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ABSTRACT: Sandia National Laboratories has 
designed and proven-in two new Solenoid coils for a 
highly-reliable electromechanical switch. Mil-Spec 
Magnetics, Inc., Walnut CA manufactured the coils. 
The new design utilizes two new materials: Liquid 
Crystal Polymer (Vectra C130) for the bobbin and 
Thermal Barrier Silicone (VI-SIL V-658) for the 
encapsulant. The use of these two new materials 
solved most of the manufacturing problems inherent 
in the old Sandia design. The coils are easier to 
precision wind and more robust for handling, testing, 
and storage. The coils have some unique weapon 
related safety requirements. The most severe of these 
requirements is the 400"C, 1600V test. The coils must 
not, and did not, produce any outgassing products to 
affect the voltage breakdown between contacts in the 
switch at these temperatures and voltages. Actual 
coils in switches were tested under these conditions. 
This paper covers the prove-in of this new coil 
design. 
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I. INTRODUCTION 

Two coils are required for an electromechanical switch 
called the Strong Link Switch. The coils provide the 
energy to index a complicated mechanical switch which 
must operate in a highly reliable manner. This switch is 
a hermetically-sealed, electromechanical device with 6 
electrical contacts that are closed by a dual coil solenoid 
r o w  drive mechanism. The switch is used to control 
the arming of modem weapons. The original coil design 
was a development by Sandia National Laboratories 
(SNL) and Allied Signal, Kansas City Division 
(ASKCD). A new material, Bendix Reinforced Plastic 

(BRP), was developed for the original coil design. The 
material was used for both the bobbin and for the 
encapsulation of this component design. The original 
design was difficult to manufacture, due to the fragility 
of the BRP material. The part had very low yields at the 
Department of Energy (DOE) Production Agencies; 
ASKCD and Lockeed Martin Pinellas Plant. 

The most important intrinsic property of the BRP 
material is that it does not exhibit any significant weight 
loss at elevated temperatures, i.e., does not outgass at 
temperatures up to 60OoC. SNL developed a new coil 
design and new materials to replace the BRP material. 
The BRP material needed replacement for several 
reasons: (1) The coil yields were often low - 10% due to 
the mechanical fragility of the material (cracking, etc.), 
(2) The production agency operated for DOE was 
closing, so a new supplier was needed, and (3) The cost 
of transfemng the processes for the old coils was too 
high. 

SNL did not do an exhaustive search for new materials, 
due to time and funding constraints. New materials were 
selected based on engineering judgment; Liquid Crystal 
Polymer (LCP) Vectra C130 for the bobbin, and 
Thermal Barrier Silicone ( T B S )  VI-SIL V-658 for the 
encapsulation. They met the requirements for 
manufacturability but were unproven for meeting the 
high temperature, shock and vibration, and other testing 
requirements. The high temperature requirements are 
needed to meet weapon safety disaster scenarios, i.e., the 
switch must fail safe. SNL and MIL-SPEC Magnetics 
Inc., (SNL supplier), performed extensive testing to 
prove-in the coil for weapons applications. 

The critical operational design features are the 
inductance and resistance of the coil with the tight 
mechanical constants for part geometry. Our supplier 
developed a new encapsulation process to remove all 
surface voids from the encapsulation material. An 
additional constraint for molding of the parts was that 





we needed to use previous tooling to save costs. The new 
part met all our requirements for a robust design. 

II. DESIGN 

The Strong Link Coils (see Figure 1) were designed to 
provide the MC2935 Trajectory Strong Link Switch (see 
Figure 2) with the electrical energy necessary to operate. 
The switch houses mechanical hardware plus two coils 
the 704111-Coil I and 704112-Coil 11. The coil, wound 
on the LCP bobbin, (see Figure 3) consist of 1010 turns 
of 35 gage polyimide insulated copper wire. The coil 
dimensions are .472”L x .690”OD with an ID of .430”. 
Our supplier modified the programming of a meteor 
winder to accomplish the winding. The copper wire is 
terminated to a nickel wire using high temperature 
solder in the special designed LCP bobbin flange. The 
difference between coil I and coil I1 is the lead breakout 
direction. Nickel wire is required in order to achieve a 
reliable weld to the switch contacts. The coil is then 
encapsulated using the TBS VI-SIL V-658 material. 

The bobbin material, LCP Vectra C130 (see Figure 4), 
was selected because of the following benefits: (1) 
excellent processability, (2) ability to fill thin (.OW’) 
wall parts without flash, (3) excellent dimensional 
stability, (4) very high continuous use temperature and 
flammability ratings, ( 5 )  excellent chemical solvent 
resistance, (6) excellent thermal stability, and (7) 
precision molding to extremely tight tolerances. The 
encapsulation material Thermal Barrier Silicone (see 
Figure 4) was selected because of its high temperature 
properties. The bobbins were purchased from Cosmo 
Corporation per Sandia specification. Mil-Spec 
Magnetics, Inc. manufactured the coiIs per Sandia 
specification. 
engineering, developed the encapsulation process. The 
encapsulation process which requires that TBS VI-SIL. 
Vd58 be poured under vacuum is a significant 
contribution to the project. The previous design had 
production yields as low as 10%. This design has 
resulted in yields between 97 - 100%. 

Mil-Spec, along with Sandia material - 

Figure 2. 

Figure 1. 

The critical electrical design parameters are the 
inductance and resistance. The operating temperature of 
the coil is -55°C to 95°C. The mechanical requirements 
are severe and as follows: (1) Mechanical shock - 3000g, 
6 in each of 3 directions; (2) Vibration, Random and 
sinusoidal, and (3) 120 temperature cycIes 120 -55°C to 
95°C. The switch assembly is designed to fail safe at 
400°C and hold off 1600 volts. The coil must not 
produce any outgassing products that would affect the 
voltage breakdown between contacts in the switch at 
these temperatures and voltages. 

111. THE HISTORY OF THE LIQUID CRYSTAL, 
POLYMER BOBBIN TEST PROCEDURES 

The testing of the LCP Bobbin material started with a 
request to change the material from BRP to a LCP 
Material. The testing started with the Thermo- 
Gravimetric Analysis (TGA) testing of the material. 
After the TGA testing, the Weapons Component 
Personnel requested other tests to verify the materials 
that volatilized during the TGA testing were 
nonconductive. The next step in the testing was 
fabricating vials with the material in each vial and 
ramped to a temperature of 600°C. After the simple vial 



Backside Temp. Rise ('F) I I 
Ttme (sec.) Backside Temp. 

0 75°F I I 
10 75 "F 
20 75 *F 
30 75 "F 
40 92 'F 
50 118°F 

10 I 75°F I 
20 I 75°F I 
m I 75°F I I 

I 40 I 92°F I I 
50 I 118°F I 
60 I 155°F 

SOOO*F Ablation Properties Test 
Dansity Ablation Rate Mass Loss Ablation 

(miVsec) (gmlcm'l Temp. % 
-) 

1.3 I 1.1 I 3 . 5 ~ 1 0 ' " ( 2 5 0 0  
*Sample 1/4'thick specimen, oxyacetylene torch at 45" angle from sample. 
oxygen flow rate - 63.5 Kmr 
acetylene flow rate - 55.0 tr'lhr 
Product Description- Vl-SlL V-&% is a white. semi-thixotropic, 

two component. addition cure, aerospace compound developed for 
applications where a flame-resistant thermal barrier OT ablation performance 
is rsauired. V-658 must be heat cured to obtain optimum propehes. 

Figure 4. 

test, the next test procedure was the insertion of a circuit 
board into the sealed vials. After the circuit board vials, 
the next step was the electronic monitoring of the circuit 
boards in an enclosed environment. The final testing 
was the use of a full switch inserted into a test cavity 
with two fully constructed coils. 

The initial step in the determination of conductive out- 
gassing of the material was the use of TGA testing. 
Essentially, this test apparatus heats the material and 
measures the weight loss of the material. The LCP 
bobbin was tested and the material was found to have 
lost weight during the test. This weight loss of the LCP 
bobbin was recorded before the 600°C temperature level. 
Besides the LCP material, BRP was also measured with 
little or no loss of weight before the 600°C temperature. 

After the TGA testing, the customer requested further 
testing to determine if the material lost in the TGA was 
conductive. To determine if the material was 
conductive, a .250g of LCP was placed in two different 
glass enclose vials. The first vial contained an air 
environment. The second vial contained a 90% NZ and 
10% He environment. Both environments were achieved 
by generating a vacuum of 650 Torr and back filling 
with the necessary gasses. After fabrication, both vials 
were placed in a programmable Blue M oven and 
temperature ramped to 600°C in a 10°C increment every 
minute. When the oven achieved the 600°C 
temperature, the oven's program allowed the 
temperature to drop by 10°C increments every minute. 
This ramping of the temperature was necessary to verify 
the integrity of the vials when heated and cooled. The 
vials were shattered after extraction from the oven. The 
dark sooty material coating the walls of the vials was 
found to be nonconductive. 

Figure 5 ,  Circuit Board Design 

After the simple vial test, concern was expressed by our 
customer over the distance the digital volt meter probes 
were placed in the material on the walls of the vials. A 
better test vehicle for the conductive testing was 
proposed. This test circuit was designed and fabricated 
on ceramic substrate with interdigitated fingers (see 
Figure 5). The circuit pattern was generated on a 



ceramic substrate inch by inch. The traces are .005 
inch with .005 inch spacing between traces. The 
bonding pads of the circuit are .050 inch square. The 
circuit pattern was fabricated with cured gold ink. The 
gold and ceramic were desired because of their stability 
at high temperatures. The circuits were placed in the 
vials with the same amount of material (.250 g) as the 
previous test. After heating and cooling of the vials to a 
temperature of 600°C with 10°C increments per 10 
minutes, the circuit boards were extracted from the vials 
and tested for conductivity, The conductivity was found 
to be very low. 

Following the circuit board vial test, the Weapon 
component personnel expressed concern if the dark 
sooty material was conductive during the heating and 
cooling phase of the experiment. Specifically, if the 
material was conductive at the 400°C and the 600°C 
temperatures. After discussion concerning the 
temperature of possible conductivity, an agreement was 
reached that the next experiment would involve the 
measurement of the resistivity every 10°C up to 600°C 
and back down to ambient temperature. These 
requirements dictated a new design in the experiment. 
This new design was also based on the additional 
requirement that the open space where the gasses could 
collect must be no greater than 17 cubic centimeters. 
Beside the “open space” restriction, the conductivity 
must be measurable throughout the entire experiment. 

The new test vehicle is basically composed of two glass 
tubes (see Figure 6). One glass tube is placed inside the 
outer glass tube to control the total free volume to 17 cc. 
The outer glass tube’s size is determined by the ability of 
the circuit board to slide through the glass tube. The 
outside diameter of the inner glass tube has a clearance 
with the inside diameter of the large glass tube at least 
0.020 inch and is the closest commercial size tubing to 
just fit inside the large glass tube. The .020 inch 
dimension is for the Cupron wire leads from the 
Tungsten Feed Thn~ to the circuit board. The outer and 
inner glass tubes are fabricated from a glass tube of 

Quartz and a graded glass seal which transitions from 
Quartz to Pyrex. The combination of glasses is required 
because Quartz is needed, due to the high temperatures 
(400°C) and the Pyrex is required because it can kse 
with the Tungsten and form a glass-to-metal seal 
allowing the electrical testing of the circuit board. The 
Tungsten in the glass to metal seal is then spot welded 
to the flattened Cupron wire (.008 - .009 flattened 
thickness) in three places using a power of 15% of 250 
Watt-Seconds. 

After fusing the Quartz and the graded seal, the Quartz 
end of both of the tubes must be sealed by rounding. 
After sealing the end of the outer tube, one 8mm Pyrex 
tube must be attached to the outer tube, This tube is 
attached to the outside tube for the evacuation and back 
filling of the free volume. The lengths of both the inner 
and outer glass tubes are then based on the calculated 
free volume. This free volume takes into consideration 
the volume of the sample material and the circuit board. 
Once the length has been determined through the 
volume calculations, the remaining ends of the tubes are 
sealed together with the Tungsten Wire Feed Thrus 
fused in line with the leads on the circuit board at the 
end of the glass tube assembly. 

Once the two tubes have been joined, the assembly is 
annealed to reduce the stresses created in the resealing 
of the Pyrex portion of the outer glass tube. M e r  the 
assembly is annealed, the outer glass tube is severed 
approximately one inch below the purge tube. The two 
glass tubes are separated, and the inner tube containing 
the Tungsten Wire Feed Thrus is transported to the 
resistance welder. The circuit board containing two 
welded gold ribbons is spot welded to the flattened 
Cupron leads at a power of 15% of 250 Watt-Seconds. 
The tubes are resealed, and the assembly is annealed to 
reduce the stresses created in the resealing of the l’yrex 
portion of the outer glass tube. 

As with the previous experiments, this qualification of 
materials experiment requires two test vehicles. The two 
test vehicles are needed to facilitate the different 

L- Sample Material 
Figure 6. Test Vehicle with Circuit Board. 



environments. These test vehicles were evacuated to a 
minimum of 1 X loa Torr for twelve hours and back 
filled with the required gas to one atmosphere. The first 
test vehicle’s environment is a mixture of 90% N2 and 
10% He with material (.250 g LCP) and circuit board. 
The second test vehicle’s environment is air with the 
material (.250 g LCP) and circuit board. 

The previous experiments used ovens that were sealed, 
Blue M ovens. The new test vehicle design demanded a 
different style of oven to obtain the 600°C temperatures 
and allow continuous measurements. The oven chosen 
for this experiment was a Clam Shell type tube oven 
with an overall length of one foot. The height and width 
of the oven is approximately six inches. A round slot 
traverses through the center of the oven to allow tubes to 
be heated in specific areas. The oven used with this 
experiment has one end plugged with an insulator (such 
as Fiber Frax), and the test vehicle’s atmosphere fill 
tube is allowed to extend out of the other end. This 
controller must be programmed to ramp the temperature 
10°C per minute until reaching 400°C. At the 4OOOC 
temper-ature, the controller will hold this temperature 
for twenty minutes. M e r  the twenty minute hold 
period, the controller will allow the oven to cool at a rate 
of 10°C per minute until reaching ambient temperature. 

The measurement circuit (see Figure 7) is a digital volt 
meter in parallel with the circuit board. Resistance 
measurements taken during this experiment for the LCP 
were found to be: 

Air 
0 400°C - 1090hms 
0 600°C - 1.8MOhm~ 

(90% N2, 10% He) 

0 400°C - 1 0 9 0 h ~  
600°C - 405KOhms 

The resistance values were high but concerns were 
raised regarding the spacing used on the circuit board 

r 1 w 

Meter 

versus the geometric spacing of the switch itself. The 
Weapons component personnel requested the use of a 
full switch and two full coils to simulate a more accurate 
experiment. 

IV. HIGH TEMPERATURE TEST PROGRAM AND 
RESULTS FOR SOLENOID COIL 

The solenoid coils contain LCP, Therqd Barrier 
Silicone, a polyimide coated wire, adhesive primer, and 
a polyimide spacer. The high temperature qualification 
test required two coils per experiment. 

The Functional Contact Assembly Switch is the internal 
switch that is required to withstand 1600V without 
allowing arcing. 

7 WELDED WIRE 

L- Rotor 
Functional Contact Assembly Switch Rotor 

Figure 8 

The Functional Contact Assembly Switch (see Figure 8) 
is modified for testing by fixing the rotor in the reset 
position. Besides welding the rotor of the switch in 
position, the pins of the switch must be welded together. 
After the input pins are welded together, the output pins 
are also shorted and welded. The switch assembly is 
then ultrasonically cleaned for three minutes using 
isopropyl alcohol. 

The glass test container is basically composed of two 
glass tubes (see Figure 9) as previously designed for the 
circuit board test taking into account the larger switch 
diameters. 

Digital 
Volt 

Figure 7. Measurement Circuit 



Figure 3. 

Pressure Relief Valve 

Graded Gloss Seal 

Figure 9. Glass Test Container 

End of Glass Test Container with Coils & Switch 



Figure 10. Measurement Circuit 

This qualification of materials requires three test 
vehicles. The three test vehicles are needed to facilitate 
the difFerent environments. These test vehicles are 
evacuated to a minimum of 1 X loa Torr for twelve 
hours and back filled with the required gas to one 
atmosphere. The first test vehicle’s environment is the 
control sample that has an atmosphere of air with a 
switch but no coils. The second test vehicle’s 
environment is a mixture of 90% N2 and 10% He with 
both coils and switch. The third test vehicle’s 
environment is air with both coils and switch. All three 
test vehicles used the same clam shell oven and 
temperature profile as the circuit board test. 

The measurement circuit (see Figure 10) is two resistors 
in series with the switch. The high voltage is applied 
across the resistor - switch circuit and a voltage 
measurement is taken across the 10K Ohm resistor. The 
measurements shall be taken when the circuit is applied 
in series to the input and output pins (switch to switch, 
SS) and when the circuit is applied in series to the input 
pins and switch housing (switch to case, SC). 

The duration of each recorded measurement was at 
every 10°C increment. The Voltage level of the High 
Voltage Power Supply shall be incrementally increased 
from OV to 1600V in lOOV increments. These 
increments are necessary to determine at what voltage 
did any possible shorting due to outgassing occur. The 
voltage measurement of both S S  and SC circuits when 
the High Voltage Power Supply reaches 1600V shall be 
the values recorded. 

V. SUMMARY OF TEST DATA 

High Temperature, High Voltage Testing for Solenoidal 
coils; Measurement is the resistance through switch to 
switch(SS) or switch to case(SC). Next assembly test 

requirement is R > 88E6. If the resistance through the 
switch drops off appreciably then a correction factor 
must be applied and the voltage increased to apply a true 
1600V across the switch. The results below are for Veff 
which is the true voltage across the switch. 

VI. SUMMARY OFRESULTS 

The resistances measured across the switch to switch 
and switch to case with the test coils were less than the 
control system and exceeded our customer’s next 
assembly requirement of 88E6 Ohms. These results 
confirm that the new materials do not produce 
conductive gases or films at 40OoC. 

IV. CONCLUSION 

SNL has designed, manufactured, and proven-in two 
new solenoid coils for a highly-reliable electro- 
mechanical switch, The previous design of this 
component was difficult to manufacture due to the 
fragility of the BRP material used for the bobbin and 
encapsulation and had very low yields. The new design 
improvements were achieved by using different 
materials for the bobbin LCP Vectra C130 and 
encapsulation TBS VI-SIL V-658, and a unique 
encapsulation process. In order to prove-in the new 
materials to meet nuclear safety requirements, SNL 
tested the component to a 4OO0C, 1600V requirement. 
The component must not produce any outgassing 
products that would affect the voltage breakdown 
between contacts in the switch at these temperatures and 
voltages. Actual switches and coils were tested under 
these conditions, and the coil passed all 4OO0C 1600V 
tests. The component, slightly difficult to manufacture 
(manufactured at MIL-SPEC Magnetics) resulted in 
exceptionally high yields meeting all previous 
requirements. 
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