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STATUS REPORT ON ULTRASONIC EXAMINATION TECHNIQUES FOR MULTICOUPLE 
THERMOELECTRIC SUBCOMPONENTS AND ASSEMBLIESYt 

K. V. Cook, R. W. McC:.ung, W. A .  Simpson, Jr., 
and R. A. Cunningham, Jr . 

ABSTRACT 

Since the early 1960s, tte United States has been using 
radioisotope thermoelectric generators ( R T G s ) ,  developed by the 
U.S. Department of Energy and its predecessors, for a variety of 
envircnments including space. A recent concept in building RTGs 
uses modular components to allow for an advanced, lighter space 
mission generator that provides scaled power level outputs. The 
scalability feature of the modular isotopic thermoelectric 
generator (MITG) represents a major advance over earlier RTG 
designs. However, special problems are encountered in applying 
nondestructive testing methods because of the miniature size of 
parts that require inspection. 
of ultrasonic inspection methods being developed to examine the 
subcomponents and assemblies of the MITG. The principal empha- 
sis has been to evaluate various bonds between subcomponents 
using ultrasonic techniques that employ focused search units and 
a pulse-echo method. 

This report describes the status 

INTRODUCTION 

The Nondestructive Testing Group of the Metals and Ceramics Division 

at Oak Ridge National Laboratory (ORNL) has been conducting studies, 

developing methods, and applying nondestructive testing techniques to 

evaluate multicouple thermoelectric subcomponents and assemblies for a 

modular isotopic thermoelectric generator (MITG). 
distinguishing feature of the MITG space-applicable generator design [as 

compared with other radioisotope thermoelectric generators (RTGs)',~] 

The principal 

is its modular construction. Our task is to provide additional process 

*Research sponsored by the Division of Special Applications, Office 
of Defense Energy Projects and Special Applications, Office of Nuclear 
Energy, U.S.  Department of Energy, under contract DE-AC05-840R21400 with 
Martin Marietta Energy Systems, Inc. 
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control tools to be used in assessing the quality o f  the subcomponents. 

For that reason, the emphasis 0f this study has been placed on testing at 

various appropriate stages o f  subcompoaent fabrication. Several amas of 

interest and benefit have been identified lor examination, and agreement 

has been reached in meetings with personnel from General Electric Company 

and the U.S. Department of Energy? on tc*chniques for examining the various 

bonds between the subcomisua-ients oE Lhe mu1 ticouple thermoelectric device. 

Good bonding is needed to ensure g o ~ d  heat transfer, structural strength, 

and, in thc case of the germanium bond and cold-side contacts, good 

electrical csnductivi ty . Examining and detecting inadeqrnste bonds a t  the 

subcomponent stage is advantageous for several reasons: (1) the bonds are 

usually more accessible lor examination, (2) inforrnaLion about ~ Q X  

bonding can provide feedback for correcting the fabrication process, and 

( 3 )  detection and removal of unacceptable subcomponents f r o m  P-he fabrica- 

tion stream will prevent further expensive processing on faulty material 

and  ill help ensure acceptable assemblies. T h i s  report discusses t h e  

s t a t u s  of ultrasonic developments in nondnstructive Lesting at the end of 

1985. 

-k 

PRIOR ACTIVITIES 

It was determined that the multicouple bonding should ha examined at 

selected opLPrmin stages o f  the fabrication process. These optimum stages 

are the N/P sandwich w i t h  bonded silicon-nalybdenum (Si--No) hot shoe, 

five-couplc slices, thermopile assemblies, t h e  heat a=oPlector/t~iermopile 

bonded assembly, cold-side contacts, and power lead attachments. For con- 

venience in identifying the  various fabrication steps and multicouple 

interfaces 

Feasibility studies have established ulLrasonics as a primary examination 

method for developing specific techniques for the various bonds. Because 

see Appendix A (prepared by ~enera1 ~ l c c t r i c  ~ompatiy") . 

Gencral Electric Company, Space Systems Division9 Valley Forge Space >k 

Center, P.O. Box 8555, Philadelphia, PA 19101. 

?U. S . Department of Energy Division of Special Applications , NE-522 
(;ermantown, Washington, DC 2 0 5 4 5 .  
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of the need for technology transfer for use of the developed techniques, 

commercial or modified commercial equipment was used to simplify the 

transfer. In general, commercial ultrasonic instruments were preferred, 

but with recognition that circuitry modifications would be necessary to 

improve frequency response, electronic gating, and other necessary 

features to attain the needed sensitivity and resolution. In addition, it 

was recognized that special ultrasonic transducers with selected frequency 

and focusing for specific bonds wolld be required. 

scanning system was modified to allow preparation of magnified (5x) 

recordings (x-y maps) of the very small bonded areas. 

The ultrasonic 

RECENT TECHNICAL ACTIVITIES 

The emphasis in FY 1985  was on developing specific ultrasonic tech- 

niques for multicouple subcomponents to be used in process control at the 

early stages of fabrication. 

limited, rejected samples supplied by General Electric Company. The 

following subsections briefly describe the techniques for the 

subcomponents. 

The techniques have been developed using 

It should be noted that during the course of the study a change in 

material occurred. The GaP was del2ted from the silicon-germanium (Si-Ge) 

P-type material, causing accompanying dimensional changes in the subcom- 

ponents. This change required adjustments in ultrasonic techniques and 

standards for some of the subcomponents. A few hybrid subcomponents have 

been obtained, and additional specimens are to be received. Drafts of pro- 

cedures for several techniques have been prepared. A n  example is included 

in Appendix B .  The primary ultrasonic method employed for bond inspection 

uses focused search units and pulse-echo flaw detection schemes. We are 

currently using an Automation Industries'' R e f  lectoscope (S-80) flaw detec- 

tor with a 25-MHz pulser-receiver. Figure 1 shows the small research 

tank" with the S-80 unit sitting on top of the x-y bridge controller 

.L 
"Automation Industries, Inc., Sperry Division, Shelter Rock Road, 

Danbury, CT 06810. 



ORNL-PHOTO 6099-84 

Fig. 1. Ultrasonic irPlaersioll tank with ultrasonic flaw detection 
equipgent on the controller bridge IlecWrm. 

L 
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mechanism. 

flaw detector) is sitting on top of the S-80 and could be used instead of 

the S-80. The search unit and minimanipulator are shown in the water- 

filled tank (lower right of Fig. 1). Modifications to the basic equipment 

and additions of peripheral devices will be discussed in the subsections 

on multicouple subcomponents. 

An additional Panametrics Ultrasonic Analyzer" (model 5600T 

N/P SANDWICHES 

The hybrid N/P sandwich is composed of a slice of Si-Ge (Gap) N-type 

material [19 x 8.38 x 0.831 mm (0.75 x 0.33 x 0.0327 in.)] bonded with 

0.05  mm (0.002 in.) of high-temperature glass to a slice of Si-Ge P-type 

material [19 x 8.38 x 0.734 mm (0.75 x 0.33 x 0.0289 in.)]. An ultrasonic 

technique has been developed to examine the glass bond between the two 

slices using prehybrid specimens. The prehybrid samples have P- and 
N-slice thicknesses of 0.883 and 0.734 mm (0.0348 and 0.0289 in.), 

respectively; however, we feel that the prehybrid specimens are adequate 

to use in developing the procedure and calibrating the technique. 

Figure 2 shows the basic pulse-echo flaw detection scheme as applied to 

the glass bond in an N/P sandwich subcomponent. 

time-amplitude gate is used to monitor the flaw signal, as illustrated in 

Fig. 2(b). The details of the sandwich construction are given in 

Appendix A. 

An electronic 

We developed a silicone-rubber mold to hold several N/P sandwiches in 

proper alignment during ultrasonic scanning (Fig. 3). The scanning is 

performed in an x-y raster pattern [limited to a 44- by 44-mm (1.7- by 

1.7-in.) zone] with the focused ultrasonic beam entdring the major surface 

of the thickest slice. Since the examination is for the bond quality only 

0.831 mm (0.0327 in.) below the entry surface for the hybrid subcomponent, 

special ultrasonic techniques were required to separate the entry-surface 

reflection from the reflections from the bond interface (and the back 

surface of the N/P sandwich). Circuits were modified to improve the high- 

frequency (25-MHz) performance, improvements were made to the electronic 

Panametrics, 221 Crescent St., Waltham, MA 02154. ;t 
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gate (for isolating the signals from the bond region), and 25-MHz focused 

search units [25-mrn (1-in.) focused length and 0.24-mm (0.009-in.) focal 

spot] were designed and procured. Figure 4 shows the signature spectrum 

analysis readout for this particular 25-MHz unit when used with 
Panametrics equipment and our ModComp I1 computer analysis system. 9r 

ORNL-DWG 86-191 7 

Fig. 4. Spectrum analysis of 25-MHz transducer using front-surface 
reflection at 25.4-mm (1-in. ) focal distance (water couplant) 

We also assembled a real-time frequency monitoring system for the 

interrogation of radio-frequency (rf) pulses from front surfaces, flaws, 

and back surfaces (when appropriate). Monitoring ensured that the 

necessary high frequencies were being maintained with the inspection 

system as required for high-sensitivity examination response. This fre- 

quency monitoring system is basically a Tektronix 77048 oscilloscopef with 

a 7L12 spectrum analyzer plug-in module; however, ancillary electronic 

components were added for application with commercial S-80 equipment. 

Figure 5 shows the real-time frequency monitoring equipment along with 

.L 

"Modular Computer Systems, Inc., 1650 West McNab Road, P.O. Box 6099, 
Fort Lauderdale, FL 33310. 

fTektronix, Inc. , P.O. Box 1700, Beaverton, OR 97075. 
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a modified Hewlett-Packard 7000 5 X  C-scan recorder* (upper right) and 

three different focused transducers (right corner). Two ancillary units, 

required for real-time frequency analysis, are also shown. 

Panametrics stepless gate (near the center) and an ORNL-fabricated inter- 

face (trigger) module (the smaller box located between the transducers and 

the stepless gate). 

These are a 

Sensitivity and resolution studies were performed on a prehybrid 

design N/P sandwich specimen. Flat-bottom holes of three diameters [0.13, 

0.23, and 0.66 mm (0.005, 0.009, and 0.26 in.)] were drilled through the 

N slice (with diamond-coated microdrills) to a depth such that the flat 
bottoms of the holes would be in the plane of the glass bond. 

served as reference reflectors simulating nonbonds at an approximate 

0.883-mm (0.0348-in.) depth. After developing the details of the ultra- 

sonic technique, we demonstrated that all three of the holes in the bond 

were detectable. 

(map) recordings to inspect and record the presence of nonbonds as small 

as 0.13 mm (0.005 in.). Application of the technique to four prehybrid 

samples supplied by General Electric Company disclosed only one spot of 

apparent nonbond, and it had an area smaller than the 0.13-mm (0.005-in.) 

reference reflector. 

the three full-size specimens (nothing detected), the one shortened 

specimen (showing the small flaw indication), and the reference specimen 

(showing the 0.13-, 0.66-, and 0.23-mm simulated flaws). These data were 

collected in accordance with the draft procedure MET-NDT-MITG-UT-1 in 

Appendix B. 

The holes 

We also developed a capability to make analog 5x C-scan 

Figure 6 shows the simulated? C-scan 5x data for 

HOT-SHOE BOND 

The next stage of fabrication is the bonding (with germanium) of the 

Si-Mo hot shoe 119 x 1.64 x 0.81 mm (0.75 x 0.0645 x 0.0320 in.)] to the 

19-mm (0.75-in.) edge of the N/P sandwich. Ultrasonic techniques have 

been developed to detect areas of nonbond. 

"Hewlett-Packard, 820 Embarcadero Road, Palo Alto, CA 94303. 

?Simulated C-scan data are used to provide maximum quality 
illustrations; however, very good quality C-scan data are obtained by the 
test and are copied or photographed directly in some instances, especially 
for less formal reports. 
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t t t 
0.13 rnrn 0.66 rnrn 0.23 rnrn 

DIAMETER HOLES 

Fig. 6 .  Ultrasonic data on glass bond of N/P sandwiches (5x  
recording). 

A silicone-rubber mold was developed to hold the prehybrid design 

N/P sandwich with the hot-shoe bond in proper position for ultrasonic 

x-y scanning with the focused ultrasonic beam entering the major surface 

of the Si-Mo hot shoe. 

prehybrid specimens discussed above were available; therefore, we included 

two thermopile specimens as well as various calibration pieces. 

shows the holder with the hot-shoe surfaces located parallel to the 

holder’s major surface. 

special ultrasonic techniques were used to separate the entry-surface 

reflection from the germanium bond interface reflection only 0.81 mm 

(0.032 in.) beneath. Instrument modifications noted earlier were also 

used for this examination. Several different designs were evaluated along 

This holder was fabricated when only the five 

Figure 7 

A s  in the examination of the N/P sandwich bond, 
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Fig. 7. Rubber holder for the germanium bond inspection with 
pulse-echo ultrasonic immersion techniques. 

with special-order, focused ultrasonic search units. One 25-MHz unit with 

a 25-mm (1-in.) focal length and a 0.24-mm (0.009-in.) focal spot size had 

the best performance. 

formed on a specimen machined from a five-couple slice subcomponent. 

standard would be located in the cavity between a strip of Si-Mo (also 

removed from its cavity) and a thermopile in the holder shown in Fig. 7 

(near the scale in the photograph). 

since the accessibility and ultrasonic technique were anticipated to be 

very similar for the hot-shoe bond at each of these two stages of fabrica- 

tion. All but 0.81 mm (0.032 in.) of the length of the Si-Ge N and P legs 

The sensitivity and resolution studies were per- 

This 

This was a reasonable substitute 
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was removed from the selected five-couple slice. Three flat-bottom holes 

were machined through the Si-Ge to the depth that would place the flat 

bottoms in the plane of the hot-shoe Ge bond [0.81 mm (0.032 in.)]. These 

served as reference reflectors (simulated nonbond) to develop the tech- 

nique and determine sensitivity. The diameters of the holes were 0.25, 

0.38, and 0.89 mm (0.010, 0.015, and 0.35 in.). With the 25-MHz inspec- 

tion system with 5 x  map recording, all three simulated nonbonds were 

detected and recorded. On this calibration sample, the presence of 

smaller reflected signals [i.e., smaller than those from the 0.25-mm 

(0.010-in.) reflector] would have prevented identification of a smaller 

hole [e.g., 0.12 mm (0.005 in.)]. The small signals could be caused by 

the acoustic mismatch of the dissimilar materials in the bond or by small 

discrete discontinuities. 

The fact that the available specimens were of prehybrid design has 

little significance for the Ge bond development because the hot-shoe and 

bond materials were not changed. We evaluated the five specimens 

available for this test, and the simulated C-scan data are shown in 

Fig. 8. The specimen used for sensitivity and resolution studies of the 

glass bond between the N and P slices in the N/P sandwich was the only one 
in which nonbonding was detected. The specimen was apparently cracked in 

the machining process in an initial attempt to produce simulated flaws in 

the hot-shoe bond. Visual examination suggests that the crack propagates 

through the Si-Mo shoe in the thickness direction, changes direction near 

the bond line, penetrates into the sandwich, and then runs nearly parallel 

to the bond line at a depth of about two to three times the hot-shoe 

thickness. Thus, as expected, we detected a small area of nonbond in the 

bond line area where the crack penetrates to the N/P slices. 

FIVE-SANDWICH STACK 

Five of the N/P sandwiches with hot-shoe bonds are combined with four 

new glass bonds to produce a five-sandwich stack with nominal dimensions 

of 19 x 8.59 x 8.28 mm (0.75 x 0.338 x 0 . 3 2 6  in.). In the original 

recommendations, nondestructive examination techniques (other than visual 

examination) were not to be performed. It was felt that better 

examination could be performed at the next stage on the thinner sections 
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Fig. 8. C-scan ultrasonic data for germanium bond inspection f o r  N/P 
sandwich subcomponents. 
area occupied by the N/P sandwiches and the hot-shoe strip. 

The rectangular boxes outline the approximate 5 x  

of the five-couple slice. However, the very low X-ray attenuation by the 

inter- and intracouple glass indicated that ultrasonics would be pre- 

ferable. 

the larger areas of the five-sandwich stack using the same high-frequency 

ultrasonic capabilities with electronic gating and 5 x  recording. 

five-sandwich stack is mounted in a molded rubber holder (very similar to 

those shown earlier) to maintain the alignment of the ultrasonic beam. 

The focused ultrasonic beam (from search units procured for this examina- 

tion) impinges on the major surface of the uppermost thickest slice and 

an x-y raster scan is performed. 

E0.828 mm (0.326 in.)] as the focused beam is transmitted through the nine 

glass bonds, it is not possible to establish peak focusing at all levels 

simultaneously. Therefore, several ultrasonic examinations are required 

with the ultrasonic beam focused at different depth zones. Figure 9 

illustrates the condition where focusing is near bond levels 2 and 9 from 

the surface o f  entry. 

The ultrasonic method can be applied more efficiently through 

The 

Because of the depth of the specimen 

If the glass bonds were examined at the N/P 
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FOLUSED 
U L TH ASONlC 
5 E A R C P  UNIT 

..... ~ ...... 
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..... ~ . .  

F I V E  SANDVd'IICH STACK CROSS SFCTION 
Y9ITH THREE DIFFERENT HOLES 

Fig. 9 .  Crass s e c t i o n  of a five-sandwich s t a c k  with u l t r a s o n i c  beam 
focused near bond l e v e l s  8 and 9 .  

sandwich stagps, only thc four- n e w  bonds between N/P sandwiches would need 

examining. F l z t -  

bot t o m  holes (xionbond sirnu1 a t o i s )  were machined i n t o  t h e  specirnpn t o  pro - 
vide. r e f l e c t i n g  s ix faces  in several  of the bond l i n e s .  The sizes include 

0.25-, 0 . 3 8 - ,  and O.6&-mm (0.010-, 0.015-, and 0.025-in.) diam. With t h e  

available specimc~t~ it appeals  t h a t  sens i t , iu i ty  to 0.25-mm-diam (O.QIO-in.) 

r-ronbonds may bc possible i n  Lhe upper h a l f  o f  the scanned specimen 

(1-hrough Cho first four  inter- and intraleg glass  bonds). 

interaction of the beam passing through each bond, sensitivity in the 

lower half of t he  specimen may be redixced to 0 . 3 8  mm (0.015 in. ) .  Of 

An o ld  (prehybrid)  spzcimeii has been used i n  t h e  s tudy .  

Because of the  
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course, if the 0.25-mm (0.010-in.) level of sensitivity is desired, the 

specimen could be turned over, allowing all bonds to be near the search 

unit for the entire examination. Because of the many bonds in this 

specimen, special care and gating techniques are necessary to avoid 

ambiguity and confusion. 

examined at this stage of fabrication using the techniques discussed 

earlier. However, if examined at the earlier stage, there should be no 

need for reexamination at the five-sandwich stack stage. 

If desired, the hot-shoe bonds could also be 

FIVE-COUPLE S L I C E  

The five-sandwich stack is sliced i n to  a number of five-couple slices 

each 2 mm (0.080 in.) thick and containing five Si-Ge N and P pairs with 

hot shoes. Original recommendations were for nondestructive examination 

of the four new glass bonds (introduced during fabrication of the five- 

sandwich stack) and the germanium hot-shoe bond for potential damage 

introduced during slicing. 

means of confirming and backing up radiography studies. 

Ultrasonic techniques are to be developed as a 

Glass Bonds 

The most practical technique transmits the ultrasound perpendicular 

to the plane of the glass bonds. However, because of the narrowness 

[ 2  mm (0.080 in.)] of the specimen, effective focusing (required for ade- 

quate resolution) cannot be obtained below the first two bond lines. For 

that reason we initiated the previously discussed activities developing 

techniques for the five-sandwich stack because of the improved capability 

for application of the focused ultrasonic beam through the large area of 

the Si-Ge slice. 

Hot-Shoe Bond 

Except for the design and fabrication of the molded rubber holder 

(shown in Fig .  10) for the five-couple slice, the ultrasonic technique and 

attainable sensitivity for the examination of the hot-shoe bond is the 

same as that discussed earlier for examination of the hot-shoe bond on the 

N/P sandwich. The technique has been applied tQ several rejected 

specimens with good success. Figuze  11 shows the 5x  C-scan data for five 
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of the specimens, along with calibration standards. Most of the specimens 

displayed indications equivalent to the 0.25-am (0.010-in.) reference; two 

indications were as large as that from the 0.89-mm (0.035-in.) reference. 

Metallographic sectioning was performed on two specimens, and results are 

discussed below. 

Metallography 

Two five-couple slices (specimens 11 and 12) were selected for 

metallographic analysis. 

hot-shoe bond both by ultrasonics (Fig. 11) and by radiography. The first 

specimen (11) was used to establish the procedure for cutting, mounting, 

and polishing. In Fig. 11, sample 11 is not outlined as clearly as the 

other samples, probably because of a slight misalignment in the holder. 

The nonbond detected by both ultrasonics and radiography was observed and 

Each contained areas of nonbond detected in the 
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0.25 mn 
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12 

11 

Fig. 11. Ultrasonic data on hot-shoe bond of five-couple slices. 
The standard is sample 6 and contains 0.25-, 0.38-, and 0.64-mm-diam 
(0.010-, 0.015-, and 0.025-in.) holes. 
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confirmed by scanning electron microscopy. The second sample (12) was 

subjected to sequential polishing and photographic documentation in 

0.05-mm (0.002-in.) increments for a total length of about 0.66 mm 

(0.026 in.). 

bond. Excellent correlation was obtained with the location and size pre- 

dicted by the nondestructive examination. 

this correlation was prepared and distributed to General Electric Company. 

This report is Appendix C. 

Scanning electron microscopy again confirmed the void in the 

A letter report documenting 

THERMOPILE ASSEMBLY 

Four of the five-couple slices are joined together with three new 

glass bonds to produce the thermopile assembly with nominal dimensions 

of 8.28 x 8.43 x 8.28 mm (0.326 x 0.332 x 0.326 in.). If the other bonds 

have been examined, the principal need is to evaluate only the new glass 

bonds. Ultrasonic techniques developed for the five-sandwich stack are 

similar to those needed for the thermopile. The principal differences are 

in the need for a calibration standard made from a thermopile and the 

fine tuning in the ultrasonic equipment because of the different dimen- 

sions (depths below the ultrasound entry surface) and the effect on 

focusing. 

aration of the hybrid thermopile calibration standard was recently 

received from General Electric Company. 

A new hybrid thermopile that probably can be used for the prep- 

HEAT COLLECTOR/THERMOPILE BONDED ASSEMBLY 

The next stage in fabricating the multicouple is bonding the thermo- 

pile assembly to the graphite heat collector with a high-temperature 

glass with a nominal thickness of 0.05 mm (0.002 in.). 

Ultrasonic examination of the hot-side glass bond is performed by 

transmitting a focused ultrasonic beam from the cold end along the 

Si-Ge legs to the hot end where nonbonds cause reflections of ultrasound 

back through the Si-Ge to the search unit. The machined configuration 

and acoustic properties of the graphite heat collector prevent examination 

from the heat collector side. Ultrasonic studies with the improved 

ultrasonic instruments and recording system established optimum 
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operating parameters of approximately 18 MIiz with a 20-MHz search unit, a 

52-mm (2-in.) focal length, and a 0.51-mm (0.021-in.) focal spot. The 

attenuation in the Si-Ge prevents the use of higher frequencies. 

techniques can be applied to examine either the germanium hot-shoe bond or 

the hot-side glass bond, with the principal difference being in the 

calibration standard and the setting of the electronic gate to compensate 

for the 0.81-mm (0.032-in.) difference in distance from the entry surface 

to the bond being examined. 

on studies in Si-Ge calibration standards) is for nonbonds equivalent in 

area to 0.31 mm (0.012 in.) in diameter. 

the germanium hot-shoe bond before reaching the hot-side glass bond. 

Therefore, if there is a nonbond in the hot-shoe bond, the sound will be 

reflected rather than transmitted. 

under a nonbond in the hot-shoe bond would therefore not be examined. 

Initially, specimen holders (plastic) were made to hold several heat 

collector/thermopile bonded assemblies in proper alignment during 

scanning; however, with the current 44-mm scanning capability, only one 

specimen and the calibration standard can be scanned and recorded at 5x 

because of the large area occupied by the heat collector. Ultrasonic 

scanning requires an immersion bath (usually water) to couple the ultra- 

sound between the search unit and the specimen. 

General Electric Company about the acceptability of immersing the graphite 

heat collector in water, and it was determined that distilled water would 

be acceptable. 

Similar 

Attaineble sensitivity for either bond (based 

The ultrasound passes through 

Those areas of the glass bond directly 

Inquiry was made to 

COLD-END CONTACTS 

A tungsten-foil cold-end contact [with a thickness of 0.0025 mm 

(0.001 in.)] defining the electrical circuit pattern is bonded to the cold 

end of the thermopile with a silver plating. 

destructive examination of the bond quality has not been performed. 

Specimens that are representative of the current fabrication method have 

been requested. High-resolution ultrasonics (necessary because of the very 

small thickness) are being considered. The necessary high-frequency 

ultrasonic instrumentation (e-g., 100-MHz capability) has been ordered for 

Experimental work for non- 
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this (and other applications) but has not been delivered (original expec- 

tation of delivery was June 1985), and these factors have prevented the 

desired investigation. 

POWER LEAD ATTACHMENTS 

Tho two power leads [0.38-m-diam (0.015-in.) nickel-clad molybdenum 

wire] are brazed into two holes [0.4l-mm diam by 2.27 mrn deep (0.016 by 

0.05 in.)] drilled into an N and P leg, respectively, near the center of 

the cold side of the thermopile. An initial investigation has been con- 

ducted with ultrasonics to determine the feasibility of examining the 

power lead attachment. 

An initial investigation was made using ultrasonics to detect 

nonbonding of the power lead attachments in one of the available 

thermopiles. 

compare the reflection from the side of drilled holes to the reflection 

from the hole containing the power lead attachments. A 0.5-mm (0.021-in.) 

side-drilled hole, which served as a reference reflector, was placed in the 

same Si-Ge leg containing a power lead attachment with a radiographically 

detected void. Ultrasound detected the void found by radiography; 

however, the glass bond between the Si-Ge legs adjacent to the power lead 

attachment produced a reflected signal approximately as large as that from 

the 0.5-mm (0.021-in.) drilled hole (the reference reflector) and S Q  close 

in time that electronic separation of the signals was difCicult. If such 

interface signals are present in production miilticouples, establishment of 

such a technique will be difficult, and the effectiveness may be 

questionable. 

Both 20- and 25-Mllz focused search units were used to 

RECOMMENDATIONS 

Several different (albeit similar) ultrasonic examination techniques 

have been investigated and developed for evaluating various bonds in the 

subcomponents of the multicouples. The bonds examined include glass bonds 

between the N and P Si-Ge, germanium hot-shoe bonds, hot-side glass bonds, 
cold-end contacts, and power lead attachments. Most of the development 

activity has been conducted on rejected prehybrid subcomponents supplied 
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by General Electric Company (but in general the specimens were not 

rejected because of bonding problems). We are convinced that these tech- 

niques should be applied by ORNL to a larger number and variety of speci- 

mens as part of pilot plant production. 

statistical sampling of the entire production run, depending on the total 

volume. This approach would allow additional confirmation and validation 

of techniques and would supply feedhack concerning the fabrication pro- 

cess, 

techniques that have been described in this report at each fabrication 

stage. Large-scale application of these methods would allow more informed 

decisions to be made on optimum techniques and time of application for 

full-scale production. However, if logistical consideration and schedules 

preclude full-scale application, the following subsections outline a 

compromise position based on technique developments to date. 

The specimens could represent a 

The most information could be obtained by applying each of the 

GLASS BONDS BETWEEN N AND P Si-Ge 

The most sensitive examination at this time for this bond is ultra- 

sonic examination at the N / P  sandwich stage, and this is recommended for 

process control. The next step for glass bonds is the five-sandwich stack 

where four new parallel glass bonds are added, and the ultrasonic tech- 

nique is again recommended. If exaaination at the N/P sandwich stage is 

deemed logistically impractical, both the inter- and intraleg glass bonds 

can be evaluated in the five-sandwich stack but with less sensitivity 

than is attainable in the N / P  sandwich. The last of these glass bonds is 

added in the thermopile assembly, and ultrasonic techniques are 

recommended. 

GERMANIUM HOT-SHOE BONDS 

Ultrasound provides useful examination of the hot-shoe bond and 

should be applied during the pilot steps of fabrication. Ultrasonic 

examination provides a map showing the location of discontinuities within 

the bond area. The optimum stage in the fabrication process for examina- 

tion is on the N/P sandwich with hot-shoe bond (the earliest stage) for 

process control information. I€ there are sufficient logistical or 
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scheduling benefits in delaying the examination, the ultrasonic technique 

can be applied to the hot-shoe bond at the five-sandwich stack stage or, 

as a secondary choice, on the five-couple slice. 

surface-related, it should be detectable by the 1Ox magnified visual 

examination. If damage is completely internal (not extending to an 

exterior surface), ultrasonic examination would be in order. 

If slicing damage is 

HOT-SIDE GLASS BONDS 

Ultrasound is recommended for the examination of the hot-side glass 

bonds following the fabrication-stage bonding of the heat collector to the 

thermopile. Ultrasonic techniques provide data on the location and size 

of nonbonds within the area of the bond (of interest for process control 

and particularly useful during early production stages). 

BULK MATERIALS 

Ultrasonic techniques should be developed and applied for the 

characterization of Si-Ge and Si-Mo materials at the compact or slice 

stage to ensure uniformity of other measurable properties. 

ultrasonic techniques that have been developed and demonstrated on compact 

sections of Si-Ge should be modified as necessary to determine variations 

in elastic properties (variations were observed in limited available 

compact samples). 

For example, 

SUMMARY 

Drafts of nine different ultrasonic procedures have been prepared. 

These procedures list the parameters and steps that must be established 

before testing is performed on production assemblies. Appendix B contains 

one of the procedures provided to the U.S. Department o f  Energy for 

possible use in the MITG Program. 
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Appendix A 

SUBCOMPONENT AND ASSEMBLY DRAWINGS FOR THE MODULAR 

ISOTOPIC THERMOELEC’IXIC GENERATOR DESIGN 

(Prepared by General Electric Company) 
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Appendix B 

DRAFT PROCEDURE FOR UI~TRASONIC INSPECTION OF 

N/P SANDWICH ASSEMBLY FOR LAMINAR 

DISCONTINUITIES IN GLASS BOND 
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D R A F T  

Nondestruct ive Tes t ing  Laboratory 
Metals and Ceramics Divis ion 
OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37831 

Procedure No. MET-NDT-M TG-UT-1 
Revlsion Nu. Draf t  
Date SeDtember 1985 

_II___ 

T i t l e :  ULTRASONIC INSPECTTON OF N/P SANDWICH ASSEMBLY FOR LAMINAR 
DISCOdTINUITIES I N  GLASS BOND 

-_____m_ 

Prepared by: 
K. V. Cook 

I_^__.____-__ ll_llll----_-- - Approved by: 
R. W. McClung M. M. Martin 
Group Leader Program Manager 

---11------1- 

W. a. Miller 
Qual i ty  Assurance 

A, SCOPE 

This procedure o u t l i n e s  the  s t e p  necessary f o r  t h e  r i l t rasonic  eva lua t ion  
of  g l a s s  bonds between the silicon-germanium (SiGe) N-type and SiGe P-type 
s l ices  t h a t  a r e  used t o  f a h r i c a t c  the  N/P sandwich assembly. This assembly 
i s  a subcomponent f o r  a mult icouple  f ab r i ca t ed  i n  accordance with General 
Electric* Drawing 47C306538, Revision B. The in spec t ion  is t o  be performed 
wi th  a pulse-echo immersion f law de tec t ion  technique us ing  a focused search  
u n i t .  The u l t r a s o n i c  in spec t ion  beam s h a l l  be introduced perpendicular  t o  
the major su r face  of t he  N s l ice  [i.e., the  19- by 8.3-m (0.075- by 
0.327-in.) a r ea ] .  Focusing of ttle search  beam is maximized on the nominal 
X-slice-to-glass i n t e r f a c e  and laminar f l a w s  i n  the bond zone of the g l a s s  
provide  r e f l e c t i o n s  with amplitudes dependent on s i z e .  Evaluat ion of each 
glass  bond shall be based on the i n t e r p r e t a t i o n  o f  C-scan (plan-view) 
record ings  by comparing them w i t h  s imultaneously generated C-scan da ta  for 
a proper r e fe rence  conta in ing  s i m l a t e d  flaws. 

B. SURFACE CONDITION 

A l l  su r faces  s h a l l  be c lean  and f r e e  of d i r t ,  g rease ,  o r  o ther  fo re ign  
material. Alcohol s h a l l  be used to rinse p a r t s  a f t e r  u l t r a s o n i c  f l a w  
d e t e c t i o n  tests i n  c lean  demineralized water. 

11111 

*King o f  Yrussia ,  Pennsylvania. 
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Procedure No. MET-NWT-MITG-UT-1 --.. Nondestruct ive Test ing Laboratory 
Metals and Ceramics Divis ion Revision No. Draf t  
OAK RIDGE NATlONAT, LABQRATORY Date SeptembeT 1985 - 
Oak Ridge, Tennessee 37831 Page -2_ of 3 ___.I 

1. The instruments  and accessory equipment s h a l l  be of t he  pulse- 
r e f l e c t i o n  type w i t h  s u f f i c i e n t  s e n s f t i v i t y  and response ( including 
v a r i a b l e  t i m e  and amplitude e l e c t r o n i c  ga t ing )  t o  d i s t i n g u i s h  the  
r e fe rence  holes as requi red  during inspec t ion .  In  add i t ion ,  a renl- 
t i m e  spectrum ana lys i s  system s h a l l  be used t o  e s t a b l i s h  the inspec t ton  
frequency (as a roinimum f o r  the o r i g i n a l  inspec t ion  system assembly). 

2. A C-scan (plan-view) recorder  capable of a t  least five-to-one recording 
shal l  be used t o  document these  r e s u l t s  Kecording scan-l ine indexing 
shall be 0.026 mm (0.003 in . )  or  less. 

3. A special  holder  s h a l l  be used t o  hold as many as f i v e  hot-shoe-to- 
NIP-sandwich assemblies plus  the  proper s tandard f o r  the inspect ion.  
The x-y area o f  scan is currently l imi t ed  to 51 by 51 I I ~  (2 by 2 in.) 
i n  order  t o  maintain a 5x c a p a b i l i t y ;  t he re fo re  mul t ip le  holders  m y  he 
u t i l i z e d  t o  provide semiprodaction c a p a b i l i t i e s  The nominal 19- by 
8.3- inm (0.75- by 0.327-in.) sur faces  of the N slices s h a l l  be prec i se ly  
loca t ed  (via a 50x microscope) i n  respec t  t o  each o ther  (ieee9 the  
major sur faces  exposed t o  the  u l t r a s o n i c  beam and i m e r s i o n  f l u i d  s h a l l  
be  p a r a l l e l ) .  In  add i t ion ,  the  holder  must maintain a p rec i se  
h o r i z o n t a l  plane pos i t i on  i n  t h e  u l t r a s o n i c  couplant f l u i d  so t h a t  a 
cons t an t  water column i s  inaintained [wi th in  about 0.25 m (0.010 in . )  
over  the e n t i r e  x-y scan f i e l d ] .  

4 .  An u l t r a s o n i c  scanner wlth 0.025-mrn (0.001-in.) indexing c a p a b i l i t i e s  
and v a r i a b l e  scanning speeds shall be t ~ 2 d  in conjunct ion wLth an 
i - m e r s i o n  tank  (containing d i . s t i l l ed  water) .  

D. CALIBRATION S 

1. A c a l i b r a t i o n  s tandard made from an appropr ia te  subcomponent sha l l  be 
used. 

2. The primary reference s h a l l  be  a 0.25- 2 0.05-min-dFam (0.010- f 
0.002-in.) f la t -bot tom d r i l l e d  hole ,  machined wi th  a diamond-tipped 
d r i l l  to a depth t h a t  l oca t e s  the  bottom at  the  nominal g lass - to-s l ice  
i n t e r f a c e  €or the  N slice, 

3. In  add i t ion  t o  the  primary re ference  hole ,  two f la t -bot tom holes  s h a l l  
a l so  be machined i n  the re ference  wtth the same nominal depth as the  
0.25-mm hole. These holes  s h a l l  have diameters of 0.13 and 0-66 _+ 

0.05 rn~o (0.005 and 0.026 .t: 0.002 in . ) .  
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Procedure No. MET-NDT-MITG-UT-1 Nondestruct ive Tes t ing  Laboratory - 
Metals and Ceramics Divis ion Revision No. D r a E t  
OAK RIDGE NATIONAL LABORATORY Dale Septemhyr 1985 
Oak Ridge, Tennessee 37831 

NT W E B U T I O N  

1. The equipment shall be c.alibrated a t  t he  same indexing s teps  and 
l o n g i t u d i n a l  speed t h a t  will be s e d  f o r  t h e  inspect ton.  

2. 'me s e n s i t i v i t y  oE the equipment shall be e s t ab l i shed  t o  show e a s i l y  
d i s c e r n i b l e  i n d i c a t i o n s  from t h e  re ference  holes  on a plan-view 
r e co r d i  ng . 

1. Each sample s h a l l  be completely scanned Eor d i s c o n t i n u i t i e s  comparable 
to t he  re ference  hole. A 5x or g r e a t e r  plan-view recording of test 
r e s u l t s  w i l l  be made f o r  each in spec t ion ,  

2. Since alignment of simples ,  ho lders ,  and t ransducer  is c r i t i ca l ,  edge 
record ing  due t o  the  holder  su r face  can occur. Small bubbles can also 
produce fa l se  ind ica t ions  of flaws. I f  e i t h e r  one occurs ,  the 
subcomponent may be subsequent ly  r e t e s t e d  a t  the d i s c r e t i o n  of the 
Level  11 or  Level I11 inspec tor .  

3. A focused t ransducer  opera t ing  near 25 T4Uz ( e s t ab l i shed  by u t i l i z i n g  
real-tine spectrum ana lys i s )  s h a l l  he  used f o r  t h i s  inspect ion.  The 
focus ing  of t he  t ransducer  s h a l l  be accomplished and mximized on the 
0.66mm-dim reference  hole e The nominal f oca1 dis tance of the 
t r ansduce r  i n  water s h a l l  be 25 ~ m n  (1 in.). 

4 .  Any t i m e  the primary re ference  ho le  is  not recorded properly,  
r e c a l i b r a t i o n  s h a l l  be mile and the  test rerun. 

5. Inspec to r s  shall .  be c e r t i f i e d  i n  accordance wi th  SNT-'EC-IA, 
Supp leme.!nt c . 

G. PORTS 

1, A copy of the C-scan in spec t ion  d a t a  s h a l l  be provided f o r  i n s e r t i o n  
i n t o  an in spec t ion  d a t a  package (as requi red  by General Electric). 

2. Copies of in spec t ion  riteoras s h a l l  be r e t a ined  i n  an i d e n t i f i e d  f i l e  
c a b i n e t  f o r  1 year  by the  Nondestructive Tes t ing  Group. 
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A p p e n d i x  C 

LETTER REPORT DETAILING RESULTS OF EXAfiIINATION OF GERMANIUM 

BOND I N  FIVE-COUPLE SLICES WITH RADIOGRAPHY, 

ULTRASONICS,  AND METALLOGRAPHY 
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Letter 0528-08-85 

INTRA-LABORATORY CORRESPONDENCE 
OAK RIDGE NATIONAL LABORATORY 

To: R. W. McClung 

Prom: B. E. Fos te r  
K. V. Cook 
R. S. Crouse 

Subject :  Examination of t h e  Germanium ( G e )  Bond in Five-Couple S l i c e s  
wi th  Radiography, Ul t rasonics ,  and Metallography 

Following the  v i s i t  of GE arid DOE personnel i n  late January,  w e  received 
approval  t o  pursue metal lographic  ana lys i s  of t he  G e  bond i n  one or  two 
f ive-couple slices f o r  c o r r e l a t i o n  wi th  specif  i c  u l t r a s o n i c  and 
rad iographic  data .  This study was mutually des i r ed  t o  i d e n t i f y  the  type 
of  i n d i c a t i o n s  (apparent  nonbonds) t h a t  were being de tec ted  by u l t r a son ic s  
and radiography. 

Radiography 

The rad iographic  examination of t he  G e  hot-shoe bond i n  the  five-couple 
s l i ce  is done wi th  an energy of 125  kVcp. The samples  a r e  placed i n  the  
X-ray tube axis and displaced l a t e r a l l y  from the beam cen te r l ine  (as 
determined by a plumb line) approximately 9.5 mm ( 3 1 8  in.). After one 
exposure is made, t he  sample is turned over such t h a t  the  s i d e  t h a t  was 
next  t o  the  f i lm  i s  then source s i d e  and a second exposure is made. Both 
v i e w s  a r e  i n t e r p r e t e d  f o r  nonbond ind ica t ion  and one view usua l ly  shows 
s i g n i f i c a n t l y  more i n d i c a t i o n  of nonbond than the  o ther  view. 

A t o t a l  of e leven (11) five-couple slices were radiographed and the da t a  
i s  shown i n  Table 1. The d i f f e rence  i n  the  length  of apparent nonbond i n  
t h e  two views i s  caused by the  X-ray beam being less p a r a l l e l  i n  one of 
t h e  views. The Ge bond may not be p rec i se ly  perpendicular  t o  the sample 
s u r f a c e s  o r  t he  su r faces  may not b2 paral le l ,  which could cause the  change 
i n  p a r a l l e l i s m .  Samples 11 and 12 showed two areas with apparent nonbond 
t h a t  w a s  s i g n i f i c a n t l y  wider than o the r  i nd ica t ions .  
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Table 1. G e  hot-shoe nonbond ind ica t ions  i n  
samples of five-couple slices 

- 
Approxiaate length  of apparent 

ORNL nonbond i n  respect t o  
ass igned sample length  

i d e n t i t y  
sample (XI 

---.-- 

V i e w  1 V i e w  2 
_I_I_- .-- 

1 30 90 
2 60 20 
3 40 20 
4 10 90 
5 10 60 
6 30 95 
8 70 85 
9 20 SO 

10 30 60 
11 95 75 
12 40 80 

Ul t r a son ic s  

The u l t r a s o n i c  examination of the Ge-hot-shoe bond f o r  delaminations was 
performed wi th  a 25 Mlz search  un i t .  The search  u n i t  was focused at the  
G e  bond l i n e  [i.e., 0.75 mm (0.030 irn.) below t h e  Sii.fo en t ry  su r face ]  and 
an u l t r a s o n i c  p lan  view ("C"-scan) recording w a s  made a t  approximately 5X 
magnif icat ion.  The five-couple slices were loca ted  i n  the  center  s ec t ion  
of  our modular rubber holder  t o  maintain proper inspec t ion  loca t ion .  4 

Figure  1 (Photo 8505-84) shows the  modular rubber holder  with five-couple 
slices 6 and 8 loca ted  i n  the  cen te r  inspec t ion  zone. Specimens 9, 10, 11 
and 12 had been removed from t he  inspec t ion  zones and i n s e r t e d  i n  the  
therrnopile l oca t ion  at the  near l e f t  hand corner  of Fig. 1 when t h i s  pic- 
ture w a s  made. The "C"-scan da ta  (-5x) for t hese  six specimens are shown 
in Fig. 2 (only the  cen te r  inspec t ion  zone d a t a  is  included).  

Sample t6 i s  the  standard specimen tha t  conta ins  s imulated nonbonds. X t  
was sec t ioned  [ leaving  only the  hot  shoe and about 0.81 mm (0.032 in . )  of 
the  N/P sandwich] t o  allow subsequent machining of simulated nonbonds i n t o  
t h e  Ge hot-shoe bond. Three f la t -bot tom holes  were machined through t h e  
N/P sandwich s e c t i o n  t o  a depth of about 0.81 mm (0,032 i n - ) .  The f la t -  
bottoms o f  t hese  holes  a re  posi t ioned at  depths near o r  i n  t he  Ge bond at  
t h e  approximate phys ica l  cen ter  of a nominal 1.7-by 2.2 mm (0.067-by 
0.087 in . )  hot  shoe sec t ion .  A nominal 0.89-m-diam. (0,035 in . )  hole is 
loca ted  i n  t h e  couple a t  one end of sample 4 ;  a 0.38mm-diam. (0.015 in.)  
h o l e  is  loca ted  i n  the  couple on the opposi te  end, and a 0.25-mm-diam. 
(0.010 in . )  ho le  is loca ted  i n  the couple ad jacent  t o  the 0.38 mu hole.  
A l l  t h r e e  holes can be de tec ted  and recorded as is evident  i n  the  top of 



4 1  

R. W. McClung 
Page 3 
May 2 8 ,  1985 

the recording i n  Pig.  2. The edges of a l l  s1.x specimens a r e  out l ined  in 
b lack ,  and f l a w  i nd ica t ions  f a l l  wPthin the sample ou t l ine .  The da ta  
from Fig. 2 for specimens 12 and 11 were used t o  c o r r e l a t e  wtth 
radiography and metallography r e s u l t s .  The couple with the  P-leg exposed 
i s  an t h e  r i g h t  hand s i d e  for speciaen 12; whereas, f u r  sample 11 the  
P-leg pos i t i on  is  on the  l e f t  hand s ide .  T'kaus the  metallography sec t ions  
descr ibed  la te r  €or both samples 12 and 11 ( i n i t i a t e d  from the P-leg 
p o s i t i o n s )  correspond to t h e  long v e r t i c a l  black ind ica t ion  on the  r i g h t  
s i d e  of number 12 d a t a  and to t he  i n t e r m i t t e n t  black ind ica t ions  a t  t he  
l e f t  s i d e  of  number 11 ( t h e  o u t l i m  box f o r  sample 11 w a s  not recorded, 
probably because of s l i g h t  sample misalignment i n  t h e  rubber holder).  

We s e l e c t e d  sample  12 from the populat ion of Elvr-couple slices f o r  
meta l lographic  ana lys i s .  Thlicj sample had shown a l a r g e  norihond area i n  
t h e  G e  bond with u l t r a s o n i c s  i n  the ou te r  couple where the  I?-leg is  outer -  
most (see Fig. 2). Radiographically we had imaged an apparent nonbond i n  
the same area ( see  Pig. 3). 

Sample 11 contained a similar ind ica t ion  (both u l t r a s o n i c a l l y  and 
r ad iog raph ica l ly )  i n  the  same genera l  area but smaller i n  magnitude. 
submit ted t h i s  sample t o  the QRNZ Metallograpliy Laboratory so that the  
technique could be es t ab l i shed  t o  examine t h e  G e  bond. mere were no 
problems encountered i n  the  moimting and p o l i s h i n g  methods used, 

We 

Using the  ul t rasound p r in tou t  AS R guide,  t he  assembly was mounted i n  
epoxy r e s i n  so t h a t  t h e  plane o f  p o l i s h  would be parallel t o  t he  SiGe 
legs, and perpendicular  t o  t h e  G e  bond. ob jec t ive  o f  the  procedure 
w a s  t o  produce p lanes  of po l i sh  f o r  photomicrography at  nominal depth 
i n t e r v a l s  2 niEs (0,002'") apart. I l l i s  would allow us t o  bu i ld  a v i sua l  
model of t he  void i n  the  j o i n t  to correspond t o  t h e  ul t rasound and X-ray 
observa t ions .  

The mounted specimen w a s  measured with a micromeler before  the  f i r s t  
gr ind ing  s t e p  to e s t a b l i s h  a base- l ine diineoslon, Grinding cons is ted  af 
abrading t h e  speciaen an a ser ies  of w e t  s i l i c o n  carb ide  papers with 180, 
240, 320, 400, and 600 g r i t .  This was  followed by two pol i sh ing  s t eps  on 
v i b r a t o r y  po l i she r s ;  0.3  pra alumina on Texrnet c l o t h  and 0.5 urn diamond 
p a s t e  on nyloii c lo th .  
Each succeeding increment w a s  removed by a very l i g h t  grind on 600 grit 
papers  followed by t h e  ~ W Q  pol i sh ing  s t eps .  This  removed 0.002 in .  each 
time. Photomicrographs of 50 and lOOx magnif ica t ion  were aade at: each 
po l i sh ing  i n t e r v a l  to document the void p a t t e r n  through the assembly. 

This provided the f i r s t  pol ished plane at 5-10 mils. 

Results 

The nonbond de tec ted  by both u l t r a s o n f c s  and radiography w a s  observed 
meta l lographica l ly .  OriPy t h r e e  po3i t tons  of tes t  sample  11 (the one used 

___--II 
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t o  e s t a b l i s h  the  metal lographic  bond examlnation technique) were photo- 
graphed (documented) and are shown i n  Fig. 4 ( l abe led  S ,  T, and U) .  The 
l o c a t i o n s  ~ e ~ e  approximately 1.25, 1 . 3  and 1.35 m (0.050, 0.052 and 
0.054 in.) from the outer  su r face  of the  P-leg. It w a s  c l e a r l y  i d e n t i f i e d  
as  a void with the scanning e l e c t r o n  microscope (SEN) and i s  shown i n  
F i g .  5.  

Sample 12 received success ive  p o l i s h  and photographic documentation from 
approximately 0.1 nnn (0.004 in . )  t o  1.5 rn (0.060 in . )  i n  nominal 0.05 m 
(0.OQZ i n . )  increments.  Figure 6 (pos i t i ons  labe led  G through 0) cover 
t h e  area from 0.9 mm t o  1.3 m (0.032 to  0.052 in*). Obviously, t hese  
vo ids  (de t ec t ed  and documented i n  e x c e l l e n t  fash ion  by G, C. Marsh) 
c o r r e l a t e d  q u i t e  well with  the  nonbond ind ica t ions  previously noted with 
u l t r a s o n i c s  and radiography. 

KVC : mt- 

A t t  achanents 

cc: K* V. Cook/File 
8 .  S. C r o u s d P i l e  
B, E. Poster/File 
14. M. Martin 
G. M. Slaughter  
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Fig. 1. Modular rubber holder used to position five-couple slices 
for ultrasonic inspection. 
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Fig. 2. Ultrasonic data on hot-shoe bond of 
five-couple slices 6, 12, 11, 10, 9, and 8 (top 
to bottom). 

Fig. 3. Photograph enlargement (45~) of 
radiograph of sample 12 showing nonbond (black 
horizontal line) in Ge bond (white horizontal 
line). 
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Fig. 4. Meta1lQgr;sphic sectiolls through 
the Ge bond (labeled 8 ,  T, and U) for 11 (five-ceuple rlice) . 
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