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SUMMARY

The ability of scanning laser acoustic microscopy (SLAM) to characterize
artificially seeded voids 1n sintered silicon nitride structural ceramic
specimens was Investigated. Using trigonometric relationships and Alry's
diffraction theory, predictions of Internal void depth and size were obtained
from acoustic diffraction patterns produced by the voids. Agreement was
observed between actual and predicted void depths. However, predicted void
diameters were generally much greater than actual diameters. Precise diameter
predictions are difficult to obtain due to measurement uncertainty and the
limitations of 100 MHz SLAM applied to typical ceramic specimens.

INTRODUCTION

Structural ceramics such as silicon nitride ($̂ 4) and silicon carbide
(S1C) are candidate materials for hot section components 1n conventional and
advanced heat engines (refs. 1 to 4). These materials have several advantages
over presently-used metals Including the ability to withstand higher operating
temperatures (leading to Increased fuel efficiency), greater resistance to
corrosion and erosion, and an abundant, Inexpensive, and nonstrateglc supply
of raw materials from which to form them (refs. 1 to 3). Structural ceramics
exhibit wide variability 1n strength and low fracture toughness due to their
brittle nature (refs. 3, 5 and 6). Failure 1s generally attributed to discrete
flaws such as mlcrocracks, voids, Impurities, and oversized grains (refs. 7 to
11). The relationships between fracture strengths and flaw types, sizes,
shapes, and locations are being actively Investigated for structural ceramics
(see fig. 1). Therefore, the ability to accurately characterize existing flaws
1n these materials by nondestructive evaluation (NDE) techniques has become
extremely Important.
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Figure 1. - Relations between fracture strength
and flaw size for various types of flaws in sil-
icon nitride. Reprinted by permission of the
publisher from "ASPECTS OF THE RELIABILITY
OF CERAMICS," pp. 63-80 IN DEFECT PROPER-
TIES AND PROCESSING OF HIGH-TECHNOLOGY
NONMETALLIC MATERIALS, copyright 1984 by
Elsevier Science Publishing Co., Inc.

Scanning laser acoustic microscopy (SLAM) 1s being evaluated as a poten-
tial NDE technique for characterizing flaw populations 1n structural ceramics
(refs. 10, 12 to 14). Recent studies have Investigated the reliability of
SLAM for detecting voids 1n structural ceramic specimens (refs. 13 and 14) and
the ability of SLAM to quantitatively characterize flaws 1n various materials
(ref. 15). The former studies showed SLAM capable of reliably detecting voids
over a wide size (30 to 430 ym) and depth (0 to 2 mm) range 1n sintered 513̂ .
The latter study showed flaws embedded 1n homogeneous glass and plastic
specimens to produce acoustic diffraction patterns that closely agree with
those predicted theoretically; this Indicated that SLAM may be useful for
accurately characterizing (size, shape, and depth) flaws 1n ceramics. SLAM 1n
the configuration studied 1n references 12 to 15 can generally Inspect only
sintered specimens having nearly flat and parallel surfaces. It 1s therefore
presently useful for Inspecting specimens such as modulus-of-rupture bars.
Systems utilizing similar laser-acoustic technology may eventually be developed
to Inspect components having complex shapes.

This report describes a study 1n which the ability of 100 MHz SLAM to
determine the size and depth of Internal voids 1n sintered $13̂  specimens
was Investigated. The specimens contained artificially Implanted voids cover-
Ing a wide size (20 to 430 ym) and depth (0 to 2 mm) range. Discrepancies
between actual and predicted values are discussed.

PROCEDURE

Specimens

Sintered $13̂  (SSN) specimens containing seeded Internal voids were
fabricated using the processing steps shown 1n figure 2 and described 1n detail
1n reference 16. Briefly, plastic mlcrospheres of various sizes were embedded
1n green specimens and later burned out to create voids within sintered speci-
mens. During formation of a specimen, a powder layer with the mlcrospheres



exposed to the surface was photographed so that approximate planar positions
of the resulting voids would be known for SLAM Inspections.

-100 MESH Si3N4 POWDER
+ SINTERING AID POWER

POWDER PLACED IN DIE

NOMINALLY 530, 320, 115, 80,
OR 50 Mm DIAMETER PLASTIC
SPHERES PLACED ON POWDER

MICROSPHERE POSITIONS
PHOTOGRAPHICALLY RECORDED

MICROSPHERES COVERED
WITH POWDER AND PRESSED
AT 120 MPa TO FORM GREEN
TEST BAR

BAR ISOPRESSED
AT 420 MPa

BAR HEATED (45-60 min
HOLD AT550°C) UNDER
VACUUM TO BURN OUT
MICROSPHERES

Si3N4 SINTERED

2140 °C
2hr
5 MPa N2 PRESSURE

Figure 2. - Fabrication of the sin-
tered silicon nitride test speci-
mens with seeded internal voids.

Twelve seeded voids 1n seven SSN specimens were characterized according
to size and depth using SLAM. The SSN specimens, similar 1n shape to modulus-
of-rupture (MOR) test bars, are described 1n detail 1n Table I. They were
approximately 100 percent of theoretical density and the average grain size
was approximately 0.5 to 1.5 ym. The specimens were alternately ground (to
remove material) and Inspected with SLAM so that the seeded voids were posi-
tioned closer to the ground surface after each grinding step. In this manner,
void sizes and depths could be predicted experimentally for various void posi-
tions beneath the surface. The surface grinding procedure was performed by
hand using a 15, 30, or 45 ym (depending on the amount of material to be
removed) diamond disc attached to a rotating metallographlc polishing wheel.
As a result of this procedure, the maximum peak-to-valley surface roughness of
the ground surface varied from 0.5 to 3.5 ym depending on the specimen and
Inspection but was always relatively ordered (unidirectional). The opposite
surface was left 1n the as-fired (unground) condition. Its maximum peak-to-
valley surface roughness varied from 3.0 to 7.5 ym depending on the specimen
but was randomly oriented for all specimens. The specimen thickness, measured
after each grinding step using a digital micrometer accurate to 1 ym, varied
from 2 to 4 mm.
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ORIGINAL PAC£ p
OF POOR QUALITY

The seeded Internal voids were ultimately exposed to the surface by
grinding. At this point, the void dimensions were measured optically and the
void depths at the various SLAM Inspections were determined (see fig. 3).

LASER-SCANNED SURFACE -

LASER

SPECIMEN

T
DIMENSION
PARALLEL
TO PRESSING
DIRECTION

1

DEPTH BELOW LASER-
SCANNED SURFACE

-VOID

DIMENSION PERPENDICULAR TO
PRESSING DIRECTION

= VOID DIAMETER

(a) Illustration showing definitions of void diameter and depth of void below
the laser-scanned surface. Voids had an ellipsoidal geometry.

(b) Scanning electron micrograph of void approximately
30 MJTI in diameter exposed to the surface.

i d .

, 100,m ^S^F

(c) Optical micrograph of void approximately 400 urn
in diameter exposed to the surface.

Figure 3. - Seeded voids in sintered silicon nitride specimens.



The voids were ellipsoidal (ref. 16) with the dimension of the void perpen-
dicular to the specimen pressing direction always larger than the dimension
parallel to the pressing direction. The larger dimension was taken to be the
void diameter. Void depth at a particular SLAM Inspection was determined by
subtracting the specimen thickness at which the void was ground open to the
surface (to approximately the center of the void) from the thickness associated
with the particular Inspection. The voids ranged from 20 to 430 ym 1n diameter
and were positioned at depths ranging up to 2 mm below the surface. The esti-
mated uncertainties 1n the actual dimension and depth measurements were
approximately *10 and ±5 percent, respectively.

Scanning Laser Acoustic Microscopy

The SLAM apparatus used for Inspection of the ceramic test bars 1s
shown 1n figure 4 and described 1n detail 1n references 12, 13, and 17.

RECEIVER

DYNAMIC RIPPLE

GOLD REFLECTIVE FILM _.

WATER
COUPLANT

SCANNING LASER

/l\ ,-COVERSLIP

v \ Vl\ -''\ \ X I \ r CERAMIC SPECIMEN WITH
/ SEEDED INTERNAL VOIDS

-LASER-SCANNED SURFACE

iî SS^T

IlNCIOENTl PIEZOELECTRIC
TRANSDUCER, 100 MHz I
SLAM STAGE

Cutaway view of stage area showing inspection technique for cer-
amic specimens. Note that the surface of the specimen being
scanned by the laser is defined as the "laser-scanned" surface.

DEMODULATOR AND
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IMA(
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COVER
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GENERATOR
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(a) Schematic diagram of scanning laser acoustic microscope.

Figure 4, - Scanning laser acoustic microscopy.
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Briefly, continuous 100 MHz ultrasonic waves traveling through the specimen
produce m1crod1stort1ons on the specimen surface opposite the Incident sound
source (surface nearest the laser). In this Investigation, this surface was
diamond ground (as described previously) and 1s herein defined as the laser-
scanned surface. The distortion pattern, determined by the mlcrostructural,
bulk, and surface features of the material, 1s transmitted via water coupling
to the reflective coating of a plastic coversllp placed on the specimen. A
laser beam constantly raster scans an approximately 2.0 mm by 1.8 mm area of
the coversllp. The laser beam, angularly modulated by the distortion pattern,
1s reflected to a photodetecter and converted to an electronic signal. In
this manner, an "acoustic" Image of the specimen, including surface and Inter-
nal flaws such as voids, inclusions, and cracks, is obtained and displayed on
a video monitor in real-time at approximately lOOx magnification.

The acoustic Image of an Internal flaw often consists of a diffraction
pattern as shown 1n figure 5 rather than a facsimile image of the flaw
(refs. 15, 17 and 18). In this case, It 1s especially difficult to charac-
terize the flaw. However, techniques have been Investigated from which 1t 1s
theoretically possible to predict flaw shape, size and depth using acoustic
diffraction patterns (refs. 15, 17 to 19). The central maximum, first minimum,
and uncertainty associated with the first minimum (2a-|, 233) are highlighted
1n figure 5 for the diffraction pattern of a naturally occurring subsurface
void 1n glass.

Figure 5. - Acoustic image of naturally occurring subsurface
spherical void in glass.



Void Depth Prediction

A stereoscopic method using the acoustic Images obtained with SLAM has
previously been used to determine the depth of Internal flaws 1n various
materials (ref. 17) and 1s shown 1n figure 6. With this method, void depth,
x, Is given by

x = 2 tan 8 (1)

where

9. = P - P180 0 (2)

PQ 1s the Initial position of the acoustic diffraction pattern of the void
and PISO is the position of the diffraction pattern of the void after
rotating the specimen 180° about PQ. In this Investigation, 8. was
determined by

9. +9.*I = (3)

as shown 1n figure 6.

SCRIBES ON REFLECTIVE
COATING OF COVERSLIP
ARE ACOUSTICALLY
IMAGED AND USED AS
REFERENCE -

-LASER-
\ SCANNED

\SURFACE

ULTRASOUND, V

180
(b) Setup after 180°

specimen rotation
about P,0-

Figure 6. - Schematic diagrams showing principles of stereoscopic method
used to determine depth of flaw beneath sample surface. PQ and P180

are positions of flaw images (I = PjgQ - Pg).



Bc 1s the angular direction of the ultrasound 1n the ceramic and can be
determined using Snell's law (ref. 20) or the shadow method described 1n
references 15 and 17. For purposes of comparison, both methods were used to
determine 8C 1n the SSN specimens. Void depth and diameter predictions
were then obtained using both values of Bc. Using Snell's law

Bc = sin-1 sin B. (4)

where 6W 1s the angular direction of ultrasound 1n the water couplant, and
Vw and Vc are the velocity of ultrasound 1n the water and ceramic, respec-
tively. In this study, Bw = 10°, Vw = 0.149xl0

6 cm/sec, and Vc for each
SSN specimen was measured using a cross correlation method (ref. 21). Both
longitudinal and shear velocities were measured. According to equation (4),
however, only the shear wave component 1s utilized 1n the SSN with Bw = 10°
(I.e., 10° exceeds the critical angle for the water-SSN configuration 1f longi-
tudinal velocities are substituted for Vc). Substituting equation (4) Into
equation (1), the predicted void depth using Bc obtained with Snell's law 1s

x =

2 • tan sin-1 sin B

(5)

The configuration for the shadow method 1s shown 1n figure 7(a). A
rectangular groove or channel cut Into the specimen surface as shown 1n
figure 7(b) prevents ultrasound from reaching a limited area of the surface.
This area, which shows up as an extremely dark (low-sound-intensity) region
compared to adjacent areas 1n the acoustic Image as shown 1n figure 7(c), Is
defined as the shadow region. Using the shadow method

BC = tan-1 (6)

where L 1s the length of the shadow region and H 1s the height of the
channel. In this study, channels approximately 1 mm high were cut Into the
specimens (see fig. 7(b)) with a circular diamond blade. The channel corners
were rounded due to the shape of the blade and H was determined by

H

H = l
(7)

as shown 1n figure 7(b). The shadow region was not precisely defined and L
was determined by

L = ] o 2 (8)

as shown 1n figure 7(c). Substituting equation (6) Into equation (1), the
predicted void depth using Bc obtained with the shadow method 1s

x = a. • H
(9)
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TRANSDUCER^'

SHADOW
LENGTH,

INCIDENT
LASER BEAM

CHANNEL
HEIGHT, H

L CONTINUOUS-WAVE
ULTRASOUND

(a) Schematic diagram showing shadow region produced when ultrasound
encounters rectangular channel in laser-scanned surface.

(b) Optical micrograph of channel in sintered sili-
con nitride specimen.

Figure 7. - Shadow method for determining ultra-
sound direction, (3C.

(c) Acoustic images taken near channel 7 (b) showing shadow region. Continuous white
curve shows image intensity as a function of horizontal position.

Figure 7. - Concluded.
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Void Size Prediction

Fraunhofer diffraction conditions are given by reference 19 as

,2
x1 > (10)

where x1 1s the distance between a flaw of circular cross section and the
Image plane, d 1s the flaw diameter, and Xc 1s the wavelength of ultrasound
1n the ceramic. Assuming Fraunhofer diffraction, the flaw diameter can be
determined according to the A1ry relation (refs. 19, 20 and 22)

d =
1.22\c
sin e (11)

where e 1s the angle at which the first minimum of the diffraction pattern
occurs. Xc 1s determined by

v -7
where f 1s the frequency of ultrasound (100 MHz). As shown 1n figure 8,
e can be determined from

e = tan'1 I 777

(12)

(V)\ x V
(13)

FIRST
MINIMUM!

CENTRAL
MAXIMUM

rIMAGE
1 PLANE

INCIDENT
WAVE

INTENSITY

\
rr a~~
\\\v\
V

\̂\\ \\\

\

CIRCULAR
OBSTACLE
OR APERTURE

Figure 8. - Schematic of diffraction pattern produced by
circular aperture or obstacle assuming Fraunhofer
diffraction conditions.

11



where a 1s the distance between the central maximum and the first minimum.
The maxlmums and m1n1mums were not precisely defined and 2a (twice the distance
between the central maximum and the first minimum) was determined by

2a =
2al * 2a (14)

as shown 1n figure 5.

For our experiment, x1 1s the distance between the Image plane (laser-scanned
surface) and the flaw relative to the ultrasonic direction as shown 1n
figure 6.

x1 1s given by

x' = cos 13 (15)

Combining equations (4), (5), (11), (12), (13), and (15), the predicted void
diameter using Bc obtained with Snell's law 1s

1.22V.
d = esc tan'1 I f2- • tan sin'1 Jsln B • ]

w

• cos sin"
1

(16)

Combining equations (6), (9), (11), (12), (13), and (15), the predicted void
diameter using Bc obtained with the shadow method 1s

d =
1.22V

f ' CSC
/ r -i (m\-1 2a • L • cos Ltan VH/J

Un I l - H I (17)

Deviation and Uncertainty

The percent deviation 1n the predicted void depth was calculated from

- *
Dy = 100% (18)

where xa 1s the actual depth and Xn 1s the predicted depth. The
percent deviation 1n the predicted void diameter was calculated from:

12



Dd - l-V- *nOO%

where da 1s the actual diameter and dp 1s the predicted diameter.

Several measurements were required for void depth (I, H, and L) and
diameter (2a, 8,, H, and L) predictions using equations (9) and (17),
respectively. As shown 1n figures 5, 6, 7(b) and (c), these measurements had
uncertainty associated with them. The uncertainty 1n the predicted void
diameter due to the uncertainty 1n the required measurements was obtained
using equation (17) and the variance relation (ref. 23) to give

with percent uncertainty given by

I°J
Ud = dl 100% (21)

I u |

where

A2a = 2a2 - 2a] (22)

AH = 12 - 11 (23)

AL = L0 - L, (24)

and

AH = H2 - H] (25)

as shown 1n figures 5, 6, 7(c), and (b), respectively.

RESULTS AND DISCUSSION

Void depth and diameter predictions using SLAM are given for four repre-
sentative voids from four different specimens 1n tables II and III, respec-
tively. The four voids, 403, 252, 139, and 30 ym 1n diameter, were Inspected
at depths ranging from approximately 250 to 1900 ym, 100 to 1500 ym, 100 to
900 ym, and 50 to 125 ym, respectively. The largest depth given for each void
represents the depth below the laser-scanned surface at which the void was
first detected (depth at which the first minimum of the acoustic diffraction
pattern was Initially observed) (ref. 14). The smallest depth represents the
depth at which the acoustic diffraction pattern became slightly disordered and
the distance 2a was difficult to determine.

13
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TABLE II. - PREDICTED VOID DEPTHS USING SUM

Actual void
d i ameter(gin)

403

252

139

30

Actual
void depth

(urn)

1897
1517
1176
859
554
361
263

1473
922
568
253
141

870
686
507
307
197
148

116
89
79
67
52

Shadow method

(deg)

47.6

45.9

51.8

42.9

depth
(urn)

1917
1447
1196
817
580
393
320

1519
942
616
242
73

731
625
507
295
153
108

188
81
54
65
54

deviation
from actual

depth

-1.1
+4.6
-1.7
+4.9
-4.7
-8.9

-21.7

-3.1
-2.2
-8.5
+4.3
+48.2

+16.0
+8.9
0.0
+3.9
+22.3
+27.0

-62.1
+9.0
+31.6
+3.0
-3.8

Snell 's law

(deq)

45.3

44.9

45.6

44.5

depth
(urn)

2078
1568
1296
886
628
425
346

1568
972
636
250
75

911
738
632
367
191
135

180
76
51
61
51

deviation
from actual

depth

-9.5
-3.4
-10.2
-3.1
-13.4
-17.7
-31.6

-6.4
-5.4
-12.0
+1.2
+46.8

-4.7
-7.6
-24.7
-19.5
+3.0
+8.8

-55.2
+14.6
+35.4
+9.0
+1.9

TABLE III. - PREDICTED VOID DIAMETERS USING SLAM

Actual void
d i ameter

(urn)

403

252

139

30

Actual
void depth

(um)

1897
1517
1176
859
554
361
263

1473
922
568
253
141

870
686
507
307
197
148

116
89
79
67
52

Shadow method

g
(deg)

47.6

45.9

51.8

42.9

Predicted
diameter

(„!.)

1113
1035
1080
894
901
861
792

1132
751
790
419
228

624
558
467
504
571
495

211
144
135
148
157

Percent
devi ation

from actual
diameter

-176.2
-156.8
-168.0
-121.8
-123.6
-113.6
-96.5

-349.2
-198.0
-213.5
-66.3
+9.5

-348.9
-301.4
-236.0
-262.6
-310.8
-256.1

-603.3
-380.0
-350.0
-393.3
-423.3

Snel 1 ' s 1 aw

B
(deg)

45.3

44.9

45.6

44.5

Predicted
diameter

(um)

1156
1075
1122
928
936
894
822

1150
763
802
425
232

686
613
513
554
628
543

206
141
132
144
154

Percent
deviation

from actual
d i ameter

-186.8
-166.7
-178.4
-130.3
-132.3
-121.8
-104.0

-356.3
-202.8
-218.3
-68.7
-7.9

-393.5
-341.0
-269.1
-298.6
-351.8
-290.6

-586.7
-370.0
-340.0
-380.0
-413.3

in predicted diameter
computer from Eq. (21)

148
129
160
93
156
142
147

383
182
289
143
112

246
250
119
226
302
291

484
518
311
442
387

Tables II and III 11st 23 predicted values determined using Bc obtained
from both the shadow method and Snell's law. Deviations from actual values
are also given. Additionally, the percent uncertainty 1n the predicted void
diameter determined from equation (21) 1s given 1n the last column of table III,
As shown 1n table II for each specimen, the values of Bc obtained with the
shadow method and SnelTs law were similar with the maximum difference
(approximately 13 percent) occurring for the specimen containing the 139 ym
void. It 1s therefore likely that both methods are valid for determining
ultrasonic direction (at 100 MHz) 1n fully dense structural ceramic specimens
having surface roughnesses and mlcrostructures similar to the specimens used
1n this study.

14



Void Depth Prediction

Table IV summarizes the agreement seen between predicted and actual void
depths.

TABLE IV. - AGREEMENT BETWEEN ACTUAL AND PREDICTED

VOID DEPTHS

between actual
and predicted

void depth

5
10
20
30
40
50
60
70

predicted depths with
less than corresponding

percent deviation

Shadow method

11
16
17
20
21
22
22
23

Snell's law

5
12
18
19
21
22
23
23

Using the shadow method to determine Bc, the 23 predicted void depths
deviated less than 70 percent from actual depths and 17 were within 20 percent
of actual depths. Using Snell's law to determine 8C, the 23 predicted void
depths deviated less than 60 percent from actual depths and 18 were within
20 percent of actual values. Obvious trends were not observed 1n the devi-
ations associated with predicted void depths as shown 1n Table II. The smal-
lest and largest deviations occurred randomly throughout the respective depth
ranges Investigated for each of the four voids. Uncertainty present 1n the
measurements of I, L and H (see eqs. (23), (24), and (25) and figs. 6,
7(c), and (b), respectively) used to determine void depth (see eq. (9)) may
account for the deviations.

Void Diameter Prediction

Predicted void diameters determined using Bc obtained from both the
shadow method and Snell's law deviated more than 100 percent from actual values
1n most cases as shown 1n the percent deviation columns of table III. The
deviations were as large as 500 to 600 percent 1n some cases with most predic-
ted diameters greater than actual diameters. The percent uncertainties 1n the
predicted void diameters determined by substituting the appropriate experi-
mental values Into equation (21) are of the same order of magnitude as the
corresponding percent deviations. Uncertainties 1n the measurement of 2a
(see fig. 5) and 9. (see fig. 6) were dominant 1n determining the uncertainty
In the predicted void diameter. Precise measurements of these quantities were
not possible making precise void diameter predictions difficult to obtain.

Figures 9(a) and (b) show theoretically expected percent uncertainties 1n
predicted void diameters as functions of true void diameter and depth. For
these figures, percent uncertainty was calculated from equation (21) using
varying values of void depth (0 to 1 mm) and void diameter (75 to 500 pro), and
fixed values of f, Bc, Vc, H, AH, L, AL, Al, and A2a. (The fixed
values were those experimentally obtained for the specimen containing the
403 ym void.) Figures 9(a) and (b) show that percent uncertainty 1n predicted
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void diameter Increases with Increasing void diameter and decreasing void
depth (as void approaches laser-scanned surface). In other words, larger
uncertainties 1n predicted void diameter are expected for larger voids
positioned closer to the laser-scanned surface while smaller uncertainties are
expected for smaller voids positioned further from the laser-scanned surface.
As examples, for a 500 ym void located 50 ym below the laser-scanned surface
and a 75 ym void located 1000 ym below the laser-scanned surface, percent
uncertainty 1s approximately 250 and 10 percent, respectively.

VOID DEPTH,

100 125 150 175
VOID DIAMETER, d, Mm

200

(a) Percent uncertainty versus void diameter for various
void depths.

Figure 9. - Percent uncertainty in predicted void diameter
determined from equation (21) as a function of void
diameter and depth.

8"
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75

200 400 600
VOID DEPTH, X,

800 1000

(b) Percent uncertainty versus void depth for
various void diameters.

Figure 9. - Concluded.
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Conditions may have been present which further explain the discrepancies
that existed between predicted and actual void diameters. Figure 10 shows a
plot of void depths and diameters defining conditions for Fresnel (x1 < d2/4\c)
and Fraunhofer (x1 > d2/4Xc) diffraction for voids 1n SSN. Alry's relation
(eq. (11)) 1s most valid for conditions defined approximately by x' » d2/\c
(refs. 19 and 22), I.e., 1n a region defined 1n figure 10 as the extreme
Fraunhofer region (x1 > 100(d2/4Xc)) . It 1s expected that for voids not
satisfying extreme Fraunhofer diffraction conditions, phase cancellation at
the m1n1mums (see figs. 5 and 8) 1s Incomplete resulting 1n displaced m1n1mums
(ref. 15) and therefore less accurate void diameter predictions using the A1ry
relation. The range of void depths and diameters that produced discernible
diffraction patterns 1n this study 1s shown 1n figure 10 (experimental data
region). As shown, most diffraction patterns were observed 1n the Fraunhofer
region, but not 1n the extreme Fraunhofer region. In fact, extreme Fraunhofer
conditions are difficult to approach with the 100 MHz SLAM configuration
applied to typical ceramic specimens. For example, a 100 ym void must be
approximately 3 mm below the laser-scanned surface 1n SSN to approach extreme
Fraunhofer diffraction conditions. For voids of this diameter and depth 1n
SSN, diffraction patterns produced by the voids are not able to be observed 1n
the acoustic Image using the SLAM configuration of figure 4. For d = 100 ym
and x = 3 mm, 2a (determined from eq. (17)) (see fig. 5) 1s approximately
10 mm which 1s much greater than the distance scanned by the SLAM laser
(approximately 2 mm). Therefore the diffraction pattern would not be seen on
the video monitor. Note that even 1f diffraction patterns could be observed
1n the extreme Fraunhofer region, large uncertainties 1n the measurements of
2a and & would still be present as previously described.
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VOID DIAMETER, d, Mm
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Figure 10. - Void depths and diameters defining conditions for Fresnel and Fraunhofer diffraction for voids in
sintered silicon nitride.

17



Other conditions may have caused discrepancies to occur between predicted
and actual void diameters. In a study described 1n reference 16, sintering
aid material was present 1n areas surrounding seeded voids 1n SSN specimens
manufactured similarly to those used 1n this Investigation (see fig. 11).

(a) As exposed to surface.

(b) Backscattered electron image of same region.

Figure 11. - Scanning electron micrographs of internal voids in
sintered silicon nitride. Backscattered electron image (b)
highlights yttrium-rich region.
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Scatterers associated with those seeded voids were expected to be larger than
the optically measured voids. . Although.1t was, not determined, areas of sinter-
Ing aid material may also have been present surrounding the seeded voids 1n.
the SSN specimens Investigated 1n this study.

Two conditions, ex-lsted that did .-not fulfill theoretical requirements
necessary for the successful! application of the A1ry relation as shown 1n
figure 8. First, the voids (scatterers) did not have a circular cross section
(see figs. 3'and'11). Second the diffraction-patterns produced by.the voids,
were observed on an Image plane not perpendicular to the direction of sound,
propagation (see fig. 6). - ; - ,

A

'CONCLUSION -- ..-,

The: ability ;of scanning laser acoustic microscopy (SLAM) to characterize
artificially seeded voids 1n sintered silicon nitride structural ceramic,:
specimens according to size and depth was Investigated. Using trigonometric
relationships and Alry's diffraction theory,.predictions of void depth and
diameter were obtained from acoustic diffraction patterns produced -by the .
voids. Agreement was observed between predicted and actual void depths. .For
23 predicted depths, 17 deviated less than,20 percent from actual depths.
Predicted void diameters were generally much larger than actual void diameters.
Deviations we.re as large as 500 to 600 percent 1n some cases. It was shown,
that uncertainties ,1n the measurements used to obtain predicted void diameter
accounted for the deviations between predicted and actual diameters. Also,
d1ffract_1on patterns were observed 1n regions for which the:A1ry relation is
of questionable validity. Summarizing, precise diameter predictions are-dif-
ficult to obtain due to measurement uncertainty and the limitations of 100 MHz
SLAM applied to typical ceramic specimens. ,. ;
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