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The Use of Acoustic Emission to Determine the Integrity
of Large Hybrid Packages

G. G. Harman
Electron Devices Division

National Bureau of Standards
Washington, DC 20234

Abstract

The general objective of the program was to develop tests to deter-
mine the integrity of large hybrid packages under various thermal

and mechanical stresses that may be encountered during assembly,

during installation in systems, or in operation. Several measure-
ment techniques are being investigated, but emphasis is placed on

acoustic emission test procedures. The specific objectives studied
during the initial period were: (1) determination of the effects
of avionics environmental vibration on the seals of hybrid packages
mounted on printed-circuit (PC) boards; (2) development of an

acoustic emission detector sensitive to surface waves, but insensi-

tive to vibration-induced cable noise; (3) development of a high-
temperature (125°C) open-package helium leak test to observe margi-
nal seal damage; (4) development of an acoustic emission test for

inspection of hybrid packages during high-temperature thermal
shock; and (5) determination of possible damage to seals during
thermocompression and thermosonic bonding, during lead forming, and
during other assembly operations.

1 . INTRODUCTION

The general objective of the Program was to develop tests to determine the
integrity of large hybrid packages under various thermal and mechanical
stresses that they may encounter during assembly, during installation in sys-
tems, or in operation. Several measurement techniques are being investi-
gated, but emphasis is placed on acoustic emission test procedures.

Acoustic emission (AE) detection was used as a major measurement tool in the
program. Acoustic emission is generally defined as being a transient elastic
wave or stress wave generated by the rapid release of energy within a materi-
al when that material undergoes fracture or deformation. The emitted stress
waves may have frequencies ranging from the audible into the megahertz re-
gion, but the maximum energy is usually concentrated in the mechanical reso-
nance modes of the test specimen. Detection of these stress waves usually
takes place with ceramic piezoelectric transducers that are acoustically
coupled to the specimen.

When AE is used to detect cracks in specimens of a size typical of electronic
components, investigators usually attach a transducer, which may be larger
than the specimen, in whatever manner is possible (such as using tapered
acoustic waveguides) and work with whatever signal is received. Waveform
signatures, of frequency and amplitude, are recorded and empirically corre-
lated with appropriate mechanical stress tests (e.g. , destructive pull tests)
for interpretation.
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Two books provide a more complete description of AE theory, of the equipment
used in AE tests, and of applications of AE to a variety of nonelectronic
problems [1,2]. A recently published report by Harman gives an introduction
to AE as well as a review of the applications of acoustic emission in the
electronics field [3]

.

2. THE EFFECTS OF AVIONICS ENVIRONMENTAL VIBRATION ON THE SEALS
OF PC BOARD-MOUNTED HYBRID PACKAGES

An investigation was initiated to study possible detrimental effects on

printed-circuit (PC) board-mounted hybrid microcircuit seals in an avionics
vibration environment. To accomplish this, various examples of flat-pack and

plug-in hybrids were soldered into PC boards and run through appropriate vi-
bration tests specified in MIL-E-5400R (Electronic Equipment, Airborne, Gen-
eral Specification for). Damage to seals, revealed by visual inspection and
acoustic emission measurements, was assessed and correlated with helium leak
test measurements made at normal and at high temperatures.

Before actual vibration tests began, it was necessary to conduct a literature
search in order to avoid repeating any earlier experiments. This was done
both in the NBS library and at the DoD Shock and Vibration Information Cen-
ter. It turned out that most of the relevant work on vibration of electronic
components and systems had been done a number of years ago. The emphasis in

all cases was on obvious flexure fatigue damage to the PC board or to the

wire leads of components soldered to it. In no case have there been reported
any studies of more subtle damage to components, such as damage to glass-
metal seals, although the possibility of cracked glass seals was suggested in

one recent paper [4] without photographs or other supporting evidence. The
most convenient and complete single reference to vibration effects on elec-
tronic systems is a book by Steinberg [5] which has a chapter on the vibra-
tion of PC boards and other chapters on the fatigue of wire leads in compo-
nents. Steinberg has also written a series of simplified but useful articles
in trade magazines [6-11], most of which appear to be derived from his book.

Other relevant papers in the archival literature or presented in conferences
[12-16] were also reviewed. In all of these references, the resonant fre-
quency calculations for PC boards were based on simplified equations and were
limited to the lowest (the "natural") vibration mode, which is typically in

the 100- to 300-Hz range. Since the vibration requirements in MIL-E-5400R
extend to 2000 Hz, it was necessary to use more complex equations to obtain
correlations with actual vibration measurements and to be able to locate rel-
atively benign component mounting positions on PC boards.

2.1 Theoretical Considerations

The vibration modes of a printed circuit board may be obtained if the board
is modeled as a vibrating plate. Various equations for the vibration modes
of plates and membranes having specified boundary conditions have been de-
rived in the literature [17-20]. The most commonly used mathematical methods
were set forth by Rayleigh [21]. The boundary conditions are the dominating
factor in determining modal frequencies; different conditions can result in

frequencies which differ by an order of magnitude.
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The three boundary conditions appropriate to PC boards are fixed, supported,
and free. For the fixed conditions, sketched in figure 1, the board edges
are firmly clamped such that the edge motion is zero and the tangent is also

zero. The term "supported" (also referred to as simply supported or freely
supported) is a carryover from beam-bending theory where the ends of the beam
are supported on knife edges. For a PC board, each edge is considered sup-
ported between two knife edges. In this case, motion at the edge supports is

zero but the tangent is not constrained, as shown in figure 2.

Figure 1. Sketch of fixed boundary Figure 2. Sketch of supported bound-
conditions. ary conditions.

The resonant frequencies of fixed boards are significantly higher than those
of supported ones because the fixed mount effectively reduces the length of
board available for vibration. The free case will not be considered here
since all PC boards used in avionics are clamped or supported in some manner.
As stated earlier, previous work analyzed PC boards using simplified equa-
tions which did not permit calculation of higher resonant modes. In the

present work, general equations were derived using, as a basis, the models of

Warburton [18] and Hearmon [20]. The dimensions used in the equations are

identified in figure 3.

m = Number of nodes along dimension a.

n = Number of nodes along dimension b.

For fixed boundary conditions,
m = n = 2 for lowest mode.

Figure 3. Sketch identifying dimensions of a vibrating plate,

For the fixed (or clamped) edge board, the frequency equation is

f = 1_ ) Egh
2tt ) , . , , 2 ,

1 12p ( 1 - a )

e 2 Y £
+ “IT (Y - 2> (£ " 2)

b a b ]l

1/2
( D

where:
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g = gravitational constant,
E = Young's modulus,
a = Poisson's ratio,

p = board volume density = W/abh,
W = board weight,

Y = (m - 1/2 ) it, and
£ = (n - 1/2 ) 7T.

For the clamped board, the fundamental mode occurs for m = n = 2 (a node at

each end of the board).

For the supported PC board, the frequency equation is

where y-j
= m - 1 and e-j = n - 1

.

The sketches in figure 4 give pictorial examples of the first several vibra-
tion modes of boards having various a/b ratios. These were calculated for
various boundary conditions as indicated.

(where boards that were fully copper clad on one side were used in the ab-
sence of etched ones), the following values for E and e are composites of the
appropriate thicknesses of epoxy board and copper cladding (all in English

E = 2.8 x 10® psi,

a = 1.13, and

g = 385 in./s^.

The dimensions of the board were a = 8.2 in., b = 5.2 in., h = 0.062 in., and
W = 0.21 lbs. The dimensions were ones recommended for study by NAC ( 6 by 9

in.) reduced by the "fixed” clamp supports. The first several modal frequen-
cies for fixed and supported edge boundary conditions are listed in table 1.

For comparison, the last column in the table gives the model frequencies of a

commonly used smaller board of the same thickness.

For comparison, if the constants appropriate to pure epoxy board (no copper
cladding) (E = 2 x 10® psi and a = 0.12) were used, the modal frequencies
would all be approximately 16 percent lower. Although some of the frequen-
cies in table 1 may appear to be rather high, these were included because

* A program for calculating eq (1) (fixed boundary conditions) appropriate to

hand-held calculators using inverse polish notation is included in the ap-
pendix, since this is the boundary condition most used for PC boards in
avionics equipment. A similar program for eq (2) is available on request
to the author.

t Dimensions and other values are generally given in English units since
these are used exclusively in this field.

( 2 )

•jg

To calculate the vibration modes to be expected in the first experiments

units) +
:
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a. (From MorseThe first four vibration modes of a simply supported plate.

[17])

b. Vibration patterns of a square plate with fixed edges.

c. The variation of the vibration pattern as the length-to-width ratio

changes on a plate having free edges.
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d. The variation of the vibration patterns of a plate having two fixed and
two free edges as the length-to-width ratio changes. These patterns also
simulate the effect of nonuniform loading of a PC board. (From Warburton
[18])

Figure 4. Pictorial examples of the first several vibration modes of rectan-
gular boards.
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Table 1

.

Calculated Modal
Boards.

Frequencies for Two PC

Modes
5.2 x 8

(W =
.2 in.

0.21

)

4x6 in.

(W = 0.118)

m n ^ fixed
f
supp

f
fixed

2 2 330 Hz 170 Hz 570 Hz

3 2 495 320 885

2 3 820 540 1400

3 3 975 690 1685

4 2 775 570 1410

4 3 1235 935 2180

4 4 1960 1550 3400

3 4 1710 1300 2930

they may be excited by harmonics of lower frequency vibrations entering an
avionics box, as well as by "white" vibration transmitted from jet engines.
Also, examination of eqs (1) and (2) shows that the modal frequencies of a

uniformly loaded board decrease as the square root of the board's weight.
Thus, since a board containing from 5 to 1 0 components (hybrids, capacitors,
etc.) can easily weigh 2 to 4 times that of the unloaded board, the frequen-
cies may be as little as one-half those calculated in table 1. It should be
noted that all possible vibrational modes will not necessarily appear during
actual PC board vibration.

2.2 PC Board Layout Considerations

Sketches such as those shown in figure 4 may be used by the PC board layout
engineer to minimize vibrational damage to attached components. Obviously,
it would be desirable to solder components at nodes; however, a node for one
vibration mode could be a maximum for another. Higher order modes usually
produce lower vibration amplitudes and, even though the frequency is higher
(more excursions per second), result in less mechanical flexural damage to

devices and their leads. Thus, only the four or five lowest order modes need
to be considered. Component lead placement should avoid straddling the maxi-
mum of the lowest order mode, which is across the shortest dimension of the

PC board. Thus, generally, component placement in the center of the board
should be avoided. It is preferred that the devices straddle a node of high-
er order modes along the length of that node (while avoiding the maximum of

the lowest mode). One should especially avoid placement in positions where
leads will experience torsional forces since torsion can more easily damage
the seal than linear flexing. The designer should also be aware that a board
asymmetrically loaded with components (e.g. , having the weight concentrated
at one end) will not vibrate in the symmetrical manner shown in figure 4c,

but may more nearly approach modes shown in figure 4d. Thus, symmetrical
loading is desirable, but if it is not possible, then various stiffeners or
snubbers should be used [10,15,22] as compensation.
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2.3 Experimental Measurements

2.3.1 The Equipment Setup and Vibration of Unloaded PC Boards

After the literature and theoretical investigation was completed, an experi-

mental program was begun. The complete experimental setup consisted of a

programmable frequency driver; an Unholtz-Dickie* vibration shaker and con-

trol unit Model 106 SP7; two accelerometers, one for the shaker head and a

1-gram unit to be attached to the board or hybrid; a double-pen recorder to

simultaneously record both the shaker and the board's acceleration, as well
as a special synchronized strobe light to aid visual observation. A photo-
graph of the overall experimental setup is given in figure 5.

In consultation with NAC, it was determined that a "fixed" mount for the PC
boards best simulated mounts found in the avionics equipment of interest.
An appropriate mount was designed and constructed for use in vibrating boards
along two major axes. Design considerations were obtained from the litera-
ture [2,21,22] as well as from consultations with members of the NBS staff

who have worked in the vibration field. A closeup of the mount, containing a

PC board, four hybrids, and the 1-gram accelerometer, all attached to the

shaker, is shown in figure 6. Swept sine frequency vibration tests revealed
a mount resonance at approximately 900 Hz. The control unit was programmed
to decrease the amplitude at that frequency.

*

Several preliminary runs were made for calibration and equipment setup pur-
poses. The equipment was programmed to follow curves required in MIL-E-5400R,
such as is shown in figure 7, curve Ilia, according to recommendations of

NAC.

Figure 8 gives the resonant frequency plot of a copper-clad PC board with
dimensions of 8.2 by 5.2 by 0.062 in. The resonant peaks very closely re-
semble those calculated for the "fixed" board in table 1

.

Frequencies obtained from the chart, along with the appropriate nodes, are
shown in table 2.

Although the shaker drive was constant at 5 g, the accelerometer on the board
recorded troughs of 10 g, which presumably resulted from overlapping reso-
nances. Nevertheless, the board has an amplification factor ( transmissibil-
ity) of >10 at some resonances. It is apparent from table 2 that modes
through m = 3, n = 3 produce excellent agreement with theory. However, high-
er order modes do not agree as well. Presumably, this results from slight
material inhomogeneities in the board and/or slight variations from a true
"fixed" mount.

* Use of this equipment does not constitute endorsement of that product.
This particular equipment was used because it was readily available.

t After the initial tests (and the period covered by this report), the mount
was modified and the driver power supply replaced in order to minimize this
resonance, so that it will not be a significant factor in future tests.
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Figure 5. An overview of the vibration equipment.

e

Figure 6. A closeup of the vibration shaker unit (a), showing the PC board
"fixed" mount (b), and a PC board (c) with four hybrids on it (d). A 1-gram
accelerometer (e) is attached to one hybrid.
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DISPLACEMENT

(INCHES-DOUBLE

AMPLITUDE)

CURVES Ilia, IVa, Va AND Via (lg)

CURVE lla (2g)

FREQUENCY (Hz)

CURVE la (OF PREVIOUS ISSUES) - REPLACED BY CURVE IVa

CURVE lla - EQUIPMENT DESIGNED FOR OPERATION ON ISOLATORS WITH
ISOLATORS REMOVED

CURVE Ilia - EQUIPMENT MOUNTED IN FORWARD HALF OF FUSELAGE OR
IN WING AREA WITH ENGINES AT REAR OF FUSELAGE

CURVE IVa - EQUIPMENT MOUNTED IN REAR HALF OF FUSELAGE OR IN

WING AREA WITH WING OR FRONT MOUNTED ENGINES
CURVE Va - EQUIPMENT MOUNTED IN ENGINE COMPARTMENT OR ENGINE PYLON
CURVE Via - EQUIPMENT MOUNTED DIRECTLY ON ENGINE

Figure 7. The sinusoidal vibration requirements for equipment designed for
installation in jet airplanes (from MIL-E-5400R)

.
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Figure 8. The resonant vibration peaks on a 20-min frequency sweep of a PC
board (curve a). The recorder pen was displaced 'v*1/8-in. to the left to pre-
vent intercepting the calibrating pen that was recording the shaker drive
(curve b). Saturation on the resonances is evident on three peaks.

10
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Table 2. Comparison Between Calculated and Mea-

sured Modal Frequencies.

m
Modes

n
f
meas ^calc

Comments

2 2 310 Hz 330 Hz Peak > 100 g
3 2 480 495 Very small peak
2 3 800 820 Peak > 100 g
3 3 960 975 Peak % 80 g
5 2 1020 1160 Peak > 100 g
5 3 1640 1603 Peak near 100 g
3 4 1760 1710 Peak > 100 g

2.3.2 Vibration of PC Board-Mounted Hybrid Packages

In order to prepare butterf ly-type hybrid packages for mounting on boards, it

was necessary to bend and cut the leads. NAC indicated that they bent them

0.05 in. from the seals. Package manufacturers do not recommend bending
leads closer than 0.10 in. from the package and prefer a 0.15-in. spacing.*
Subsequently, two lead bending-cutting jigs were designed and constructed.
One bent the leads 0.07 in. and the other 0.15 in. from the edge of the pack-
age.

Eight packages had their leads bent and cut, four on each jig. All showed a

small degree of glass damage to two or three out of 30 leads, but this was
much less than on NAC-supplied pre-bent samples. Two of the best packages,
one with short and one with long leads, were soldered to unetched PC boards.
This was facilitated by scribing a moat with a sharp knife in the copper
cladding around the area to be soldered. The thermal conductivity away from
the leads was thereby decreased and soldering with a small iron was possible.
The open packages were mounted side by side in the center of the board with
the leads in the short direction of the board. This was intended to be the
worse position for damage by excitation at the lowest mode. A 1-gram accel-
erometer was attached to the package with the shorter lead spacing.

The "fixed" nature of the board mount was verified by observation under the
strobe light with lycopodium powder placed on the board during a preliminary
run. Resonant amplitude peaks were measured both with the accelerometer and
with a depth gage micrometer from a fixed nonresonant portion of the mount.
The lowest resonant mode of the board with soldered-in hybrids was 280 Hz
which compares well with the calculated value of 308 Hz if the addition of
0.03 lbs. to the board's weight by the packages, solder, and accelerometer
is taken into account. Had this weight been more evenly distributed, presum-
ably the two frequencies would have been even closer.

The object of this test was to vibrate the PC board sufficiently to damage
seals, to observe the relative damage resulting from the two different lead
lengths, and to use the information to set up an even more controlled test

* Dan Zimmerman, Johns Hopkins Applied Physics Labs, private communication.
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using an acoustic emission detector to observe glass-metal seal damage as it

occurs.

During the test, several frequency sweeps were made from 10 Hz to 2 kHz; how-
ever, the programmed rate of frequency change was varied to allow longer ob-
servation with the strobe at the resonances and to make amplitude measure-
ments. At several resonances, clear differential motion was observed between
the packages, with the greatest motion occurring on the one having the long-
est leads. At one point, package rotation was observed, and at higher modes
differential motion from one side of the package to the other was observed.
After the third frequency sweep, different vibration noises were heard. It
was concluded that some lead damage had been sustained, and the test was con-
cluded. The damage was extensive both to the leads, by fatigue, and to the.

glass seals as observed under a microscope. Eighty percent of the leads on

the package with longer lead spacing were damaged or broken, as is evident in
the photomicrograph in. figure 9. No leads were broken in the package with
shorter leads, but some glass cracking was observed.

The packages were then removed from the board for further observation of the
damage and evaluation by a newly developed high-temperature leak test method,
which is described in section 4 of this report. The room temperature leak
test showed both packages to have leak sizes less than 10“8 atm.cm3/s
helium. Tests at 125°C gave similar results, leak sizes less than 5 x
10“ 8 atm* cm8 /s helium, the test limit. The packages were put on a

thermoelectric temperature cycling system and cycled 25 times from -55° to
125°C with a 7-min cycle time. They were retested, and again the package
with shorter leads had a leak size less than 10"8 atm*cm3/s helium at
room temperature and 5 x 10“8 atm*cm3/s helium at 125°C. However, the
package with the longer leads, which had sustained considerable damage,
showed a 10“ 7 atm*cm3/s helium leak at one lead at room temperature and
10“ 7 atm*cm3/s helium leaks at two leads (one was the room temperature
leak) at 125°C. It should be noted, however, that a 10

-7 leak is accept-
able in Method 1014.2 of MIL-STD-883, Test Methods and Procedures for Micro-
electronics, for packages of volume 2 cm3 or greater. Thus, the packages
cannot be considered to have failed hermetic tests even though several leads

had been fatigued off.

Plans to run an acoustic emission test simultaneously with vibration testing
were postponed until etched boards have been received from NAC. However, a

special acoustic emission detector was developed to be more sensitive to sur-

face waves and less sensitive to vibration-induced cable noise, since noise
had been observed in e^qperimental runs. This detector is described in sec-
tion 3. Test procedures and AE waveform signatures to separate AE due to

lead fatigue from that due to glass cracking are yet to be developed.
It is difficult to base any recommendations on the preliminary vibration ex-
periments described above. Certainly, the theory has been demonstrated to

correlate well with experiment, and some general guidelines for PC board lay-

out to minimize vibration damage were given. It is apparent that consider-
able glass-seal damage does not necessarily result in leaks of sufficient
size to require rejection of hybrid packages either at room or high tempera-

ture. However, packages from this same lot had been shock tested from 400 °C

to liquid nitrogen and also passed the leak test, indicating that these pack-
ages were of very high quality . Packages with flaws in the kovar, glass, or

12



Figure 9. Photomicrographs of a 1-in. square hybrid package after vibration
testing. (a) Leads fatigued off during vibration tests at the package seals,
showing glass damage. (b) Leads fatigued off at the bends or at the solder
joi nts.
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oxide might react quite differently under vibration conditions; study of such
packages would be part of a continuing investigation.

3. DEVELOPMENT OF AN ACOUSTIC EMISSION DETECTOR RESISTANT TO
VIBRATION-INDUCED CABLE NOISE AND SENSITIVE TO SURFACE WAVES

Acoustic emission sensors are usually designed to have the PZT element re-

cessed into the case and a plastic element extending to the surface for
acoustic wave coupling. They are also typically designed to have maximum
sensitivity in the direction of the thickness of the PZT disc. Thus, maximum
sensitivity occurs for waves entering the detector normal to its surface
rather than for a surface wave propagating along the base or top of a hybrid
package. Acoustical wedges have been used to increase the sensitivity of AE
sensors to surface waves. However, a disc-shaped PZT sensor lying flat on
the surface is sensitive to surface waves propagating along its diameter, and
the resonant frequency of the sensor for these waves is determined by the di-

ameter rather than the thickness of the sensor. Also, the impedance of AE
sensors is relatively high (VIO to 20 kfl), and the output for weak signals is

low in the order of microvolts. Some of this signal is lost due to cable
capacitance; in addition, shielded cable noise generated during PC board vi-
bration tests limits the maximum sensitivity of the detectors. In order to

complete all objectives of the NAC program, it was necessary to develop an
improved sensor to overcome the above limitations.

A detector meeting the requirements outlined above was constructed as fol-
lows; sensors with a diameter of about 0.25 in. were ultrasonically cut from
larger diameter, 1-MHz PZT ceramic stock. PTFE-coated copper wires 0.003 in.

in diameter were soldered to the silver-coated faces of the ceramic disc, and
the element was bonded into the cap of a TO- 100 IC package which had a thin
layer of polyimide in it as insulation. A yA-733 differential input-output
operational amplifier was attached with insulating epoxy to the base of the

TO- 100 package and wire bonded so that it had a gain of 100. The chip was
protected with a thin film of xylene-thinned silicone rubber, and the wires
were protected from shorting by a film of photoresist. Photographs of the

basic assembly steps are given in figure 10.

The completed detector-amplifiers weigh approximately 1.3 grams and, there-
fore, offer negligible damping when attached to hybrids undergoing vibration
tests. All connections to the device, including signal leads, are unshielded
twisted pairs in which vibration-induced noise is negligible at the low out-
put impedance of the yA-733 chip.

The frequency response curve of a detector is given in figure 11. The 350-

kHz peak is primarily sensitive to surface waves. The frequency response was
obtained by driving the test units with a smoothed response calibrated trans-
ducer. The absolute response was not measured, but the response data sup-

plied by the manufacturer is plotted and the relative correction is apparent.
When the TO- 100 detector was attached to a package and tested for simulated
continuous-signal surface wave response, the unit was 5 to 10 dB more sensi-
tive (signal-to-noise ratio) than standard AE detectors with the same fre-
quency range. Absolute calibrations of the detectors for their sensitivity
to AE-type surface waves will be made elsewhere in NBS at a later time. A

sensor of the type described is desirable in all tests involving AE detection

14



Figure 10. Steps in the assembly of the TO- 100 acoustic emission detector
amplifier. From left to right, the yA-733 chip is die bonded and wire
bonded; then a silicone junction coating material is applied. Next, a PZT AE

detector chip is shown. On the right it has leads attached and is held to
the TO- 100 cap with a polyimide adhesive. The leads are then ultrasonically
attached to the package, the cap is welded on, and external power and signal
leads are attached. (A closeup of a finished detector is shown in fig. 17.)



Figure 11. Frequency response curve of a PZT AE detector. (a) The continu-
ous excitation relative response curve of a TO- 100 AE detector. (b) The rel-

ative calibration of the driving transducer. The PZT transducer is designed
to operate in the thickness direction where its response is maximum, at about
1.1 MHz. The diameter direction response is approximately 350 kHz.
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of signals emitted daring package tests, since thin package lids can only
transmit surface waves.

In use, these TO- 100 detectors are attached to the hybrid package with vari-
ous standard AE couplants, as well as water. The detectors are held in place
with assorted clamps, jigs, or weights. However, it was necessary to deter-
mine the optimum material that would serve both as an AE couplant and a me-

chanical glue-like attachment for use in holding the detectors during vibra-
tion tests. Several thermoplastic materials typically used as AE couplants
were rejected because of their brittleness, since any cracks that developed
in the couplant during a vibration test could generate acoustic emission
which might be confused with signals emitted from cracking seals. A series
of tests involving a dozen different materials determined that beeswax would
adequately serve as both mechanical and AE couplant for vibrational purposes.
The TO- 100 detector can be attached either by melting the beeswax ('WO °C) or
by solvent evaporation.

4. DEVELOPMENT OF A HIGH-TEMPERATURE OPEN-PACKAGE
LEAK TEST PROCEDURE

It has been reported by Thomas [25] that some packages leak at high tempera-
tures (M25°C) or during rapidly changing temperatures, such as encountered
in shock tests, but are well sealed during normal room temperature leak

tests. There are two reasons for this. The first is that the kovar-glass
seal is in tension at 125°C, but in compression at room temperature [26] .

Thus, if there are cracks, they may open and result in leaks at 125°C, but
reseal at lower temperatures. The second reason is that, during rapid tem-
perature rise, nonequilibrium conditions exist with the glass temperature
lagging that of the better conducting kovar, putting any weak areas of the
seal in significant tension, thus causing cracks. Therefore, in order to
fully evaluate seal damage and correlate this with acoustic emission bursts,
it was necessary to develop a high-temperature open-package leak test.

The normal open-package leak test, using neoprene rubber and a standard vac-
uum grease, is not useful at 125°C because the rubber becomes highly perme-
able to helium and the grease becomes mobile and moves out from under the
package edges.

The first efforts to develop a high-temperature leak test were directed to-
wards finding published data on the permeation of helium through various
elastomers and greases at temperatures greater than 100°C. No such informa-
tion was available. The next step was to obtain several different greases
and very thin sections of different elastomers and greases and leak testing
known good packages at various temperatures, choosing the best combination,
combination. The present system uses Viton A* elastomer and Fomblin* grease.
This combination is adequate for leak testing to 10” 7 atm*cm^/s.

* Certain commercial equipment, instruments, or materials are identified in
this paper in order to adequately specify the experimental procedure. In
no case does such identification imply endorsement by the National Bureau
of Standards, nor does it imply that the material or equipment identified
is necessarily the best available for the purpose.
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A temperature-controlled package heater was designed and constructed. It is

shown in figure 12.

Although a number of packages have been successfully tested by this method,
new procedures and materials will be investigated in the future.

5. DEVELOPMENT OF AN AE-MONITORED THERMAL SHOCK TEST*

McCormick and Zakraysek [27] described the effect of kovar oxide thickness on
the reliability of the glass-metal seal. They concluded that a shock test
(MIL-STD-883 Method 1011.2 Condition C) was an adequate test for packages.
However, inquiry revealed that many manufacturers routinely use a hot stage
shock test unless the MIL-STD-883 test is specifically called out. Briefly,
the hot stage test is performed as follows: a kovar flat-pack containing
glass-to-raetal seals is placed on a surface (hot stage) heated to a tempera-
ture usually in the range of 350° to 400°C. The package is allowed to reach
equilibrium. Following removal and cooling, the glass seals are examined or
tested for damage. Because of the frequent use of the shock tests as a

screen, it would be desirable to instrument this test with AE-detection
equipment. Such a test could also be used as a shock test at lower tempera-
tures ('v150°C) for hybrid component bond integrity as well as to reveal sub-
strate cracks.

The high temperatures of the hot stage required for this test presented dual
problems for AE detectors. Rapid heating can produce extraneous AE-like
noise, and the most sensitive detectors have Curie point restrictions and/or
mount constructional materials (i.e., epoxy) that* can be damaged by the high
temperatures. The first experiments to protect the detector used a stand-off
acoustical waveguide made of Pyrex attached to an AE detector, the unattached
end being coupled to the hot package. The detection efficiency of this meth-
od was very low because no acoustical couplant (for use between package and
waveguide) could be found that would withstand package temperatures of 350°

to 400°C. Also, this waveguide extension had very low sensitivity to surface
waves.

Next, a small water-cooled detector mount was designed and constructed. This
adequately stabilized the detector temperature when the package was turned
face down and some thin insulation material, such as fiberglass or ceramic,

was interposed as a radiation-convection barrier inside the package between
the hot plate and the package lid. A photograph of the cooled detector
mount, hybrid package, and hot stage is shown in figure 13.

Additional tests were made with a small thermocouple attached on the inside
bottom of the package, directly under the detector. With the package walls
in equilibrium (>1 min on a 400°C hot stage), the detector temperature cycled
(in synchronization with the hot stage cycling) from 50° to 54°C. With maxi-
mum possible water flow through the cooler, the detector cycled between 42°

and 45°C. Either temperature range is satisfactory and does not lead to

spurious AE signals. The AE apparatus has been tested; small induced cracks
in the glass seals have been detected with the package at 400°C. No packages
with appropriately weak seals were available during the period of this con-

* Most of the work in this section was carried out after September 30, 1979

and thus was not sponsored by NAC, but is included for completeness.
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Figure 12. The high-temperature open package leak test apparatus. (a) Fluo-
rocarbon elastomer gasket. (b) Platen used to conduct heat uniformly to the
package. A thermocouple controls the temperature on the platen. (c) Heater
element. (d) Hybrid package. (e) Leak detector port.
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Figure 13. Thermal shock hot stage with a hybrid package and a water-cooled
AE detector on top. (a) Brass weight to hold the spring-loaded detector
against the package. (b) Part of the lead and connector from the AE detec-
tor. (c) Water-cooling jacket around the AE detector. (d) Hybrid package
shown face down on the hot stage. (e) Silicone rubber coolant tubing. (f)

Hot stage surrounded by a protective screen.
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tract for use in screening tests. However, arrangements have been made with

a hybrid facility to obtain a number of their rejects, and these are expected
early in the next fiscal year.

Since the face-down package configuration is different from the usual face-up

hot stage test, it was necessary to carefully measure the thermal character-
istics for both situations. It became evident that this frequently used test

is not well characterized, and under various conditions, it should be possi-
ble to pass weak products because the temperature rise can be too slow to

adequately stress package seals.

The experimental arrangement is the same as was shown in figure 13, except
that 0.003-in. diameter thermocouple wires were welded to the inside wall of

the package at the same level as the lead-throughs . In order to be sure the

actual wall temperature was monitored, the thermocouple was split and each
wire welded separately, approximately 0.01 in. apart, to the package wall.

Data were taken at 5-s intervals using a digital read-out thermometer. The
first few runs gave poor reproducibility, so the hot plate surface was flat-
tened and smoothed with a fine file. The package bottom was also lightly
polished. Figure 14, curve (a), gives the average temperature-time curve of

a package, bottom-down (the normal configuration), on the 400°C hot stage for
a cpld-plated package of 1-1/4 by 2 by 0.3 in. dimensions. Each point is the

average of three runs. For comparison, curve (c) was taken under conditions
identical to (a) except that two short pieces of 0.003-in. diameter alumel
thermocouple wire were placed on the hot stage under one edge of the package.
The wire was invisible except when viewed in oblique light. Curve (d) is

taken similar to (c) except a 0.05-in. long by 0.015- by 0.010-in. piece of
kovar from a package lead was placed underneath and near one end of the pack-

age. The 0.015-in. dimension was horizontal. From examination of the

curves, it is apparent that the initial temperature rise at the glass seal

can vary considerably, and much care should be exercised in carrying out the
test. Factors leading to varying temperature rise conditions are: package
design (i.e., height of seals above bottom surface) and size of package,
plating and reflectivity, particles or other contaminants or irregularities
on the surface of the hot stage, and possible drafts across its surface.
Liquid immersion to a lower peak temperature would certainly be more repro-
ducible and presumably just as effective, considering the maximum stress tem-
peratures of the kovar glass seal [26] .

After characterizing the normal hot stage thermal shock test, it was neces-
sary to obtain equivalent data on the package face-down with convection and
radiation shields and a cooled detector on the bottom. After several runs,
it was determined that the equivalent rate of temperature rise in the impor-
tant initial 20° to 200°C range was obtained with the stage temperature in-
creased ^25° to 425°C, as shown in figure 14, curve (b).

Only a single hot stage and two package types have been characterized in
these tests. Different organizations may use quite different stages, ranging
from small substrate heaters to large hot plates, as well as a large variety
of package types. Therefore, the hot stage thermal shock test probably can-
not be standardized. Nevertheless, each particular setup should be charac-
terized, and the surface of the stage smoothed and kept clean in order to ob-
tain self-consistent results.
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Figure 14. Temperature rise curves for a hybrid package on the hot stage of
figure 13. (a) Package face up, hot stage at 400°C (normal practice). (b)
Package face down, hot stage at 425°C. (c) Section of 0.003-in. wire under
face-up package (400°C). (d) Section of package lead under face-up package
( 400 °C )
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6. DETERMINING THE SUSCEPTIBILITY OF THE KOVAR GLASS SEAL
TO DAMAGE DURING BONDING

6.1 Mechanical Characteristics of Kovar Glass Packages

There are a number of stresses that are applied to hybrid package seals dur-

ing production that may damage those seals. Two obvious examples are lead

forming and bonding to the leads. This phase of the program is directed to-
ward determining the levels of stress encountered during bonding that may
damage the seals, and if found to be destructive, recommending procedural or

other changes to retain seal integrity. The approach used was to determine
mechanical characteristics by "beam" bending the lead extension inside the

package, and any glass-seal cracking was revealed by an AE sensor coupled to

the package.

Figure 15 is a sketch of the experiment which identifies the variables used
in equations for beam bending.

Figure 15. Sketch showing beam-bending variables.

The simplified cantilever beam equation, in which the entire bending force is
applied to one end and the other end is fixed, is [28]

:

y
3 El

3
-4 F £

bd
3
E

' (3)

where:

F = applied force, lbs,

l = the beam length, in.

,

I = 1/12 bd^ = section moment of inertia, and
E = Young's modulus ^ 19.8 x 10 6 psi for kovar [26]

.

The general equation of deflection at any point, x, along a cantilever beam
with the force applied at any point, L, is:
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y = FX

2bd
3
E

(X - 3L) -
FL

3db
3
E

(x - L)Q

also X = x when x < L, and X = L when x > L.

/when x > L,

\when x < L,
Q = l\ (4)

Q = 0/

A program for eq (4) written for programmable calculators having inverse pol-
ish logic is given in the appendix. It includes the conditional tests so

that only the beam dimensions and applied force need be entered. It should
be noted that deflection is proportional to the cube of the lead length and
inversely proportional to the cube of the beam thickness. Thus, it is impor-
tant that the package manufacturer control these dimensions to minimize lead
bending and thus any effect it can have on bonding.

The ISHM Hybrid Microelectronic Specification for Metal Packages (ISHM
M-SP008, 1978) and most manufacturers' catalogs allow a +0.00 2-in. variation
in lead thickness. This allowed variation can significantly affect bending
under a given force as indicated in eqs (3) and (4). Therefore, lead thick-
ness measurements were made on a number of the packages at hand in order to

determine the typical range of lead thicknesses actually delivered. These
packages were predominately from two manufacturers and included samples from
many lots. The thicknesses were as follows:

Table 3. Measured Thicknesses of Hybrid Package Leads.

Specified
Thickness, in.

0.005 0. 010

Measured
Thickness, in.

0.0045 0.005 0.008 0.009 0.0095 0.010 0.0105 0.011

Number of

Packages
6 2 1 3 14 38 10 1

In a few cases leads of the same package ranged in thickness from 0.009 to
0.011 in. (within tolerance) and in width from 0.011 to 0.016 in. (uncon-

trolled). Although the lead thicknesses were all within tolerance, there is

an obvious skewing of the distribution towards the thin, more bendable side.

A larger number of packages from more manufacturers might show a larger

spread.

The depth of lead extension into the package is equally critical with lead

thickness for lead bending under a given force. The packages studied showed
an interior extension range of from 0.025 to 0.054 in. Since they were ob-

tained under various interior specifications, it would not be useful to make

a table of their values. However, inspection of various catalogs shows that

packages with 0.010-in. thick by 0.015-in. wide lead cross sections can be

ordered with specified internal lead extensions ranging from 0.025 in. to
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Long leads such as the latter would bend significantly un-0.110 in.
+0.01
-0.005*

der even the low forces of ultrasonic wedge bonding, presenting nonflat
bonding surfaces and resulting in relatively unreliable bonds. The bending
would be severe under thermocompression (TC) or thermosonic (TS) bonding
forces.

Tests were run to determine the actual characteristics of leads under thermo-
compression and thermosonic bonding forces. The apparatus used in these ini-

tial lead bending experiments is shown in figure 16, with a closeup of the

force probe, package, and AE detector shown in figure 17. Measurement of the

deflection was made with a 120 power binocular microscope having an eyepiece
reticle which was calibrated with a precision stage micrometer. The force

was applied by a special thin bonding tool and measured by the gage.

Initial lead-bending tests were run on packages with relatively long leads in

order to more easily determine the mechanical characteristics of the kovar.
The leads were 0.010 in. thick by 0.014 in. wide and 0.10 in. long.

The actual deflection was measured and then calculated using the published
kovar modulus in the equation. The results of one such test are given in
table 4.

Table 4. Comparison Between Measured and Calculated Bending of Kovar Leads.

Force (g) Measured Deflect,
in.

Calculated Deflect,
in.

Ratio
(meas/calc

)

•

-3 -3
9 0.66 x 10 0.28 x 10 2.36
18 1 .33 0.57 2.33
25.5 1.99 0.79 2.52

34 2.65 1 .07 2.48
36 3.3* 1.13 2.92

‘yielding observed.

The large ratios of experimental to calculated bending deflection have been
verified on a number of different packages and with leads of different
lengths and thicknesses, both with and without gold plating. The discrepancy
cannot be attributed to yielding since the beam deflection returned to zero
upon unloading for the first four force values in table 4, and the changes in

the ratio are within measurement error. However, the highest force was ob-
served to permanently bend the lead.

The only material constant in eq (4) is the modulus which is listed in tables
as 19.8 x 10 6 psi for kovar. One would not expect this value to be off by

a factor of two with small compositional changes in kovar, since that would
bring the value close to that of aluminum, a much weaker material.
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There may be a number of possible explanations for the discrepancy. However,

the forces on the glass under the beam may be as high as 40,000 psi and a

slight compression of the glass is possible.

An analysis of the effect of such compression of the sealing glass on lead

bending was made after the end of this report period and will be given later.

However, the results appear to bring the difference between the measured and

calculated lead deflection to within about 20 percent and illustrate the"im-

portance of including all parts of the glass metal seal when making any

stress analysis of hybrid packages.

6.2 Acoustic Emission Tests to Determine Glass-Seal Damage

After determining the metallurgical characteristics of kovar leads, acoustic
emission instrumented tests were begun in order to establish whether glass-
seal cracking could be induced by the forces and temperatures of thermocom-
pression and thermosonic bonding to the kovar leads and to establish whether
any such cracking could be detected with the TO-100 acoustic emission detec-
tor which was waxed to the hybrid package, as was shown in the closeup of

figure 17. The block diagram of the AE circuit is given in figure 18.

Initial tests began on packages having relatively short lead extensions
(^0.035 in.) inside the packages. The force was continuously monitored and
recorded each time an AE burst occurred. The first observation was that the
leads of certain packages produced numerous AE bursts in the relatively low
force range, ^50 gf (1 gf = 9.8 mN). One such AE burst at a 45-gf load,

shown in figure 19, is attributable to a crack in the glass under the lead.

Another larger burst that saturated the amplifier is shown in figure 20. A
sliver of glass under the lead cracked off at only a 35-gf load. One lead
emitted bursts at 19, 39, and 60 gf. Packages that emitted bursts under low

loads were observed to have glass wetting or "wicking" irregularly extending
outward along the lead past the normal meniscus of the glass bead. This thin
glass can crack off with minimal lead bending. There is no evidence thus far
that such low-force-induced cracks affect the hermeticity of the seal. How-
ever, glass slivers released (or cracked, but left loosely attached during
the bending) could certainly act as loose particles if not removed before
package sealing. The cracking and slivers generally occur in the package on
the underside of the lead where it is difficult or impossible to observe. As

a result, it is possible that such broken glass could be the major source of
nonmetallic loose particles in susceptible packages . Package specifications
should require that the inside glass bead be either flat or have a small uni-
form meniscus shape.

An unusual form of protection against glass cracking from an uneven meniscus
was discovered. One step in the processing of packages after fusing the
glass beads involves etch removal of the excess kovar oxide. If a package
remains in the etch bath too long or is not completely cleaned, undercutting
of the kovar below the glass may occur. Such undercutting is not normally
considered desirable and if severe could lower the yield point of the lead.
However, the combination of the slightly thinned kovar and the resulting
clearance between the most extended part of the glass meniscus apparently
serves as protection against glass cracking during slight bending of the
lead. Therefore, even though the visual appearance of etch undercut leads is
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AMPLIFIER

Figure 18. Block diagram of AE measurement equipment.
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Figure 19. Acoustic emission burst from glass cracking due to a force of 45

gf applied to the internal lead. The horizontal scale is 1 1 ys/div.

Figure 20. A large acoustic emission burst (saturating the transient record-
er) resulting from a small sliver of glass cracking off from the bottom side
of the lead resulting in a loose particle. The horizontal scale is 11

ys/div.
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not ideal, such etching appears to protect the glass against cracking under
light-load bending. It should be pointed out, however, that the etching
undercut patterns could serve as stress risers and result in early fatigue
damage in vibration tests (sec. 2.3).

Several additional ejqperiments were carried out using higher bending forces
on the leads to determine the level required to produce significant glass-
seal damage. The results indicate that, on the average, significant glass

cracking occurs in packages with 0.010-in. thick leads extending inside the
packages approximately 0.035 in. at forces between 150 gf and 200 gf. How-
ever, severe glass cracking was both detected by AE and visually observed
on one seal with a very irregular meniscus at a force of 125 gf. The rela-
tionship between seal damage, applied force, and the length of lead has not

been studied, but will be established during the next stage of the contract.

Other tests were carried out on seals that had been significantly cracked on
the outside by bending the leads. These seals were subjected to probe forces
on the lead extension inside the package as described above using the appa-
ratus of figure 16. One such lead produced large AE bursts at 40, 95, 125,

and 200 gf. These bursts were in the 200 to 500 count range and of suffi-
cient amplitude to saturate the transient recorder input. Another seal that
was less damaged than the above one produced several unusual double bursts
when stressed, an example of which is shown in figure 21. Presumably, a

small crack propagated into a much larger one. The total AE count in this
burst was 367 as registered by the digital recorder. It is reasonable to ex-
pect that force can be transmitted through a glass seal since the glass is

compressible and has a relatively low modulus of 8.9 x 10® psi. This
compressibility was discussed at the end of section 6.1.

The above experiments were a preliminary evaluation to determine any possible
thermocompression or thermosonic bonding damage to package seals. The tests
were carried out at room temperature where the glass-metal seal is in com-

pression and at its strongest. Future work will extend the seal temperature
up to at least 150°C where the seal is in tension and should be even more

susceptible to damage.

Additional studies of the metallurgical properties of kovar, including hard-
ness tests, sectioning, evaluation of platings, etc., were carried out by Dr.

John Smith, NBS, Fracture and Deformation Division. However, this work was

done after the end of the fiscal year and will be described in a later re-

port. The author would like to acknowledge many valuable conversations with

Dr. Smith concerning the unusual bending characteristics of the small leads

as reported above.
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Figure 21. An AE burst at 25 gf applied to the lead from a seal that was
damaged on the outside with no damage observed on the inner side of the seal.
The double burst presumably resulted from a small glass crack propagating and
causing a larger crack. Seals that are damaged on the outside appear to be
susceptible to damage during bonding. The horizontal scale is 22 ys/div.
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APPENDIX

Pocket Calculator Programs for
PC Board Vibration Frequency and

the Bending of Kovar Leads

Beam Bending and Beam Slope f(x)

Programmer G. G. Harman

/Canti lever Beam Beam II]

„J
varE (slope! (x i

)

mi

Page ^ of

Date ...3/5/29_

EU
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Title Beam Be nding Page 2 Q f
2

SWITCH TO W PRGM. PRESS [Yj
[
PRGM J TO CLEAR MEMORY.

KEY
ENTRY

CODE
SHOWN COMMENTS KEY

ENTRY
CODE
SHOWN COMMENTS REGISTERS

LBL 23 D 14 calc X- Rl F

A 11 RC1 3 3403 L

STO 2 3302 RC1 2 3402 X

DSP 21 x<y 3502 test R 2
x

3 03 RC1 2 3402 X

D 14 X RTN 74

STO 7 3307 STO X RC1 3 3403 L R 3 L

RC1 3 3403 L RTN 24

3 03 LBL 23

,o X 71 3L 60 E 15 calc I R 4 b

_ 51 X - 31 roi q 34nq d

RC1 7 3407 X 3 03
+ 41 q 35 Rs d

X 71 x^
-

yX 05 d 3

X 71 X 2 (X - 3L) RC1 4 34n4 b

RC1 1 3**01 FX* (X - 3L) X 71 Rg Jbd)
X 71 T 1 01

1 01 2 02
2 02 81 r 7

X

20 EEX 43 79 STO 8 3308 —
7 07 RTN 24 bd3/l

2

* 81 LBL 23 Rs
E 15 B 12 var. Ent Ffb+dfL I

i 81 FX 2 (X - 3L)/6 El STO 3 3303 L

'

STO 6 3306 STO End BM Deflect (BD) ± 3508 Rg
RC1 3 3403 L STO 5 3305 d

RC1 2 3402 X + 3508

X<Y 3522 x<L STO 3 _33Q4 b LABELS

/Deflect (x)RC1 6 3406 BD 4- . 3508

30 RTN 24 so STO 1 3301 F fVar . Ent

RC1 2 3402 X RTN 24 CSlope—atj
D &Rf.l 3 3403 I 1 Rl 23

- si x - 1 C 13 slope at x E L_
RC1 3 3403 L RC1 7 3407 X 0
+ 41 RC1 3 3403 L

1

X 71 T2 2 02 2
X 71 L 2 (x - L) X 71 3
RC1 1 3401 F - 51 X - 2L 4
X 71 RC1 7 3407 X 5
40 4 04 90 X 71 6
EEX 43 RC1 1 3401 F 7
7 07 2E X 71 8
i 81 4 04 9
RC1 8 3408 I EEX 43 2E
* 81 [PL 2 (X - L) (X>L)/2 El 7 07 FLAGS

1
RC1 6 3406 (BD) i 81

xiy 3507 (BD) - (4-) Deflect f (x) RC1 8 3408 calc I

51 T 81
2

RTN 24 RTN 24

50 LBL 23 100

93P0-0R16 TO RECORD PROGRAM INSERT MAGNETIC CARD WITH SWITCH SET AT W.PRGM
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Title
p C Board , Resonant Frequency (Fixed Edges) page 1 o{ 2

Prog rammer G. G. Harman Date -_8/_29/7.9

/ PC Board Res. Freq

.

"1 / i

T it non hill.
STEP INSTRUCTIONS

INPUT
DATA/UNITS KEYS OUTPUT

DATA/UNITS

1 Sto a, b, h, w in Ri, 2, 3, A resp. Sto \-k

2 Calc & sto y m D
1

_1 - Calc 6 sto e n
E

e

Calc Res Frea. (m. n) fFixed sides!
A f

m. n

/= <- h
- t
T 1

b ->

m = nodes, along a

n = nodes a Iona b
T

a fixed fundamental m = n = 2

Examp: a = 8.2", b «= 5.2", h - .062",

w = .210 lbs

m = 2 n = 2 f=330

m=2-n = 3 f - 821

m = 3 n = 2 f =

m = ^ n = 2 f <= TJh

In It U <i I/O
f ' 1 X <Y ' 2,<£ - 2))

D
Eh3

D
12ll - ail

yl = Itn -
. 1 / 2) tl. e «= (n - 1 /2) r

o. = W
mass/unit at ea - —

* abg g

w = weight in pounds

E = modules

a,b,h in inches
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Title P C Board Res f all vib modes m. n PC-9 ..of _2_Page.

SWITCH TO W-PRGM PRESS Y] [ PRGM~~| TO CLEAR MEMORY.

KEY
ENTRY

CODE
SHOWN COMMENTS KEY

ENTRY
CODE
SHOWN COMMENTS REGISTERS

LBL 23 f 2 02 Ri a

A 1

1

rrij n
_ 51 y - 2

RC1 3 3403 t RCl 8 3408 e
H
;> 03 2 02 R 2 b

g 35 - 51 e - 2

y
x 05 t-* X 71 (y - 2) (e - 2)

i 01 RCl 7 3407 Y Rt t (h)
• S3 X 71

4 04 compos it E/2 RCL 8 3408 e

10

1

01 60X 71 R4 w
EEx 43 (epoxy - CU) 2 02

6 06 _x 71

X 21 RCl 1 3401 a R5
3 03 RCl 2 3402 b

8 08 9 X 71

6 06 r 1 32 R6 D/

p

X 71 / 09

RC1 1 3401 a A 81

X 71 + 61 R? y
30 RC 1 2 3402 b 70RC1 6 3406 D/p

X 71 x 71

A 06 f *1 Rs _E_
1 81 09 VD/p ( )

RC 1 4 3404 w Q 35
i 81 7T 02 Rg
1 01 7 81

+ 4] PC 10 = .12 2 02 1 / 2tt J
• . 83 compos i

t

81 LABELS

A Tm.n1 01 RTN 24 fm, n

30 3 03 Poissons ratio bo LBL 23 calc y B

3 03 (n) Oll-epnxy -CL - 14 C
f' 1 32 • 83 D y

09 a 2
_5 05 E e

- 51 51 0
• 81 9 35

1

STO 6 3306 D/p IT 02 2
RC 1 7 3407 Y X 71 3

4RC1 1 3401 a STO 7 3307 (m - l/2)rr

T 8l y/a RTN 24 5
-10 4 04 « LBL 23 calc e 6
9 35 E 15 7
X

Y 05 (y/a) 4 • 83 8
RC 1 8 3408 e 5 05 9

RCl 2 _ _3*tQ2 _h_ 51

81 E/b g 35 FLAGS

1
4 04 TT 02

9

Z
35 X 71

05 U/b) 4 STO 8 3308 (n -
1 /

2

) tt 2
+ 61 RTN 24

5o RCl 7 3407 Y 100

TO RECORD PROGRAM INSERT MAGNETIC CARO WITH SWITCH SET AT W PRGM
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