws

such as voids and inclusions. In the case of ceramic turbine parts , the

finding and characterization of flaws is of most interest , although there

is also a need for quality control in material processing . In the past ,

the use of microwaves for the detection of small flaws has suffered from

the limited sensitivity and resolution capabilities of microwaves that

are dictated by the relatively long wavelengths involved . However, this

situation has been improved in recent years by the development of micro-

wave components for use at frequencies up to 100 CHz and beyond . The

wavelength in a typical ceramic material at these frequencies is about

1 mm, which is beginning to approach the dimension of typical flaws.

Hence, it appears worthwhile to take a fresh look at microwave NDE for

ceramics.

The objective of the work described in this report was to determine

the feasibility of using microwave measurement techniques for detecting,

locating, and characterizing defects in ceramic materials , especially

hot-pressed silicon nitride (S1
3
N
4
). Defects of interest included par-

tid es of tungsten carbide , iron or steel , unreacted silicon , and

graphite , as well as voids. The minimum defect diameter examined during

this study was between 0.001 and 0.005 inch (0.025 and 0.127 mm).

There were three basic tasks in this program:

(1) To identify , evaluate , and rank prospective microwave tech-
niques,

(2) To determine the types and magnitudes of defect-related
changes in the dielectric properties of Si

3
N
4 
material ,

(3) To implement and test the most promising microwave technique .

The results of addressing the first task are presented in Section II,

while the experimental results relevant to the second and third tasks

appear in Sections III, IV , and V. Section III discusses the dielectric

properties of S1
3
N
4 

at microwave frequencies. Section IV describes a

3
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cross-polarized microwave transmission system and gives the results of

measurements on seeded Si3N4 plates. Section V describes a novel cross-

polarized microwave reflection system that uses the principle of oscil-

lator pulling to detect defects. Some preliminary experimental results

for this system are also given In this section. Finally, the conclusions

and recommendations resulting from this work are summarized in Section VI.

I
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II CONSIDERATIONS IN THE SELECTION OF A MICROWAVE
NDE TECHNIQUE FOR CERAMICS

A. General

Microwave nondestructive evaluation techniques can be applied to

dielectric materials to measure either gross material and geometrical

properties (e.g., dielectric constant , dissipation factor , and plate

thickness) or localized properties associated with defects.6 In the

evaluation of ceramic materials such as Si
3
N4, one is primarily concerned

with the detection of small defects. In this case, the basic principle

on which the detection is based is the scattering of electromagnetic

waves. The two basic characteristics of the scattered wave that can be

measured are amplitude and phase (or delay). These quantities can be

measured separately or in combination.

For detection of an interior flaw to be possible , the microwave

energy must be able to both enter and leave the ceramic material. First

of all , this requirement means that the propagation loss inside the

material must not be too large . Secondly, the microwave energy must

not be totally reflected from the surface of the material , nor must it

be trapped inside the material. The theory for the reflection of a plane

wave at an air/dielectric interface7 shows tha t some energy will always

enter the dielectric material excep t at grazing incidence . This result

is illustrated in Figure 1, where the fraction of incident power that

is reflected is plotted as a function of the angle of incidence. It is

assumed that the relative dielectric constant of the dielectric material

is 7--it will be shown later tha t this value falls in a range that is

typical for Si
3N4. 

It can be seen from the figure that, for other than

normal or grazing incidence , the fraction of incident power reflected

depend s on whether the incident wave has its electric-field vector

polarized parallel to the plane of incidence or perpendicular to it.

Hence , if the electric-field vector is polarized at an angle to the
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plane of incidence that is between 0° and 900
, the polarization of the

reflected wave will be rotated . For parallel polarization there is an

angle of incidence where the reflected wave is zero; this angle is
r called the Brewster angle. Use of the Brewster angle will maximize the

transmission of energy through a plane, parallel-sided dielectric plate.

— However , it is often simplest in practice to choose normal incidence--

in this case Figure 1 shows that about 207. of the incident power will

be reflected .

After the microwave energy has entered the dielectric material , it

will propaga te through the material until it meets a defect or a

- • dielectric/air interface. Both perturbed and unperturbed waves will

usually be partially reflected and partially transmitted when they reach

a dielectric/air interface. A major exception to this rule , however,

occurs when the angle of incidence of the wave at the interface exceeds

a certain critical angle. In this case the wave is totally reflected

and may become trapped in the material , similar to the situation in a

waveguide. This condition can occur if the defect scatters energy over

a wide range of angles , or if the geometry of the dielectric/air inter-

face varies in an appropriate manner.

The behavior of the reflection of a plane wave at a plane dielectric/

air interface is illustrated in Figure 2. The relative dielectric con-

stants are the same as those used in Figure 1. It should be noted that

the critica l angle is fairly small in this case—-namely,  about 22°.

Since there is always some reflection at a dielectric/air interface

(except under Brewster conditions), in general there will be stand ing

waves inside the dielectric material. These standing waves will be par-

ticularly enhanced if the dielectric specimen is a plate with plane,

parallel sides. The presence of stand ing waves will have a strong ef—

j fect on the scattering from a defect. For example , suppose the defect

is one tha t only interacts with electric field . If the defect is lo—

cated where the electric field in the stand ing wave is minimum, the

scattering will be much less than if the defect were located at a posi-

tion of maximum electric field. Hence , since the positions of the

7
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maxima and minima in a standing wave vary with frequency , the scattering

from a defect will exhibit a related frequency dependence that may mask

any defect-related frequency dependence in the scattering.

Scattering measurements are usually classified according to the

arrangement of the transmitting and receiving antennas, and according

to the operating frequency. There are three basic antenna arrangements:

backscatter—monostatic , backscatter—bistatic , and forward—scatter-

bistatic. These three arrangements are shown schematically in Figure 3.

En the latter two of these arrangements the transmitting and receiving

antennas can be either copolarized or cross-polarized .

The horns depicted in Figure 3 represent ~~~ kind of appropriate
antenna (transducer). Microwave antennas for NDE applications can be

characterized as either predominantly radiating or predominantly non-

radiating . An example of the radiating type would be a horn or open-

ended waveguide. A small aperture in the side of a waveguide or resonant

cavity is an example of a sensor that radiates very little. In this case

a defect must be close to the aperture so tha t interaction can take place

between the defect and the reactive near fields around the aperture .

B. Sensitivity

In microwave NDE (as in ultrasonics), sensitivity (the ability to

detect a defect) depend s mainly on two factors: (1) the amount of scat—

tering engendered by the defect , and (2) the ability of the detection

technique to separate the desired scattered wave from undesired scattered

waves. Regarding the latter factor , one is concerned with both large

and small spurious scattered waves--i.e., one strives for high contrast

and low background clutter , respectively. Electronic noise is also a

factor in determining sensitivity , but is usually less important than

clu t te r .

In general, the theoretica l determination of the scattering from an

arbitrary shape and type of defect is a difficult problem requiring corn-

puter analysis.8 However , if it is assumed that the defects can be ap-

proximated as either metal or dielectric spheres, some rather simple

9
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formulas can be used when the wavelength of the electromagnetic radia-

tion is much larger than the sphere radius (Ra yleigh region) . The Ray-

leigh cr iter ion is

(1)

• where X is the wavelength in the dielectric medium and a is the radius

- 
- of the sphere. For example, assume that the frequency is 100 GHz and

- - 
that the dielectric constant of the ceramic is 7.5 (Si3

N
4
). Then, from

- 

- Eq. (1),

a< 70~ im (2)

in the Rayleigh region.

For a conducting sphere in the Rayleigh region the scattering cross

section , ~~, is given by

_iQl = 
9 ( 2 \ ~

)~2 4 r r \ ? ~~J

for backscattering, and

i ( 2 \ ~
~2 4n~~~~~~/

for forward scattering. It can be seen from Eqs. (3) and (4) that back-

scattering is about an order of magnitude stronger than forward scatter-

ing. The factor of ~~~ may be in terpreted as the f rac t ion of the tota l

incident power that would be scattered if the total incident power were

confined to an area of Assuming 2rTa/X = 0.4 , one find s that a(O)1X2 =

3 ~ l0~~, a relatively small number.

An expression similar to Eqs. (3) and (4) describes the scattering

from a low-loss dielectric sphere in the Rayleigh region:9

11 
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where e is the dielectr ic  constant of the sphere relat ive to the sur-

round ing medium . For examp le , for a spherical void in S13N4, € r 1/7.5.

This examp le shows that  both high- and low-density de f ects in Si 3N4 should

produce a similar e f fec t  on the i l luminating electromagnetic wave .

The de f ects of most in te rest in the NDE of ce ramic s ha ve max imum

dimensions between 25 and 125 p.m. E quation (2) shows tha t scattering

from such defects  is of the Rayleigh type even for a frequency of 100 GHz .

Thu s it can be concluded that a major consideration in the microwave NDE

of ceramics wil l  be the detection of re lat ively small signals.

If the de fec t  is larger than tha t considered above , or if the fre-

que ncy is higher , interference between the scattering from different parts

of the defect can occur. This situation is called resonance scattering,

and increases in scattering cross section of 1. to 2 orders of magnitude

• over that existing at the upper end of the Rayleigh region are often ob-

served under these conditions. Hence , operation at frequencies higher

- , than 100 GHz may prove advantageous if the scattering from surface irregu-

larities and grain boundaries is not too large.

If the transmi t and receive antennas are co-polarized , al l of the

conf igurat ions  shown in Figure 3 (wi th  the possible exception of the 90°

bistat ic  a rrangement) su f fe r  from poor contras t ;  tha t is , the small

scattered signal is buried in a large specularly reflected or transmitted

signal. Thus, one is forced to use a “brid ge” technique to improve
p *• contrast.

.1 
*The use of side-scattering would seem to be an obvious choice for the
purpose of improving contrast. However, in practice , there can be side
scattering from the boundaries of the test object that is of the same
order of magnitude as the side—scattering from the defect. This situa-
tion makes it difficult to identify a bona fide defect. In addition ,
there can be nulls in the side-scattering pattern that could cause a de-
fect to be overlooked.
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There are many different kinds of bridge techniques, and , in turn ,

these techniques depend on whether amplitude or phase is to be measured .

One simple kind of brid ge wou ld be one wher e a po r tion of the t ransmi tted

signa l with  the proper ampli tud e and phase is f ed directly to the re-

ceiver so tha t the signal received in the absence of a defect is canceled .

Anot her technique uses mode conversion--e.g. , the detecto r can be made

to be responsive onl y to a wave whose po larizat ion is orthogona l to tha t

of the incident wave .~
0 A third technique imparts a modulation to the

wave scat ter ed by a de f ect1’ by app ropriately v ibra t ing or rota t ing the

sample being inspected . The modulated wave can then be separated from

any large unmodulated scattered waves that are also received by using

appropriate filtering.

The use of a feed-forward canceller is not very practical at high

microwave frequencies because of the sensitivity of the null condition

to the position of the specular scatterer. In this case it is difficult

to maintain a null as the ceramic part is scanned in front of the antennas,

particularl y if the part has nonplanar surfaces.

Of the remaining two contrast-improving techniques, it is simplest

to imp lement the mode-conversion techniqu e by using sepa rate receiving

and transmitting antennas and orienting them with their polarizations

orthogonal to one another. Although the monostatic-backscatter scheme

shown in Figure 3(a) appears attractive because onLy one sensor is re-

quired for both illumination and detection , this advantage is offset

• slightly by the circuit complexity required to separate the orthogonal

transmitting and receiving modes. Therefore, the bistatic—forward-scatter

scheme shown in Figure 3(c) (using cross-polarized antennas) was used for

ji most of the experimental work during this program . Although scatterers

with certain geometrical symmetries will not couple orthogonal modes,

there is very little probability that these symmetries will occur for

real defects in ceramics.

The above discussion has implicitly assumed the use of continuous-

wave (CW) measurements. For the NDE of relatively thin ceramic parts (a
few wavelengths thick or less), there is no advantage to be gained from

13
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the use of pulsed measurements (or, equivalently, wideband swept-frequency

measurements). Normally, pulsed measurements would be used to separat.-

reflections (in the time domain) from various scattering centers a1~-’

the direction of propagation (called ranging in radar parlance). However,

the shortest practical pulse duration that can be produced and radiated

results in a spatial extent for the pulse of the order of 10 wavelengths

in the ceramic material. Thus, for a part that is only a few wavelengths

thick, ranging cannot be accomplished .

C. Spatia l Resolution

There are two different aspects to be considered under the heading

of spatial resolution. One aspect is concerned with one’s ability to

locate a defect relative to some reference location. This is called

“global” resolution. The other aspect is concerned with one’s ability

to differentiate between two closely spaced defects. This is called

“local” resolution. Both of these aspects can be important.

As discussed previously,  for thin ceramic parts microwave NDE does

not provide any spatia l resolution of either type in the nominal direc-

tion of propagation of the illuminating wave. In the scanning plane (de-

fined as a plane containing all the positions of a reference point on the

sample that are occupied as the sample undergoes rectilinear translation),

spatial resolution is determined by the active areas of the transmitting

and receiving antennas. At distances sufficiently far removed from the

test piece, the “active” area is essentially determined by the far-field

beamwidth of the radiating antenna.

A simple microwave antenna such as a horn must have an aperture that

is several wavelengths on a side in order to minimize spreading of the

beam. The beamwidths associated with this kind of antenna result in a

local spatial resolution in the scanning p lane that is much too gross for

the ceramics application.*

*In principle , a “synthetic array” technique could be used to improve
resolution along the line of scan. In this technique, the amplitude
and phase of the scattered waves received at a number of successive
sample points along the scan line are stored and then the data are
processed by computer to form a high-resolution image. This technique
works fine in a radar application, but probably could not be used in
the special geometries associated with ceramics NDE.

14
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The best spatial resolution using a far-field antenna is obtained

by incorporating a lens into a microwave horn.12 Such a lens can be

fabricated from polystyrene , and produces a 3-dB spot size having a

diameter approximately equal to one free-space wavelength at the operat-

ing frequency. Focal lengths of such lenses are typically 10 wavelengths.

- . For reference, it is useful to keep in mind that the free-space wavelength

at 100 GHz is equal to 3 mm.

An alternative approach, and one that can yield comparable magnitudes

of resolution , is to move the test piece in-to the near fields of the an—

tennas. In this case the active area of the antenna is simply equal to

the effective aperture of the antenna . The size of this effective aper-

tu re depend s on the nature of the fringing f ields around the aperture

and the distance between the aperture plane and the scanning plane .

One of the simp lest types of antenna is an open-ended waveguide.
Typica l aperture dimensions for such an antenna at 100 GHz a re about

0.4 by 0.8 free-space wavelengths , or 1.25 by 2.5 mm. Higher resolutions

can be obtained by reducing the aperture size11 (i.e., by using an elec-

trically small antenna). However, this approach results in a trade-off

between sensitivity and resolution. Overall sensitivity is lost when the

aperture size is reduced because less of the total available power “leaks”

through the aperture (unless there is compensation by appropriate imped-

ance matching). In addition , an electricall y small antenna radiates

relatively very little energy , and the near fields associated with it

fall off very rapidly with distance from the antenna . Thus, when using

such an antenna , one runs the risk of not detecting a defect inside the

ceramic material.

An important advantage of obtaining good local spatial resolution

is the minimization of spurious scattering caused by variations in the

gross geometry of the ceramic part. Signals due to slow variations in

geometry can be removed by filtering , but a small active sensor-area is

the only solution if one wishes to inspect a part very close to a sharp

change in boundary surface (such as an ed ge) .

15
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Because of the long delivery time and expense involved , it was not

practica l to obtain microwave lenses for use during this program. Hence,

open-ended vaveguides were used as sensors. In general, the achievable

spatial resolution tn the scanning plane of such a system depended on

the thickness of t -~ ramic part that was inspected . For example, if

the scanning plane is located 4 nun from the aperture plane of the open-

ended waveguid.’, the 3-dB beaimiidth
13 in the scanning plane at 100 GHz

*is about 14 nan in the E plane, and 6 nun in the H plane. This resolution

was adequate for studying the widely spaced defects in the 0.25-inch—thick

seeded plates that were examined during this program .

I

*In antenna parlance , the E-plane is a plane containing the transverse
E-fieLd and the direction of propagation. Similarly, the H-plane con-
tains the transverse H-field and the direction of propagation.

16
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III DIELECTRIC PROPERTIES OF Si3
N
4AT MICROWAVE FREQUENCIES

Detection of flaws within Si
3
N
4 

depend s on the losses in the material

being small and there being some difference between the electrical proper-

ties of the Si
3
N4 

and those of the flaw. Since there is very little in-

formation available on the electrical properties of bulk Si
3
N4 

at high

microwave frequencies, SRI undertook a small task to measure these prop-

erties.

The dielectric properties of Sj
3
N
4 

depend on the type of process

used for fabrication (reaction sintering , hot pressing, etc.). Published

data taken at 10 GHz on samples of Si
3
N
4 

produced by different processes

:~ show values of relative dielectric constant ranging between 5.5 and 9.3,

and loss tangents ranging between 0.001 and 0.l5.’~ Hence, measurements

were conducted during this program using both reaction-sintered and hot-

pressed material (Norton NC132); the emphasis, however , was placed on the

latter material.

Two different measurement techniques were used for determining rela-

tive dielectric constant and dissipation loss. For frequencies up to

18 GHz, the reflection and transmission properties of a sample inside a

coaxial holder were measured using a Hewlett Packard Model 8542B auto-

matic network analyzer. For higher frequencies , free-space measurements

of the reflection and transmission for a plane , parallel-sided plate were

used .

In the automatic-network-analyze r system an SRI-generated computer

p rogram accepts the measured complex ref lect ion and transmission data

and ca lcu lates severa l materia l parameters.’5 These parameters are:

• The comp lex a i r/mate r ia l - in te r face  E-f ield  reflection and the
complex propagation constant within the material that would
exist as if the material was semi—infinitely thick with only
one air/material interface.

17
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• The complex relative dielectric constant, e (pertnittivity) .
* 

r
• The complex relative permeability, 

~~~~~~

• The loss tangent.

• The attenuation constant of the materia l , in dB/cm.

The measu rement p rocedur e in this case requ ires tha t  the sample be

in the form of an annulus. This sample is mounted in a precision 50-ohm,

7 -mm beadless-airline coaxial transmission line (Maury Microwave Model

2653-1250) . This holder permits measurements to be made over a very wide

f requency range and eliminates the measurement errors associated with the

small reflections produced by the die lectric support beads in a conven-

tiona l coaxial line . The diameters of the outer  and inner coaxial con-

ductors of the transmission line are 7.00 nun (0.2756 in) and 3.04 nun

(0.1197 in), respectively. The samples that were measured were cut and

ground to be a slip fit to the coaxial line by a Local ceramics fabrica-

tion house (RW Products, Redwood City, California).

The dielectric properties of three different ceramic materials were

measured using this system. The first material tested was a piece of

reaction-sintered Sj
3
N
4 

obtained from the Materials Center of SRI. The

sponsor provided a second sample that was intended to be hot-pressed

Si.~N1 (Norton NC132), but which proved to be hot-pressed silicon carbide

(SiC). This fact was determined from X-ray diffraction analysis. There-

fore, some Norton NC132 was obtained from the SRI Materials Center , and

this served as the third test material.

The SiC sample was found to have so much dissipation loss (in fact

it exhibited dc conductivity) that the calculated values of 5r probably

have little meaning. The air/material interface reflection was high, be-

ing about 0.85 at all frequencies from 0.2 GHz to 18 GHz. The attenua-

tion within the materia l was very high , ranging from about 10 dB/cm at

I GHz, to about 70 dB/cm at 10 GHz, to about 100 dB/cm at 18 GHz. Thus,

microwaves would not be suitable for probing very far into this material.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

*For SI3N4, the permeability was assumed to be the same as for free space .
However, the computer program is general enough to be able to handle mag-
netic materials.

18
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The fraction of reflected incident power and the attenuation for in-

finitely thick samples of reaction—sintered and hot-pressed Si3
N
4 are

plotted as functions of frequency in Figure 4. These results were de-

rived from measurements using a sample of finite thickness. The reaction-

sintered materia l appears to be less dense than the hot-pressed material

- 
because the power reflected from the reaction-sintered material is less

than for the hot-pressed material. The corresponding derived values for

the real part of the relative dielectric constant are:

• Hot-pressed Si N : = 7.5 (at 8-17.5 GHz)

• Reaction-sintered Si
3
N
4: 5r 

= 5.7 (at 8 GHz) to 6.0 (at 17.5 CHz).

On the other hand , the attenuation in the reaction-sintered material

was higher than for the hot-pressed material. In face, the losses in the

hot—pressed material were so low that the attenuation could not be mea-
- I sured accurately at most of the measurement frequencies. Such low losses

cause the data-reduction computer program to give inaccurate results for

the dielectric parameters when the sample is an integer multiple of one-

half wavelength thick. One can see from Figure 4 that this situation

occurs at about 13.5 GHz, where the sample is one wavelength thick

(0.406 cm). Fortunately, alternate data reduction of the reflection co-

efficient and insertion loss of the finite sample provide accurate means

for determining the reflection factor and attenuation at this frequency.

The resulting calculated value for the attenuation is plotted in Figure 4,

and is seen to be less than 0.2 dB/cm.

It can be concluded that, for frequencies up to 17.5 CHz, the values

of reflection factor and attenuation for S13
N
4 

(either type) do not pre-

vent the use of microwave NDE. However , one can anticipate the need to

operate at higher microwave frequencies--for example , in the range 50-100

GHz--in order to obtain better resolution. Hence, some dielectric measure-

ments were also conducted at these higher frequencies.

The approach used to determine the dielectric constant of ceramic

j materials at frequencies above 50 GHz is based on the fact tha t the re-

flection from a plate having flat , parallel faces is a minimum whenever

- 
t the thickness of the plate is an integer multiple of one-half the

19
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wavelength in the material. If f
1 
and f2 are adjacent frequencies where

reflection minima occur, the relative dielectric constant, En 
can be

computed from the equation

£ = [c / ( f 2 
- f 1)2 t ] 2 (6)

where c is the velocity of light in free space and t is the thickness of

the plate. For example, for a hot—pressed Si3
N
4 

plate 0.635 cm thick,

it was found from measurement that f1 
= 53 GHz and f

2 
= 62 GHz. Substi-

tution of these numbers into Eq. (6) gives the result Er 
= 6.9. This

value is comparable to, but smaller than, that obtained at lower fre-

quencies; this discrepancy could be due to experimental error.

The output-power-versus-frequency characteristic of the available

lOO-GRz source (backward-wave oscillator) was too erratic to permit de-

termination of e at 100 GHz. For the same reason only a qualitative

determination of the dissipation loss in the material at this frequency

could be obtained from the plate transmission and reflection measurements.

It was clear from these measurements , however, that the dissipation loss

in hot-pressed Si
3
N
4 

is relatively small even at 100 GHz, and so it was

4 concluded that such losses do not constitute a major limitation for the

microwave NDE of this material at these frequencies.
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IV EXPERIMENTAL DETECTION AND LOCATION OF DEFECTS EN Si3N4

A. General

In accordance with the genera l cons ide rations discussed in Section II,

the scattering measurements conducted during this program utilized open-

ended waveguides as transmitting and receiving antennas. Usually, both

of the waveguide apertures were placed as close to the surface of the

material under test as possible in order to obtain the best local spatial

- 

I 

resolution. In scanning, the waveguides were fixed and the sample was

moved . Normal incidence was always used; however , the position and

polarization of the receiving antenna were varied . The evolution of

these measurements was such that frequencies below 18 GHz (K-band) were

used first , then frequencies near 50 GHz (V-band), and finally frequencies

near 100 GHz (W-band) . The following subsections present the results

obtained for these three frequency ranges.

B. K-Band Measurements

The first sample of hot-pressed S13
N
4 

to be examined during this

program was a disk 4 inches in diameter and 0.3-inch thick that had been

prepared by the sponsor. When received , the surface of this disk was in

the rough, as-pressed state and initial measurements on the disk were

conducted without further surface finishing. Later in the program , the

surfaces of the disk were ground smooth, and additional measurements on

this sample then were carried out.

An X-ray radiograph of the as-pressed Si3
N4 disk showed that it con-

tained a small high-density inclusion about 0.020 inch in size. There-

j fore, in making K-band scattering measurements on the disk, a scan line

was chosen that caused the inclusion to pass directly under the illuinina t-

ing open-ended waveguide that was positioned about 0.020 to 0.030 inch

above the surface. In these measurements the open-ended waveguides were

aligned so tha t the electric—field vectors for the dominant TE10 
mode in

23
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each waveguide we re para llel * ( i . e . ,  the antennas were co-polarized).

The waveg uides used were type WR-62 , which have inside dimensions of

0 .622  by 0.311 inch.

All  the scat te ring measurements in this band were carried out us ing

the automatic-netwo rk-analyzer  system. The resul ts  of measurements con-

ducted  a t  17.5 GHz are shown in Figure 5. Both 90° s ide-scat tering and

forward and backscat ten ing were measured . The topmost curve in the

f igure shows the return loss as a func t ion  of p robe posit ion along the

scan line . Retu rn loss is the ra t io  of the power reflected by a perfect

r e f l ec to r  to the actual power reflected . At the center of the disk , it

can be seen tha t about 257. of the incident power is re f lec ted . This re-

sult is in agreement with the measured value of reflection factor for an

infinitel y thick samp le given in Figure 4. From the reflection data , it

appears tha t the edges of the sample can be located to within ± 0.1 inch.

However , there was no obvious indication of the inclusion in the reflec-

tion data.

The middle curve in Figure 5 shows the results for 900 side-scattering.

In this case , the distance between the centers of the open-ended wave-

guides was about 2.8 inches. The curve shows tha t the measured trans-
— mission loss for side-scattering exhibits variations on the order of 10 dB ,

and tha t there is a loss peak near the center of the disk . This peak

might be associated with the presence of the inclusion , but , if so, the

indicated location of the inclusion is significantly in error. A more

probable exp lanation is tha t the centra l peak (as well as those near the

ed ges of the disk) is associated with scattering from the edges of the

disk. Since the distance between illuminating and receiving antenna s

is about four free-space wavelengths at the measurement frequency, and

the disk is about six wavelengths in diameter , it is likely that waves

scattered by the edges of the disk and traveling via different paths to

the receiver will interfere with one another to produce significant

variations in the received signal.

* It was soon found tha t co-polarized measurements were always accompanied
by high clutter levels. Subsequent measurements all used crossed polar-
i za tio n.
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FIGURE 5 MEASURED SCATTERING AS A FUNCTION OF PROBE POSITION. Hot-pressed
Si3N4; as-pressed surface; 17.5 GHz.
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This conjecture is given further credibility by the fact tha t large

variations in received signa l are also observed when the probe position

is fixed and frequency is varied. Typical results for this case are

shown in Figure 6. As the frequency is varied , the radial standing waves

in the disk change , and this results in a change in the amount of energy

radiated from the ed ge of the disk. It is primarily the energy radiated

from the edge of the disk tha t is detected in the 900 side-scattering

experiment.

Finally, the lower curve in Figure 5 shows the measured transmission

loss for the disk . Transmission Loss is defined here as the ratio of

power available from the source to the power received (also called inser-

tion loss). Out of the nomina l 11 dB of transmission loss, abou t 1.25 dB

is the result of the reflection from the surfaces of the disk . Based on

the previous attenuation measurements discussed in connection with

Figure 4, it can be concluded tha t most of the remaining transmission

loss is due to beam-spreading. In this case , the distance between the

waveguides was abou t 0.5 inch.

Also , it can be seen from Figure 5 tha t the transmission measurement

locates the ed ges of the disk to within the achievable disk-positioning

accuracy of -10.020 inch. However , again there is no obvious indication
— 

that an inclusion is present.

Hence , it was clear from these measurements tha t more sensitivity

would be needed if such small defects are to be detected . This conclu-

sion suggested tha t the higher frequencies and cross-polarized antennas

should be used .

C. V-Band Measu rements

As discussed in the previous subsection , measurements in the fre-

quency range of 15 to 17 GHz showed that higher frequencies would be

needed to obtain adequate sensitivity and resolution for detecting and

- - locating the defects of interest in S1
3
N
4
. Accordingly, a transmission

test setup was imp lemented for operation in the frequency range 40 to 60 - 
-

GHz. The block diagram for this experimental arrangement is shown in

Figure 7.
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FIGURE 7 EXPERIMENTAL ARRANGEMENT FOR CROSS-POLARIZED TRANSMISSION
MEASUREMENTS

Physically, the transmitter and receiver antenna apertures were

placed directly opposite one another , with the feed waveguides aligned

along a vertical axis and cross-polarized . The ceramic sample was then

placed between the transmitter and receiver and moved in a horizontal

p lane . The horizontal scanning mechanism that holds the sample provided

a continuous motor-driven scan in one direction and movement in precise

steps in the orthogona l direction. In order to achieve the best local

spatial resolution , the antenna apertures were placed as close as possible

to the surfaces of the sample , thus resulting in measurements of the near-

field scattering . A photograph of the experimental arrangement is shown

in Figu re 8.

The waveguide designation for this frequency range is WR-l9; the

inside d imensions of this waveguide are 0.094 inch by 0.188 inch. Special

rugged sections of this waveguide having 1.125-inch-square flanges were

constructed . These sections were used next to the sample for enhanced

rigidity of the system, and with the expectation tha t effects due to the

fringing fields near the edges of the waveguide would be reduced because

of the wide f langes.
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Three different types of transmitter antenna were tried:

(1) An open-ended waveguide with a 1.125-inch square flange .

(2) A standard waveguide attached to a 1.125—inch square plate
having a 0.040-inch-diameter pinhole in its center.

(3) A TE102 cavity formed by taking the arrangement of (2) and
adding a second iris at an appropriate distance from the
first.

Comments on the utility of these transmitter schemes will be made in con-

junction with relevant data as they are presented later in this subsection .

About the time of the implementation of the V-band test set-up , a

billet of hot-pressed Si3
N
4 
(NC132) seeded with inclusions was received

from the sponsor. This billet was used in the ensuing measurements. The

type and intended locations of the intentiona l defects in the billet are

shown in Figure 9. For reference purposes , each flaw has been identified

in the figure by specifying its row and column. For instance , the 0.005-

inch-diameter tungsten carbide flaw closest to the bottom of the plate

is denoted Flaw (6.1).

The actual positions of some of the flaws were determined by the

sponsor using ultrasonic C-scan imaging, and the results are shown in

Figure 10. By comparing this figure with Figure 9, one notes that some

of the flaws have wandered from their intended positions , and tha t some

unintentional flaws of undetermined type are present. About half of the

intended 0.005-inch-diameter defects were not visible in the copy of the

ultrasonic C-scan that was provided with the billet.

Figure 11 presents some typica l results that were obtained using

the microwave-transmission C-scan
t 

arrangement. Figure 11(a) shows the

area of the seeded billet that was covered in the scan. This area in-

cluded tVo rows of the 0.020-inch-diameter flaws of all four types. The

transmitter antenna in this case was the open waveguide with a 1.125—

inch-square flange , and the frequency was 56.4 GHz. The receiving antenna

*Designated Billet E307103897, Plate No. 3.
t

The term “C-scan” is commonly used to describe the imaging of mater ia l
variations in the scanning plane.
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FIGURE 11 TYPICA L RESU LTS OBTAINED USING MICROWAV E (V-band) C-SCAN MAPPING
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(identical to the transmitting antenna) was rotated by 90° so as to re-

ceive only the cross-polarized scattered signal. The microwave C-scan

map shown in Figure 11(b) was obtained by modulating the intensity of

the display of a storage oscilloscope with the received scattered signal.

All eight of the intended defects in the scanned area were detected , and

apparentl y some unintended flaws were detected as well. For examp le ,

some spurious signals are evident on both sides of flaw (2.3) (silicon).

The local spatial resolution in this disp lay is determined by the size

of the waveguide (i.e., the operating frequency), and the combination of

signa l amp litude and threshold setting on the storage oscilloscope.

Figure 11(c) shows a plan-position plot of detected amp litude versus

position for a few scans in the coverage area . The transverse increment

- 
between scans was 0.025 inch. It can be seen that a multip le-peaked re-

sponse from a single defect is quite common. In general , the shape of

this response is determined both by the geometrica l shape of the defect

and by interference effects due to multip le scattering. Multiple scatter-
• ing can occur when there is scattering from the boundaries of the test

piece. The resulting interference pattern is analogous to the speckle

pattern that is observed when an object is illuminated by coherent light.

The use of focused transmitting and receiving antenna s would reduce this

effect. In cases where multip le scattering can be made negligible , the

shape of the detected response obtained in the microwave C-scan might be

usable for flaw identification or shape determination.

Microwave C-scans were also taken in areas of the p late tha t contained

the smaller (0.005-inch-diameter) defects. Typical results for this case

are shown in Figure 12. Two scans are shown for comp a r ison: one for the - —

0.020-inch-djameter flaws and one for the 0.005-inch-diameter flaws. In

both cases the open-waveguide transmitter was used and the frequency was

56.3 GFLz. Both the small tungsten carbide and iron defects give large

signals. On the other hand , the small silicon and carbon particles could

not be detected at this frequency. - :

As was mentioned earlier , three different types of transmitter an-

tenna s were actuall y tried in the transmission measurements. A comparison • 
-
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FIGURE 12 TYPICAL MICROWAVE (V-band) C-SCAN AMPLITUDE PRESENTATIONS
FOR LARGE AND SMALL INCLUSIONS. Open-waveguide transmitter.

between the typical responses obtained using the three different tech-

niques is shown in Figure 13. In each case , the transmitted power and

receiver gain were adjusted to optimize the signal-to-noise ratio and

dynamic range, so only a qualitative comparison is possible. In general ,

the open-waveguide antenna gave the best results because it produced the

largest signal level. The spatial resolution obtained using the open-

waveguide transmitter was about the same as for the pinhole -and resonant-

cavity transmitters. This is because the beam spread from a pinhole is

larger than from the corresponding waveguide , so the beam size at the

position of the defect (about 1/8 inch from the transmitter) is about

the same in all cases (approximately 0.25 inch).
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It will be noted in Figure 13 that the same flaws produce different

relative magnitudes of response for the different transmitter schemes.

The reason for this is not so much related to the difference between

transmitter schemes , but is primarily related to the fact that the data

were taken at different frequencies. In other word s, it was found that

the maximum response exhibited by each type of flaw occurred at different

frequencies. This frequency dependence is illustrated in Figure 14.

It is clear , therefore , that the use of a resonant-cavity trans-

4 mitter is not good practice because the cavity ’s narrow bandwidth pre-

vents one from choosing the optimum frequency of operation for each type

of flaw . With an unknown sample , it is preferable to use a wideband

transmitter antenna such as a pinhole , open-ended waveguide , or focused

horn, and to sweep the frequency while the p late is being scanned . After

determining a frequency (or frequencies) at which the receiver response
• is most marked , one can then repea t the scans using this single frequency

(or frequencies).

One of the potential advantages of the microwave C-scan technique

is tha t it may be able to detect flaws in ceramics that are missed when

conventional X-ray or ultrasonic NDE techniques are used . Figure 15(a)

shows an area of the seeded Si
3
N
4 

billet where there was no prior indica-

tion of the existence of a flaw. However, when this area was examined

at 58.67 GHz using the microwave C-scan , the result shown in Figure 15(b)

was obtained . It is very clear from this measurement that some type of

F flaw exists within the scanned area .

D. W-Band Measurements

Based on the encouraging results obtained at 40 to 60 0Hz, it was

decided to implement a cross-polarized microwave transmission C-scan

system for the frequency range 75 to 110 0Hz, since the necessary equip-

ment had become available during the latter part of the program. It was

expected that these higher frequencies would provide improved sensitivity

and resolution for defect detection and localization in S13
N4, and this —

expectation was borne out by the experiments-
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FIGURE 14 AN ILLUSTRATION OF THE EFFECT OF FREQUENCY ON DETECTED
• RESPONSE USING A PINHOLE TRANSMITTER. Scans across row 1 of

flaw locations shown in Figure 9.
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In earlier experiments, the detected signals were recorded and dis—

- 
-

- played continuously using either a storage oscilloscope or an X-Y recorder.

For these high-frequency W-band measurements, however , the detected signal

• was sampled at a set of points in the scan area , and then recorded using

an FM tape recorder. These data were then subsequently digitized and

processed with a computer to produce a display.

Figure 16 shows a block diagram of the data-acquisition system. In

this system, acquisition was initiated by pressing a start button just

before the scan was begun . The accumulator-compara tor combination gener-

ates a series of sampling (clock) pulses as the scan proceeds. Each

sampling pulse corresponds to a particular point in space on the scan

line; this correspondence is not affected by the scanning speed. Data

acquisition is terminated when the accumulator overflows, which corre-

spond s to a predetermined threshold voltage--say, 10 V. The number of

sample points is determined by the scan increment. Typically,  about 250

points were sampled over a 4-inch scan length , giving a spatial sampling

resolution of 0.016 inch. This degree of spatial resolution was more —

than adequate for even the W-band measurements , since the beamwidth in

the defect plane of the open—ended-waveguide antenna was at least 10 times

4 larger than the scan increment.

Broad-flange , open-ended waveguides were again used to achieve broad-

band operation. These waveguides were type WR-l0, which have inside di-

mensions of 0.050 by 0.100 inch . Since the backward-wave oscillator is

- 
I capable of being swept over a wide frequency range , it was possible to

determine the best operating frequency in the neighborhood of 100 GHz
- - 

for each type of inclusion. Typica l frequency responses for four im-

portant types of inclusions are shown in Figure 17. The nominal diameter

of these inclusions was 0.020 inch. It can be seen from the figure tha t

there are significant variation-s in these frequency responses, and this

fact may prove useful for flaw identification. However , as was mentioned

before, these frequency responses are determined in part by the reflec-

tions from the surfaces of the ceramic plate containing the inclusions ,

and thus it may b~ difficult to separate the flaw-dependent information

from these responses.
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FIGURE 17 FREQUENCY DEPENDENCE OF THE CROSS-POLARIZED FORWARD
SCATTERING FROM FOUR TYPES OF INCLUSIONS IN A HOT-PRESSED
Si3N4 PLATE — BILLET E307 103897.

- 

- 
Several different samples of S1

3
N
4 

containing seeded inclusions and

voids were examined in W-band using the cross-polarized transmission tech-

nique. Figure 18 shows a C-scan of a portion of the hot-pressed plate

described in Figures 9 and 10 that contains 0.020-inch- and 0.005-inch-

diameter inclusions of WC, Fe, Si , and C. Figure 18(a) shows the area

covered by the scan and the intended flaw locations. Figure 18(b) shows

the portions of the scan area that produce a scattered signal greater

than an arbitraril y selected threshold value . Finally, Figure 18(c)

shows the amplitude of the scattered signal as a function of position

within the scan area.

Several features of this C-scan are noteworthy. First , all of the

0.020-inch-diameter flaws were detected . Iron provides the strongest

signal , and is the only 0.005—inch-diameter flaw tha t is clearly detected

in this figure (the other small flaws become more apparent if the fre—

quency is changed). Second , X-rays show that diffusion of the iron in-

clusion during hot pressing produces an irregularly shaped scatterer 

~~
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FIGURE 18 MICROWAVE (W-band) CROSS-POLARIZED TRANSMISSION C-SCAN OF FOUR
TYPES OF INCLUSIONS IN HOT-PRESSED SI3N4 — BILLET E307103897.

if Frequency = 94 GHz.

that causes the spatia l extent for this flaw to appear overly large in

the microwave C-scan. Finally, it appears that a crack-like flaw is

present between the 0.020-inch-diameter iron and silicon inclusions. Ap-

paren tly, X-ray, ultrasonic, and dye-penetrant examination by the sponsor
I

did not reveal the presence of such a flaw. If this flaw is indeed real,

it would indicate the superior sensitivity of the microwave technique for

detecting this type of flaw.
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Figure 19 shows a similar microwave C-scan, but for a surface-ground ,

hot-pressed Si
3
N
4 

plate that contained different types and densities of

inclusions. This plate was borrowed from AiResearch Manufacturing

Company of Phoenix, Arizona. All of the 0.005-inch-diameter inclusions

were detected in this scan, but, of course, the close spacing between the

inclusions in this plate may have enhanced this detection.

Another scan of the same plate as in Figure 19 is presented in

Figure 20, but only of the area containing the 0.001-inch-through-0.OlO-

inch-d iameter silicon inclusions. The sensitivity of the microwave tech-

nique for the detection of unreacted silicon appears to be good , and may

be better for this purpose than other techniques. This feature could be

important in a process-contro l application. 

0.020” 

0010” 

:..‘Hti: ~~~( a )  Excess Signal vs. Position (b) Amplitude vs . Posit ion

SA-5594-24

FIGURE 19 MICROWAVE (W-bend) CROSS POLARIZED TRANSM ISSION C~S(’A~N OF FOUR
TYPES OF INCLUSIONS IN HOT-PRESSED Si3N4 — AIRESEARCH MANUFACTURING
COMPANY BILLET. F,~quency 91 GHz.
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FIGURE 20 MICROWAVE (W-band) CROSS POLARIZED TRANSMISSION C-SCAN OF SI LICO N
INCLUSIONS IN HOT PRESSED Si3N4. Frequency = 98 GHz.

These results were all obtained using seeded billets of hot-pressed

material. Since reaction-sintered materia l usually has a larger grain

size and more porosity than hot-pressed material, it is of interest to

see how these material characteristics might affect the microwave detec—

tion of flaws in reaction-sintered material. To this end , a seeded billet

of reaction-sintered Si
3
N
4 
was also borrowed from AiResearch Manufactur-

ing Company. The types, sizes, and intended locations of the seeded in-

clusions in this billet are shown in Figure 21.

Two different areas of this plate were examined using the microwave

C—scan system. The locations of these areas are also indicated in Figure

21. Figure 22 shows the results obtained for the scan area containing

the 0.020-inch- and 0.010-inch-diameter inclusions of Si and SiC. It can

be seen that som~ of both of these two types and sizes of inclusions were
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F I G U R E  21 INTENDED FLAW LOCATIONS AND SCAN AREAS IN REACTION-SINTERED
Si3N4 — AIRESEARCH MANUFACTURING COMPANY BILLET

detected . In addition , an apparent unintended flaw of some sort can also

be seen. X—ray data for this plate were not available , so the existence

of this unintended flaw could not be confirmed .

-
~~~~~ Figure 23 shows similar data for the scan area containing the carbon

inclusions and voids. An increase in clutter level can be noticed in this

figure. Generally speaking, it was found that the reaction-sintered ma-

terial produced a higher clutter level than did hot-pressed material. F
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FIGURE 22 MICROWAVE (W-band) CROSS-POLARIZED TRANSMISSION C-SCAN OF SCAN
AREA No. 1 (Si-SiC) IN REACTION-SINTERED S13N4. Frequency = 92.6 GHz.
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However, the clutter level does not appear to be large enough to mask de-

tection of 0.010-inch-diameter inclusions. Small inclusions were not

examined in this billet because of mechanical limitations in the scanning

system, but it is clear that inclusions having a size equal to, or less

than, the grain or pore size in the material will not be distinguishable

from the background .

The same conclusion holds, of course, with regard to the effect of

surface roughness. During the program , a relative comparison was made
— 4 of the scattering from a disk of hot-pressed Si

3
N
4 
having an as-pressed ,

grit-blasted surface, and the scattering from the same disk after surface

grinding. Qualitatively, the difference in clutter level for the two

surface conditions was about the same as that observed for hot-pressed

and reaction-sintered material.

It appears from Figure 23 tha t void s as well as inclusions can be

detected in Si
3
N
4
. In order to study this possibility in more detail ,

measuremen ts were conducted on a hot-pressed , surface-ground , Si N billet
‘ I  *tha t contained seeded voids. This billet was also supplied by the spon—

sor. The voids were formed in the interior of a 0.250-inch-thick Si
3
N4

plate by first drilling small holes in a 0.125—inch- thick plate , and

then diffusion-bonding this plate to a second 0.125-inch-thick plate.

The data shown in Figure 24 further illustrate the ability of the micro-

wave system to detect small voids in S1
3
N4. It can be seen tha t not all

the voids were detected by microwaves , but these particular voids were

~~ also weakly imaged in an X-ray, indicating tha t they probably contained

some kind of material rather than being empty as was intended .

It is interescing to note the partial diffraction pattern produced

by the uppermost holes on the left of the scan area . In princip le , such

U a diffraction pattern could provide information about the geometry of the

scatterer. The microwave C-scan apparently also  shows some inclusions

that are not detected in the ultrasonic C-scan.

* 

. 1
Billet No. F307104930.
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Finally, to show the effects of edge scattering, the entire surface

of the 4-inch-diameter hot-pressed Si
3
N4 

disk (see Figure 5) was scanned

with the W-band system. These measurements were made after both surfaces

of the disk had been ground smooth. The results are shown ir Figure 25.

As mentioned in Section IV-B , X-ray inspection of the disk showed the

presence of an unintended high-density inclusion. This flaw is clearly

detected in the microwave C-scan , and the location of the flaw (see

Figure 25(b)J coincides very closely with the location indicated by the

X-ray. It can be seen from the figure , however, that the flaw would not

have been detectable if it had been near an edge, because the cross-

polarized scattering from an edge is quite strong and contributes to the

detected signal at a significant distance from the edge. As discussed

previously,  the region of influence of edge scattering depend s on the

beamwidth of the antennas , and is minimized when the beamwidth is

smallest.

I -
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V AN OSCILLATOR-PULLING SCHEME FOR DETECTING MICROWAVE
BACKSCATTERING FROM A DEFECT

All of the results described in the previous section were obtained

from incoherent measurements of the cross-polarized waves scattered for-
ward by a defect in the Si

3
N4. This technique requires the use of two

antennas placed directly across from one another on opposite sides of

the sample. One difficulty with this arrangement is that the antenna

alignment required to maximize the detected signal must be fairly precise.

In practice , such alignment will be difficult to achieve because ceramic-

turbine parts are not usually in the form of flat plates. The complex

geometry of these parts will tend to scatter a transmitted wave into

various difficult-to—determine directions . Hence, one would like to use

a backscatter detection system where transmitting and receiving antennas

are the same physical entity.

Just as in the forward-scatter arrangement , one wishes to separate

cross- and co-polarized waves in the backscatter arrangement in order to

emphasize defect-related reflections over specular reflections. Two

different microwave devices are available for achieving this separation

with a single antenna . One device is an isolator that makes use of the

princip le of Faraday rotation in a ferrite,16 and the other device is an

“orthomode” coup ler tha t separates two orthogonal modes by making use of

geometrical differences in their field patterns. The discrimination be-

tween orthogona l modes (isolation) is typically 20 dB for an isolator ,

while an orthomode coupler can achieve an isolation of greater than 30 dB.

Thus the latter device should give the best performance , but an isolator

was used in the experiments to be described because of its ready availa-

bility.

In order to use a typical isolator for separating orthogonally

polarized waves , one must remove the rectangular waveguide adapter from

the end of the isolator adjacent to the antenna and rep lace it with a
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circular waveguide adapter. This permits both orthogonal reflected waves

to enter the Faraday-rotation region of the isolator. The cross-polarized

wave passes through the isolator , while the co-polarized wave (specular

reflection) is absorbed in a resistance card inside the isolator. Of

course, the illuminating wave coming from the generator passes through

the isolator with very little attenuation.

The backscattered cross-polarized wave separated by the isolator can

be detected directly using a directional coupler in the manner shown in

Figure 26(a). However, a potentially more sensitive method of detection

is to measure the change in generator frequency that is caused by this

wave. This scheme is illustrated in Figure 26(b). Although the antenna

is schematically depicted as a horn in the figure, the experiments that

will be described were actually conducted using the open-ended circular

waveguide on the output of the isolator for an antenna .

The amount of oscillator pulling produced by a given amount of re-

flected wave can be estimated using the theory of Adler.17 He shows

that the fractiona l change in frequency ca n be expressed very simply as

SAMPLED CROSS-POLARIZED CIRCULA R SAMPLE
REFLECTED WAVE WAVEGUIDE UNDER TEST

D~~EcflONAL ~ OLATOR
COUPLER

(a) DIRECT DETECTION

SAMPL ED GENERATO R
FREQUENCY CI RCU LAR

WAVEGUIDE

~~~~~~~~~~~~~~~~~~~~~ ~~REC1IONAL ~ OLATOR .4311
COUPLER 

_____________ U
(b) DETECTION BY MEANS OF OSCILL ATOR PULLING

SA-.6694-31

FIGURE 26 iWO MONOSTATIC-BACKSCATTER SCHEMES
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where

• 
- 

. t~f  = Frequency shift

‘0 
= Unperturbed oscillator frequency

CLB = Complex coupling constant

1 + I81L~ 
= Complex ratio of load impedance to reference impedance.

By definition , the reflection coefficient of the load , F, is related to

the load impedance by the expression

r = 2 _ ~~8 . (8)

If 1 5 1 << 1, one finds from Eq. (8) tha t

~~~ 
. (9)

Now, a typical value for t~f If~ 
for an IMPATT diode is 0.002 when I n  =

0.09 (VSWR = 1.2). Assuming this number corresponds to the worst case

where cos (c~ + B) = 1, one finds that C ~ 0.01. Hence, for this example ,

~~~~~0~max o. o z l n l  . (10)

The physica l meaning of in Eq. (8) is that it is the fraction of

the incident wave that returns to the generator after it has been back-

scattered by a defect. Thus, Eq. (10) can be expressed in terms of the

ratio of the reflected power to the incident power, and this relation has

been plotted in Figure 27 for 10 
100 Gliz. It can be seen that a small

amount of reflected power at this frequency produces a considerable amount

of frequency deviation. Thus the sensitivity of this detection technique

appears to be quite good. Moreover, this technique is coherpnf in that

the frequency deviation is dependent on both the amplitude and phase of

the reflected wave.

In order to test these ideas, a frequency-pulling arrangement was

put together using available equipment. A block diagram of this
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4 experimental arrangement is shown in Figure 28. The fundamental oscil-

lator used in this scheme was a 55-GHz IMPATT source. The system was

- 
, made sensitive to cross-polarized backscattered waves by using a modified

isolator as discussed in connection with Figure 26. Double conversion

was used in order to bring the signal down to the UHF band where an

available FM receiver could be used . An automatic-frequency-control loop

was added when it was found that slow drifts in frequency were a problem.

Rather than using seeded defects in a Si
3
N4 plate, 

a simp le target

was devised instead as a preliminary test for the system. This target
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FIGURE 28 EXPERIMENTAL FREQUENCY-PULLING ARRANGEMENT
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was a small 0.060-by-l.O-inch metal strip supported on a dielectric disk,

as is shown in Figure 29(a). The disk was placed in front of the open

end of the isolator so that the strip was within the antenna beam. The

disk was then rotated to create a time-varying signal. It should be

noted that the strip changes its angular orientation as it moves through

the microwave beam, thus guaranteeing the generation of cross-polarized

backscatter . One must be careful , however, to orient the disk normal to

the beam axis in order to minimize mode conversion due to disk tilt alone

(see Figure 1).

The signal detected by the FM receiver is shown in Figure 29(b).

The trigger for this display was obtained by optically sensing a small

white reflecting strip on the disk . The period for one revolution was

29 ms, corresponding to a rotation rate of 2069 rpm. It should be noted

that the signal is bipolar , indicating that the frequency is shifted in

both directions from its steady-state value as the metal strip passes

through the microwave beam. This result indicates that the phase as well

as the amplitude of the scattered signal is varying with time.

A fairly high level of electronic noise is evident in Figure 29(b).

Because the signal is periodic , signal averaging can be used to improve

the signal-to-noise ratio. A device for sampling and averaging the sig-

nal was built , and the result of averaging over 3.7 s is shown in Figure

29(c). Considerable improvement in signal-to-noise ratio can be seen.

The signal inversion between Figures 29(b) and 29(c) is caused by an in-

verting amplifier in the signal averager.

j This simple test demonstrates the basic feasibility of the frequency-

pulling scheme. Unfortunately, there was not sufficient time to conduct

tests on a seeded Si
3
N
4 

plate . However, in order to truly evaluate this

scheme for the NDE of S1
3
N4, these tests should be done at 100 GHz or

higher. Implementation of a system for these higher frequencies would

have required that additional equipment be acquired by SRI.
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FIGURE 29 DETECTION OF A METAL STRIP WITH THE FREQUENCY-PULLING SCHEME
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VI CONCLUSIONS AND RE COMMENDATI ONS

The objective of this study has been to determine the feasibility

of using microwave techniçues for detecting, locating, and characterizing

defects in ceramics, especially hot-pressed Si3
N4. The work that has

been carried out does , in large measure , demonstrate this feasibility.

Specific conclusions drawn from this work can be sununarized as follows:

• 0.005—inch-diameter defects of various types (including voids)
have been successfully detected using frequencies near 100 GHz.
Si3N4 was fcund to exhibit very little dissipation loss at these
frequencies.

• Microwave scattering appears to be more sensitive to certain
types of defects  (e .g . , unreacted silicon and surface cracks)
than are ultrasonic or X-ray techniques. Generally speaking,
metallic inclusions were found to produce the largest microwave
Scattering.

- 
• Using cross-polarized , open-ended waveguides as antennas , local

spatial resolutions of a few millimeters were obta ined at 100
GHz. Slightly better resolution should be obtainable using
lenses.

• A frequency dependence has been observed in the microwave scatter-
ing from different types of flaws. This frequency dependence may
prove useful for flaw characterization. The need to vary the
frequency of the illuminating wave in order to optimize detection
and characterization requires that the microwave system be broad-
band .

• The usable upper frequency of operation for the microwave NDE of
- 

- 
ceramics appears to be determined by the background clutter asso-
ciated with surface roughness and grain boundaries or porosity.
This clutter begins to be noticeable at 100 CHz for grit-blasted
surfaces and/or reaction—sintered material.

• A limitation of the microwave technique stems from the large
amount of scattering that is produced by a sharp geometrical
corner. This spurious scattering will mask the weaker scatter-
ing produced by any defects in the neighborhood of such a corner.

In general, the most promising microwave technique for the NDE of

ceramics appears to be one that makes use of cross-polarized scattering

from a defect , either in a forward-scatter or a backscatter mode. Direct
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incoherent detection of the scattered waves appears feasible. In addi-

tion , however, a new detection technique based on oscillator pulling has

been demonstrated that appears uniquely suited for NDE , and that may pro-

vide greater sensitivity than incoherent detection.

Although the basic feasibility of microwave NDE for ceramics has
- . 

been demonstrated , further work is required to fully assess the tech-

nique. Some of the more important areas worthy of further study are the

following:

• Microwave techniques--The work to date has concentrated on for-
ward scattering (transmission) using near-field sensors and in-
coherent detection (amplitude only). More work is needed to
assess the use of backscattering , far-field sensors (using lenses),
and phase-sensitive detection.

• Boundary effects--There is a need to study the effect of gently
curved surfaces, and the effect of boundaries on the frequency
dependence of the scattering.

• Signal interpretation--It is of interest to determine the extent
to which one can distinguish between different types of flaws,
measure their size and/or shape, and separate adjacent flaws. In
general, the limits on location and identification need further
quant i f ica t ion.

• Surface cracks-—The work so far has concentrated on interior in-
clusions and voids , but there are indications that microwave
techniques may be sensitive to surface defects. The ability of
microwave NDE to detect and measure surface cracks (both open
and closed) should be evaluated .

• Applications--Some thought should be given to potential app lica-
tion areas for microwave NDE (in the ceramics field). Here,
such questions as geometry, material , resolution , cost, relia-
bility , etc., need to be addressed for each specific application .

In summary , the use of microwave techniques for the nondestructive

evaluation of Si
3N4 

(and any other ceramic material having similar dielec-

tric properties) appears very promising from a technical standpoint. Of

course, acceptance of this technique by the NDE community will depend not

only on technical performance , but also on the co’t of equipment acquisi-

tion. This cost is relatively high at present , but it can be expected to

decrease in the future because of the demand that is building in other

market areas such as communications , radar , and radiometry .
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