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Abstract

Occasionally, there are space mechanism deployment applications that must wait days, weeks, or years
prior to release due to outgassing concerns or other mission CONOPS requirements. In the case of the
Ensign Bickford Aerospace and Defense (EBAD) / TiNi™ Frangibolt® actuator, no data was found to support
performance predictions for the device after being dormant in a space environment for an extended
duration, so The Aerospace Corporation constructed a test to establish some representative data, and to
share the findings with the user community.

A set of preloaded joints with Frangibolt actuators underwent a simulated on-orbit aging test which
subjected the actuators to radiation and thermal cycling environments replicating multiple (~8) years in both
low Earth orbit (LEO) as well as geosynchronous Earth orbit (GEO). The characterization data shows no
degradation of Frangibolt actuator performance during or following exposure of up to 8 years in the LEO
and/or GEO environments. The baseline and post-test data show consistent actuator behavior.

Introduction

The primary objective of this test series was to determine whether Frangibolts undergo any change in
performance or physical characteristics when subjected to radiation and thermal cycling simulating up to 8
years in low Earth orbit (LEO). Any environment which causes either premature actuation or a failure to
actuate upon command is not suitable for the use of Frangibolts. The environmental conditions selected to
simulate those eight (8) years in LEO consisted of a radiation dose of 76 krad followed by more than 38,000
thermal cycles between 0°C and 40°C. The bulk of this paper details the tests and results of the LEO phase
of testing, with the additional conditions and results of the GEO phase presented at the end.

Test Item Description

The Frangibolt is a hold-down and release device made by EBAD, formerly TiNi Aerospace. It primarily
consists of a hollow cylindrical nickel-titanium shape-memory alloy (SMA) actuator, a notched bolt which is
inserted through the actuator, and a resistance heater and insulating jacket which are wrapped around the
actuator as shown in Figure 1. The 7075-T6 aluminum finned washers were designed in-house and
included to accelerate the thermal cycling rate for this test; they are not typical in a Frangibolt assembly.
The model used for this test series was TiNi's standard FC4 [1], which is sized to accept a 0.25 in (6.35
mm) diameter notched bolt made by EBAD and is approximately 38 mm (1.5 in) in length.

In operation, the molecular structure of the nickel-titanium SMA is hysteretic and exists in either an austenite
or martensite phase depending on the temperature and pressure [2]. Each phase manifests with its own
characteristic shape or dimensions of the sample piece. The actuators used in this test series were
compressed to a martensite phase with a force of 44.5 kN (10,000 Ibf) at room temperature. This particular
SMA formulation begins to return to its austenitic dimensions at a temperature above 60°C when
unrestrained; different ratios of nickel-to-titanium in the alloy result in different transition temperatures.
When a notched EBAD bolt is installed through a compressed actuator, the device’s heater will cause the
SMA to change phase, expand, and eventually break the bolt at the notch location. The units described
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herein reached a temperature of 73°C before overcoming the bolt-break strength. The SMA is re-
compressible and reusable for at least 60 cycles, per EBAD guidelines.

Figure 1. Cross-Section of Frangibolt Test Assembly (Left) and Sample Photograph (Right)

The 0.25 in (6.35 mm) bolts used with the FC4 actuators feature a precisely machined notch resulting in a
controlled tensile breaking strength of 21.4 + 1.8 kN (4,800 + 400 Ibf) [3].

Heat is applied to the actuator via a resistance heater which supplies nominally 80 watts at 28 volts DC. A
silicone rubber jacket surrounds the heater so that most of the heat goes into the SMA actuator rather than
radiating away from the unit.

EBAD has changed the silicone rubber jacket material due to material obsolescence since the period of
this testing. The Aerospace Corporation’s Space Materials Laboratory has stated that there is no significant
difference in radiation endurance or performance between the old and new materials.

Test Methodology

The most critical performance requirement of the Frangibolt is that it actuates when and only when
commanded. Either a failure to release on command or a premature release could be detrimental to a
mission. The mechanical failure modes associated with longer-duration space use are thought to be driven
by two environmental factors: radiation exposure and thermal cycling.

Radiation exposure can potentially degrade (particularly embrittle) certain components of the actuator such
as the silicone rubber jacket, bonding and wire insulation, or the heater substrate. Delamination or other
failure of these layers could result in insufficient heating when power is applied to the heaters, leading to a
failure to function when commanded. Heat buildup due to environmental exposure could also potentially
cause the SMA to prematurely expand and inadvertently break the notched bolt.

Frangibolt actuators in flight would typically be shielded from radiation to some degree. The predominant
driver of induced properties change in bulk silicone material is the total ionizing dose (TID), which can be
effectively simulated with gamma ray exposure, according to radiation SMEs in Aerospace’s Materials
Processing Dept. The space environment would subject the actuators to particle impact, which would be
most severe at the surface and be attenuated with depth into the material. In an unshielded application, the
dose on orbit was calculated to be approximately 3.2 Mrad near the exterior surface of the silicone, 76 krad
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near the middle, and 23 krad at inner diameter. The mid-range test value of 76 krad was conservative at
the innermost depth of the jacket, but the exterior surface was somewhat undertested. The test was
conducted using gamma rays, for which there is minimal attenuation in these materials, so the dose of
76 krad was seen by all the parts to within about 5%.

Thermal cycling causes stress cycles in materials with mismatched coefficients of thermal expansion (CTE),
as well as thermal gradients. These could potentially lead to fatigue in the metal parts, embrittled silicone
jacket or Kapton heater, result in a buildup of localized phase transitions in the SMA, or change the bolt
preload, any or all of which could lead to either failure to release or a premature release.

There are significant differences in CTE between the silicone rubber jacket and the nickel-titanium alloy in
the SMA. Radiation-induced embrittlement of the silicone followed by thermal cycling is one example of
how the two environments together were postulated to cause the actuator to fail.

A fatigue analysis was performed [4] on the assembled test items with a nominal preload of 6.7 kN
(1500 Ibf) at room temperature, corresponding to a stress of 331 MPa (48 ksi) at the notch in the bolt. The
temperature cycling and CTE mismatch cause changes in preload and stress of only +0.3 percent. The
expected fatigue life of the bolt at this loading condition is 30 million cycles, nearly three orders of magnitude
greater than the length of this test plan. Fatigue was ruled out as a concern for aging in space but was still
tested through the nearly 40,000 cycles in this test program.

The temperature limits used in this test were nominally 0°C and 40°C. Spacecraft design must protect the
Frangibolt units from extreme temperatures because the SMA will break the bolt if it reaches its actuation
temperature, regardless of whether the heater was powered. In this test, one year was represented by
4,745 thermal cycles, corresponding to approximately 13 cycles per day on a 110-minute orbit period. This
results in 37,960 cycles over 8 years.

Test Summary

The eight test units were organized into two groups, shown in Table 1, to isolate the effects (if any) of
repeated functioning. Four of the units were intended to be functioned and reset after each environment,
providing a trend if gradual degradation were to occur, and four were intended to remain undisturbed until
the conclusion. Functional tests were performed at the schedules shown in Table 1: initially before any
conditioning (“Baseline”), then after radiation, and again after 1, 2, 4, 6, and 8 cumulative years of thermal
cycling.

Table 1. Functional Test Matrix

Test Unit ID
Group | Group Il

Environment 1 2 3 4|5 6 7 8
Baseline X X X X[X X X X
Post-LEO Radiation X X X X
Post-Year 1 Thermal X X X X
Post-Year 2 Thermal X X X X
Post-Cryogenic Exposure X X
Post-Years 3—4 Thermal X X X X
Post-Years 5—6 Thermal X X X X
Post-Years 7—8 Thermal X X X X[X X X X
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Shortly after the beginning of the third year of thermal cycling, a test anomaly occurred in which a valve in
the thermal chamber failed open, cooling all the units to -196°C, the boiling point of LNz (“Cryogenic
Exposure” in Table 1). Actuators 1 and 6 were subsequently functioned to assess any damage, but no
adverse effects were observed. Thermal cycling was temporarily resumed in an alternate (slower) chamber
to continue the progress, and the units were eventually returned to the original chamber partway into year
4 after chamber repairs were made for safety and reliability purposes.
The basic sequence of events for the test items subjected to functional testing (every “x” in Table 1) was as
follows:

1) Compress actuators and measure length

2) Install bolts and perform initial ultrasonic preload measurement

3) Wait at least 18 hours and measure preload after relaxation

4) Validate actuators’ internal resistance temperature detector (RTD) resistance values

= Done at the beginning of thermal cycling years 1, 2, 3, 4, 5, and at the end of year 8
5) Subject items to conditioning environment, namely radiation exposure or thermal cycling
= No conditioning was performed by Aerospace prior to the initial baseline functional

6) Perform post-environment ultrasonic preload measurement

7) Measure DC resistance of heaters (checking for open or short failures)

8) Perform functional test

9) Measure hot length and calculate stroke

10) Compress actuators and measure length

Test units that were not repeatedly functioned (the empty cells in Table 1) were only subjected to
measurements which did not disturb the bolted joint configuration: RTD resistance validation, post-
environment ultrasonic preload measurement, and DC heater resistance.

The metrics used to evaluate the performance and physical characteristics of the test items throughout the
test series were as follows:
1) Visual appearance
2) Actuation time
= Defined as duration from application of power to heater until bolt breaks
3) Length of SMA actuators after compressing
4) Stroke
= Defined as change in length from compressed state to fully expanded state with no load
5) Change in bolt preload due to environmental exposure
6) DC resistance of primary and secondary heaters at room temperature
7) RTD resistance compared with calibrated thermocouples at 0°C and 40°C

Environmental Test Conditions and Equipment

The radiation exposure and thermal cycling were conducted on assembled test units as shown in Figure 1.
For the radiation exposure, the units were loosely (so as not to disturb the preloaded joint) threaded onto a
female-threaded standoff which connected to an acrylic plate (standard for the radiation chamber) as shown
in Figure 2.

The actuators, configured as shown in Figures 1 and 2, were exposed to 76 krad total ionizing dose (TID)
measured at the midplane of the actuators, approximately 300 mm (12 in) from a Cobalt-60 source. The
actuators were oriented with the bolt head closest to the source. The exposure rate was 5.65 rad/s for
approximately 3.5 hours, measured with an ionization chamber type dosimeter. The measurement error is
estimated at +4% and the spatial variation within the chamber is less than 5%.
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Figure 2. Radiation Exposure Configuration

A lead-aluminum shield was placed in between the source and test units, which is an industry-standard
practice for Co-60 exposure. This shield reduces the lower energy X-rays but allows most of the gamma
radiation to pass through. The dose rate measurements were performed with the shield in place. RTD
temperatures were not recorded during the gamma radiation exposure.

For thermal cycling, a custom Teflon plate was designed which featured circular cavities of a diameter
slightly larger than the aluminum finned washers. Four smaller holes were placed around each cavity at 90-

degree angles. The test units were placed into the cavities with the threaded end of the bolt facing down
toward the plate (Figure 3).

Figure 3. Thermal Cycling Configuration

Lockwire was fed through the adjacent four holes, through holes in the bolts’ heads, and tied; the lockwire
prevented the bolt head from being ejected during the functional test or accidental actuation in thermal
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cycling or handling, and it also served as a guywire to keep the actuators upright during the test. The nut
and threaded end were contained within the bottom finned washer and the plate cavity during the functional
tests. Enough slack was left in the lockwires to allow the actuator the necessary 1.5 mm (0.060 in) stroke
during the test, and the cavities were 3.2 mm (0.125 in) deep. The overall plate was 200 x 150 x 6 mm (8 x
6 x 0.25in).

The thermal cycle range objective, as measured by the test units’ built-in primary RTDs, was 0°C to 40°C.
A cycle was counted whenever the primary RTDs on all actuators indicated a round trip past thresholds of
less than 3°C and greater than 37°C. The chamber was programmed with temperature extremes of -8°C
and +45°C to drive the test units. The ramp-rate between conditions was limited to 36°C per minute
(although the actual performance of the chamber was slower and variable, particularly in cooling), and a
two- to four-minute dwell was programmed at each extreme to allow the units time to reach their
temperature requirements. The cycling was based on the chamber’s internal controller; there was no real-
time feedback from the test units.

Figure 4 plots the minimum and maximum temperatures extracted from each thermal cycle and illustrates
the schedule of events.

Figure 4. Minimum and Maximum Temperatures Recorded for each Thermal Cycle

Table 2 lists the planned and actual cycles for each block of simulated years between functional tests. The
“actual” columns represent the minimum number of cycles obtained by any of the eight actuators. It was
not feasible to stop thermal cycling exactly at the planned cycle counts due to lab or staff availability; cycles
were counted and verified using post-processing software after the chamber was stopped.

Table 2. Planned and Actual Thermal Cycles

Year(s) | Planned | Actual | Cum. Planned | Cum. Actual
1 4,745 4,765 4,745 4,765
2 4,745 4,829 9,490 9,594
3-4 9,490 9,547 18,980 19,141
5-6 9,490 9,121 28,470 28,262
7-8 9,490 | 10,397 37,960 38,659
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Figure 5 plots a histogram of the round-trip thermal cycle times. The atypical nature of the cycle times in
Figure 5 were related to variable performance of the cold nitrogen supply and the chamber’'s PID
(proportional-integral-derivative) controller; the units were brought much closer to the -8°C set point during
cycles with slower cooling rates than on the faster cycles. The chamber’s heating rate was much more
consistent, but variation of a particular cold condition caused some variation in the subsequent hot
condition.

Figure 5. Histogram of Round-Trip Thermal Cycle Times
Functional Test Descriptions

Unless otherwise specified, all functional tests and measurements were performed at room temperature
and uncontrolled humidity. The units were often slightly heated during bolt installation and initial preload
measurement due to handling. Attempts were made to allow the units to return to room temperature prior
to measuring preload, but repeated adjustments of bolt torque to achieve proper preload sometimes made
this impractical.

Primary RTD resistance was recorded immediately preceding any measurement or test that was performed
on a given test item.

Actuator compression was performed using a TiNi Aerospace FBT-CT2 reset fixture. The unit comprises a
hand-operated hydraulic pump, press, and features to center the SMA actuators in the press. After the initial
pressurization, the pressure indicated on the dial would slowly decrease by 1-2% over several seconds.
Without relieving pressure, the operators would reapply pressure to achieve the recommended value until
the gauge stabilized for at least 5 seconds.

The length of the SMA cylinder (excluding the silicone jacket) was measured using a caliper. Each actuator’s
RTD resistance was recorded simultaneously with the length to indicate temperature. In cases where
handling or compressing the actuators caused a change in their temperature, a subsequent length
measurement was recorded only after the RTD resistance returned to within 8 Q (about 2°C) of the original
value.

After compressing each actuator, the SMA surface was recessed slightly below the silicone jacket. In these
cases, extra pressure was applied to the caliper so the jaws would reach the face of the SMA. The SMA
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actuators were often bowed (the two ends were not parallel) after functional tests, since the power was
switched off before the actuators had reached their full stroke. In order to maintain a consistent
measurement, the jaws of the caliper were approximately centered over the hole in the actuator, and the
actuator was rotated about its axis until the smallest measurement was obtained. This technique ensured
that the caliper jaws were out of plane relative to the bow in the actuator.

Bolt preload was measured using an ultrasonic transducer and oscilloscope (Figure 6). This method is well
established and has been presented at the 42" Aerospace mechanisms Symposium [5].

Figure 6. Ultrasound Preload Measurement Setup

Prior to the start of this test series, the ultrasonic preload measurement method was calibrated by placing
the first eight bolts (used in the baseline test) in a load cell. The bolts were subjected to preloads up to 6.7
kN (1500 Ibf) in 1.1 kN (250 Ibf) increments. Linear regressions were developed (and were well-correlated)
for changes in ultrasonic wave time of flight and bolt length vs. preload. Bolt length vs. preload is shown in
Figure 7 as an example. These pooled regression curves were used for the remainder of the test series;
subsequent bolts were not individually calibrated, but all bolts were from the same production lot.
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Figure 7. Linear Regression Example for AL Calibration Using a Load Cell

The bolt installation procedure encompasses assembling the test units in the configuration shown in Figure
1 and achieving the desired bolt preload. The preload recommendation as stated by EBAD [6] is 6.7 kN
(1500 Ibf) with a recommended installation torque of 7.3 Nem (65 inelbf). The orientation of the bolt head,
aluminum finned washers, and steel washers was always the same with respect to the actuator for every
assembly instance. Also, the washers became slightly concave after the first installation, and their
orientation was maintained to prevent reversal of the yielding.

The running torque of each nut-bolt pair was measured immediately prior to installation. With the nut fully
engaging the threads, the nut was advanced using a break-over torque wrench. The joint was initially
torqued to 5.7 Nem (50 ineIbf) above the running torque. Preload was then verified via ultrasound, and
torque was adjusted as necessary.

The units were allowed to relax overnight, and a second ultrasound was performed. Typically, the joints
would lose between 5-15% of their initial preload overnight. This change was measured so that it could be
excluded from the environmental conditioning effects. Figure 8 shows the preload values after the joints
had relaxed and before entering any environmental conditioning stage.
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Figure 8. Relaxed Preload Prior to Entering Each Environment

Prior to each unit's functioning, the DC resistance of the primary and redundant heaters was measured
along with RTD resistance to verify the ambient temperature. In order to validate the RTD readings, the
units under test were soaked together in the thermal chamber for at least 25 minutes at 0°C and 40°C to
achieve equilibrium. The Frangibolts’ built-in platinum RTD values were compared against Type E and Type
K thermocouples, as well as the chamber’s internal platinum RTD. All sensors agreed to within 1°C and
within 0.2-0.3% in resistance values. Therefore, the RTD resistance values were not corrected for any
constant bias.

Functional tests were conducted by applying 28 volts DC to the primary heater in each actuator. The primary
data obtained during this test was the actuation time, defined as the duration from initial application of the
supply voltage until the notched bolt broke. Actuation times were measured using a handheld stopwatch.

After each functional actuation, that actuator was conditioned in an oven at 85°C for 10 minutes. The length
of the SMA cylinder was measured immediately after removal from the oven before the actuators had a
chance to return to room temperature. This measurement was referred to as the hot length (no load). The
stroke was defined as the change in an actuator’s length from the compressed state to the hot length.

LEO Test Results
The actuation times were largely stable over the course of the test program as shown in Figure 9. The error

estimate of +0.50 second is conservative based on the commonly reported uncertainty value of 0.2 second
due to human reaction time with handheld stopwatch use.
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Figure 9. Actuation Time for Each Functional Test

It can be seen in the data that at the baseline functioning, there was a larger distribution among the test
units. Upon closer investigation, actuators 2, 3, 5, 6, and 7 took longer than 22 seconds to break their
respective bolts; these same five actuators were in their compressed state (without bolts) upon receipt from
the donating contractor. Actuators 1, 4, and 8 were in their expanded state upon receipt and functioned in
less than 21 seconds at the baseline test. It is unknown whether this correlation is relevant. Another possible
cause is that the steel washers used in the test configuration were new at the baseline function and reused
throughout the remainder of the test. They became slightly concave due to the forces involved in breaking
the bolts, so some of the convergence of actuation times may be due to wearing-in of the test assemblies.

Figure 10 plots the actuators’ strokes, which is the difference between a corresponding pair of compressed
and hot measurements; the error here is estimated at 0.05 mm (+0.002 in). Once again, the performance
of the test units was remarkably stable over the course of the test series. Nine similar bolts just 6.4 mm
(0.25 in) shorter were subjected to tensile testing and broke after an average displacement of 0.43 mm
(0.017 in). The stroke capability of the actuators presented in Figure 10 shows significant margin over that
required to break the bolts in this test setup.

The bolts’ preloads were measured after each environmental exposure and subtracted from their respective
pre-exposure values (Figure 8). Any change in preload would be assumed to occur solely due to the
environment, since the joints were allowed to relax before entering the conditioning. The results are plotted
in Figure 11. The uncertainty due to the subtraction of the two measurements is estimated at +0.9 kN
(200 Ibf). The mean value of the 56 measurements is -0.1 kN (-25 Ibf), which is well within the uncertainty
and only about a 2% loss from the relaxed preloads. There appears to be no significant change in bolt
preload due to these long-life environments.
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Figure 10. Actuator Stroke Following Environmental Exposure

Figure 11. Change in Preload Following Environmental Exposure

Figure 12 also shows that the thermo-electrical performance of the heaters and the RTDs was stable over
the course of the test. At baseline, the RTD measurements were recorded to the nearest 1 ohm with a
handheld multimeter. Subsequent measurements were recorded digitally once the rest of the data
acquisition system was set up. This explains the increase in the resolution after the baseline measurement,
and the use of a different instrument may explain the offset in mean value from baseline to the subsequent
measurements.
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Figure 12. DC Resistance of Heaters (Left) and RTD Measurements at 40°C (Right)

The published value for the RTD reading is 1155.4 ohms at 40°C. An error of +1 ohm corresponds to
+0.257°C. The variance shown in Figure 12 is less than the +2°C tolerances for the thermocouples against
which they were compared. As such, there appears to be no significant change in heater or RTD
performance due to these long-life environments either.

GEO Test Results

The same eight units previously subjected to a simulated eight years of LEO environments were
subsequently tested to radiation and thermal cycling environments to represent 8 years in GEO. This time
four pairs each were exposed to varying radiation doses from 100 krad to 10 Mrad of gamma ray exposure
(see Table 3). The radiation doses were selected in logarithmically spaced intervals of 4-5x per pair, and
the maximum dose of 10Mrad was partially schedule-driven, as that single exposure level took nine days
to accomplish, given the available test equipment; 10 Mrad corresponds to ~8 years GEO exposure
assuming ~0.5 mm (0.020 in) aluminum shielding.

Table 3. GEO Test Phase Radiation Doses

Actuators Dose
1,2 100 krad
3,4 500 krad
5 6 2 Mrad
7.8 10 Mrad

All eight units were also subjected to an additional 776 thermal cycles, this time going a bit colder, between
-40°C and +40°C. The calculation assumed that most of the year would be spent in constant sunlight due
to the tilt of the Earth’s axis, but with approximately six weeks of daily eclipses surrounding the Spring and
Fall equinoxes. At ~90 cycles per year, that comes to 720 cycles in eight years; the testing was conveniently
stopped during the workday after 776 cycles.

103



Much like during the LEO testing phase, length, stroke, time to break, bolt preload, heater resistance, and
RTD validation at various temperatures were all assessed before and after the environmental exposures
mentioned above. All of these plots throughout the environmental exposure, measurements, and
functioning performed the same as in LEO, namely displaying insignificant change over the entire life.
Figure 13 is a typical example of this, showing the fundamental performance parameter, time to break.

Figure 13. Time to Break for all Actuators Through all Phases of Life Exposure

One might be tempted to look at Figure 13 and conclude that the few additional thermal cycles and higher
doses of radiation might cause the bolt breaking time to increase as a result, but a closer look shows that
the increase is insignificant. Moreover, when the same eight actuators’ time to break was evaluated as a
function of increasing radiation it was revealed that the more radiation exposure a unit sees, its time actually
decreases slightly. Even this trend is considered insignificant as it was only a 1% reduction in time for an
entire order of magnitude increase in radiation dose.

Lessons Learned

Several lessons learned were captured as this study progressed, some more obvious and warranting of a
gentle reminder, and others that can hopefully assist others in their future work.
e Never assume a Frangibolt actuator is compressed or uncompressed — always keep a log, and
follow EBAD’s guidelines about overall dimensions and comparisons to previous measurements
e Use redundant safety shutoff features (or an alarm) for unsupervised testing — especially over
weekends and holidays
e One can maximize heat transfer to/from units via aluminum finned washers and use of a very
small-volume thermal chamber with high convection rate and over-driving temperatures to
conduct 10-12x accelerated age test
e Be knowledgeable about the accuracy of ultrasonic preload measurement — even though it is far
better than torque, it still comes with its own uncertainty
o Trial-and-error still required to obtain precise preload measurements when adjusting
torque and iteratively checking with ultrasound
e Handling Frangibolt actuators, including the act of compressing them, raises their temperature
slightly, if one is sensitive to that
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e Bolts are not reusable; plan ahead and keep ample spares on hand. Nuts may or may not be
reusable
o0 Herein, silver plated nuts were reused for some of the final tests since there were two
unplanned extra actuations after the cryogenic exposure mishap

Conclusion

It is critical that space application hold-down and release devices such as the Frangibolt actuate when and
only when commanded. An accelerated aging test simulating eight years of low Earth orbit (LEO) was
conducted to show that such an environment would not cause either premature actuation or significant
degradation to the point of a failure to actuate when commanded. Eight Frangibolt actuators were subjected
to 76 krad of gamma radiation followed by more than 38,000 thermal cycles between 0°C and 40°C.
Moreover, the units were inadvertently cooled to the liquid nitrogen boiling point (-196°C) for more than 12
hours of cryogenic exposure during a test chamber anomaly.

Overall, the Frangibolts’ performance was unaffected by these aggregated environments. There were no
premature actuations during exposure, nor were there any failures to release in any functional tests. There
was no significant change in the device’s primary performance metrics of actuation time, stroke, or actuator
length from the baseline test to the final actuation. The resistance of the electric heaters in the units and
the accuracy of the internal RTDs were essentially unchanged. There was no significant increase or loss of
bolt preload. There was also no apparent change in the color or texture of the silicone jacket (except some
cracking which occurred on two of the units during the inadvertent cryogenic exposure). Finally, there was
no discernible difference between the units that were repeatedly functioned and reset versus the units which
were kept in a preloaded state throughout the entire program and only fired at the conclusion.

The relative simplicity of the Frangibolt leads to few failure modes, which can all be monitored and tested
easily. Properly designed and preloaded joints can be expected to survive similar conditions to those tested
herein.
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