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INTRODUCTION

The plant modernization program for M55 detonator production will result in
high volume output. A number of functions, such as cup inspection, loaded deto-
nator inspection, and sealing, are being improved to meet the output requirement.
One of the time consuming tests required for this detonator is moisturepronfness
(ref 1) wherein samples from detonator lots are immersed in 2 to 3 inches of
water, maintained at 15.5°C (60°F) for 48 hours, and then tested for functioning.

Exclusion of moisture within sealed items is essential for safety and proper
functioning. In the present case, moisture can affect the sensitivity of the
explosive components and, therefore, must be prevented from entering the loaded
container after the closure is sealed with lacquer. It 1is assumed that the
proper functioning of the detonators after water immersion indicates either an
adequate seal or that the water leakage is below a quantity which would affect
the sensitivity of the detonator. However, the moistureproofness test does not
quantitatively relate the amount of moisture to the decrease in sensitivity, nor
is the test procedure representative of a realistic situation to be encountered
by this detonator. The test conditions appear arbitrary without definitive
intent. Furthermore, since this is a destructive test, it is felt that a well
reasoned scientific basis could define and establish accept/reject criteria for
moisture penetration by means of a nondestructive method.

M55 Detonator

The configuration for the M55 detonator is shown in figure 1. The container
is an aluminum cup. Prior to being loaded, cups are visually inspected for cuts,
holes, punctures, and other 1likely defects. They are then loaded with three
separate increments of explosives. After an aluminum disc is positioned on the
last increment, the edge of the cup 1is symmetrically folded over (crimped) to
enclose the contents, These loaded detonators are then manually cleaned and
visually inspected for defects, and the closure 1s sealed with a thin lacquer
coating which prevents material from exiting and from penetrating into the alumi-
num cup at the last obvious opening. Samples from each lot are then tested for
moistureproofness and the lot 1is accepted or rejected according to the applicable
requirement,

It was thought that a test method used for fuzes (MIL-STD-331A, Test 118)
(ref 2) could also be applied to this item for leak detection by means of halogen
and helium gases. Since detonators are sealed without being filled with test
gases, and are not provided with a filling port, the "back-pressuring” method
(ref 3) must be used. In this method, the item is evacuated to a vacuum of 50~mm
Hg and pressurized with the appropriate gas at 15 psia. The leak rate is meas-
ured with a mass spectrometer.

The helium leak method was chosen to determine the leak characteristics of
M55 detonators so that the feasibility of using this method as a substitute for
the moisture~resistance test could be evaluated. Although defects through which
moisture can enter the metal cups of the loaded detonators consist of cuts,
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tears, and punctures having dimensions not readily measurable, the experimental
data were obtalned from inert detonators with precisely drilled holes. Inert
detonators were used for obvious safety considerations., Hole sizes were 0.0025
cm (0.001 in.), 0.005 cm (0.002 in.), 0.013 cm (0.005 in.), 0.025 em (0.010 in.),
0.038 ca (0.015 in.), a~d 0.057 cm (0,020 in,). The 0.002 in. holes were about
the limit of unaided eye detectability, and the 0.001 in. holes were virtually
invisible. The larger size holes were readily discernible without visual magni-
fication.

A microscopic photograph of the coined ends of inert detonator samples is
shown in figure 2. The upper row, left to right, shows a good end, then hole
diameters of 0.001 in. and 0.002 in., The second row, left to right, shows bot-
toms with hole diameters of 0.005 in., 0.010 in., and 0.015 in. Figures 3 4, 5,
6, 7, and 8 have the same sequence of flaws magnified approximately 50 times.
Ten of the marked units are equal to 1 millimeter. These photos illustrate the
difficulty in visually detecting flaws which are less than 0,005 in, but which
should be readily detected by a microscopic optical system,

These 1inert detontors were immersed in water, according to the specifica~
tion, to determine the quantitative relationship between the hole size and the
amount of water absorbed. A second series of tests with inert detonators were
carried out according to the method of helium~leak detection to determine leak
rate characteristics; however, the quantitative determinations were limited to
those inert detonators with 0.001 in. holes. This limitation was imposed first, ;
because initial results with larger size holes were erratic, and second, the leak
rates from detonators with large hole sizes would either indicate gross leakage
or lead rto misleading results, indicating properly sealed items when actually the
helium could have been exhausted before the mass spectroscopic analysis (ref
2). Furthermore, the larger size holes would have been detected visually or
instrumentally during process 1nspection and the detonators would have been R
rejected prior to being packed or tested. Thus, the probability of sampling a
detonator having an undetected flaw, such as a large exterior hole or cut, would
be minimal.

Additionally, punctured live detonators were subjected to the moistureproof-
ness and functioning test to determine the change in sensitivity. These detona-
tors were impacted with a pin fired from an air gun (ref 4) instead of being
activated by the traditional ball drop method.

Molecular Flow Equation

Leak detection, according to the back pressuring technique, 1is conducted by
external pressurization with tracer gas which enters a flawed container. Pres-
ence or absence of a leak and its size are detected by using a mass spectrometer
to determine the mass flow of escaping gas. The equation governing leak rate can
be formulated from a theory of gaseous molecular flow through an orifice. The
following derivation is essentially obtained from the discussions of Howl and {
Mann (ref 3) and Turnbuli (ref 5), wherein the three stages of pressurization,
the elapsed time before testing, and the actual test itself contribute to the
total mass flow rate.




Stage l. Pressurication

During this stage, the item is immersed in the atmosphere of tracer
gas. The mass flow rate into the item through a leak is giveu by the wmean velouc-
ity of the gas and the pressure differential.

1
V(dp/dT) = C(A/M) 72 (pe—p) ()

Pe = external pressure of tracer gas

p = tracer gas in the item
A = absolute temperature
M = molecular weight of gas

Therefore
1
[ ap/(p p) = (C/V)(A/M)2 [ ar

Ln (pe=P) = = (/YA 21 4

The integation constant ¢ = 1ln P is obtained by setting p = 0 at T
0. Thus the internal pressure p; at time T {s given by:

- = - l/ZT
In [(pPe=py)/Pel (c/vy(a/m)

1
(Pe=P)/pe = exp [~(C/V)(A/M) f2 T]

1
pL = Pe {l-exp [~(C/V)(a/M) 2T} (2)
Stage 2. Wait Time

After removal of external tracer gas pressure Po» there is a time inter- E
val until the actual test with a mass spectrometer. During this time lapse, the
mass flow rate of escaping gas out of the iltem through the leak 1s given by

v (dp/dr) = c(a/m) B,

Integration of this equation in proper form results in the expression
for the tracer gas pressure pp In the item at wait time t. The constant of inte-
gration (Ci = ln pj) 1is obtained from the conditions: t = 0 at the fiaitlal wait
time and p = p; (equation 2) for the internal pressure when t = O.




1
[ dp/p = ~(C/V)(A/M) /ZI de
1z,
1n p = =(C/v)(A/M) 2t + la p;

1
by = py exp [-(C/V)(a/M) 2¢) ™
Stage 3. Actual Test

During the test, the leak rate is measured with a mass spectrometer.
The mass flow of tracer gas is dependent on the internal gas pressure pp at wait
time t (equation 3).

R = -v(dp/dt)
1
-~ —c(anm) 2 p, (%)

= measured leak rate
define

L = leak size

= one atmosphere of air leaking into a vacuum

where

L = -V (dp/dt)
-~ (am ) 2p, (5)
Po = one atmosphere
M ir = wlecular weight of alr = 30
Rewrite equation 5
LMai ) 1/2/pO - —c(a) (6)
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. Substitute equation 6 into the measured leak rate equation 4
= /M l/) 7
: Ro= L (M e/™ 7 (op/p5) (7
Before making further substitutions, rewrite equations 2 and 3 using equation 6.

1
pL = Pe ILmexp [~(L/py)(Myy /M) 2 (T/V)] |

1
by = by exp [=(L/py)(My; /M 2 (t/V)]

or
1
Py = pe {l=exp [~(L/py)(y;, /M) 2 (T/V)]} 1

1
{exp [=(L/py) (Mg /M 2 (£/V)]} (8)

Substituting equation 8 for p, into equation 7 results in

Mg

1 1 .
R = (L/py) (Maq,/M) 2 Pe {l-exp [~(L/py)(My;, /M) h(Tivyy

1
lexp [=(L/pg)(Myq /M 72 (e/v)] ) 9)

The measured leak rate R, therefore, is obtained from the parameters L and V
inherent in each individual item, and from the variables p,, T, and t which are
controllable by the experimenter. Equation 9 is used in MIL-STD-883 for testing
packaged electronic devices. 1In the "Fixed Method,"” a reject limit is given for
leak rate R, which is measured with a mass spectrometer. For the "Flexible
Method,"” a limit is placed on the equivalent standard leak rate L froam which the
limit on the measured leak rate R is calculated.

In MIL-STD-3314, Test 118 for sealed fuzes, reference 1is made to ths
article by Howl and Mann (ref 3); however, a leak rate limit of 1 x 1078 atn cm
per sec is set as the reject level without resorting to equation 9.

If the leak size L is defined as the mass flow rate of helium at one
atmosphere pressure escaping into a vacuum instead of being defined in terms of
air, the ratio of molecular weights is one, and since p, = 1, the measured rate R
can be expressed by

R = Lp, {l-exp [-(L/V)T]} exp [-(L/V)t] (10)

This is the equation used by Briggs and Burnett (ref 6) to obtain their tables of 1
leak rates for several leak sizes, volumes, bombing times, wait times, and at a
five~atmosphere pressurization with helium. (There are two discrepancles in




their formula: the “bombing™ time in the first bracket should be T, and the
“bombing” pressure P is missing.)

Taking the logarithm of equation 10 results in
ln R =1n L+ 1n p, + 1In {l-exp [(~L/V)T]} -(L/V)t (11)

When a given {tem 1s tested by the back pressurization method, at a
given pressure p, for a given time T, the first three terms on the right side of
equation Il remain coanstant. Therefore, the logarithm of the measured leak rate
R is linearly related to the wait time t, and plotting the rates of the same item
over several wait times should result in a straight line having a slope of
-(L/V), or, ia other words, the logarithm of the rate should decay linearly with
time. ldeally, for all wait times with items of the same geometry, identical
contents, and precisely drilled holes, the leak rates should lie on the same
line.

A similar result occurs for equation 9 with logarithmic manipulations,
except that the slope now represents

1
=(LIVY (M4 Mye) 2
where L is again defined by equation 4.
EXPERIMENTAL PROCEDURE

Weight Gain of Inert Detonators

Ten inert M55 detonacors from a control group and 10 inerts each with preci-
sion-drilled holes of 0.005 cm (0.002 in.), 0,013 cm (0.005 in.), 0.025 cm (0.010
in.), 0.038 cm (0.015 in.), and 0.051 cm (0.020 in.) diameter were weighed on an
dnalytical balance. They were then placed in separate  beakers containing 7.62 cm
(3 in.) of distilled water at the laboratory temperature which remained within
21.1 % 5.6°C (70 t 10°F) for 48 hours. Each simulated detonator was wiped dry of
exterior moisture, then reweighed. The difference in weight before and after
water immersion was assumed to be due to moisture pickup.

Live Detonator Moistureproofness Test

Live detonators were carefully punctured with a needle, and the hole dimen-~
sions were determined by means of a measuring microscope. The detonators with
0.002 in. and 0.005 in. diameter holes were {mmersed in 7.62 cm (3 in.) of dis~
tilled water maintained at 2l.1 % 5.6°C (70 t 10°F) for 48 hours. The 50% fire




it O~

level was determined for a control group with an “"up-and-down™ type test using
air pressure-actuated firing pins. The 50% fire levels were then determined by
the same method for those detonators subjected to water immersion.

Helium-Leak Test

Helium-leak tests by the bombing technique, carried out on inert detonators
at the Varian Associates, Lexington Vacuum Division, Lexington, Massachusetts are
described in the appendix. Samples of simulated M55 detonators were placed in
evacuable metal containers and evacuated with a mechanical pump. The pump was
then cut off from the system and the containers were pressurized with four atmo-
spheres of helium. Separate samples were maintained at this pressure for 1, 2,
or 3 hours. The individual samples were then placed in the evacuation port of a
helium-leak detector. After rapid evacuation of the air from this port, the
sample was switched to a mass spectrometer which measured the rates of helium
leak.

RESULTS AND DISCUSSION

Moisture Absorption

Results of the water immersion tests of inert detonators with the specified
hole dimensions, as well as of inert detonators without flaws serving as refer-
ence standards, are shown in tables 1 through 6. The controls or reference
standards (table 1) appear to have lost weight ranging from 0.l mg to 0.4 myg
which is probably due to experimental errors. The logical errors should have
been a tendency to gain weight because of moisture on the outer surface rather
than a loss of weight which implies a loss in material. This is unlikely since
they appeared well sealed when visually inspected. Furthermore, an extra coat of
clear lacquer was p.inted on the old lacquer to insure a seal. The detonators
with 0.002 in. holes (table 2) showed weight “gain” ranging from -0.3 mg to 1.4
mg. The reasons for loss of weight in the controls and the inerts with 0.002-in.
holes remain unanswered. Only the inerts with the largest size hole (0.020 in.)
(table 6) showed a reasonably uniform gain in weight where the average was 3.9 mg
with a standard deviation of 0.4 mg.

The mean and range of weight gains with respect to hole sizes are plotted in
figure 9. Although the range is large, the trend is obvious that more moisture
is absorbed as the holes become larger, which is to be expected. It was hoped
that the experimental results would provide quantitative information rather than
a simple confirmation of a logical assumption. Larger sample sizes are not
expected to provide greater precision in the values since other factors, such as
capillary action, diffusion phenomena, and intersurface forces, exert consider-
able effect on the ability of water to penetrate into the interior of the item
with the hole dimensions being studied.




The linear regression line for the averages of experimental values obtained
for the various hole sizes is given by y = -0.19 + 7.98 x, where y is the weight
gain in milligrams after 48 hours' immersion in 5.08 cm to 7.62 cm (2 to 3 in.)
of water malntained at 21.1° + 5.5°C (70° £ 10°F), and x is the hole size in
mn. Accordingly, the item would absorb 0.0l mg of water for a 0.0254 mm (0.001
in.) hole. The theoretical line predicts a negative value of -0.19 mg for an
item without a hole; however, since an item without a flaw should neither gain
nor lose welght, the negative y intercept for the linear regression line shows
the inherent errors of the experimental method. The line of best fit should be
of the form y = 0 + bx. In addition, the wide range in data points for a given
diameter indicates the difficulty of these experiments where the weight gain is
in the mg range.

For an M55 detonator, loaded according to drawing 8798331 with 85 mg of
explosives (15 mg NOL-130, Simg lead azide, and 19 mg RDX), the permissible level
of moisture is 0.36 mg according to specifications applicable to these chemical
constituents. The empirical equation cited above indicates that 0.4 mg of mois-
ture would be absorbed by a detonator with a 0.002 in. hole when tested according
to the method required in the detonator specification. Thus, moisture in excess
of the acceptable level can penetrate 1nto an explosive composition when its
container is perforated with punctures or holes 0.002 in. diameter or larger.

Live Detonator Tests

Live detonators with 0.002 in. holes on the coined end of the aluminum cup
were subjected to the moistureproofness test according to MIL-D-14978A. The
functioning test of the detonators was carried out with a pressure-actuated fir-
ing pin instead of the ball-drop test. The results are shown in table 7. The
data indicate that 50% firing velocity for the control group (the detonators
which were not subjected to moisture) was 390 cm (12.8 ft) per sec. The 507
firing velocities for detonators with 0.002 in. and 0.005 in. holes were 479 cm
(15.7 ft) per sec and 451 cm (14.8 ft) per sec. Although the test indicated that
more energy was required to fire detoanators with the smaller (0.002 in.) hole
size than the larger (0.005 in.) one, the tendency was a reduction in sensitivity
of the defective detonators. 1In addition, if the detonators did nmot fire on the
first trial, a second needle was fired at 640 em (21 ft) per sec to destroy the
detonators. While the countrols all fired at this energy input, some of the
defectives only partially fired on the second trial.

lHel ium Leak Rates

The helium-leak test using the bombing technique on control samples which
appeared flawless and had well lacquered output ends, registered varlous leak
rates ranging from zero to high values, which indicated either experimental dif-
ficulties or true leakers. Although some tests were carried out on samples with
holes greater than 0.001 in., only the characteristics of samples with the small-
est holes were followed in detail because of greater consistency in experimental
data.




Results of tests on samples with 0.001 in. holes are shown in tables B, 9,
and 10, anu in figure 10. Leak tests were carried out after bombing (pressuriza-
tion) times of 1, 2, and 3 hours. Leak rates for several elapsed times (wait
times) were measured for individual items pressurized for 1 hour; leak rates for
individual {items pressurized for 3 hours were taken at 2 elapsed times; and those
items pressurized for 2 hours were tested for leaks oaly once. The data were
recorded for wait times of up to 1,860 seconds (31 minutes). The data points for
1-hour pressurization time were connected since they represent several readings
per item; however, the data points for 2- and 3-hour pressurization times werc
not connected since they represent one and two readings per item, respectively.
The three straight lines (open circles) in figure 10 were obtained from the data
of Briggs and Burnett (ref 6). They r%pre%ent leak rates R calculated from egua-
tion 11 for 1items with a volume of 107° cm”, which were “bombed"” for time T of 1
hour at a pressure of 5 atmospheres, and which had actual leak rates L of 107
1074, and 107° std cm” per sec.

Although, according to equation 11, a linear relationship should result from
a plot of the logarithm of leak rates against wait time, the experimental data do
not decrease linearly but asymptotically toward the sensitivity limit of the mass
spectrometer, as can be seen from figure 10. This phenomenon probably holds true
for any item filled with material having a large surface area as contrasted to an
item with a "clean” volume such as packaged electronic components. The theoreti-
cal relationship, according to the formula of Briggs and Burnett for small vol-~-
umes (0.0l cm3) and actual leak rates L of 107 std cm per sec, should be linear
beyond the time for which data was collected in the present study. Further, the
bombing time should not vary the indicated leak rate.

The volume of the detonator ntainer, calculated from the dimensions of
figure 1, is approximately 0.03 cm however, the free volume 1is effectively
eliminated by the three highly compressed explosive components. Thus, the helium
can only be occluded in a much smaller interstitial volume. The conductance, or
the actual leak rate L, was measured by opening, emptying, and sealing the punc-
tured end into the wall of the vacuum system. The pressure P in the system due
to the air flow through the 0.001 in. hole was measured and multiplied by the
pumping speed of the vacuum pump. This was the conductance through an unob-
structed hole giving the upper limit to the flow. The same measurements made
with the detonators open and the material j{ntact gave the lower limit to the
flog The upper limit was about 0.4 std cm” per sec and the lower limit, 1.3 X

std cm per sec., It is obvious from t&\e present data that the actual leak
rate L was much faster (0.40 to Q.013 std cm~ per sec) than that for the working
tables of Briggs and Burnett (1077 to 1077 std cm”’ per sec).

On the other hand, 1f the logarithm of the leak rates is plotted against the
logarithm of time (fig. 1l1) instead of time itself, the result is a series of
straight lines for the data obtained for individual items pressurized for 1 hour
(table 8) and whose leak rates were determined for a number of wait times extend-
ing over a period of more than 300 seconds. The data for l-hour pressurization
have been plotted since three data points per item were available (except for
data points (30, 10) and (245, 1.6), while ouly one data point and two data
points per item were obtained for 2 and 3 hours' pressurization, respectively.

o .



Assuming that the foregoing log-log linearity describes the kinetics of the
leakage, the logarithm of all the leak rate data of tables 8, 9, and 10 were
plotted against the logarithm of wait times (fig. 12). The filled circles are
values for the items pressurized for 1 hour, the x's for 2 hours, and triangles
for 3 hours. The line of best fit is represented by:

log R = -4.58 - 1.31 log t

Although there 1s some scatter, the values fall neatly in a narrow band around
the linear regression 1line. The fact that these data were obtained for three
pressurization times, and yet overlap, indicates that the pressurization time T
of equations 9, 10, and 11 does not affect the lerv rate. In other words, the
items are saturated within 1 hour or less and long pressurization times are mot
necessary. The linearity of the log-log relationship is analogous to the low
temperature (30° to 495°C) results of helium desorption from mica (ref 13).

The {implication of leak-rate results 1is that equation 11, derived from a
simple coansideration of molecular flow, does not adequately describe helium leak-
age from a small volume containing material with considerable surface area, and
that the desorption phenomenon deserves closer scrutiny as a possible explanation
for the present results.

Subsequent to completion of the inert detonator tests, under a separate
program, live detonators with diverse sealing configurations were helium leak-
tested and output tested after water immersion (ref 8). The ieak test results
are shown 1in tables 11, 12, and 13. The items tested were 50 detonators each
from:

1. A normal production lot of Lone Star Army Ammunition Plant M55 deto-
nators

2. loaded detonators without lacquer coating on the closing discs

3. Lloaded detonators with uncoated closing discs ultrasonically sealed
to the crimp

4. Detonator with chromated green discs ultrasonically sealed to the
crimp

The leak test results from the normal production lot are not tabulated herein
since they all showed zero leakage from wait times of 65 to 2,555 seconds.
Although zero leakage could have been due to gross leakers, this was unlikely
since 50 Individual detonators were tested. The assumption of zero leakage is
further justified from the fact that the other three series of detonators demon-
strated detectable leak rates over approximately the same time span.

These live detonator tests were carried out somewhat differently from the
inert detonator tests. Fifty detonators from each series were {ndividually
tested at different wait times after "bombing” rather than testing one detona-
tor's over the entire time period. Therefore, the leak configuration was not
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constant, However, the procedure was consistent with the real-life situation
wherein individual items would be tested. 1In addition, the helium leak from the
live detonators was {gyorted Eg relativ% rates. It is assumed that the absolute
rates ranged from 10U to 10 std cm” per sec, as In the case for the inert
detonators; otherwise, the helium from the faulty detonators should have been
exhausted much sooner.

A plot of log R vs time, not unexpectedly, also resulted in a parabolic
curve. The log R vs log t curve is shown Iin figure 13. Several interesting fea-
tures emerge. The detonators with wultrasonically sealed, chromated discs
(squares) and the unlacquered, unwelded detonators (triangles) leaked at nearly
the same rates in the interval 100 to 700 seconds. The detonators with ultrason-
ically welded, plain discs (circles) leaked at lower rates than the other two
types over the same time span. Beyond approximately 500 seconds, the scatter of
the rates for the three series of detonators overlap and are not distinguishable.
Since these were all leakers, there is a wide band of approximately five orders
of magnitude for leak rates at any one point of wait time.

Although testing the inert and live detonators varied, comparison is inevit-
able. When figure 13 (live detonators) is overlaid on figure 12 (inerts), the
chromated sealed disc (squares) and the unsealed, unlacquered detonator (trian-
gles) lie near the regression line obtained previously with the data from inert
detonators. The ultrasonically sealed, plain disc detonators, however, leak at
much reduced rates and deviate widely from the line. This would indicate that a
wide range of leak rates can be expected from leaky detonators.

The functioning and output tests after water immersion (table 14) indicated
that 96% of the normal detonators were satisfactory while only 11% of the
unwelded, unlacquered detonators were satisfactory. Only 9% of the bare disc,
ultrasonically welded detonators and 36% of the chromated, ultrasonically welded
detonators satisfactorily passed the test.

A consideration of leak test methods now 1n use and of results of this study
offers two options for establishing a leak rate method as a substitute for the

present moistureproofness test:

First, an absolute leakproof limit can be placed on acceptable detona-
tors, In this case, no leak, within the sensitivity of the mass spectrometer,
would be permissible. However, a second”gross leak” test may be required since
the absence of a leak may be due to large exterior defects through which helium
is completely exhausted before the leak rate is measured.

Second, a leak rate limit may be placed on an unacceptable leak as is
the case for electronic packaging and for fuzes. However, in this case, the
range or band-width of leak rates found for a variety of detonator exterior
defects (unsealed, poorly sealed, and 0.001 in. holes) must be more accurately
defined. In addition, the relationship between leak rates within this band and
moistureproofness failure rates must be firmly established.
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CONCLUSIONS

Results of this program indicated that M55 detonators with 0.005 cm (0.002
in,) diameter holes, which are barely visible with the unaided eye, can be
affected by moisture when subjected to the test specified in MIL-D-14978. The
weight gains due to moisture absorption by detonators with 0.002 in. and 0.001
in, diameter holes was not consistent from one sample to the next and, therefore,
a relationship between puncture diameters and moisture pickup cannot be accu-
rately predicted for these minute but critical flaws. Impact sensitivity of
detonators can be adversely affected when detonators are immersed in water if the
metallic exterior has a puncture of 0.002 in. diameter.

Although the helium leak detector has a reasonably viable means of detecting
punctures equivalent to 0.001 in. diameter by means of the back-pressuring tech-
nique, and since the results do not demonstrate the linearity expected from equa-
tion 11 which is used in MIL-STD-331 for leak testing fuzes, the accept/reject
criterion of the standard is not necessarily applicable to the M55 detonator.
Furthermore, because of the small volume of the detonator cup and further reduc-
tion of the free volume by compressive loading with explosive components, only a
small amount of helium can be introduced. Since helium depletes rapidly, only a
small amount will be observed in a leak test. Thus, such a test, when developed
for a requirement which is applicable, must be carried out within a reasonable
wait time before the gas is completely exhausted.

RECOMMENDATIONS

Since the inspection--whether visually or electronically--of loaded detona-
tors can detect flaws such as cuts, tears, and holes of 0.005 cm (0.002 in.)
width or diameter, and since both the test for weight gain due to moisture and
the firing test indicated that moisture can affect detonators with this size
aperture, the problem of moistureproofness or leakage in a detonator container is
in apertures of 0.002 in. or less. An electro-optical device is planned for
inspection of all detonators from the loading machine, and it 1is anticipated that
defects on the metallic exterior will escape detection less frequently than flaws
on the lacquer coated crimp end. The lacquer painting is a separate operation
and the inspection will be visual. Flaws in the lacquer, such as pin-holes and
defective interfacial adhesion of lacquer to the metal surface, may not be
obvious to the unaided eye. Thus, moisture penetration would likely occur, if at
all, from the lacquered end during the water immersion test,

Moisture penetration from the liquid phase (immersion of item under water)
through an aperture of the size in the present study undoubtedly occurs by means
ot capillary action and depends on surface phenomena rather than on a fluid flow
mechanism, Furthermore, since the M55 detonator 1is not normally stored under
water, but in the atmosphere with exposure to water in the vapor phase, continued
investigation should also include constant temperature and humidity tests,

The helium-leak test on (0.001 in., diameter holes and the functioning test
after water {immersion on 0.002 and 0.005 in, diameter holes, demonstrated that

12




the leak test can detect defects which are virtually invisible and that moisture
penetration through 0.002 in., diameter holes can affect the detonator sensitiv-
ity. However, an upper limit on an acceptable leak, not as yet established, is
necessary prior to inclusion in any specification. The validity of the results
should be confirmed with further detailed experiments and larger sample sizes.
Experiments with live detonators are desirable; however, the hazards associated
with these items pose a problem. The necessity of retesting for gross leaks when
no leaks are indicated by fine leak testing (helium-leak test) poses a redundancy
problem that requires resolution. 1In conjunction with the helium-leak test, long
term storage tests of live detonators, as well as long-term, continuous testing
to determine reliability of the method, are required.

The further testing and resolution of the foregoing problems must be accom-
plished before consideration is given to implementing the helium leak test to
assure the exterior integrity of the M55 detonator.

CERV'S
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Table 1. Moisture test on inert detonators (control, no holes)

Water immersion 1

- Specimen Wt before Wt after Change 1in wt
no . (g) () (g)
1 0.1155 0.1155 0.0000 §
2 0.1148 0.1147 -0.0001
3 0.1167 0.1166 -0.0001
4 0.1139 0.1137 ~0.0002
5 0.1124 0.1122 -0.0002
6 0.1128 0.1125 -0.0003
7 0.1147 0.1146 -0.0001
8 0.1170 0.1167 -0.0003 ]
9 0.1074 0.1070 -0.0004 ‘
10 0.1151 0.1147 -0.0004
X = -0.0002
s = 0.0001 ,

Table 2. Moisture test on inert detonators with 0.005 cm (0.002 1in.) holes

Water immersion

Specimen Wt before Wt after Change in wt
no. (8) (8) (8)

1 0.1060 0.1062 0.0002
2 0.1060 0.1069 0.0009
3 0.1066 0.1069 0.0003
4 0.1063 0.1077 0.0014
5 0.1076 0.1073 -0.0003
6 0.1085 0.1086 0.0001
7 0.1062 0.1062 0.0000
8 0.1073 0.1070 -0.0003
9 0.1070 0.1070 0.0000
10 0.1148 0.1148 0.0000

X = 0.0002

s = 0.0005




Table 3. Moisture test on inert detonators with 0.013 cm (0.005 in.) holes

Water immersion

Specimen Wt before Wt after
no . (8) (8)

1 0.1028 0.1040

2 0.1165 0.1175

3 0.1099 0.1107

4 0.1050 0.1057

5 0.1060 0.1063

6 0.1071 0.1073

7 0.1098 0.1103

8 0.1042 0.1054

9 0.1071 0.1082
10 0.1146 0.1174

Table 4. Moisture test on inert detonators with 0.025 cm (0.010 in.) holes

Water immersion

Specimen Wt before Wt after
no. (8) (8)

1 0.1039 0.1056
2 0.1157 0.1170
3 0.1108 0.1120
4 0.1065 0.1086
5 0.1040 0.1056
6 0.1060 0.1089
7 0.1070 0.1079
8 0.1067 0.1088
9 0.1040 0.1063
10 0.1055 0.1060
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Change in wt

Change 1in wt

(g)

0.0012
0.0010
0.0008
0.0007
0.0003
0.0002
0.0005
0.0012
0.0011
0.0028

0.0009
0.0007

(g)

0.0017
0.0013
0.0012
0.0021
0.0016
0.0029
0.0009
0.0021
0.0023
0.0005

= 0.0017

0.0007
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Table S. Moisture test on Inert detonators with 0.038 cm (U.0l5 in.) holes

Water immersion

Specimen Wt before Wt after Change in wt

no . (g) (8) (=) 3
1 0.1049 0.1085 0.0036 1
2 0.1053 0.1068 0.0015 !

3 0.1057 0.1068 0.0011

4 0.1044 0.1060 0.0016

5 0.1047 0.1084 0.0037

6 0.1052 0.1068 0.0016
7 0.1051 0.1098 0.0047 .

8 0.1039 0.1095 0.0056

9 0.1031 0.1082 0.0051

10 0.1049 0.1062 0.0013
= 0.0029 :
s = 0.0018 ]

Table 6. Moisture test on inert detonators with 0.051 (0.020 in.) holes

Water lmmersion

Specimen Wt before Wt after Change in wt
no. (8) (g) (8)

1 0.1149 0.1185 0.0036

2 0.1135 0.1172 0.0037

3 0.1136 0.1180 0.0044

4 0.1116 0.1155 0.0039

5 0.1109 0.1151 0.0042

6 0.1099 0.1130 0.0031

7 0.1142 0.1182 0.0040

8 0.1139 0.1173 0.0034

9 0.1117 0.1158 0.0041
10 0.1135 0.1180 0.0045
X = 0.0039

s = 0.0004
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Table 7. Water immersion test results with live M55 detonators

50% fire levell Range
Samglea (ft/sec) (ft/sec)
A 12.8 11.7 - 13.9
B 15.7 7.1 - 21.3
C 14.8 11.6 - 17.4

a Sample types:

A = Normal detonators.
= Detonators with 0.005 cm (0.002 in.) holes.

B
C Detonators with 0,013 cm (0.005 in.) holes.

Y pired with air pressure—-actuated 0.194-g needles.

20
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Table 8. Helium leak rates (std cm” X 108 per sec) for l-hour pressurization

Wait time Sample no.
(sec) 1 2 3 4 5 6
30 10 - - - - -
70 - 6 - - - -
105 ~- - 12 - - -
140 - - - . 3 - -
170 - - - - 4 -
210 - - - ~ - 1.6
245 1.6 - - - - - ,
280 - 1.5 - ~ - - '
330 - - 2.4 - - - 3
350 - - - 1.0 - -
375 - - - - 1.2 -
405 - - - - - 0.7 j
465 - 0.8 - - - -
480 - - 1.4 - - -
510 - -~ - 0.6 - -
530 - ~ - - 0.7 -
555 - - - - - 9.5
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Table 9. Helium leak rates (std cm” X 108 per sec) for 2-hour pressurization

Wait time ' Sample no.
(sec) 1 2 3 4 5 6

300 0.9 - - - - -
720 - 0.5 - ~ - -
1000 - - 0.1 - - -
1320 - - - 0.2 - -
1620 - - - - 0.2 -

1860 - - - - - 0.1

Table 10. Helium leak rates (std emd x 108 per sec) for 3-hour pressurization

Wait time Sample no.
(sec) 1 2 3 4 5

120 6.0 - - - -

150 - 5.4 - - -
210 - - 7.2 - -
240 - - - 2.6 -
2690 - - - - 2.5
280 2.0 - - - -
310 - 2.1 - - -

340 - - 2.2 - -
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Table 11. Lloaded M55 detonators without lacquer coatiang on disc

Detonator Relative Wait time Detonator Relative Wait time
no . leak rate* (sec) no . leak rate* (sec)
1 90 60 26 3 1,335
2 35 105 27 2 1,385
3 27 150 28 1 1,430
4 15 190 29 2 1,470
5 15 235 30 1 1,510
6 13 265 31 1 1,550
7 9 305 32 1 1,595
8 8 355 33 1 L, 640
9 3 395 34 1 1,690
10 8 435 35 1 1,730
i1 7 495 36 1 1,760
12 10 640 37 2 1,835
13 7 690 38 1 1,880
14 6 745 39 1 1,925
15 5 800 40 2 1,960
16 6 855 41 0 1,995
17 4 900 42 0 2,035
18 5 945 43 0 2,080
19 4 990 44 0 2,115
20 3 1,035 45 1 2,115
21 4 1,080 46 0 2,200
22 4 1,135 47 0 2,235
23 3 1,225 48 0 2,275
24 2 1,265 49 1 2,310
25 2 1,305 50 0 2,350
* Arbitrary units.
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Table 12. M55 detonator with ultrasonically welded uncoated closing disc

Detonator Relative Wait time Detonator Relative Wait time
no . leak rate* (sec) no. leak rate* (sec)
1 25 65 26 1 1,639
2 16 115 27 1 1,684
3 8 165 28 1 1,738
4 6 205 29 1 1,789
5 5 226 31 1 1,831
6 5 278 31 1 1,881
7 5 336 32 1 1,923
8 4 421 33 1 1,950
9 4 481 34 0 2,008
10 4 535 35 0 2,065
11 4 591 36 0 2,115
12 4 652 37 0 2,157
13 3 731 38 0 2,211
14 3 788 39 0 2,266
15 4 845 40 0 2,318
16 - 964 41 0 2,368
17 3 1,014 42 0 2,425
18 3 1,074 43 0 2,480
19 - 1,134 45 0 2,560
20 1 1,239 45 - 2,560
21 2 1,344 46 3 2,611
22 2 1,399 47 0 2,670
23 2 1,454 48 3 2,725
24 2 1,507 49 0 2,779
25 1 1,589 40 0 2,820
* Arbitrary units.
24
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Table 13. M55 detonator with ultrasonically welded green chromated disc

Detondator Relative Wait time Detonator Relative Walt time

* no . leak rate* (sec) no . leak rate* (sec)
1 19 172 26 1 1,280

2 15 240 27 1 1,300

3 20 285 28 1 1,380

4 12 320 29 0 1,425

5 12 365 30 0 1,470

6 10 405 31 1 1,520

7 8 440 32 1 1,560

8 7 480 33 0 1,605

9 7 520 34 v 1,645

10 3 560 35 0 1,690

11 5 590 36 0 1,740

12 3 645 37 0 1,775

13 2 690 38 1 1,820

14 5 735 39 1 1,875

15 2 785 40 0 1,915

16 4 835 41 0 1,960

17 3 875 42 0 2,000

18 3 920 43 0 2,050

19 3 965 45 0 2,100

20 2 1,015 45 0 2,155

21 2 1,060 46 0 2,210

22 2 1,110 47 0 2,260

23 2 1,160 48 0 2,310

24 1 1,205 49 0 2,370

25 2 1,250 50 0 2,415

* Arbitrary units
25




Table 14. Results from moistureproofness and output tests on M55 detonators

Central Testing Building Report
lone Star Army Ammunition Plant
11 November 1980

Report no. 3995 Report no. 3996
ot no. LS-80K326-018 Lot no. KNE-1
Current production Clear discs (unlacquered, unwelded)
No. of Disc iandentation No. of Disc indentation
detonators (in.) detonators (in.)
4 0.000 89 0.000
1 0.015 2 0.015
3 0.0l6 3 0.016
10 0.017 5 0.018 :
27 0.018 1 0.020 i
35 0.019
13 0.020
3 0.021 ;
2 0.022 i
2 0.023 |
Report mo. 3997 Report nmo. 3998 i
lot no. LS79E0015418 lot no. KNE-1 j
Green chromated discs (welded) Clear discs (welded) 1
i
i
No. of Disc indentation No. of Disc indentation
detonators (in.) detonators (in.) ?
64 0.000 91 0.000
3 0.016 1 0.014
6 0.017 1 0.015
11 0.018 2 0.016 ;
9 0.019 3 0.018 3
7 0.020 1 0.019
1 0.020 1
26
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® One hour pressurization.

Log Leak Rate, R (std cm?/sec)

x Two hours pressurization,

A Three hours pressurization.
Note: Data from one mil hole samples.

X
L o Data from Briggs and Burnett for
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(See Reference 6).
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Figure 10. Time dependence of leak rate
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APPENDIX

HELIUM LEAK TESTS

Varian Associates
Lexington Vacuum Division
121 Hartwell Avenue
Lexington, Massachusetts 02173
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I. TEST RESULTS

Two types of tests were performed on the detonators. The first
was a standard 'bombing' test. (This test gets its name from the pressure
vessel or '"bomb" in which the samples are pressurized with helium prior
to testing.) Samples from each package of detonators were bombed and
tested. Three runs were made, all at 4 atmospheres (absolute) of
helium pressure. The bombing times for the three nmns were 1 hour, 2
hours and 3 hours.

The most coherent test results were achieved with the detonators
drilled with ,001" diameter holes. These are presented in graph form in
Figure A-1,vhich shows the measured leak rate as a function of time-before-
test (this is measured from the time the helium pressure in the bomb is
released and the helium flushed out). Because the data is plotted in

e+ g ——

logarithmetic form, the exponential signal decay should be apparent as
a straight line.

The data on the graph make clear that regardless of bombing time,
the signal from all pieces was within a single (though somewhat broad)
envelope. All lines connect data points generated by retesting a detonator
at intervals after removing it from the bomb. The tests after 1 hour of
bombing show as many as three tests per piece; after the 2 hour bombing,
there were no retests made; and after the 3 hour bombing, a few of the

pieces were retested.
Differences in the slope of the straight lines represent, mathematically,
differences in the exponents of "e'" in the equation

L L
S, = P [1 —e‘3600VT] [e‘Vt] L )

which is discussed in the appended paper, '"Helium Mass Spectrometer Leak
Testing of Pressure-'Bombed Sealed Enclosures''. Since T (the bombing
time) does not change from one detonator to the next within a batch; and
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t (the wait time) is a parameter of the experiment, the slope of the
line is, directly, % or the ratio of the leak rate to the volume, At
first glance it seems clear that all parts have the same volume; and
that a faster decay (or steeper curve) indicates a larger leak (i.e., a
.001 diameter hole without a burr, or somehow drilled oversize). Another
possibility is mentioned below,

The fact that the data for all tests lie in the same band simply
demonstrates that the part is filled with helium before even the 1 hour
bombing time is completed, and that further bombing does not introduce
more helium into the part.

The actual conductance through the .001 diameter holes was measured
and found to be about 0.4 std. cc/sec. This was measured for several
detonators by opening, emptying, then sealing them into the wall of a
vacuum system. The pressure (P) in the system resulting from the air
flow through the .001" diameter hole was measured and multiplied by the
speed (S) of the vacuum pumps to determine the conductance (Q)

Q = PS.

Measurements were also made with the detonator opened but the load
undisturbed. This method measured the conductance through the load to
the far wall of the container. The flow rate was about 1.3 x 10'2 std.
cc/sec. The effective leak rate for the package is somewhere between

1 std. cc/sec.

these limits; larger than 1.3 x 10'2 and smaller than 4 x 10~
This is the value of L to be used in the equation 1. The
volume of the detonator is about 3.5 x 10'2 cc, so L/V is somewhere between
0.3 and 10 -- a value higher than any considered in the paper referenced.
Data from that paper, or use of the equation, suggest that the helium in
the part would exit so quickly as to give a 'zero'" reading on a leak
detector. The fact that it doesn't may be due to the detonator filling
material, as it adsorbs the helium on its surface wither sinking a great
volume of helium or simply delaying its desorbtion as a gas for some tens

of seconds. Only such a mechanism would yield the leak detector measurements
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which have been observed. Furthermore, any variations in the filling
material, whether in the mass of it or same other physical characteristic
(e.g. vapor content) might also explain the variations in rate of release
of helium seen as different slopes on the graph in Figure A-1.

A1l measurements of detonators with larger holes are consistent
with the results discussed above; that is, all tests showed signals
decreasing with time-after-test, and all signals stronger than predicted
by considerations of L/V. It is interesting to note that the signals
from detonators with hole sizes from .001" diameter through .02" diameter
exhibit very similar signal levels at the same early time-before-test,
though the ones with larger holes show a somewhat faster decay rate.

This is consistent with the concept of adsorbtion of helium on the filling
material within the detonator. .

The control detonators (with no holes drilled in the case) yielded
various low leak rates, which did not decay with time (indicating small
leaks), mixed with some high leak rates (indicating larger leaks) and some
"zero'-level signals. There was no indication that the lacquer was adsorbing
helium.

All of the drilled detonators exhibited large signals if tested
within a few seconds of immersion in helium. This was true if the
immersion was a simple atmospheric pressure bath for a minute, followed
by immediate testing. (The testing itself is, of course, preceded by
an evacuation phase which lasts about 10 seconds.) The fact that even
the detonators with largest holes yielded a signal in this situation
suggests that this would be an excellent gross leak test which could
quickly identify gross leakers before a full bombing cycle was carried
out.
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SUMMARY

The test results discussed here show that (1) regardless of
bombing time, tests for leaks of 10'l std. cc/sec must be made with
minimal wait times; (2) leaks of 107} std. cc/sec appear (with the use
of the bombing tables) to be much smaller, in the 1074 std. cc/sec

range; and (3) that there are fairly wide differences between apparently

identical detonators.

—— e L
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II. FURTHER TESTING

The first comment to be made in any case of 'bomb'" testing is that
the test would be better (easier, faster and more reliable) if helium
can be introduced into the package at the time it is filled and sealed.
When this is done, true leak rates can be measured directly (assuming
the leak rate is not so large as to empty the container before the test).
This approach can do more for improving tests than any other suggestion.

It is a basic requirement of the design of leak testing to determine
the largest acceptable leak. This can, of course, be a very difficult
undertaking. Without a "reject specification", however, meaningful
quality control cannct he achieved. '

Finally, it may be reassuring to generate leaks at the reject level
(perhaps by laser-drilling or electron beam drilling) in blank cups and
test them at different bombing pressures and times after filling with
live materials (to avoid incomplete simulation of the real product). These
tests will provide the information necessary to design appropriate test

equipment.
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HELIUM LEAK TESTING:

a new analysus

by Walton E. Briggs and Sherwood G. Burnett

Wherein the testing of sealed electronic circuits
is investigated with the aid of special Tables de-
‘signed for working with a remarkable tool: The He-
lium Mass Spectrometer.

.
Fo insure long life and reliability, small clectronic
devices, such as transistors, diodes, and integrated cir-
cuits, must be sealed against hostile environments.
Farthbound devices can sulfer from moisture pene-
tration, sait spray and airborne contaminants. In out-
er-space, loss of gas from the enclosure can cause
Ladlure from reduced cooling and from subtle chem-
feal changes in the substrate itself,

Devices and integrated cireuits are sealed in pack-
aues of varions types, such as the TO series, flatpacks,
dual in-line packs (DIPs), cte.. containing the requi-
site gascous environment and providing leads to the
vutside. Since no method has yet been developed to
climinate the possibility of leaks, tests must be per-
formed to detect and climinate leaking packages.
Typically, the incidence of such faulty packages is
1.2%,

—— T

Helium Leak Detection

The most commonly used system for detecting
leaks is the helium mass spectrometer. Helium is the
lightest inert gas, its molecules will penetrate, though

not close. the smallest leak. In addition, it is non-
hazardous. reasonuble in cost, available and present
only in trace form in the atinosphere (about one part
in 200,000). The cquipment is reliable, casy to service,
low in cost and it provides unmistakable indication
of the presence of leaks, Since a mass spectrometer
operates in vacuum, a vacuum-pumping system is in-
corporated, together with a “rough” pump to evacuate
the test chamber, and a valving svstem to transfer
the chamber to the spectrometer.

Testing of “Headers”

Two types of testing are carried out: 1) on lead-
through assemblics (prior to installation of circuit);
2) on completed, sealed packages. The lead-through
may be in the form of a TO header or an open flat
pack, cte. Each metal-to-ceramic or metal-to-glass
seal around a lead constitutes a potential-leak,~ so
testing at this stage can save some assembly costs.

One side of the unsealed lead-through assembly or
“header” is temporarily scaled to the vacuum system
of the leak detector with an O-ring, or other suit-
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The Helium Mass Spectrometer. In use, part 1o be tested is placed in the left or right test port, and selector switth moved to that sude.
Plunger valve moves forward, connecting test port to two sequential stages of rough pumping and then to leak detector vacuum system,

where helium presence is determined.

able sealing medium. Helium is applied to the other
side at the moment of test, displacing the air in the
vicinity of the test piece. Ilelium entering the leak
detector indicates the presence and size of a leak.
Concentration is essentially 100%, so the indication
on the leak detector is the actual size of the leak.
In a few secaled packages, scaled-in helium per-
mits leak testing by placing the deviee in a test
enclosure connected  to the vacuum system of the
leak detector. Helium cescaping from any léak™is
picked up by the mass spectrometer leak detector.
Helium atmaspheres in packaged electronie devices,
althongh highly desirable from the testing viewpoint,
are not common. In fact, the overwhelming majority
of packages are sealed without helivom and must
therefore be “bombed”™ with helium for testing, This
is done hy placing them in a container, which is
then pressurized to several atmospheres of helium
for several hours. If a package leaks, helium enters

Coryricnt, 1969, Miton 8, Kiver PuBLications, Inc,
Reprinted with parmission from June, 1969 issue of
ELECTRONIC PACKAGING ond PRODUCTION
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the enclosure to be picked up later by the mass
spectrometer leak detector just as though the pack-
age had originally contained helium.

Theory of Bombing

An impressive aspect of the "hombing” technique
is its rcliability and predictability. This despite a
significant number of variables which can affect the
amount of helium present within the enclosure after
bombing. and. consequently, the relationship between
the indicated Teak and the actual leak. Some of hese
variables are internal volume, bombing titne and res-
sure, and waiting time before testing, Tt is the pur-
pose of this article to show why helium leak detection
of “bombed” packages is reliable and therefore in
widespread use todayv. The two factors which con-
tribute most to reliability are:

e The strong evidence that very few leaks exist
which are smaller than 5x107°7 std ce/sec.

e The surprisingly close relationship between the
indicated leak and the actual leak in bombed packages.




This Latter point s very impor-
tant; the bombing technique has
heen used for several years, yet
confusion still exists in the inter-
pretation of test results, To develop
; A better understanding of the scope
) cand limitations) of this method, a
series of quick-reference tables has
been prepared, using a-formula de-
rived from the basic gas laws,
These laws govern both in-flow of
helium during hombing and out-
floww after bombing and prior to
testing, (They apply to any gases
passing through the leak, hut the
only gas of particular interest in
leak detection is the trace gas))

The formula is:

Su - [l - (.'\l'.mbu] [(.~—||’”‘

where:

S, =: indicated leak in sid

ce/see,

T = hbombing time in hours
(the 3600 convens to

seconds).

t — waiting time in seconds
(interval between
bombing and testing).

1. = actual leak in std ce/

see /per atmosphere ab-
solute,
actual leak in std ce 7sec®
volume in ce

-

The formula is similar to that
for charging and discharging a ca-
pacitor. The first hracket is the
concentration af helinm in the test
picce alier T hours of bombing.
This may be anvwhere from a
small fraction of 17 aip to 500%
when hombing at five atmospheres
absolnte  (approximately 60 psi
gangeY. The second bracket is the
pereent of that concentration left
after waiting t seconds hefore test-
ing. The first two terms, therefore,
give the final concentration at the
time of test in terms of percent of
the original volume,

*The formula 15 based on one atmosphere
ahsolute of helium. However, typical bombing
pressure s five atmospheres absolute. Lince
flow rate throucah a leak is at least a linear
funchion of pressure, muliply Sy by 5 to ob-
1ain the corredt value for five atmospheres

TABLE . VOLUME 1077 ¢
(all teak rotes in st cc/vec)
Actwal Losk Bembing WAIT Tl (1)
ate (1) Time () 300 sed 1,000 soe 3,000 sec 10,000 set
1 b, 25010(- 8 2.310( 9 LB .
L1008 3 b 25:10(- & 2310( ®
o N T ) 25010~ &) 23001 9 ) .
e 36x10(- ) 1.8210(- & 24100 7 22510¢ 105
110 (-6 3 hne 3710 (- &) 10510~ & 28104 7 2 3410(- 10}
10 het 317010(~ &) 10:10(- 8 15101- 7} 73410(- 10}
1 he 15:10(- 7 14010 2) IR IO ) 56:10¢ - O}
110( 7 3 ha 17200¢- 7 3.0810(- 7 24x10(- 7 1210(- T
10 hes 47010(- 7 4dnl0(~ N 36810(~ 7 18:10(- 7
e LenI0(- 9} 1.0210(~ 9 | 7at0(- @ 16r10(- P
Int0(-8) 3 b S.1x10{~ 9) S1u10(- 9 50210(- 9 46210(- W
10 hes. 1310 (- 8) 1.5410(- 8) 1 310( - & 14000C- ®
TABLE H: VOLUME 10°% «c
(al} leak rates in std cc/sec)
1 hr 36:10(~ ) 1 830( %) 245100 & 220300 &
1o %) 3 37at0( - 8 V8101 B 250100 & 23300 9
10 hes IR0 B 18210 & 254101 &) 234100 o
LT 1 4210¢ & 14010¢ &) 11a10( &} S6st0L 7y
110t &) 3 his I2si0(— &) Joslor & 24010( &) [ 12 1 K .1}
10 hey 47:00(- 8) 4 4x10(- 6) J16210(. &} 1 8230¢ &1
) he Y enl0(- 8} 1.8210(- #) 176100 & Veat0l B
log n 3 hny S1x10(~ 8} 31010(- B} SOn1IQ( By 46300 B
10 hry 1 5210¢-- 7} 15:10¢ 1] 1 3%l01 Hal 140101 Ty
1 e 12210(-10) ) 8=10( Oy 18210(¢ 10) VERaIO 1O
1x10( -8) 3 hes 5 4x10 (- 10Y S4xt0( 10) 54010 (- Y01 L3100 10y
10 hny t 8u10({- O 18:10¢ Q) 18109 o 1R210( 9
TABLE lii: VOLUME 107" «c
(all leak tates in std cc'sec)
Actus! Losh Bambing WAIT TimE ()
Rate (1) Timwe (F) 300 sec 1,000 sec 3,000 set 10,000 »ec
1 b 1500(- 5 1.4a10( %) Lial10¢ S) Senil{ O
1230(-5) 3 hes 2210 5 3010 Y 240300 N V210t S
10 hry 0 9 440107 B 36010¢ 5 180100 %
1 hr 18:10(- 7} 18:10( n 17210 N 18u10 13
1000( 8 3 hn sialof B Six100 N 50001 N I TR
10 hes 15010¢ & 15%0¢ L1 15«10 L} 1 4n10( 6
1 hr 18c10( & t8r10( 9) 1Rs101 WY 1BalO( @
110 N 3 hrs S 4210¢ 9 54300 O Sanllt @) S &
10 ey | 8x10( 8 1 8x30( B 1810t Ry 1R«10( ®)
I ke 1 Bx10(-11) 168a1Q( V1) TANIO 1Y 182010(- 11y
a0 8y 3 hry S0 1Y) $4x10(=11) S.4x10(~11) $.4010(~11)
10 hes 1.ex10.4=~10) 1.9x10(~10) 18810 (-10) 1.8210 (~10)
T = Actual Leak
Ex- Description Ref. Volume Rate (1)
ample Table (V) std cc/sec
1 Small Volume | 10 (—3) cc 1 x 10 (~5)
and Llarge leak L,
2 Small Volume | 10 (--3) cc 1 x 10( 8
and Small teak
3 Llarge Volume v 1 cc I« 10(--5
and Large Leak
4 Large Volume v 1w 1 x 10(-8)

and Small Lleak
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TABLE IV. VOLUME 1«

fall lean ratey v std o seQd

[IRLERS & Vealyy [ Y hhlan L
Caant & LN .8 Y Onty 8
IE T T80 3 [ TR T UFRE Y]

LICTR VAR N [ TRIV . 1) Y 94300 W

AR TSR Y 1 S4s10( B ERTRIT I ]

LT ) 18:10¢ N LLDRL T

LI ) Vadlo 10y 18:10¢ 10)

S 4s10(-10) Y 4s10(-10¢ 4410 10)

t8al0( 9 | a0 @ | 8at0(- 9

1.0x18 PR

.4l 45

1010 k1)

Voal0( o
462100 o
14elUe 3

182100 8
140100 B
V8105

18x10( IOy
S0 10
| 4210¢(- ©)

Actual Lesh Sembing
Retw (1) Time (T}
1 he
Ix10(-5) 3 hey
10 his

I he
1410¢- &) 3 hry
10 tes

U he
Bl (-n 3 hrs
10 hes

Vohe
TefQ( -5 3 his
10 hey

LY
110 (-8 3 hes
10 hrs

1
1i0¢- N 3 hrs
10 hes

TABLE VI: ABBREVIATED FORM
VOLUME: 10-? ¢c

WAIT TURE {1)

300 sec 1,000 sec 3,000 sec
25010(- &) 23:0(- 9 o
25000(- &) 22:10(= 9
25:10(- &1 2310(-

des
36110(- & 18410 (- &) 2.4210(- 7
3I7x10(- &) 1 8:10(- &) 25a10(- N
3I7R10(- &) 18:10(- &) 23:10¢- 7
15210(- 7) Vaxi0(- 7 11104~ )
3210¢~ N 30x10(~ 7 24010(- 7
470104 N 44210(— 7) I6a10(- N
VOLUME: 107* «¢
36:10(- 5 18210 (- 3 24810 (~ &
I2a0(- 3) 1.8410(- 8} 2.5210(~ )
37ai0(~ %) 18210(— ) 2.5x10(~ &)
15x10(- &) 1410 (= 8) ) 1210 (~ &
32x10(~ & 30:10(— &) 2.4x10(~ 6
47010 (- 6) 44210(- &) 3ex10(-"8)
1810 (- 8 18110(- 8 1.7:10(~ 8
51x101- ® $1u10(~ B) 50810 (- B}
15210(~ 7 1.5010(- ) 1 300(~ 7

2310(-10)
23:10(-10}
23830410}

$.6x10(~ ®)
12x10(- D)
18:210(- 7N

2.20(- "
2.3«10(- 9
2.3110(- 9}

$8:10(- 7
120304~ &)
18:10(~ &)

1.6a10(~ @)
46x10(- 8}
V.4110(~ 7

These tables each represent a series of values for the indicated leak Si for test
pieces having internal volumes of 1072, 1672, 107, and | cubic centimeter, re-
spectively. Table $ is made up from Tables 1 and 4 and is graphed in Fig. 1 & 2.
Table 6 is ari abbreviated form" for realistic-detection of integrated circuit packages
whose volumes are seldom more than 1077 cc. o

TABLE V

"~

10(-2)

10 (-5)

10 (~5)

10(-8)

Indicaled Leak Rale §

at 300 sec

23 x 10(- &

51 x 10(- 9

5.1 x 10(- &)

54 x 10(--12)

(std <cc/sec)

at 1000 sec at 3000 sec

23 x 10{- 9) 47 x 10(-18)
S1 x 10(- 9 50 x 10(- 9

51 x 10(~ 6) 50 x 10(-6)

54 x 10{~12) 54 x 10(-12)

DETECTABILITY

GROSS LEAK
{detectable within
1000 seq)

FINE LEAK
(detectable)

FINE LEAK
(detectable)

MARGINAL
(increase
Per )
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For example, b bombang resuits
i SO concemtration and the wat
thne depletes thas to 9 of oty
orinal vadue, we have

Se S T2,
1 the actaal Teak, Lo 3107 0 std
e, see, the mdicated Teak, Sy, will
be 3.6 0 10 std ey see.

Leak Rate Tables

Four tables have been prepared
(see boxes left), cach representing a
serics of values lor the indicated
feak S, tor test picees laving in-
ternal volumes of 10 4, 10 %, 10 Y,
and 1 cubic centimeter, respective-
Iy, Each table cocompasses a range
ot tour actual leak rates, three
bowbing times and four wait times,
giving w total of 48 values of S,
All fligures are calculated for a
bombing pressure of five atmos-
phieres absolute. These tables are
very uscful o determine whether
or not a detectable signal can be
eapected for a given test object
and, if not, whether  incrensed
bombing  time and/or  pressure
and,‘or shorter wait time will help.

For example:

® TO5 with net internal volume of 1077 ¢c
(Table 2) and an actue! leak of 1 x 10 s1d
<« fsec bombed for three hours at five atmos
pheres of helium absolute (about 60 psig).

S after 300 sec

(5 min) ~» 51 x10 " 9dcc/sec
S after 10,000 sec
{238 hrs) — 46 x 10 s1d /[ uee

the concentration nf helium in the TO5 at the
nme of test s 519, and 46% respectively
Note that the decrease is small.

® A TO5 with «dentical parameters except
with an actual leak of ¥x 10 " s1d cc/sec:

Se after 5§ min.  — 3.2 10 .2 s1d cc/sec

S after 234 hrs. 5 1.2 %10 % std ce/fsec
The concentration of helium in the TO5 at the
time of test is 320% and 120%, respectively,

(3.2 and 1.2 atmospheres absolute). Note the
more rapid decrease in this example,

Test Categories

A glance at the tables will reveal
that the majority of indicated leak
rates are detectable; the few that
are not are shaded. Three cate-
gorics can be defined:

“Fine" Leakers: Those detectable
by the leak detector (the majority
of figures in all four tables).

“Gross” Leakers: Those whose
loss of helium is so rapid that no
detectable signal is present at the
time of test. (shaded area in Table
L if test is not carricd out within
1000 seconds or 17 minutes).

Marginal: Those which can be




tested DLy increase in bombing pressure or time
(shaded areas in Tables 3 and 4).

To illustrate these categories, consider four different
examples (Fig. 1-2) obtained by using the smallest
and largest volumes and the largest and smallest leak
rates. For uniformity of comparison, assume three
hours bombing time. From Tables 1 and 4, then, we
can mahe up Table 5 showing these four examples.

Referring to this new table, notice that in Example
1 (Fig. 1), the decay in helium concentration is quite
i rapid in this gross leaker, but if testing is done within
! about 17 minutes, the leak can be detected. It s in-
teresting to go back to Table 1 at this point. Note
that bombing time has no effect on helium coneen-
tration after 1 hour, because the cavity is already full
ol helium (five atnrospheres). Bombing pressure, how-
ever it increased would inerease the indicated leak
rate. ‘

In Example 4 (Fig. 2), a reterence back to Table
4 shows that extended bombing time can bring the
indicatad Teak into the detectable range. Note that
the mdicated leak increases linearly with bombing
tine because the Teak is so small and the volume
so Luge, One can extrapolate to determine that the
indicated Teak would be about 5.4 x 10 ' std ce, see
atter 530 hours ot bombing, and so on,

The gross leak can be deteeted within about 17
mwimates. The marginal leak can he detected by in-
creasing bombing time and, or pressure. Thus, the
tibles can prediet the conditions under which leaks
in vour product can be detected.

L example 1 (gross leak), note that the cavity is
already filled in less than one hour. Thus, extended
bombing has no effect upon the ultimate signal. Once

The cross lines show that the nominal value of the
leak will be reached in about three minutes and 50%
of the value of the leak will be reached in about four
minutes.

In the other (Fig. 2) three examples, the rate of
rise is nearly lincar because the cavity does not ap-
proach the condition of being filled with five atmos-
pheres, or 50070 of helium. In examples 2 and 3, in
fact, it approaches only one-tenth of this value or 507
of one atmosphere absolute. Since the rate of loss is
very Tow, it is possible to test two or three hours after
bombing without significant change in the indicated
leak, which, in this case, happens to be about 307
ot the actual value ot the leak.

With reference to the rapid loss ot helinm from the
wioss leaker in example 1, it is important to note that
this Toss is just as great whether the environment s

atmosphere or vaenum, Ttis o cominon misconseption
that the helium loss is more rapid during the rongh
pumping portion of the feak cvele. This is not true;
the loss is just as rapid at atmospheric pressure, be-
catne the partial pressure of helinm in the atmos-
phere is extremely low about four rucrons in ordi-
nary air). To the heluun molecules inside the cavity
escaping through the leak, the outside environment
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it is removed from the bomb, the rate of loss is-rapid. .
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1. Graphic example of gross leak—loss of helium is so rapid
that no detectable signal is present at the time of test (shaded
ares, Table 1)
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has essentially no helium and it therefore offers
essentially no more back diffusion of helium than a
vacuum environment.

In studying these curves, one observes that the
ratio of the actual leak to the internal volume, or
L/V, is an important parameter in determining the
nature of the in-flow and out-low of trace gas for
a given bombing and waiting time. Note that in
cxamples 2 and 3, L/V is the same. As a result, so
is the percent of trace gas in the enclosure, namely,
51%. Thus, the value of S; is just 51% of L.

Shown in Fig. 3 is a plot of the percent of trace
gas in the enclosure, versus L/V, for bomb time of
three hours at five atmospheres pressure and wait
time of 300, 1000, and 10,000 seconds. Similar curves
can be drawn for other bomb times. (The percent, or
K factor, is the double exponential bracket in the
formula at the beginning of this article, here multi-
plied by five to take into account actual bomb pres-
surc. The maximum possible value is 500% or five
atmospheres in this case).

The use of this curve can be illustrated by referring
again to example 2 in Fig. 2, where L/V = 1075 sec™!
(L=10"* std cc/sec, V=10"% cc). Following the
1077 line up, note that it intersects the curve at 51%.
Therefore, the indicated leak S is 51% of 1x107% or
5.1x107° std cc/sec. Note also that this is inde-
pendent of wait time up to at least 10,000 seconds.

This percentage would apply also to any other
test object bombed under these conditions, provided
it has an L/V ratio of 107% sec™'. For example, it
would apply to a volume of 10~2 cc and a leak rate
of 1077 std cc/sec. Here, the indicated leak would
be 51% of 1x10-7 or 5.1x 108 std cc.

It also applies to example 3 in Fig. 2 where L =
10— std cc/sec and V=1 cc. Again, L/V = 10-°
sec=1, 30 51% of 1x10-% is 5.1 x 10—¢ std cc/sec.

e
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Even more interesting is example 1 (Fig. 1). Here
the leak rate is Ix10 > std ce/sec and the volume
is 10 * ¢¢, so L/V --10 * sec ' This intersects the
300-second curve oniy, at about 20%. Thus, the in-
dicated leak will be 20% of 1 x 10 “ or 2x 10 * std cc
if testing is performed 300 seconds (five minutes; after
bombing is complete. Loss of trace gas is rapid, how-
ever. Although not shown on this graph, the 1000-
second curve (17 minutes) interscots the 10 " sec !
line at .02%, giving a leak of 2 x 107? std cc/sec.

In a more general sense, this curve also shows the
range of values of L/V in which the indicated leak
S¢ will be at least 19 of the indicated leak 1. For the
10,000-second wait curve the range is from 2x10 7
sec™! to 6x10 ¥ sec !, This can be trunslated in
terms of actual leak rate L for a given volume. For
example, for a volume of 10 ¢ cc, the range becomes
2x10 " std co/see to 6x 10 ¢ std co/see. For a vol-
ume of 10 * c¢, it becomes 2x 10 1 std co/sec to
6x10 7 std co/sece. Thus this curve can predict the
tiec between S, and L over values of the latter.

There is considerable evidence that few, if any, leaks
in sealed electronic packages are smaller than 5 x 107
std ce/sec. Most are 106 std ce/see or larger, caused
by glass failing to wet metal or by cracks developing
in glass subsequent to the sealing operation. It can he
shown that the difference in cocflicient of expansion
will produce a leak of the order of 10 std ce/sec or
larger.(In the TO serics packages a poor or discontin-
nous weld will create a leak of even larger size.) 1f one
accepts this thesis, certain interesting conclusions will
follow. Referring again to Tables 1 through 4, the fig-
ures corresponding to 10* std cc/sec actual leak rate
can be deleted. Then, further, if we consider that very
few integrated circuit packages contain more than 102
ce internal volume, the tables become reduced to the
abbreviated form shown in Table 6. Referring to this:
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e Except for the gross leak in the first row, there is
a remarkably close relationship between indicated
leak rate and actual leak rate, generally within a factor
of five (for bombing times of three hours or more).

e No marginal leakers are present. All give detect-
able signals without extremes of bombing or time.

Operators who are accustomed to set the reject
point with considerable precision have noted that
when a leak occurs, the leak rate meter usually pegs
full scale. That is to say, very few leaks occur whose
value is quite close to the reject point. Table 6 bears
this out. A typical reject point is 1x 10°® std cc/sec.
Leaving out the gross leaker (row number 1) and as-
suming that the test is carried out within 50 minutes
(3000 seconds), most of the values - indicated leak
would peg the meter.

Test Cycle—The Helium Mass Spectrometer

The test chamber contains air at atmospheric pres-
sure when loaded with the test piece. Since the helium
sy spectrometer leak detector operates with an in-
ternal vacuum, the test chamber pressure must be sub-
stantially evacuated before it can be connected to the
leak detector's vacuum system. When headers are
tested, they form part of the test chamber. In either
cuse, initial evacuation is performed by a mechanical
vacuum (“roughing™ pump. Then the test port is dis-
counected from the roughing pump and connected to
the leak detector’s vacuum system by the use of valves.

‘This valving is automatic on modern mass spectrom-
cter leak detectors, and the test time for one piece or
one Joad of several pieces is approximately 30 seconds.
Since 30 seconds per test is too long for testing large
numbers of picces individually in sequence, manifolds
with as many as 25 individually valved ports have
been used. If a leak is indicated, the leaking test piece
can be isolated by manipulating the valves while
watching the leak indicating meter. This method is
moderately acceptable—if few leakers are present and
if the individual valves are reliable. However, in ac-
tual practice, there is usually at least one leaker in
cach test, and skilled operators often have difficulty
in completing a eycle in ten minutes. Moreover, errers
in judgment and in valve manipulation may cause
defective parts to be passed and good parts to be re-
jected.

The VET Approach: To speed ap this process and at
the same time provide individual tests for each unit in
sequence, an interesting new concept was developed
called the VFT (Very Fast Test panel at right in equip-
ment shown oppasite title page). Tt gives positive leak
test results with minimum operator skill and at nearly
10 times the speed of the multiport manifold method.

The VFT includes two  pnenmatic  fast-acting
plunger valves (activated by a selector switch), two
test ports, two red leak indicator lamps and the asso-
ciated electronic controls to operate it. In use, the part
to be tested is placed in the left or right test port, and
the selector switch is moved to that side, The plunger
valve moves rapidly forward, connecting the test port
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to two sequential stages of rough pumping and then
to the leak detector vacuum system, where the pres-
ence of helium is quantitatively determined. (In
header testing, as seen opposite title page, helium is
applied automatically to the outside during test) If the
indicated leak rate exceeds a predetermined value, the
plunger withdraws immediately, (isolating the test
port from the leak detector), the red indicator lamp in
front of the appropriate test port lights, and the VFT
becomes inoperative. The operator rejects the defec-
tive part and pushes the lighted push button to reacti-
vate the cycle. If the leak rate is not exceeded, the
operator continues to unload and load whichever test
port is not under test, moving the switch as needed.

Safety precautions built into the control circuitry
prevent operation if the leak detector is not ready and
prevent transfer of the test port to the leak detector if
improperly loaded. A photocell monitors the master
“test” lamp on the leak detector and a pressure switch
in the second stage roughing line prevents the plunger
valves from moving into the leak detector vacuum sys-
tem if too high a pressure exists in the test port.

The plunger valves consist of Y%-inch diameter
chrome-plated cylinders sliding through four rubber
O-rings and a dust shield. The O-rings isolate the air
vent passage from the first rough pump, the first rough
pump from the test port, the test port from the second
rough pump, and the second rough pump from the
leak dJetector. Two groups of radial openings in the
plungers are connected axially so that, as the plunger
moves, the test port is conzected sequentially to the
proper vacuum system (or s vented).

VIT Advantages

The plungers are actuated by air cylinders with ad-
justable valves to control the specd both in and out. If
the test port volume is small, such as with a header,
cycle time is less than three seconds.

The advantages of the VI'T:

® Rejects are clearly defined and indicated.

e Opcrator error is climinated by simple mcthod.

o Helium saturation of the leak detector is climi-
nated (plunger withdraws instantly at a leak).

e Both detcctor and operator are fully occupied.

o Interchangeable port adapters, (sce title page)
provide maximum efficiency for various test picces.

® Maintenance is very simple. The main wear
occurs only on the plunger O-rings which are easily
replaced since removable spacers are used instead of
fixed grooves. O-ring life is in excess of 100,000 tests.

Finally, helium leak testing of scaled enclosures has
come to he widely used and is considered to be reli-
able because:

1. Tests are definitive; test pieces are either tight or
they leak in excess of 109 std cc/sec.

2. With few cxceptions, homhed packages provide
indicated leak rates comparable to the actual leak rate.

3. Fast test methods have been developed, such as
the VFT, which combine high sequential speed with

high reliability.
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