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. PRELIMINARY EVALUATION OF
NONDESTRUCTIVE-EVALUATION TECHNIQUES
FOR SILICON NITRIDE GAS-TURBINE ROTORS

by

D. S. Kupperman, C. Sciammarella, N. P. Lapinski,
A. Sather, D. Yuhas, L. Kessler, and N. F. Fiore

ABSTRACT

Severalnondestructive-evaluation (NDE) techniques have
been examinedto establishtheir effectiveness for detecting crit-
ically sized flaws in silicon nitride gas-turbine rotors.

Preliminary results have been obtained for holographic
interferometry, acoustic microscopy, dye-enhanced radiog-
raphy, acoustic emission, and acoustic-impact testing tech-
niques. This reportdiscussesthe relative effectiveness ofthese
techniques interms of their applicability tothe rotor geometry
and ability to detectcritically sized flaws. Where feasible, flaw
indications were verified by alternative NDE techniques or de-
structive examination. This study has indicated that, since the
various techniques have different advantages, ultimately a re-
liable interrogation of ceramic rotors may require the appli-
cation of several NDE methods.

I. INTRODUCTION

There is an vimportant need to develop ceramics for high-temperature
engine components. Ceramic materials that do not necessarily require cooling
can be used to decrease fuel consumption and improve engine operating effi-
ciency. In addition, ceramic materials are often less costly than metals and
more corrosion-resistant, and are normally fabricated from abundant elements. '
Spccifically, a major goal of planned DOE programs is to identify problems
associated with hot-pressed and reactivn-bonded ceramic components. Non-
destructive evaluation should play an essential role in their evaluation.

Nondestructive-evaluation techniques employing ultrasonic, penetrating
radiation or optical techniques are capable of detecting flaws such as cracks,
porosity, and nonbonding in ceramic components as well as variations in
material properties such as density and elastic moduli. The application of these€
techniques can help ensure reproducible mechanical and physical properties,
thus improving the ceramic processing techniques and the operational reli-
ability. One specific important area for application of nondestructive evaluation
is ceramic rotors for the vehicular gas turbine program (Ford Motor Company).
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Ford Motor Company (as well as Westinghouse Electric Corporation)
has applied nondestructive-testing techniques to ceramic engine components,!
Conventional X-radiography and ultrasonic techniques have been used as well
as some limited efforts employing acoustic-emission technology. Critical
flaw sizes are estimated to be about 10 pm in hot-pressed silicon nitride and
100 pm in reaction-bonded components.

Flaws approaching critical sizes in ceramics can be detected in geo-
metrically simple objects under ideal conditions. These flaws are about
10-100 pm, whereas. grains have characteristic lengths of the order of several
microns. However, components (i.e., vanes and hubs) with complex geometries
still cannot be inspected adequately. In-service tests will also require special
effort. Furthermore, component failures do not necessarily vriginate at
cracks, voids, or bonding sties. Fallure may occur in areas of high stress
not necessarily coincident with the presence of detectable flaws.

In addition to examination of the finished component, attention must
be paid tocharacterizing and checking the component at various steps in the
fabrication to ensure that destructive flaws or failure-initiating material

-properties are not introduced by the fabrication process.

The most extensively developed nondestructive-evaluation (NDE)
techniques that may be applicable to ceramic components include X-radiography,
ultrasonics, penetrants, overload proof testing, and statistical analysis.

Othier techniques with at least a remote chance of detecting one or
more types of anomalies in silicon nitride and silicun carbide components
are acoustic emission, holographic interferometry, acoustic holography, dye-
enhanced radiography, computerized tomography, corona discharge, internal
friction, eddy current, and microwave testing.

A. Critical Flaw Size

Ceramic components may fail by the propagé.tion of existing. flaws to
critical size. Thus, the determination of the initial defect distribution and
flaw ¢haracteristics in a component is very important. The minimum flaw
size that must be detected to ensure reliable operation depends on many
factors such as operational time desired, operating stress, temperature,
stress intensity factor, geometry of part, susceptibility of part to crack
growth, and type of flaw.

The defects that are necessary to detect are pores, inclusions, cracks,
and large grains. Flaws with dimensions of 10-100 pm must be detected in
silicon nitride if it is to operate as a structural material for a gas turbine
for example, at temperatures as high as 1400°C and at stresses up to 300 MPa.?
This size flaw (10-100 pm) is a few orders of magnitude smaller than critical
flaw sizes in metals. Thus, the techniques developed for inspection of metallic
components must be significantly improved, or alternative methods must be
applied to structural ceramic systems.
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B. Limitations of Available Methods

The most highly developed NDE techniques still have limitations when
applied to silicon nitride (SN) components and thus, less conventional techniques
may have to be developed. No one technique is expected to be used as a
universal detection method.: Several techniques may be required to thoroughly
assess ceramic components.

The limitation of several common techniques are discussed below.

1. Ultrasonics

Detection and characterization of critically sized defects in silicon
nitride components via ultrasonic methods appear feasible, even though
numerous obstacles must be overcome. Because of the necessity to detect
small flaw sizes (10-100 pm), much higher frequencies (up to ~400 MHz) may
have to be employed than are conventionally used now (<50 MHz). Studies by
Evans et al.? show, however, that the attenuation may be low enough to allow
the practical use of ultrasonics even to 400 MHz in SN. Other studies indicated
that frequencies much below 400 MHz may be sufficient. For example,
Derkacs et al.? have experimented with hot-pressed and reaction-bonded silicon
nitride billets seeded with low- and high-density particles (125 pm). In hot-
pressed SN, indications were detected using 45-MHz ultrasonic waves which
appeared to correlate with pores not larger than 20 pm. The smallest defect
reported as unambiguously identified with an ultrasonic signal was a 25-pm
void detected at 25 MHz (longitudinal mode).

Nevertheless, practical application of high-frequency ultrasonics
still may be limited by transducer design, the difficulty in producing good
acoustic coupling to the sample interrogated, and the sample geometry. In-
spection of SN rotors will be very complex because of the difficult geometry
involved. Nevertheless, the successes in detecting small flaws (>10 pm) in
laboratory samples of hot-pressed SN will undoubtedly stimulate further
ultrasonic work. ‘

2. Radiography

The important variables in establishing the sensitivity of X-ray
methods for flaw detection are the image contrast and resolution. The
resolution of conventional X-ray systems is ~100 um, but more sophisticated
systems using electron focusing techniques are a few orders of magnitude
better in resolving power. The ultimate limitation of X-ray systems is not with
the resolution; it is in the image contrast.’? The image contrast is determined
by the relative values of the absorption coefficients of the flaw and the SN. For
an SN sample about 6.5 mm thick,? iron and tungsten carbide defects (inclusions)
less than 25 um can be resolved, whereas silicon or silicon carbide inclusions
are not detectahle below 1 mm in size. Tight cracks, in general, are difficult
if not impossible to detect, since.the X-ray beam must be exactly parallel to
the crack plane in order to see the flaw.
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3. Penetrants
Penetrants yield information on surface defects, mainly cracks,
and probably are not capable of resolving flaws with critical dimensions less

than 300 pm.? Information concerning flaw depth is also not obtained.

4. Overload Proof Testing

In this technique, overload tests are run to eliminate weak com-
ponents that would not survive in service. The limitation here is that, in the
process of testing, cracks may grow (slow crack growth) and the flaw pop-
ulation may not be constant while the part is in service.

5. Statistical Analysis

Statistical analysis relies on the ability to characterize the flaw
strength distribution (the stress necded to cause the flaw to grow). The ability
to predict {racture probability depends on an invariance in flaw population
between samples. Apparently this is not likely for ceramic components; 4
thus, high levels of confidence for predicting failures are not readily achievable.
Some improvement in this method may be possible by using ultrasonic atten-
uation measurements to establish the flaw population variation in a collection
of SN samples.?

6. Acoustic Emission

Two papers on acoustic emission® % indicate the potential for

identifying flaws in ceramic components. Evans and Linzer®! show a correlation
between crack velocity and acoustic emission in porcélain unde i luad and
suggest that by introducing second-phase particles into a material such as SN,
acoustic emissions will be generated as the particles fail under load. Thus,
failure may be predictable. Schuldies® has shown that acoustic emissions are
generated when induced surface flaws in dense SN arc activated by thermal
stresses generated with a CO; laser. This implies that unknown surface flaws
may be detectable by thermally stressing SN componeuls. 3pecimen damage

in these tests were confined to areas less than 20 mils in diameter. '

These discussions indicate that various NDE methods have different
advantages and disadvantages and that it will be necessary to develop other
techniques for application to actual ceramic components. This will ensure
that an adequate selection of NDE techniques is available for use with ceramic
gas turbines or other structural ceramic systems. This report discusses
several techniques not extensively tried for ceramics. These include dye-
enhanced X-radiography, acoustic emission, holographic interferometry,
acoustic microscopy, and acoustic impact testing.

These techniques have been evaluated because of their usefulness for
detecting flaws in complex geometrical shapes such as turbine rotors.
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C. Samples

To effectively assess the capability of various NDE techniques to detect
critically sized flaws in ceramic rotors requires the use of actual components
with known flaws.

The ideal situation could not be realized in this study, because of the
lack of availability of completed rotors. However, Ford Motor Company was
able to provide Argonne National Laboratory with five reaction-sintered SN
blade rings. These rings were of various quality and had known flaws deter-
mined by visual or X-radiography techniques. Cracks atthe root of the blades
were of particular interest, because ofthe criticalnature of thattype of defect. The
weakest points in the rotor are the blade roots and the bond between the hub
and the blade ring. Critical flaws may be subsurface or surface anomalies.
Attempts were made to detect the known defects by the various NDE methods
considered in this investigation to help establish their effectiveness for actual
rotor inspection. A completed rotor (two-piece duo-density design) would
consist of two parts: the reaction-sintered SN blade ring with the center
removed, and a hot-pressed SN hub. The center of the blade ring is removed,
and the hub is formed and bonded to the remaining portion of the blade ring to
form the completed rotor. The hub is more dense than the ring, and the
ultrasonic attenuation in the hub is considerably lower than that in the ring.?
Figure 1 shows two blade rings before and after machining out the center
portion.

Fig. 1. Two Reaction-sintered Blade Rings with and with-
out Center Portion. ANL Neg. No. 306-77-492.
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Typical properties of the hot-pressed SN are listed in Table L

TABLE I. Physical Properties of Hot-pressed Silicon Nitride

Room
Temperature 800°C

Coefficient of linear expansion, 107%/°C 1.8 3.7
Thermal conductivity, watts /MC°® 29 14
Elastic modulus (E), GPa 290 290
Poisson ratio, 0.26 0.22
Shear modulus, GPa 120 120

The several NDE techniques are discussed and results of the current

program are presented in the following sections. Some techniques are dis-
cussed in much greater detail than others, reflecting the complexity of the
technique, the total time involved, and the success of the method in detecting

flaws.
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II. HOLOGRAPHIC INTERFEROMETRY

A. Introduction

Holographic interferometry is a useful technique in NDT, and numer-
ous works have been published in this area. Reference 6 contains a chapter
by M. Vest devoted to the crack detection. This chapter briefly outlines the
nature of the surface displacements induced by the presence of a crack and
describes some preliminary attempts of crack detection. The chapter is
mostly qualitative. This section of the present report discusses quantitative

" aspects. Another attempt to use holography in crack detection is presented

in Ref. 7, a report describing a one-year project concerned with the mechan-
ics of surface-flaw cracks.

B. Basis for Crack Detection

1. Stress and Displacement Fields in the Vicinity of a Crack Tip

The magnitude and nature of the surface displacements produced
by the presence of a crack determine the possibility of detecting a crack. A
crack or a flaw present in a strain field produces a stress and therefore a
strain-concentration effect. The fields of the stresses and strains will de-
pend on material properties such as the modulus elasticity and Poisson's
ratio and on plastic or viscoelastic behaviors. Besides the material proper-
ties, the geometry and the loading of the element containing the crack or flaw
- will influence the distributions of the stresses and strains. However, in many
technically important problems, the size of the crack or flaw with respect to
the size of the structural components in which they are located is so small
that some important simplifications can be introduced. The flaw or crack
can be considered embedded on an infinite medium, and the stress field remote
to the crack can be considered uniform. If we consider two-dimensional prob-
lems, the stress and displacement fields in a small region in the vicinity of
a crack tip can be represented in a simple manner. The solution for the
stresses near an elliptical hole was obtained by Inglis.® By using complex
functions, Westergaa.rd9 obtained solutions for the displacements and stress
fields in the vicinity of a crack tip.
Irwin'®'? used Westergaard's solution but modified it by intro-
ducing an important concept, the strces intensity factor K, as a characteristic
quantity defining the stress field near a crack tip. Irwin'?® distinguished
three different singular stress fields, according to the opening mode: mode I,
crack in tension; mode II, crack in shear or in-plane sliding; mode III,; crack
in out-of-plane sliding. All other forms of the opening of a crack can be re- p
duced to combinations of these three basic modes.



For mode I, the singular stress field near a crack tip is given by

K
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The associated displacements are given by

u, = -ZI-—iGl(Z—-I‘—ﬁ)l/2 cos%(ﬂ- -1+ 2 sin® g-) (2a)
and

uy = ;;(%)”Z sin E(n -1 -2 cos? %), (2b)
where # = 3 - 4y for plane strainand ® = (3 - v)/(1 + v) in generalized

plane stress.

. Similar expressions can be written for modes II and 1II; the
corresponding stress intensity factors are called Kj; and Ky1, respectively.

The stress intensity factor K iIs a measure for the strcss singu-
larity at the crack tip. The stress intensity factor for a crack un an infinite
plate in tensinn can be expressed as

Ky = fo/ma, (3)
where f is a function that depends on the geometry of the element considered,
a is the semicrack length for an inside crack or the crack length for an edge
crack, and ¢ is the tensile stress of the specimen. All other factors involved
being equal, the valne of K depends on the square root of the crack length and
v the stress o.

Z. ILEquations of Holography

Holography is a technique that measures displacements on the
surface of bodies. The basic equation of holographic interferometry is

6 =g-d - ()

where & is an optical path change, g is called the sensitivity vector and d is
the displacement vector of the considered point. To explain this equation, we



can resort to Fig. 2. In Fig. 2, a point P moves through a displacement
given by the vector d. The illumination direction is characterized by the
propagation vector k,, the observation direction by k,. The resulting holo-
graphic fringe patternis indicative of a path change, 8, which gives informa-
tion about one projected component of displacement. This component is shown
in Fig. 1. As shown in Fig. 2,

g =k -k (5)

~

This equation indicates that the obtained projected component depends on the
direction of illumination and on the direction of observation. If we select the
direction of illumination normal to the surface and the direction of observa-
tion also normal to the surface, '

151 = n : o : (6)
and

k, = n, - . (7)
and Eq. 4 becomes

§ = 2n - d. | . | _ - (8)
And if we call

n-d=w, . 9)

we obtain -

Fig. 2

Determination of Displacements at a Point
by Means of Holographic Interferometry
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The above quantity expressed as a phase angle of the fringe pat-
tern is given by ‘ '

-ZWZTTT = n2m, o (11)
from which

)\ .
W = nE. ‘ (12)

‘That is, under the above-mentioned conditions of observation and illumination,

each fringe corresponds to a half-wavelength of light. If the illumination and
the observation directions are inclined of equal and opposite angles with re-
spect to the normal and calling this angle 6, in place of Eq. 12 we obtain

A
= | ——ra— ]-
W R os 8; (13)
In general, we can write
w = Mn\, (14)

where the factor M depends on the illumination and observation directions.

Fquations 12-14 deal with the determination of displacements in
the direction normal to the observed surface. Displacements parallel to the
surface can also he measured by applying the technique described in Refs. 14~
16. These methods can be briefly described in the following way. Let us as-
sunie Lthat in Fig. 3, we illuminate a point P with two symmetrical beams.

We can write, for the illumination bearn k,,

6, = (151 - lfz) : (}: ' (15)
and for the illumination beam k;j,

8, = (i - k) - d. - (16)

Suhtracting Eg. 16 from Eq. 15, we obtain

5, -8, = (i - k) - d. (17)

. Thc sensitivity vector becomes independént of the direction of :
observation and is parallel to the surface. If we call o the angle the illuminat-
ing beams make with the normal, the equation that gives the displacements is



ni ) ‘ : . .
YT 2 sina’, . - o (18)

where u is the component of this placementin the x direction, if x is
assumed to be the projection direction.

T

l ' |
MY | kled

Fig. 3 '

Holographic Determination
of In-plane Displacements

P

3. Crack Detection by Observation of Displacements in Vicinity of
Crack Tip. '

Having obtained expressions for components of displacement in
the direction perpendicular to the surface and on the surface, we can go back
to Eqs. 1 and 2. Let us first consider displacements that are observed per-
pendicular to the surface. We assume that the crack is an edge crack in a
tension field and that we are dealing with plane stress. In this case, Eq. la
can be written ’ '

K e’('.g{g) o .
f)x—-\/z_ﬂ_rcos2 l - 51n251n32 “cox" , (19)

where gyx is the axial stress remote from the viéinity of the crack tip. If we
call w the displacement perpendicular to the surface of the model, then, in
view of the plane-stress condition,

g, +0
W—\)t——_xE yl (ZO)

where v is Poisson's ratio, t the thickness of the specimen, and E the modu-

lus of elasticity. If we take into consideration Egs. la, lc, 3, 14 and 19 and we
consider that for an edge crack in a semi-infinite plate f = 1, we obtain

(21)

19
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Equation 21 gives us the fringe orders in the neighborhood of the
root of a crack located in a tensile region. Equation 21 tells us that, all other
quantities being equal, the observed orders depend on the square root of the

‘crack length. As an example, Fig. 4 is a plot of the w field for a 100-um
crack length, in a ceramic turbine blade

: ' loaded to about 80% of the corresponding
}. critical stress intensity factor.
":

The following constants have been

t‘ _ .. assumed: v = 0.22,t = 1.72 mm, Opx =

$ 11.2 kg/mm?, A = 6328 x 107" mm, M = 1/2,
and E = 1.4 x 10* kg/mm?. '

Figure 4 shows the plot of the fringe
orders versus position in the neighborhood
of the crack tip. This theoretical pattern
can be used to discuss the feasibility of de-
tection of a crack of 100 um if the crackis
in a tensile field. 4

‘Liet us assume that we load the crack
in antiplane strain or mode III, as shown in -
Fig. 5. The displacement w is given by

2Kmrs r\'2 8
= ——(==) sin=. 22
w G (ZTT) s1n 3 ( )

| ' If we consider an edge crack of léngth a in
a semi-infinite plate ’

Fig. 4. Fringe Urders in Neighborhood of a _ _ :
100-um Crack. Theoretical values Kiip = qvma, (.23)

are according to the Liwin modcl
mode I. ANL Neg. No. 306-77-496. where

q = axz» A ] (24)

Eq. 22 becomes

Introducing the fringe orders, we obtain

MAG sin > : : (26)

_ ZEXZ«/na (_r>1/z 8"
B 2
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Fig. 5

\[\1% Crack Loaded in Antiplane Strain

~

N

Taking the same values used for mode I and assuming that Oy,
is equal to half the tensile stress applied for mode I, we obtain the following
expression for n, if we assume M = 1/2:

n = 4.392/r sing (27)

with r in millimeters.

If we compute the order of a point at the edge of the blade, the

coordinates are r = 100 um and 6 = n. Then, _
n = 4.3924/0.100 = 1.39. (28)

If we consider the point at the other side of the crack, the value of n is
mn = -1.39, ‘ ’ (29)
and we have across the crack a jump of 3.78 orders.

We can see tha.,t‘detection is more favorable in mode III than in
mode I.

Let us consider now that by applying the techniques previously
described, we measure the in-plane displacement.

&

Considering again mode I, and measuring the displacement in the
y direction, we obtain

K .
__Iﬁ .-Q(Z 29) | ‘
V= gVzn M2\l v T 08 3/ (30)
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If we take into consideration Eq. 18, the expression for the fringe orders is

2Ky sinoz'\/T' 6( 2 2 9) ' :
_ r ... 9 _ 2). . . 31
n \G 2n M3\ + v %% 32 (31)

Replacing Kj. we obtain

_o+/Ma 2 sin « ﬁ . Q( 2 Cosz@) - (32)
- AG 2w P\l + v 2/

Assuming 6 = 1/2, we obtain

zﬁ sin ova
(1 + VAG Vr.

n =

(33)

If o = 45° and we take the s.ame x./alues used to plot the graph of Fig. 3, we get

n =509V : | (34)
For a point of r = 100 pm, |

n = 1.5811, (35)
ana for a point of 'r = 200 u.rﬁ,

n = 2.24. A | (36)

We can see that if we use the in-plane displacement measurcment,
inude I will give us also very good results.

Summarizing the theoretical analysis: (a) Either mode [ or mode III
can be used for crack detection, (b) if the w displacements are measured,
mode III gives the best sensitivity, and (c) if tho in planc displacemenls are
measured, mode I gives a very good sensitivity.

If we consider a turbine blade
(see Fig. 6) the loading can be applied
as shown in Fig, 6éa. In this case, cracks
in the neighborhood of the blade root will
be subjected to tensile stresses. If we
consider a 100-pm crack, the crack is
very small as compared with the blade
size and the crack can be assumed to
be subjected to a uniform tensile field.
ta) (b) If we load as shown in Fig. 6b, we will
introduce a torsion torque and then
‘ mode III will be operative. Since the
Modes of Loading of a Turbine Blade loading also produces bending stresses,

Fig. ¢
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and since as it has been concluded that in the case of bending,!” the K| mode
can also be applied, the resultant displacement field will be a combination of
"modes I and III. Consequently, loading the blade as shown in Fig. 6b will
give the best results.

C. Optical System for Crack Detection

If we analyze the field of displacements shown in Fig. 4, we can con-
clude that, to observe the perturbations produced by the crack, we must
resort to mégniﬁcation of the image. This means that, instead of an ordinary
holographic system, we must use the methods of holographic microscopy. In
holographic microscopy, three basic methods can be identified: (1) holog-
raphy on magnified images by means of lens holography; (2) lensless holog-
raphy where the object beam and the reference beam are incident on the
emulsion from the same side of the film; and (3) lensless holography where
both beams reach the emulsion from opposite sides of the film. In these two
cases, magnification can be produced by appropriate selection of the radius
of curvature of the reconstruction beam. An alternative is the reconstruction
of real images with magnification ratios 1:1 and subsequent observations by
" a magnifying microscope.

Microscopic-lens holography was studied by Van-Ligten and
Osterberg'®!? and Ellis.?° Lensless holographic microscopy has been studied
by Leith and Udpanieks®' and by Stroke.??

"The general experience concerning lensless holographic microscopy
is that poor results are obtained. In general, the smallest detail that can be
reconstructed is about 12 ym. The main reasons for the poor results are the
emulsions and the substrates supporting it. ‘

Small changes in the emulsion during processing will cause the rays
corresponding to high spatial frequencies to suffer high aberrations. The
same observations can be applied to the glass substrate. These problems
can be circumvented by magnifying the image first, that is, reducing the image
aperture first and then recording the hologram. When high magnifications are
needed, this method is limited by two factors: the diameter of the objective
lens and the fact that the Abbe sine condition and the Hershel condition cannot
be satisfied for sharp imaging in the transverse and in the axial conditions
simultaneously. .

For the initial recording, Toth and Collins?* used alens of a high numeri -
cal aperture, withthe quality of the lens sacrificed to obtaina large numerical
aperture. The aberrations introduced during the recording are cancelled out
by reversal of the path of the rays during reconstruction. The image may be
explored laterally and in depth by a conventional microscope. Of course, the
quality of the reconstruction depends on the accurate reversal of the beam.
Reference 24 gives an example of the application of this technique. In Ref. 25,
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the authors have developed a "reversed-field" technique that uses reflecting
optics to reduce the frequency bandwidth required for good hologram record-
ing. The technique can be extended to coherent or incoherent fiber optics,
multiple-lens arrangements, reflecting optics, or various combinations of
them. The basic idea of this procedure is to scramble the rays in quite ar-
bitrary fashions before recording, provided that the high-angular-divergency
rays are first converted to low-angular-divergency rays.

To this point, we have concerned ourselves with holographic recording
of images. If we consider the problem from the point of view of interferome-
try, the necessity of enlarging the image produces an additional critical prob-
lem. To understand this problem, we must now consider the factors affecting
the contrast of fringes in hologram interferometry. We can define the fringe
contrast with a given region by means of '

c = Imax = Imin ’ | | (37)

Ima.x *t Imin

where L .y and I ;;, are the maximum and minimum intensities of the fringes .
in that region. The fringe contrast can be related to the properties of the two
interfering wave fronts.

~—
P~

Monneret?® has shown that C can be
W related to the real part of the autocorrelation
function I'y of the diffracted waves in the con-
sidered plane. Let us suppose, as shown in
Fig. 7, that we have a light-sensing device to
measure the fringe contrast. The {wo inter-
fering wave fronts 1 and 2 reach the sensing
'device with a shift § shown in Fig. 7, where
€ Ils the distance in the plane of observation
between two identical points P, and P,|. In
Ref. 26, it is shown that

SN

—————

——-l___

C = Rel'N(P, - P|) = Rel'N(E). (38)

)

The maximum contrastis reached when
€ = 0, thalis, when the sccanning apertureislo-
cated at point O, called the point of localization of
the fringes.

(a) (b) :
We consider that we are scanning the
Fig. 7 real image of the halogram and that the type
Light-sensing Device for Measuring Fringe of scanning device is such that its entrance
Contrast in Neighborhood of Localization ~ pupil is the entrance pupil of the zone lens
Point. ANI Neg. No. 306-77-495, where the information of a point is recorded
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in the hologram. Further, we assume that the localization surface is near the
image of the object. Thus, '

. k(1 1Y),
C = sinc Z(B - ;)ao . | (39)
where k =2m/A, D is the distance of the imaged point P to the holographic
plate, z is the distance at which the reconstructed point is observed, and a,

is the radius of the zone lens formed by the light coming from P on the holo- -
graphic plate. The value of a;, depends on the ‘aperture of the imaging system
and on the distance D between the object point and the hologram plate.

This derivation assumes that the surface of localization'is close to the
surface of the object. This condition is fulfilled when the real image of the
hologram is covered by the interference fringes. Under this assumption, we
can write ' ‘ :

1 1 ¢

Dz D»¥ (402)
where

Z-D =¢, : : a : (40b)

and since we are near the focusing plane,
ZD = DZ, | - (a1)
Equation 39 can be written

C = sincgl-fzaé. ’ : ‘ , (42)

The angle between the homologous rays depends on the spatial fre-
quency considered. If we take the lowest frequency, that is, the frequency
corresponding to the maximum angular aperture of the system, then

’ ao ! . .
e - 'B: : . (43)

a

and from Fig. 7 we can also get
c :
8C = 5 | (44?
Replacing Eqgs. 43 and 44°'in Eq. 42, we finally get

C = sinc 56,8 | | (45)
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The first zero of the sinc function occurs for

§0ac = | N (46)
or
£ = g—:, (47)

where, following Monneret, we call '::,C the radius of the correlation shift that
leads to the disappearance of the fringes. Since 0, is directly proportional to
the magnification ratio, we can conclude that ' '

1
= —. 48
g = — (48)
This means that the radius of correlation is inversely proportional to
the magnification ratio. If m is large, the radius of correlation becomes very
small. The observation of the fringes, even on a small area, becomes very
difficult, unless we make m less than one, thus increasing the value of &_.

We can make the aperture of the observation system the controlling
aperture, and thus, by reducing its angular aperture, we can improve the
fringe contrast. Unfortunately, the speckle size depends also on the angular
apertutre of the observation system. If we reduce this aperture beyond certain
limits, the speckle noise becomes extremely high.

Summarizing the discussion of this section: (2) To be able to detect
small defects, we must resort to lens holography in order to enlarge the
observed image. (b) The best results are obtained by using systems in which
the light path is reversed and the image is recorded with an initial magnifica-
tion. (c) The phenomenon of fringe localization produces a very undesirable
effect. When magnification of the image is required, it degrades the fringe
contrast. '

D. Multiplication of Holographic Fringes to Increase Sensitivity in Detec-
tion of Displacements

1. General Discussion

In the preceding section we discussed the resolution of the holo-
grams concerning point location. We must now consider the possibility of
increasing the sensitivity in the measurement of displacements. If we consider
the measurements of displacements perpendicular to the surface, for normal
illuminations and normal observation, Eq. 12 gives us the minimum displace-
ment that can be measured, A /2. For a helium-neon laser, this quantity is



0.3164 pm. A fringe-multiplication technique can be applied to further reduce
this figure. The technique is based on the introduction of a system of fictitious
fringes by rotating the holographic plate. The procedure can be applied to
lensless holography or to lens holography.

Let us consider the application to lens holography. Figure 8
shows the holographic setup that can be used for fringe multiplication. The
model is imaged by the lens system on

I::) 4 the holographic plate.

1/52 : S Let us assume that we apply the

v double -exposure method. A first exposure
e — - is made; then the plate is rotated at an an-
gle B, and a second exposure is made.

Once the hologram is developed and recon-
structed as shown in Ref. 27, we can observe
on the hologram a system of fringes paral-
lel to the axis of rotation and with a fringe
pitch given by

< T =7

LASER

1. HEIGHT ADJUSTING MIRROR 5 = A ’ (49)
2. BEAM SPLITTER : m ~ B(1 - cos 6R)
— 3. MIRROR '
! 4. MODEL

5. BEAM SPLITTER where A is the wavelength of the utilized

__ 6. IMAGING LENS : light, and 6R the angle made by the refer-

3 7. IMAGING LENS ence beam and the normal to the holographic
‘8. PHOTOGRAPHIC PLATE )

plate.
Fig. 8. Experimental Setup for
Fringe Multiplication Let us assume that we use the setup
of Fig. 8 to measure displacements normal
to the surface of the model. The procedure is as follows. A reference system
is needed to obtain the final fringe pattern. This reference system is obtained
by rotating the holographic plate as previously explained. The second step con-
sists of taking another double -exposure hologram with the plate rotated and the
model loaded. Both the reference hologram and the hologram containing the
load information are then multiplied. The multiplication can be achieved by
putting the hologram in the filtering system of Fig. 9.

{Ob]o'f:' plane mage

Coltimated light
o Lens | Lens li plane ~

=1

Fig. 9. Filtering Systemn for Fringe Multiplication. ANL Neg. No. 306=77-493.

Tronsform
plone

f—t—f—+

f + f
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When subjected to the collimated illumination, the system of lines
produced by the plate rotation produces the corresponding Fourier Spectrum
in the focal plane of the filtering lens. If we filter the order +1 and -1 by in-
troducing an opaque screen with two apertures corresponding to the location
of these orders, in the image plane we obtain the image of the object covered
by twice as many lines as the original pattern. If, in general, we filter the
order -n and +n, the obtained fringes will be of frequency 2n times the funda-
mental frequency. i

Both the reference hologram and the hologram corresponding to
the loaded state are multiplied. After multiplication, both are superimposed
to produce a moire pattern.

The two superimposed holograms are put in the same filtering
system. The diffraction spots are observed in the focal plane of the filtering
lens. If we allow one order to pass and if we observe the image of the object
on the image plane, we will see it covered by 2n times the number of original
fringes. With this procedure, we have been able to obtain multiplications of
X8. With a multiplication X8, the minimum displacement that can be mea-
sured 1s U.03Yb5 uym. '

2. Derivation of Equations Corresponding to Process of Fringe
Multiplication

After the films are developed,?® the nonlincaritics of the film will
produce high-order harmonics. The transmittance function corresponding to
the initial or reference state is given by

isn . 2mnx
F(x) = Fy + z F; cos m— | (50)

1=1

where p is the pitch of the fundamental harmonic generated by the plate ro-

tation and n represents the additional orders produced by the film nonlinearity.
Likewise, for the loaded specimen,

i=n
21nx ’
F,ix) = F, + F; cos ——, X 51
() = Fo + ) Fi cos 7 | (51)

i=1

where p(x) indicates the variable pitch produced by the effect of the load added

to the plate rotation.

Let us call E4p and E _p the complex amplitudes of the wave fronts
corresponding to the two symmetrical nth orders produced by the grating in
the focal plane of the filtering system:



Eyn = Ep exp(i2mx/p); (52)

E_, = E, exp(—iZﬂnx/p).. 4 ' - (53)

These two orders form the image of the model in the image plane.

The amplitude collected by the photographic plate in the image plane is
ET = [E_y + Esnl (54)
The intensity is given by |
* ' : :
I(x) = ET “Ep. (55)

If we substitute Egs. 52 and 53 in Eq. 54 and carry out the opera-
tions indicated in Eq. 55, the intensity needed by the photographic plate is

I(x) = I, +I; cos 411;1}{, (56)
where

I, = 2E} (57)
and

Il = E;. ‘ . * (58)

The transmittance of the developed film will be given by

4Tnmx

T(x) = “’I‘o + —Z T, cos (59)

i=1

A similar expression can be obtained for the grating corresponding to the
loaded case:

i=m
1
T (x) = Ty + Z T; cos

i=1

£ o

In the reconstruction process, the two films are pléced in a col-
limated beam. In the focal plane of the filtering system, a diffraction pattern
is observed. If we consider, for example, the +1 order, we will have the
components '

T4 = T, explidmnx/p) . (61a)

29
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and
Th = T, exp[i4mx/p(x)].. (61Db)

If, in the filtering system, only these two components are allowed
to pass, the intensity observed in the image plane will be

I(x) = T3

=+ + I;l +‘ZI+1I'+1- (62)

After simple transformations are obtained,

Ix) = T, + T, cos 4nnx(p—(l;) _ é) ‘ ’ (63)
where

I, = 2A% ' (64a)
and

I, = Al (64b)

Equation 63 is the equation of the moire pattern produced by the
reference and the loaded pattern.

We can write

5 = 5+, (65)

1

p : '

where ¢(x) represents the change of frequency produced by the loading. When
1 ‘

) - E - cp(X), (66)

Eq. 63 becomes
I(x) = I, + I, cos 2m2ng(x). : (67)

Consequently, by the described process, 2n as many fringes are
observed as in the fundamental pattern.

E. Experimental Verifications

1. Thermal Loading

A number of holographic setups were tried, and fringe patterns
were recorded.
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In the preliminary tests, thermal loadings were used. The two-
exposure method was applied. An initial hologram was taken; then the blade
was thermally loaded by applying a torch flame to the desired point. Imme-
diately after the heat application, the second exposure was taken. Although
good holograms were obtained (see Fig. 10), it was concluded that a mechani-
cal loading would be a more convenient means to detect flaws. To check the
actual effect of local heating, the technique described in Sec. B above for in-
plane displacements was applied. Figure 11 shows the pattern of displacements
projected on a plane tangent to the upper crown of the blade.

Fig. 10. Blade Subjected to Thermal Load,
Showing Deflections Produced by
Heating the Blade with a Torcl.
ANL Neg. No. 306-77-499.

Fig. 11. In-plane Displacement Pattern for
Blade Subjected to Thermal Load,
ANL Neg. No. 306-77-500.

From the analysis of the data, it was concluded that the observed
fringes correspond to the expansion of the blade due to the applied temperature.
At the tip of the blade, near the region where the flame was applied, maximum
strains of about 100 x 107® were observed. The result is logical, since the
heat conduction in the blade is very fast and the hologram cannot be taken
while the torch is being applied.
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2. Mechanical Loading

In the next group of experiments, a mechanical load was applied.
Since no blades with sizable cracks were at our disposal, cracks were gener-
ated by thermally shocking the blade. The blades wecre heated with a torch to
the point of red glowing, and then water was poured on the heated region. Very
tight cracks were obtained. The dye penetrants or microscopic observation
did not reveal the presence of a typical crack. However, while cleaning for
the application of the dye penetrant, we observed that, during the process of
evaporation of the cleaning fluid, an outline of the crack could be observed
(see Fig. 12).

Fig. 12. Crack Detection by Evaporation of a Very Volatile Fluid.
(a) Presence of crack indicated by volaltile liyuid technique
and (b) no crack revealed hefline volatile liquid applied.

The appearance of the crack outline can be explained by the fact
that, in the region of the crack, some volume of liquid recmains while the
liquid in the rest of the surface has evaporated.

Figure 13 shows the holographic pallern corresponding to a blade
similar to that shown in Fig. 12, but with a crack perpendicular to that indi-
cated. The blade was loaded with a load perpendicular to the blade plane. The
load simultaneously applies bending and torsion tu lthe blade; that is, modes I
and III are activated at the crack. Most of the observed fringes are not gener -
ated by the applied stresses, but by the rigid body motion of the blade due to
the applied load. The presence of the crack can be noticed by a discontinuity
in the fringe patterns.

The pattern was analyzed by plotting fringe orders along the sec-
tions indicated in Fig. 13. Figure 14 shows one of the plots. From the de-
flection curve, it is possible, by assuming that deflection is continuous, to
obtain the field of displacements produced by the presence of the crack. Using



graphical interpolation, we obtained the plot of Fig. 15. The graph shows the
profile of the dimple produced by the presence of the crack. The dimple is a
combination of modes I and III. We can see that, by the process of interpola-
tion, displacements of the order of 1/20th of A have been measured.

0
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Fig. 13. Pattern of the w Displacement Fig. 14. Plot of Fringe Orders vs Position. By
for a Cracked Turbine Blade Loaded this plot, one obtains the contribution
Perpendicular to Its Own Plane. of the displacement field due to the
ANL Neg. No. 306-77-505. crack from the overall field.

CRACK DIMPLE PROFILE

i

A

VERTICAL SCALE
1UNIT 03611
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Fig. 15. Profile ot Dimple Produced by Presence of Crack
on Blade of Fig. 12. ANL Neg. No. 306-77-494.

To have another comparison of the results obtained in Fig. 16,
the theoretical fringe orders corresponding to mode I have been plotted along
the line of angular coordinate 6 = 0. These theoretical values have been
computed by means of the Irwin approximation outlined in Sec. B above to be
able to compare the theoretical values with the experimental values, since we

33
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FRINGE ORDERS

o EXPERIMENTAL POINTS xI0
¢ THEORETICAL POINTS

.

% LENGTH OF THE CRACK

Fig. 16. Plot of Fringe Orders vs Position along
Line of Angular Coordinate © = 0.
Theoretical and experimental results.

do not know the exact stress distri-
bution in the blade, only the shape can
be considered. For this purpose, the
experimental values have been multi-
plied X10. The two curves show simi-
lar shapes, indicating that the
procedure is accurate enough to give
a good picture of the displacement
field near the tip of the crack. We
can see also that the local changes of
shape of the deflection curves indicate
the presence of a flaw in the blade.

3. Detection of Smaller
GeRCES

The crack detected in
Fig. 13 is 6.8 mm long. To detect
cracks one order of magnitude smaller,
we must modify the holographic system.
According to the discussion inSec.II.C,
it is necessary to resort to magnifica-
tion, and the best way is to magnify a
real image produced by a reversal of

thc optical path. Since we wanted to

capture the entire turbine rotor, the optical system of Fig. 17 was used to ob-
tain the hologram. The telecentric system produces a one-to-one image of the
object in the vicinity of the holographic plate.

Fag. 1

Holographic System Used for Observation
of Real Images with a Magnifying System
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Furthermore, the telecentric system has the property of yielding
a constant magnification within a certain depth. Thus it eliminates the distor-
tion of the image produced by other lens systems. This distortion is due to
the fact that the lateral magnification is the square of the transversal
magnification.

To observe the effect of a crack in the displacement field produced
by the applied loading, we carefully inspected a rotor with blades that had
cracks on its roots. The minimum crack size that could be located was a
crack 750 um long very close to a blade root.

A picture was taken of the real image reconstructed by reversal
of the optical path, in the optical system of Fig. 17, through a magnifying sys-
tem yielding an X10 magnification. Figure 18 shows the corresponding picture.
The presence of the crack is visible by the disturbance of the field of fringes.
The fringes are mostly due to the rigid body motion of the blade produced by
the overall deformation of the rotor plus the supporting system, when the load
is applied. The surface of localization of the fringes is away from the surface
of the blade, and due to the effect explained in Sec. II.C, the surfaces of the
blade and the fringes cannot be focused simultaneously. The result is the lack
of resolution of the picture due to poor focusing. However, as shown in Fig. 19,
the dimple produced by the crack can be clearly detected from the curves of
fringe orders versus position along the region of the crack tip.

The experience gained in the preceding experiments indicates
that, as expected from the theoretical analysis, fringe localization is one of
the serious obstacles to obtaining high-resolution pictures required for de-
tecting cracks of one order of magnitude smaller. Furthermore, as it has

Fig. 18. Lack of Resolution of Holograplic Reconstuction Wlen
Viewed with X10 Magnification. ANL Neg. No. 306-77-491.
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Fig. 19. Plot of Fringe Orders vs Position for Several Sections,
Showing Presence of Dimple in Region of Root of Crack

been the experience of previous researchers, the enlargement of the image
captured by the hologram helps in the resolution of the obtained images. To

check these two points, a new hologram was made with a new fixture to sup-
port the turbine rotor.

Figure 20 shows the new support designed to minimize the rigid
body motions.

Figure 21 shows a picture ot the blade subjected to bending in its
own plane. The rigid body motion has been minimized. A magnification of
X20 was used producing a picture with good resolution.

F. Application of Fringe Multiplication; Crack Detection on Components
Other than Blades

Can a crack that is not in the observed surface be detected? To answer
this question, a different test was performed. A circular plate with a crack
along a diameter was tested, as shown in Fig. 22. The crack was originated by
the local effect of the concentrated load, and the crack remained within the
compression region of the plate. The conditions of this crack are different
from those reviewed in Sec. II.B.1, since the loading is directly applied to the
crack, while in the analysis presented in Sec. II.B.1, the load is always re-
motely located with respect to the crack.



Fig. 20. Fixture for Testing Turzine Fotor

gz,

iz

DIRECTION OF OBSERVATION

Fig. 21. Picture of Blade Loaded in Fig. 22. Circular Plate Loaded
Bending in Its Own Plane. with Concentrated Load
Improved resolution. ANL
Neg. No. 306-77-491.

LE
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In Fig. 23, we can see the deflections of the central region of the plate.
Multiplications up to X8 have been obtained. The presence of the crack is
clearly seen as an edge where the deflection fringes show a discontinuity.
Figure 23 shows that the multiplication of fringes is feasible and that the de-
tection of cracks away from the observed surface is also possible, through
discontinuities or other features that the presence of a flaw will produce in
the fringes.

Fig. 23

Successive Multiplications of Pattern Corre—~
sponding to Deflection of Central Region of
a Circular Plate Loaded with a Concentrated
Load. The crack in the compression face
shows as a discontinuity in the fringe pattern.
ANL Neg. No. 306-77-504.

G. Summary and Conclusions

Several fundamental contributions to the area of flaw detection in NDT
have been made in the present program.

1. The basis of flaw detections from the point of view of the stress
fields prevailing in the neighborhood of a crack has been established.

2. The necessary requirements for the optical system needed for
the detection of cracks of about 100 um have been established.

3. A process has been developed for increasing the sensitivity of
holographic interferometry.

4. The feasibility of crack detection in turbine blades has been
illustrated.

The analysis of Figs. 13 and 18 indicates that the possibility of crack
detection is enhanced by the presence of holographic fringes produced by the
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applied load on the part under analysis. In general, the pattern due to the
presence of the crack will not be isolatedly observed, but will be mixed to-
gether with the displacement field of the part under observation. The field

of the crack appears as a perturbation, and this leads to the technique shown
in Figs. 14 and 19. With the interpolation technique applied in Figs 14 and 19,
displacements of the order of 1/20th of A have been obtained At the same
time, the presence of fringes in the field provides further reference points

as far as the location of the flaw is concerned. To understand clearly the
meaning of this statement, we have to go back to Fig. 4. The high orders
generated by the presence of the crack are crowded together near the crack
tip. The orders larger than one are inside a region that is about 12% of crack
length.

For example, for the 750 -um crack of Fig. 18, the region of orders
greater than 1 is about 90 um. With magnification of X10, this region is
smaller than 1 mm. However, due to the presence of the field of fringes, this
region becomes easily detectable. That is, not only has the sensitivity been
enhanced in the detection of fringe orders, but a greater resolution can be
obtained in the point location. This indicates that, to detect small flaws, the
magnification required is less than the ones that one could assume as neces-
sary on the basis of the isolated crack field.

The introduction of real images makes it feasible to use some advanced
forms of observation that can greatly facilitate the visual inspection of patterns.
The enlarging system can be placed on a traveling carriage, and the recon-
structed real image can be projected onto a vidicon tube in a closed-circuit
video system. The closed-circuit video system will permit additional magni-
fication and an increase in brightness without a loss of contrast.

For example, X20 magnification can be given to the readout optical
instrument, and X5 to the video system, very easily reaching X100 overall
magnification. Zoom systems can be included in both the optical system and
the closed-video system. In this way, different ranges of magnification can
be used to easily inspect the different parts of the turbine rotor and then to
get closeups of those regions that need close inspection.

The most important factor in the quality of the fringe patterns, the phe-
nomenon of fringe location, can be controlled by applying special techniques.

The application of holography to ceramic parts is not limited to the de-
tection of flaws. By thermal expansion of the analyzed component, local inhomo-
geneities can be determined. Another way to analyze the overall quality is to
apply vibrations and observe the configuration of the vibrationpattern. By com-
parisonof high-quality blades with blades containing defects, itmay be feasible to
obtain avisual picture of the overall quality of the blade. Highfrequencies of vibra-
tion, together with high fringe multiplication and magnification, may make it feasi-
ble to obtaina high-resolutionlocal description of the regionunder observation.
The amplitudes of vibration of the different areas will reflect the local densities of
the material. Thus, patterns of fringes may show the presence of voids and local
inhomogeneities.



III. ACOUSTIC MICROSCOPY

A. Experimental Procedure

The scanning laser acoustic microscope may provide a means for non-
destructive evaluation of ceramic gas-turbine rotors. This preliminary
effort concentrated on the characterization of turbine blades removed from
blade rings as revealed through acoustic microscopy. This included empiri-
cally defining the normal structure, determining abnormal microstructures,
and localizing specific defects.

Sonic microscopy uses elastic waves (acoustic) as means for producing
images of internal structure in materials. Traditional methods for charac-
terizing microstructure use a variety of instruments and techniques, such as
optical and electron microscopy and X-microradiography. The common
denominator of these methods 1s that the images are produced by interacting
electromagnetic radiation with the specimen. In contrast, the acoustic micro-
scope is an imaging system based upon acoustic rather than electromagnetic
waves. Thus, variations in the elastic properties are primarily responsible
for structure visualized in acoustic micrographs.

The instrument used in these investigations is the Sonomicroscope 100,
which is operated at an ultrasonic frequency of about 100 MHz (see Fig. 24).

Fig. 24. Sonoscan 100 Acoustic Microscope. ANL Neg. No. 306-77-489.

The irradiation geometry used to produce the acoustic micrographs of
samples studied in this work is illustrated in Fig. 25. Ultrasonic energy is
incident on the sample from below, at an angle of 10°. The transmitted acoustic
energy imparts a slight oscillatory mechanical motion to the top surface of the
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sample. These oscillations have the
o same frequency as the incident wave,
Scanner but vary in amplitude depending on
the acoustic attenuation and absorp-
\ tion properties of the underlying
\ material. These disturbances are
\ detected, point by point, by a rapidly
scanning focused laser beam (40,000
image points per micrograph), which
drives an opto-acoustic receiver.
The acoustic image is then displayed
on the TV monitor. Here the white
regions correspond to areas of the
sample with good acoustic-transmission
properties, while the darker areas
of the micrographs are regions of
higher ultrasonic attenuation. If the
sample has a good surface finish, an
acoustic image can be obtained from
the light specularly reflected directly
Fig. 25. Schematic Diagram Illustrating Detection from the surface. For SN blades,
Scheme Used by Scanning Laser Acoustic o b N
Microscope (SLAM) this is not the case. A mirrored
coverslip is placed in acoustic
contact with the top surface of the sample, and light reflected from the
coverslip is used to form the acoustic image.

Opto-acoustic
Receiver

Dynamic

\ ncident

TR

The acoustic energy is coupled to the sample through the acoustic-
microscope stage. A glass cell, shown in Fig. 26a, is used. The transducer
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is bonded to a glass block, which transports the acoustic energy from the
transducer to the sample. The liquid cell is shown in Fig. 26b. Here sound
is conducted from the transducer to the sample by a liquid that fills the
chamber. Microscope stages designed to meet specific needs, such as
reflection-mode imaging, larger fields of view, and different sonification

angle can also be fabricated. Figure 27 shows a schematic diagram of the
entire system.

Fig. 27. Schematic Diagram of Acoustic Microscope
Stage. ANL Neg. No. 306-77-498.

Data are presented in the form of photomicrographs.

There are two types ot acoustic amplitude pictures. First are amplitude
pictures made at a single ultrasonic frequency. These acoustic micrographs
are generally characterized by a substantial amount of contrast and are often
subject to coherent speckle. The amount of speckle is rclated to the degree
of scattering in the specimen and provides some indication of both the mode
of acoustic loss and the elastic microstructure of the material under investiga-
tion. The second type of amplitude picture is obtained by sweepingthe frequency
over a variable bandwidth around 100 MIIz. This eliminatcs coherent speckle
and reveals features often masked by the speckle. In this report, the single-
frequency amplitude pictures are designated by the abbreviation A; the
frequency-modulation amplitude micrographs are designated by Am.

In addition to displaying the acoustic amplitude distribution throughout
the field of view, the Sonomicroscope provides an acoustic interference mode
of operation. Acoustic interferograms show a series of alternating light and
dark stripes. For acoustically homogeneous samples, these bands (interference
fringes) are parallel to one another and are equally spaced. For samples that




are elastically inhomogeneous, the interference lines are distorted by localized
variations in the sound velocity and/or sample thickness. All the interfero-
grams included in this report are designated with the abbreviation I, and are
oriented so that a fringe shift to the left corresponds to an area of lower ultra-
sonic velocity and shifts to the right indicate regions of higher sonic velocity.
Because many of the samples investigated have controlled thicknesses, the
character of the interferograms is determined solely by localized variations

in the velocity of sound. These variations are related to either variations in
the bulk density or elastic modulus of the sample constituents.

The switching to any of the visualization modes is accomplished elec-
tronically. Thus, no repositioning of the sample is required.

This study of reaction-sintered Si;N, gas turbines involved the inves-
tigation of 10 blades after being removed from blade rings.

A first step toward localization and identification of important defects
is to establish a definition of the normal structure. This was accomplished
empirically in this study where the "normal" structure is operationally
defined as that which appears most often in actual rotor material. There are
advantages of working directly with the "real" turbines. First, the data ob-
tained are directly applicable to the nondestructive testing of the intact blades.
Second, the elastic properties may depend on the details of the fabrication
process; thus, duplication of the microstructure observed in the blades may
be difficult in test specimens with simple geometries. By analyzing the
blades directly, we study the properties of materials that have been part of
the manufacturing cycle. Lastly, difficulties encountered in testing a blade
with its complex geometry provide insight into the fixtures required for the
nondestructive testing of the entire turbine.

Scanning Laser Beam B. Results

|

Long Axis of Blade

1. Sample Preparation and
Coverslip |~ Ring Scanning Procedure

Analysis has been carried

/// / / N myer Out on 10 ceramic gas-turbine blades
which were removed from a ring by
applying static pressure. Although no

modification of the Sonomicroscope 100

was required for this study, a scanning

procedure was developed that permitted

l the rapid and systematic scan of a
Coverslip

Coupling Spacer

Incident Medium

Sound

Scanning Laser Beam

number of blades. This procedure is
outlined briefly below.

Two orthogonal views of the
Fig. 28. Schematic Diagram of sample configuration are shown in
Sample Configuration Fig. 28. The blades were placed in a
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sample holder which consisted of a stainless steel ring [2 in. (50 mm) in
diameter with a 4-ym Mylar bottom]. Inside the holder, surrounding the
sample, was a pliable spacer ring. The coupling medium, water, filled the
holder to the level of the spacer ring. The coverslip was placed in close
contact with the sample and was such that it rested on the spacer ring. The
coverslips fabricated for this study were 2 in. (50 mm) long and about 3 mm
wide. The length was such that the coverslip rested on the spacer ring, which
was pliable. Thus, it could be pressed firmly in contact with the top surface

of the blade (Fig. 28a). The width of the coverslip (3 mm) was made thinner
than normal so that the contact with the sample was nearly planar (see Fig. 28b).

The blades were scanned by first placing the coverslip in one
position and translating the sample holder parallel to the long axis of the blade
(to the left in Fig. 28a). After each long axis scan, the coverslip was indexed
(e.g., moved to the left in Fig. 28b), and another longitudinal scan was made.

2. Documentation

All blades analyzed in this study came from blade ring 3261 and
are labeled numerically on the convex surface. Of the 10 blades scanned,
specific areas of six different blades were photodocumented and the micro-
graphs are presented in this report. (See Figs. 29-42.)

A3-2],22 A2-14, I7 A2-33,34
» K;E | (&)
A2- 27, 28
A3-12, 13 A4-4,5 A3-15,16
A3-2,4 A4-9, 10 A3-17,18
Al-6,7 Al-18,19

RN

Iig. 29. Schematic Diagram of Blades Examined.
Areas shown represent Figs. 30 and 31-42.



A3-21

A3-22

Fig. 30. Am and I of Defect Cluster (circled) Observed in Flatter
Portions of Blade 28. The e¢lastic microstructure sur—
rounding the circled region is typical of that encountered
throughout most of the blade. The exact location of
these micrographs is uncertain, but is within the hatched
boundaries marked on the blade,

45
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| 1000pm

Fig. 31. Cross Section of Blade 28 at 1.8 mm from
End of Blade at Location of Pore Indicated
by Radiography and in General Region of
Defect Indicated by Acoustic Microscopy



Fig. 32.
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A2-117

Am and I of Blade 28, Showing Large Area of Abnormal
Structure (circled). The location of this micrograph is
in the thicker portion of the blade, near the point of
attachment to the ring. The uniform darkening of the
micrograph on the left is attributed to the gradual
change in sonification angle due to blade curvature.
This sonification—angle change is evidenced by the
increased curvature of the interferogram fringes.
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Fig. 33.

Am and I Obtained on Curvedmost Portion of Blade 28. The
overall attenuation is greater than that seen in the thinner
portions of the blade. In addition, these areas appear to have
a higher percentage of darker areas, indicative of a localized
incrcase in porosity concentration. Two types of acoustically
dark areas can be seen. Areal, where the interference lines
vary smoothly, may correspond to large subsurface void. In
area 2, the interferogram lines are jagged, which may be
indicative of a high concentration of small voids.



A2-33

A2-34

Fig. 34. Am and T of large Subsurface Void
Seen in Curved Portion of Blade 28

49
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A3-12

A3-13

Fig. 35. Am and I of Normal Structure Observed in Blade 18



A3-2

A3-4

Fig. 36. Am and I of Obvious Cluster Defect in Blade 18. The large
shift in the interferogram fringes to the left indicates that
the inclusion is either low in density or a buried cluster of
porosity. The acoustic contrast seen within the body of the
defect favors the interpretation as a porosity cluster defect.
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BUBBLE
}

BUBBLE

Fig. 31.

Am and I of Interesting Structure in Blade 14. The circled
area shows two acoustically bright grains associated with an
area of disrupted interferogram lines. The sound velocity
in the bright regions does not appear to differ substantially
from that of the surrounding "normal" material. The
amplitude picture shows a number ot interesting filament—
like structures within the circled region.



AIR BUBBLES

AIR BUBBLES

Fig. 38. Auand I ol Blade 14 iu an Area Directly Adjacent to Field
of View Shown in Fig. 37. The presence of surface bubbles
is apparent. The underlying acoustic structure would be
classed as typical or "normal."

53
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Fig. 39. Am and I of Normal Structure Ohserved in Blade 16
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A3-15

Fig. 40.

A3-16

Am and I of Extended Area of Darkening Observed in Blade 16.
The change in contrast (darkening) is more gradual than that
observed in other suspicious areas, except in the small area
circled. A change in sonification angle across the field of
view may be responsible for part of the increased loss in this
extended darkened region.
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Al-6

Al-1

Fig. 41. Am and I of Normal Structure Observed in Blade 15
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f A1-18
COVERSLIP ARTIFACT

Al1-19

Fig. 42. Am and I of Blade 36. The large dark area (circled) and
dark lines running horizontally across the field of view
are coverslip scratches.

The connection between the field of view shown in the micrographs
and its location on the sample is made in the following way. First, on the
concave surface of each blade, a rectangular box is marked (in pencil) indi-
cating the approximate location of the acoustic image. The actual raster size
(size of the micrographs) is 2.3 by 3 mm. However, the areas marked on the
sample are somewhat larger and represent the uncertainty in the raster loca-
tion. Second, additional documentation and orientation information is provided
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by a sketch of the blade that accompanies the micrographs. Operationally,
the sketches are made by placing the blade on the page and tracing its outline.
The approximate location of the raster is then drawn within the boundaries
sketch. This drawing serves two purposes:

a. Tracings are made in the same orientation that was used to
obtain the micrographs. (The perspective is that of looking down along the
scanning laser beam.)

b. In samples where more than one region was photographed,
several rasters are marked on the blade. The tracing makes the connection
between the various micrographs and their location on the blade.

3. Defect Confirmation

After acoustic scans suggested abnormally sized defects in
blades 18 and 28, radiographs of these blades were made. A Siefert 150-kV
X-ray machine was used at 80 kV and 4 mA. The source focal spot was
0.4 mm, and the distance to the film (Kodak SR) was 1 m. The blade in contact
with the film was X-rayed with the curved side down as well as up, and two
exposure times were used (240 and 180 s). The close proximity of the blade
to the film made the resolution higher than can be achieved with ordinary
radiographic techniques used for the blade ring. The flaw in blade 18 deter-
mined by acoustic microscopy is about 700 x 450 pm. All X rays of blade 18
revealed a porelike defect in the same location as determined by the acoustic
microscope. No other defects were seen on the X-ray film for blade 18. By
X-radiography, the anomaly was found to be 530 x 350 um in general agree-
ment with the acoustic measurement.

X rays ot blade 28 revealed one porelike delect in one of four
radiographs. This was in the general area where an anomaly was detected
by the acoustic microscope. A search for this flaw at the location suggested
by the one radiograph revealed a laminar type defect with a pore at its edge
(Fig. 31). Thec small size of the pore (~100 pm) explains the difficulty in
detecting it by radiography and suggests a limit of re solution for conventional
X-ray methods.

The advantage of detecting laminar flaws by acoustic microscopy
1s clearly demonstrated in this example where such a flaw could not be seen
by radiography techniques. In addition, the size of the delamination, about
500 x 100 pm, is comparable with the 550 x 300-um size indicated by the
acoustic microscope. The cross section of blade 28 indicates the general
porosity of the reaction-sintered blades. Pores on the order of 10's of microns
can be seen. These are not revealed by radiographs. However, the acoustic
microscopy does reveal anomalies of 50-100 ym and with the same general
frequency as seen on the micrograph.
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C. Summary

This preliminary study using acoustic microscopy techniques has
indicated that:

1. Reaction-bonded Si;N4 material which comprises the rotor blade
ring is sufficiently transparent acoustically to be investigated at 100 MHz.
The thickest area of the blade available for this study was 3 mm, which was
easily penetrated at 100 MHz. It should be feasible to image samples that
might be as much as a factor of two thicker (e.g., 6 mm).

2. Surface finish presents no problem. Geometry, though complex,
could be circumvented by proper scanning procedure and permit direct
imaging of entire blade surface area.

3. Subsurface defects or flaws can be distinguished from the normal
or typical structure. For example, abnormal structures, which probably
correspond to localized clusters of porosity were found in blades 28 and 18.
The pressure of a large pore in blade 28 was confirmed by X-radiography.
The general porosity indicated in blade 18 was confirmed by microscopy.

4. No major elastic microstructure changes were observed as a
function position on the blade. The typical or normal structure remained
similar as the blade was scanned from one end to the other. There was an
overall increase in attenuation on the thicker portions, which was expected.
In the curved, thick portions of blade 28, the results suggest that there may
be a slight increase in the mean size and/or concentration of the porosity
compared to the thinner portions.

5. Results demonstrate feasibility and establish a data base for the
acoustic microscopic examination of intact ceramic turbines.
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IV. DYE-ENHANCED RADIOGRAPHY

A. Discussion

The objective of dye-enhanced radiography is to fill surface defects
with a substance (doping agent) that will absorb penetrating radiation more
effectively then the base material. Thus, whereas normal radiographs may
not reveal surface defects such as cracks with the dye present, these flaws
may become detectable. This idea has been successfully used with neutron
radiography.29 Gadolinium nitrate is mixed with acetone and a wetting agent
to form the penetrant. Used with metal parts, the dye can reveal cracks,
even if the neutron beam is not parallel to the crack plane. Thus a surfacc
crack may be mapped out from its shadow. Since gadolinium has a mass-
absorption coefficient for neutrons three orders of magnitude greater than
iron, for example, the technique is particularly useful. Although neutron-
radiography techniques can be used for ceramics, the main effort here has
been to find a doping agent with sufficient contrast so that conventional X rays
could be used effectively. This seemed feasible because of the nature of silicon
nitride (low atomic number and low density).

The absorption of a parallel narrow beam of monochromatic X rays
in a plane-parallel layer of homogeneous isotropic material can be described
by

I = I, exp(-pt), (68)
where I; is the incident intensity, I the emerging intcnsity, p the total linear
absorption coefficient, and t the material thickness in centimeters. The
mass-absorption coefficient (u/p) is generally used, as the intensity reduction
is determined by the quantity of matter traversed. The quantity p/p is almost

independent of the physical state of the material and is additive with respect
to the elements composing it:

w/e = T gilk/p),, (69)

where g; is the mass fraction contributed by the element i with mass absorption
(v/p)j- Thus,

| exp(-_—u pt). (70)
p

The mass-absorption coefficient is dependent on wavelength. For
silver nitrate (AgNO;) at 0.3 A,

u/p(0_3 _&) = 10.5 cmz/g.



For fully dense silicon nitride (SizN,),

p./p(o.3 A) ° 0.5 cm?/g.

The ratio of mass-absorption coefficients is about the same, even for shorter
wavelengths. Thus the silver nitrate absorbs X rays 20 times more strongly
than silicon nitride. For less than fully dense silicon nitride, the contrast is
even greater. Surface flaws not visible by ordinary X rays may be observed by
a dye-enhanced technique.

B. Results

Many commercially available medical enhancing agents were tried
including Hypaque-M 90% and Hypaque-Na 50%, Cholografin Meglunine
(iodine 52%, sodium 18.2%), and Gastrografin (sodium 10%, iodine 30%). A
dye consisting of lead oxide mixed with alcohol was tried.

The most successful doping agent, however, was silver nitrate solution
formed from equal parts by weight of silver nitrate and water plus a small
amount of photo flow for a wetting agent. The procedure for generating the
dye-enhanced radiographs is as follows (see Fig. 43).

a. Clean ceramic rotor in an ultrasonic bath

b. Place rotor in hot (80-90°C) silver nitrate solution

c. Remove rotor and X ray using conventional techniques

d. Clean part in ultrasonic bath.

DYE ENHANCED An 80-V X-ray machine with a film-to-

Ll L object distance of 100 cm was used.
Type SR Kodak film was employed.

X-RAY
In an example to demonstrate the
S ‘ _ AN;:}YN;IS enhancement technique, a layer of silver
B L__J nitrate nominally 0.05 mm thick was
placed on a 3.8-mm-thick flat plate of
DYE BATH hot-pressed silicon nitride. Although the
silver nitrate represents an increase in
thickness of only 1.3%, the film density
k. increased by almost 10%.
Fig. 43. Schematic Diagram of Dye-enhanced This technique has also resulted
Radiography Technique for Silicon in indications that appear to be cracks in
Nitride Rotors certain regions of several rotor blades.

Normal X rays, conventional dye penetrants
or observations under a 30-power microscope do not reveal flaws in these
regions. An example of one indication from the root area of a blade is shown
in Fig. 44, where the magnification is 20X. This anomaly reveals itself more
clearly in the actual X ray.



Fig. 44

Anomaly Revealed in Blade-root Region
of SN Rotor. Mag. 20X. ANL Neg.
No. 306=TT=-A0?

Another ring had weak linear indications near the tip of a blade.
Figure 45 shows a drawing of the linear anomaly revealed by the dye-enhanced

radiography technique. Again, other techniques
did not indicate a defective hlade. Figure 45
shows two branches of what appears fo he a
crack. The blade was removed from the blade
ring for sectioning and polishing. The blade
was potted in "Koldmount," but plated with
nickel before insertion in the mold. This was
done to preservetheblade edge during grinding
and polishing.

Figure 46 shows an 80X micrograph of
the blade cross section at the plane indicatedin
Fig. 45. A porosity string about 100 pm deep in-
tersecting the surface and a crack belowthe sur-
face (about 100 pm deep) are clearly indicated.
The subsurface crack is further magnified by
theuse of a scanning electron microscope (SEM)
Figure 47 shows the SEM results.

4

BLADE RING
2219

Fig. 45. Sketch of Indications Revealed
by Dye-enhanced Radiography
Techniques for Blade Ring



Fig. 47. Scanning Electron Micrograph of
Crack Indicated in Fig. 46. ANL
Neg. No. 306-77-488.

Fig. 46. Micrograph of Blade Shown in Fig. 45.
The plane of this Micrograph is in-
dicated in Fig. 45. Two cracklike
flaws are indicated. Mag. 80X. ANL
Neg. No. 306-77-503.

The two cracklike flaws revealed by the micrographs are consistent
with the location of the dye-enhanced radiograph indications. The subsurtace
crack indication is assumed to penetrate the surface in the region closer to
the blade tip, where the radiograph has a cracklike indication.

C. Summary

This initial effort has shown that dye-enhanced radiography can be
extremely useful for detecting critically sized (100-um) surface flaws in
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structural ceramics where conventional X rays, dye penetrants, and visual
methods are unsuccessful. Because of its nature, dye-enhanced radiography
is readily adaptable to complex component shapes and is a relatively inexpen-
sive and rapid nondestructive-evaluation technique.

V. ACOUSTIC EMISSION
A. Discussion

In the application of acoustic-emission (AE) technology toward flaw
detection in structural ceramics, the objective is in general to detect the
presence of elastic waves generated from the initiation and/ar propagatinn of
flaws or from a change in flaw population. Considerable literature has been
published on this subject.?"3 For the specific application of silicon nitride (SN)
rotors, thermal and mechanical stresses were used to propagate existing
cracks or, in some detectable way, change the flaw population. Acoustic-
emission data have been accumulated with commercially available equipment.

A schematic of the equipment used is shown in Fig. 48.

Seaiin. T CuAssicAL An Acoustic Emission
SCOPE —Eé?sum Technology Model 201 signal
AMPLITUDE processor and Model 203
bl e amplitude-distribution analyzer
REC. (ADA) were used along with
SIGNAL a Biomation 8100 transient
PaRgeR recorder Tcktronix 7904
TRANS IENT MiNi : g
REGHEDER |~ | COMPITFR oscilloscoupe and TL5 spectrum
analyzer. This electronic
TRANSDUCER MAG. | | SPECTRUM equipment allows single AE
THERMAL TAPE ANALYS1S
7" 3TRES3 events to be captured and
analyzed (transient recorder,
oscilloscope, and spectrum
MECHANICAL . .
STRESS analyzer) or distributed
according to amplitude (using
Fig. 48. Schematic Diagram of Experimental Apparatus the ADA). Total AE activity

for Acoustic-emission (AE) Experiments can be recorded by using the

root mecan square or the Lolal
counts output of the signal processor. The number of counts is the number of
times the radio-frequency (rf) output level exceeds a preset threshold level.
The system also can record data on magnetic tape, and data from the trans-
ient recorded can be inputted to a NOVA 2 minicomputer for storage and
analysis.

Most AE data were generated by thermally stressing an individual
blade with a butane torch. Signals are generated because of flaw propagation,
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initiation, or frictional motion of defect surfaces. A constant flame length

plus constant heating time ensured reasonably reproducible thermal stressing.
Mechanical loading of the blades to stress them was difficult and beyond the
scope of this effort. Unwanted spurious signals are generated from the sample
loading and mask the AE signals from flaws. Thus, mechanical-loading ex-
periments were terminated, and all AE data presented are the result of thermal
stressing.

Figure 49 shows the apparatus used to acquire the AE data. The blade
ring tested was placed on a reaction-sintered SN stand (attached to the stand
with a shear wave couplant)
with an SN waveguide. The
transducer (175 kHz) was
epoxied to the top of the wave-
guide. As a result, signals
generated because of differential
thermal contraction between
the stand and blade ring were
virtually nonexistent.

B. Results

In these tests, an in-
dividual blade was heated for
about 20 s, reaching about
900°C (determined by a
pyrometer). About 50% of the

Fig. 49. Photograph of SN Rotor, SN Stand, Amplitude- blade starting from the blade
distribution Analyzer, and Signal Processor for tip was red hot. Most of the
Acoustic-emission (AE) Experiments. ANL blade ring, however, was only
Neg. No. 306-77-497. slightly warm to the touch during

the data-acquisition period.
During the heat-up and cool-down cycle, AE signals were detectable for about
1 min. The most significant AE data, and that reported here, are total counts
and the amplitude distribution.

Figure 49 shows the apparatus used. If the center of the blade ring
is not cut out, the stand is inverted and the rotor is placed on top. The ability
of AE monitoring to distinguish between flawed and flaw-free blades is dem-
onstrated in Fig. 50, which shows the amplitude-distribution curve for heating
and cooling cycles of blades 16 and 20 of ring 1957. Blade 16 had a crack
about 13 mm long extending from the blade tip to the center of the blade
(see Fig. 51). This crack wasintroduced to the specimen by thermal shock
(heat blade to 900°C; quench in water). Blade 20 had no known flaws.

The ADA divides the signal-amplitude dynamic range of 60 dB into
50 channels. Channel 0 is set at 10 mV and channel 50 at 10 V. These
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channels store signals received from the preamplifier, which has a gain of
40 dB. The number of events per channel (classical) or the cumulative sum
from a particular channel through all higher channels can be displayed.

Total Ring Down Counts

280
Fig, 50
Amplitude~distribution-data Cumulative
Log and Total Counts for Thermal Stressing
of Blades 16 and 20 of Ring 1957. ANL
Neg. No. 306-77-482.
0

blade 16
Fig. ol
Blades 16 and 20 of Blade
Ring 1957. ANL Neg.
No. 306-77-490.
blade 20

Figure 50 shows the log of the cumulative display for channels 1-18.
The cracked blade has a significant amount of data through the first 13 channels
and a "total count" of 280. Blade 20 shows no counts and some data (probably
spurious signal) from the cumulative log plot. The ability to identify this size
and type of a flaw is clearly demonstrated. However, the ability to detect known

cracks (up to 1 mm long) at the blade root has not yet been clearly demonstrated
in similar tests.



No reproducible difference in AE data was noticed between blades with

and without root cracks.

Perhaps this problem can be resolved by the use of

"quiet" mechanical-loading fixtures which can apply larger stresses at the
blade root than have been generated in the thermal-stress experiments. In
addition, testing has shown that AE data do not necessarily correlate with
results of acoustic impact testing.

Interpretation of AE data is rather complex.

Figure 52 shows amplitude-

distribution data (classical display) and total counts for five blades of ring 2319.
Blade 23, while showing a high total count, has only two events indicated.

Total Ring Down Counts

156

230

Fig. 52

Acouslic—emission Amplitude-
distribution Data and Total
Counts for Five Blades of Blade
Ring 2319. ANL Neg.

No. 306-T77-485.

Blade 31, which has a very low total count, has many
events displayed in the ADA display. The lower-
amplitude events have fewer counts associated with
them. Since blade 23 has higher-amplitude events
than blade 31, the data are at least internally consistent.
Blade 26 (which is chipped at the blade tip) shows no
AE activity, whereas in acoustic impact testing, this
blade is shown to be particularly poor.

C. Summary

Acoustic-emission data, while potentially
useful, are difficult to interpret and apply to ceramic
rotors. A great deal of information in AE data may
pertain to the condition of the components tested. At
this time, in order to use AE data to detect critically
sized flaws in a finished ceramic rotor, considerable
study will be required to correlate the data with the
presence of flaws and their size.

VI. ACOUSTIC-IMPACT TESTING

In acoustic-impact testing (shown schermnatically
in Fig. 53), a component is excited by striking it. The
subsequent ringing, involving a time-varying combi-
nation of damping and frequency content, may indicate
the quality of the component and may suggest the
presence or absence of anomalies. This technique
depends heavily on reproducible impacting and
guantitative analysis. If the specimen geometry and
contraints are constant during component testing, a
shift in the resonant frequencies may indicate a
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density or elastic-modulus change as well as the presence of a flaw (e.g., crack).
The technique is difficult to apply [or detection of small defects, as tolerable

variations in fabrication may cause impact-response changes comparable to
those caused by the defects.
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0SCILLOSCOPE More complete discussions
- of acoustic-impact testing appear
IMPACT RREcg?%'DER in Refs. 34-36. In the paper by
)))M'C‘i_l(f’“o"":- Lloyd et al.,*® the quality of ceramic
)
SPECTRUM ANALYZER plates is shown to be related to
BLADE measurements of filtered response

RING
decay.

TAPE A. Procedure
~RECORDER ————————

In this study, the audible
spectrum of a ringing ceramic
rotor blade is interpreted fo in-
dicate the blade quality Far the current testing, a couveuienl method was
found to excite the vibrational modes of the single rotor blade. This is shown
schematically in Fig. 53. A mechanical-pencil lead was broken at the edge
of a blade, causing 1t to ring. This simple, inexpensive technique was found
to be reasonably reproducible and is discussed in Ref. 37.

Fig. 563. Schematic Diagram of Acoustic-
impact-testing Techniquc

A tape recorder, a Biomation 8100 Transient Recorder, and a
Tektronix 7904 oscilloscope with a 7L5 Spectrum Analyzer wecre used to

‘obtain the data for acoustic-impact testing. The sampling rate of the transient

recorder was 10 ps. This allowed 20 ms of data to bc recorded. The data

are played back through the spectrum analyzer in 1 ms. Thus, the actual
frequency is 20 times less than indicated on the oscilloscope trace. The
frequency range of interest was 1-20 kHz. The rf trace is shown simultaneously
with the spectral data given in Fig. 54.

blade 20

Fig. 54

I'requency Spectra of Blades 16 and 20
of BladeRing 1957, Indicating Variation
in Blade Quality. Blade 16 has a tight
radialcrack from theblade tipto about
midway between the blade tip and blade
root. ANL Neg. No. 306-77-484.

blade 6
(cracked)
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B. Results

Figure 51 shows blades 16 and 20. Blade 16 has a tight radial crack
from the blade tip to midway between the blade and root. Blade 20 has no
obvious flaws. A relatively pure
signal at about 8 kHz is observed
for the clean blade, whereas many
frequency components are observed
for the cracked blade in the range
1-10 kHz (Fig. 54).

Representative data from
five other blades of ring 2319 have
been taken. The intact blades have
relatively pure spectra, whereas the
broken blades do not. The fact that
one spectrum from a broken blade
is relatively clean, is surprising.
A broader peak than normal does
indicate more damping however. In
addition, some blades have small
(0.5-1-mm-long) cracks at the root
of the blade. A comparison of these
and evidently defect-free blades
showed no reproducible difference in
frequency spectra. The lack of sensi-
tivity, except for some types of cracks,

100y | W2 :

Fig. 55. Six Consecutive Impacts (Using pencil-lead

technique) and Resulting Frequency Spec— is clearly evident. The reproducibility
trum from Blade 12 of Blade Ring 2319. of the spectra produced by impact test-
ANL Neg. No. 306-77-486. ing is shown in Fig. 55.

In principle, the frequency-spectra data in the acoustic-impact testing
can be calculated from a theoretical model that assumes a resonance frequency

for the rotor blade in a cantilever mode of vibration.’® The equation used is

o Eb?
2 12pd*
where
E = 300 x 10'° dynes/cm?® (modulus of elasticity),
o = 2.7 g/cm’ (blade density),
b = 0.2 cm (average thickness ol taper),

4 - 2.5 cm (length),
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and

>
I

11.7 (geometric factor for fundamental mode with thickness
tapered from 3b to b).

The result is

f 9.8 kHzZ.

calc ~

The calculated resonance frequency of 9.1 kHz is close to that of the
observed frequency of 8 kHz.

C. Summary

The data obtained here indicate that, although acoustic-impact testing
may be useful as a quick and inexpensive test for indicating the overall quality
of the rotor blades, it may not be sensitive enough to detect the small flaws
that may lead to failure. More sophisticated techniques for exciting the blades
(improving reproducibility of impact) could lead to an analysis in which small
frequency shifts or components can be related to defects. At present, these
shifts cannot be related to small defects.

VII. POSSIBILITY OF FLAW DETECTION BY
MFEASUUREMENT OF VIBRATIONAL DAMDIING

This section considers the feasibility of measuring vibrational damping
and relates the data to the presence of flaws or component quality.>’

A. Impacting Individual Blades

For small amplitudes of vibration, any fairly rigid body vibrates as a
harmonic oscillator. Consider a body of mass m and stiffness (restoring
force) k displaced from equilibrium in the x direction an amount x, and then
reloasced (sce Tig. 506).

‘I'he equation of motion is
m¥ = -lkgx. (71)

The body will vibrate forever at the natural frequency

k
Wo = ’\/—_rr% = ZTTfo. (72)

Schematic Diagram Note that the frequency of vibration is directly related
for Blade Vibration to the stiffness or modulus of the system.

Fig. 56



If the vibratory motion is damped by flaws and external and/or internal
friction and if the damping is not severe, then it is usually assumedthat (1) all
three dissipative phenomena can be lumped into a damping parameter R
and (2) the energy dissipated is directly proportional to the velocity of the
body x (viscous damping). Thus, the equation of the viscously dampedharmonic
oscillator in free decay is

mk = -kx - Rx. : - (73)
The solution of the equation indicates that x, the instantaneous amplitude of-

vibration of the oscillator, will decay exponentially with time (see Fig. 57).
- That 'is, .

»
[

X = X, exp(—%t) cos(w;t + o), (74)

AMPLITUDE

@ is a phase angle (constant of integration)

and

Fig. 57. Damped Oscil- w; is the natural frequency of a damped, un-
lation for Blade driven oscillator. '

It can be shown that

/ R? k :
w; = U.)(z) - = ,\/_—-l- = ZTTfl. (75)
4m m . ‘

Note that w; < wg; the damped oscillator vibrates at a lower frequency than the
undamped one. Hence a valid measure of damping in a system'is the decrease.
in natural frequency.

Note also that k, < kg; the damped system has a lower stiffness than
the undamped one. This phenomenon is referred to as the "modulus defect,"
which always accompanies flaws or internal friction. Thus,

Myndamped ~ Mdamped

Muyn damped

‘M = modulus defect =

, | (76)

where
M = any modulus.

. Consider xp, _th'e, amplitude of vibra‘;idn at time tn, and xn+1, the amplitude of
vibration one period later. Then, '
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Xn  _ exp[(-R/2m)ty]cos(w,tn + o)
Xnn1  expl(-R/2m)(ty + ,)]cos[w(ty + ) + 9]

where

T, T period = l/fl.

The cosine terms cancel, since they differ by one period, and the tn‘in the
exponents cancel, so that-

R:
Xn = exp_i = e6 N (78)
Xn+1 2m
and
R
,Ln.i.n_ -6 =—1L= logarithmic decrement : : (79)
- ¥n+ Zm ‘
= damping.

Note that the ratio of two successive amplitudes defines a quantity 8, also

called the "damping," which is directly proportional to the dissipative ability
of the system R. ‘

It can be shown that

5 = AW energy lost in one cycle of vibration
" ZW = 2xaverage vibrational energy per cycle
. Rny (80)
2m

Note also that damping, period, frequency. and madnius are all intor-
connected. Measurement of one provides a measuremecnt of the others.

B. Resonance of Entire Assembly

The body behaves as a damped, driven harmonic oscillator when driven

at various frequencies near the frequency of resonance. Its equation of motion
is ‘

m% + Rx + kx = Fy cos wt, (81)

where F, cos wt is the oscillatory drive function. The response of the body is
as shown in Fig. 58. The response or amplitude of vibration is at a maximum

- for w = Wresonance = Wz
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. 2
W, = (.D% - 5— = ﬁ . (82)
2m? m

Note that, since damping exists and R is finite,
W, < w; < wp |
and
k, < k; < kg,

so once more the modulus defect is (k, - k;)/k,.

Fig. 58

> W Response of Blade Driven at
Frequency near Resonance

AMPLITUDE

The damping of the body can be shown to be defined by Aw = W - Wa,
the width of the resonance response curve at half maximum. We can also -
show that '

T, = 1/f.

Note the similarity of this expression for 8 to that of Eq. 79 for the damped,
undriven oscillator.

If the body is driven at resonance (w;) and then the applied oscillatory
driving force is removed, the vibration will decay in a manner similar to the
discharge of a capacitor (see Fig. 59). The decay is e-®t, and the decay
constant T4 is the time for decay to e-! of the resonance. In this case, it can
be shuwu that :

T . .
5 = fl, =%=—3-. | - (84)
z'l'd 2 Ta

Here, the damping is characterized by o = -ral and hy f,; both quantities are
easily measured. Moreover, the modulus defect n is still characterized by
f,< £,
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Fig. 59

l
Vv -
Decay of Vibration after

Driving Force Is Removed

AMPLITUDE
—
——
—
=2
-
>

~ REMOVE Fycos wyt
AT RESONANCE

In the case in which a body is initially at rest and then forced into
resonance by applicatiori of "burst" of Fy, cos w,t, the body behaves as a capac-
itor being charged, as shown in Fig, €0. where Ty = huildup timne constant -
time to build'to 1 - e~! of maximum amplitude.

BEING CHARGED

->| Ty =—

énnllﬂﬁ/f/fﬁﬁ
AL

F t APPLIED Y-BODY REACHES
0908 vy STEADY STATE

‘Fig. 60

Response of Body Initially at Rest,
Then Forced into Resonance

AMPLITUDE

It can be shown that

. 1
§ =

. 85
szb ( )

Thus, the damping is charactcrised by'Llw Luildup time constant 1y,
and f,; both quantities easily measured. The modulus defect N is characterized
by fz

In all three resonance cases (Egs. 73-75), and.in the plucked case,
§ = AW/2W.

C. Summary of Measurement Procedurés

1. Free Decay from Impact

Measure ratio of two successive amplitudes (xn/Xp4,) and natural
frequency wj.

x
n 2m
6 = 4dn —, w; = —.

En+1 T,
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If the blade has a flaw, vibrations will decay faster and with a lower
value of f;. In Sec. D below, the magnitude of those effects is estimated

2. Driven Body near Resonance

Measure the width of the resonance responée curve at half:
maximum: ‘ '

6 = ; wy = — = 2mf,.
w2 Ty

If the assembly has flaw(s), it will show a broader resonance peak and
a lower value of f, than a "perfect" assembly. o

3. Driven-body Decay from Resonance

Measure the decay from resonance:

1 2
f_'r; Wy = —T—- = ZTsz.'
2 d . 2

8 =

"If the assembly has flaws, vibrations will decay faster and with a lower
value of f, than a "perfect" assembly.

4. Buildup of Body to Resonance

Measure buildup characteristic time r_ and f;:

If the assembly has flaws, it will build up faster and have a lower
resonance frequency than a perfect assembly.

D. Estimation of Magnitude of Effect

Materials typically show § in the range of 1072 to 10~°. Typical metals
show 6§ -of 107> to 107%, and high-quality, flaw-free ceramics show § of 1075,

Consider an age-hardened aluminum alloy 2024-T6." At f, = 81,175 Hz,
it displays avalue of 8§ = 1.4 x 10™%, corresponding to a resonance response
peak width Af = 4.0 Hz.

With a slight change in processing, the exact same specimen shows f, =
81,185 Hz and 6§ = 2.0 x 10'4, corresponding to a peak width af = 4.2 Hz._

Thus, minute changes in the internal structure of material, smaller
than microcracks, produce changes in 6 of 1-1000%. These changes may be



76

easily measured in specimens of simple geometry.A As § decreases, f, must
decrease by way of the modulus defect phenomenon. Changes in f, of the order
of one part in 10% or 10* occur and are easily measured.

E. Conclusion

In principle, measurements of damping and resonance or natural fre-
quency capable of detecting microflaws in the turbine blade assembly.

The major difficulties to be overcome are establishing a suspension
system for the assembly and a driving technique. Furthermore, the ability
to obtain reproducible data on the same specimen must be established. In
addition, variation in measurements between specimens, not due to the
presence of critical flaws, may make data interpretation difficult.

VIII. SUMMARY

Several nondestructive-evaluation techniquos were examined for their
effectiveness in examining silicon nitride gas-turbine rotors. Preliminary
experimental results were obtained from holographic interferometry, acoustic
microscopy, dye-enhanced radiography, acoustic emission, and acoustic-
impact-testing techniques. Internal friction measurements were considered
from a theoretical point of view as a way to evaluate ceramic rotors.

Holographic-interferometry techniques were shown to be capable of
detecting surface cracks as small as 750 pm at the bladc root. With improved
techniques, cracks as small as 100 pm long should be observable. Acoustic-
microscopy techniques were shown to he capahle of detecting suhsurface
defects in rotor blades as small as 100 um. In one example, the detection of
a 400-pm flaw was confirmed by radiography. In another example, a flaw
detected by acoustic microscopy was confirmed by metallography. The
acoustic images were shown to be indicative of the general extent of porosity
as there was a fair correlation between micrographs of two blade cross ‘

sections and the acoustic images. Flaws smaller than 100 pm apparently can
be observed.

Dye-enhanced radiography techuiques were used to find surface cracks
that were apparently only 100 um deep. This capability was established by
comparing a micrograph from a blade with the dye-enhanced radiography
results. Acoustic emission and acoustic-impact-testing techniques will re-
quire more effort to determine if they can reliably detect critically sized
flaws (100 pm) in silicon nitride rotors. These techniques could be useful,

however, as a rapid test for the overall component quality at various stages
in the fabrication procedure.



The use of internal friction measurements as a way to monitor rotor
quality was considered from a theoretical point of view. Although potentially
small defects can be detected, the rotor geometry and variable acoustic prop-

erties between rotors may prevent effective use of this technique.

Table 11

summarizes these methods in terms of their adaptability and effectiveness.

TABLE II. NDE Techniques for Silicon Nitride Rotors
Level of
Adaptability . Difficulty to
1
to Rotor Flaw Detgctlon Detect Critically
Method Geometry Surface Subsurface Sized Flaws Comments

Dye-enhanced Excellent x Moderately low Can reveal flaws not visible

radiography by ordinary X-ray optical or
dye-penetrant methods. Very
promising.

‘Acoustic Fair x x Low Overall quality of component as

microscopy well as specific defects can be

- observed. Limited to 3-mm-thick

specimen in RB, 6-mm-thick
specimen in HP technique.

Holographic Good x ? Moderate Probably adaptable to automatic

interferometry ’ scanning.

Acoustic Fair x x High Data interpretation very difficult,

emission relies on flaw population change
during test to release acoustic
energy for {flaw indication.

Acoustic im- Good x x High Indicates overall component

pact testing quality.

Internal Poor X x High Particularly difficult to adapt

friction to rotor inspection.

From these preliminary results, the most promising technique ex-
amined in terms of cost, effectiveness, and ease of application was found to

be dye-enhanced radiography.

More effort, however,

is needed in this as well

as the other two promising techniques (holographic 1nterferometry and acoustlc
microscopy) ‘to completely esto.bhsh their cffectiveness.

Minimum detectable flaw sizes and reliability have to be es‘tablished

by .correlating indications with micrographs showing actual flaws.

These

techniques have been tried on blade rings and should also be applied to com-
plete duo-density rotors.

From this effort it is apparent that one technique may not be capable

. of detecting all critical flaws in ceramic rotors.

A combination of several

techniques for detecting surface and subsurface defects, cracks, and porosity
may be necessary to reliably evaluate silicon nitride rotors.

77
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