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Abstract

A new approach for measuring force and stroke margins for Frangibolt actuators has been developed and
is described in this paper. Frangibolt actuators, which are sold by Ensign-Bickford Aerospace & Defense
Company (EBAD), are widely used across the Aerospace industry as hold-down and release mechanisms.
They are comprised of a resistance heater which warms a piece of shape memory alloy (SMA). Elevated
temperature induces a crystalline phase change (martensite to austenite) in the SMA, which grows in length
enough to break a notched fastener, thereby releasing the bolted joint. The SMA alloy in the FD series
actuators is formed from a single crystal of Copper, Nickel, and Aluminum. The FD family is smaller and
exhibits greater expansion relative to its size than the multi-crystalline Titanium-Nickel alloy used in the FC
series actuators. Due to the difference in crystallinity between the FC and FD series, we discovered that
the standard FC test approach typically used to measure the force and stroke (expansion) of the actuator,
would not be appropriate to test the FD series actuators. Testing of the FC family can be accomplished by
applying the intended demonstration load using an Instron machine in compression with the actuator;
however, this approach is not applicable due to the single crystal nature of the FD family. The novelty of
this FD test procedure is that an initial preload is applied through a stack of Belleville springs to the
Frangibolt actuator, simulating the load and stiffness of a torqued bolt in a flight assembly. After the preload
is applied, our FDO4 Frangibolt actuator is energized and the load it experiences linearly increases to the
test load as it compressed the stack of Belleville springs. The stroke of the Frangibolt actuator was
measured at each test load using an extensometer. The force and stroke needed to break the notched
Frangibolt fastener are 2860 N and 201 um, respectively, which were calculated from data provided by
EBAD. In this paper, we explain the novel features of our test method and the differences between our new
method and that which was used for the FC series Frangibolt actuators. Details of our test results are also
provided which ultimately verify that the FD04 Frangibolt demonstrates more than enough force and stroke
to break the notched Frangibolt fastener: 5720 N and 490 ym on average, respectively.

Introduction

This report describes force and stroke performance tests of FD04-4457 Frangibolt actuators that were
conducted for SUnNRISE project [1]. The SunRISE mission aims to launch an array of six CubeSats to
collectively monitor solar activity to better understand solar particle storms [2]. A key payload of each
CubeSat is a set of Spiral Tube Actuators for Controlled Extension / Retraction (STACER) antennas, which
are booms restrained and deployed using Frangibolt actuators. A Frangibolt actuator is a form of hold-down
and release mechanism which consists of a shape memory alloy (SMA) cylinder with redundant heater
elements and a resistance temperature detector (RTD). The SMA is encapsulated in silicone rubber
insulation, as shown in Figure 1.

An electric current is passed through the heater circuit, which heats the SMA to its phase transition
temperature. The SMA material’s crystal structure changes from martensite to austenite, which causes the
SMA to expand, thereby breaking the notched Frangibolt fastener in the assembly. In this report, we refer
to this as the “actuated state”. After actuation, the SMA must be reset to its shorter length at room
temperature by applying the appropriate force (6670 N for FD04 model) using the reset tool provided by
Ensign-Bickford Aerospace & Defense Company (EBAD).
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Figure 1. FD04 Frangibolt Actuator.

Historically, a performance test has been developed and performed on the FC series Frangibolt actuators.
When the same test method was applied to the FD series Frangibolt actuators, the test was unsuccessful.
This is because the FC series Frangibolt actuators utilize a multi-crystalline SMA whereas the Frangibolt
actuator in the FD04 is comprised of a single crystal SMA. In the FC series Frangibolt actuator testing, a
compressive load greater than the ultimate tensile strength of a Frangibolt fastener was applied to the
Frangibolt actuator before actuation. This was appropriate for the FC series due to the relative insensitivity
of the multi-crystalline SMA’s phase transformation to applied load. To initiate the phase transition during
actuation, a nucleation site is needed. The grain boundaries between the crystals in FC series provide
many nucleation sites, even at high loads. The SMA in the FD04, however, is a single crystal, and does not
have any grain boundaries to facilitate nucleation. Since compressive load suppresses nucleation and
growth of the higher-volume austenite phase, there is a limit to the value of compressive load that can be
applied and still have the Frangibolt actuator function as desired. In practice, this means that the magnitude
of the largest compressive load that should be applied to the Frangibolt actuator at the start of a
performance test is the maximum Frangibolt fastener preload. Once the austenite phase nucleates and
starts to grow, then the load applied to the Frangibolt can ramp up. This is where the novelty in our test
approach lies, and it is presented in further detail in the following sections.

This test campaign used two spare FD04-4457 Frangibolt actuators: serial numbers (SN) F1942 and F1943
drawn from the SunRISE flight lot. The force and stroke performance of the Frangibolt actuators were
quantified in terms of force and stroke margins, which must meet the SunRISE requirements of 100% and
10%, respectively. Force and stroke margins measure the amount of additional force and stroke available
in the Frangibolt actuator beyond what is needed to break the notched Frangibolt fastener. A 100% force
margin means that the force produced by the Frangibolt actuator is 100% more than the ultimate tensile
strength (UTS) of the notched Frangibolt fastener. Similarly, a 10% stroke margin means the Frangibolt
actuator must demonstrate 10% more stroke than required to break the notched Frangibolt fastener. Our
measurements are presented in this paper and compared to these requirements. For conservatism, the
voltage applied to the Frangibolt actuator’s resistive heater was initially set to the lowest voltage expected
during flight: 5.5 VDC. A more typical flight voltage would be in the range of 6-7 VDC. For one of the test
units, the applied voltage was ramped up to 5.9 VDC during actuation to test stroke performance under a
higher applied voltage (further discussed in later sections).

A few key operating parameters for the actuators used in this test are provided in Table 1. The B-basis high
and B-basis low force and stroke values were calculated by conducting a B-basis analysis on a notched
Frangibolt fastener dataset provided by EBAD. The bolt pre-load and not-to-exceed temperature values
were provided as recommendations by EBAD.
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Table 1. Key Frangibolt fastener breaking characteristics and Frangibolt actuator usage conditions
provided by EBAD.

Key Parameters Value

B-Basis Low Bolt Breaking Force 2770 N

B-Basis High Bolt Breaking Force 2860 N

B-Basis High Bolt Breaking Stroke 201 ym

Bolt Nominal Pre-Load 667 N

Not-to-exceed Temperature 180°C
Materials

. 2 FD04-4457 Frangibolts [1] (SN F1942, SN F1943)
. 2 FR-4 thermal insulation washers [1]
. Frangibolt Reset Tool (EBAD PN: F83549-1) [1]
. Instron 8801 Servo-hydraulic Fatigue Testing System (with 25 kN load cell) [3]
. Epsilon Axial Extensometer (Model 3542) [4]
. Caliper
. Electrical ground support equipment (EGSE):
« Agilent 34980 data acquisition system (DAQ) [5]
» Keysight N5765A power supply [6]
* Digital multimeter (DMM):
. Mechanical ground support equipment (MGSE):
* 2 McMaster-Carr Belleville spring washers (9712K459) [7]
* Belleville washer cup
» Top and bottom Frangibolt fixtures
* 3 stabilizing posts
* 3 McMaster-Carr spring plunger tips (3126A2) [8]
» Spacer blocks
* Clamps
* Shim material
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Test Configuration

Mechanical Ground Support Equipment (MGSE)

Most of the MGSE was designed specifically for this test, although some components, such as the Belleville
spring washers and spring plungers were purchased from McMaster-Carr. Figures 2 and 3 illustrate all the
GSE that was used to conduct this test as well as the overall configuration of the parts in the assembly.
The Frangibolt actuator is inserted between two FR-4 thermally insulating washers to simulate the flight
assembly. Instead of a Frangibolt fastener, the top and bottom Frangibolt fixtures have short alignment pins
that fit into the through hole in the ends of the Frangibolt actuator.
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Figure 3. Cross section of GSE and test configuration.

Stabilizing posts with spring plunger tips at the top were attached to the lower Frangibolt fixture. The top
Frangibolt fixture was levelled horizontally by resting on these three spring tips. A 4.45 N load is needed to
depress a single spring plunger, and the combined 13.3 N is greater than the weight of the top assembly,
So it was easy to adjust the lengths of the three supports to ensure they were of equal length to keep the
top assembly parallel to the bottom assembly. The stroke to fully depress the spring plungers is greater
than the distance they were compressed during the test, and their maximum force at full depression would
be 21.3 N. This force was considered insignificant in relation to the applied forces by the Instron.

A cup which held a stack of two Belleville spring washers in series rested on the top Frangibolt fixture. The
Belleville washers were selected based on their stiffness value to closely match the stiffness of the
Frangibolt fastener. The spring constant of the Frangibolt fastener was calculated from 13 data points
(provided by EBAD) of the tension load applied to the fastener and the extension at that load. Force divided
by displacement was used to determine the Frangibolt fastener spring constant of 15.6 kN/mm. The
stiffness of the Belleville washers was similarly calculated by dividing load and deflection values using data
taken from the McMaster-Carr datasheet. The stiffness value for each Belleville spring washer was
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29.7 kN/mm, so the two springs stacked in series have a combined spring constant of half of that value:
14.9 kN/mm. The selected Belleville springs were reasonably linear over the range of force and deflection
used in the testing. Finally, spacer blocks were placed around Frangibolt fixture assembly. These spacer
blocks were shimmed to ensure that they were the appropriate height. An extensometer was installed which
grips the top and bottom Frangibolt fixtures to measure the deflection of the Frangibolt as it strokes. The
positioning of the extensometer is shown in Figure 4. There was no contact between the extensometer and
the leveling support shown behind it in the diagram.

When setting up the test apparatus, the Belleville washer stack was shimmed to be proud of the spacer
blocks by approximately 50.8 um. This ensured that as the Instron platen was lowered onto the spacers,
the Belleville washer stack deflected by approximately 50.8 pm and applied a preload of approximately
667 N onto the Frangibolt actuator. This is the nominal preload applied by the notched fastener in normal
use of the FD04 Frangibolt actuator. As the Instron platen load continued to ramp up to the predefined test
load, the 667 N preload on the Frangibolt remained constant while the remaining load was carried by the
spacer blocks. When the Frangibolt was actuated, it initially compressed the stack of Belleville washers
until the force was equal to the constant predefined test load that was being applied by the Instron. As the
Frangibolt expanded further, it pushed the stack upward and raised the Instron completely off the spacers.
From this point onward, the full predefined test load was experienced by the Frangibolt actuator. The Instron
was operated in constant force mode.

Figure 4. Extensometer to measure Frangibolt Actuator stroke.

Electrical Ground Support Equipment (EGSE)

The EGSE required to support this test primarily consisted of a power supply and DAQ (Data Acquisition)
system. A DMM (digital multimeter) was also used to check voltage and resistance values. The power
supply used to actuate the Frangibolt was set at 5.5 VDC and was equipped with over-voltage and over-
current protection features to safeguard the hardware. The DAQ recorded the applied voltage by the power
supply and the electric current. The DAQ also measured the resistance of the RTD and converted the
reading to degrees Celsius while displaying it to the operator in real time. In addition, the DAQ recorded
two channels from the Instron: applied load and extensometer displacement. These two channels were also
recorded in the Instron’s own data stream for redundancy. Finally, the DAQ was connected to a laptop
computer to run the 34980A Benchlink Data Logger software to collect and compile the data. An illustration
of the EGSE and the required connections is provided in Figure 5. Data sets were acquired at about 3 to 4
samples per second.
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Figure 6. GSE assembly sitting on bottom Instron platen with the extensometer mounted in place (top
Instron platen and spacer blocks not pictured)
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Figure 7. Instron top platen lowered onto the assembly with spacer blocks (shimmed gauge blocks with
holes) and guide plates (metal plates clamped onto Instron to prevent slipping)

Procedure

Since the Frangibolt actuators arrived from EBAD in the actuated state, the two Frangibolt actuators were
first compressed using the reset tool following instructions provided in the user manual prepared by EBAD.
The Frangibolt actuator was reset by torquing a fastener in the reset tool to apply a force of 6670 N to
compress two platens against the Frangibolt actuator. The length of the compressed Frangibolt actuator
was measured using calipers and compared against the nominal length provided in the datasheet for each
actuator. The compressed Frangibolt actuator along with the extensometer were inserted into the MGSE
assembly as described in the previous section (see Figures 6 and 7). Additionally, metal plates which
contact the top and bottom Frangibolt fixtures at three points were clamped onto the Instron platens to
center the GSE as shown in Figure 7. These plates were used to prevent an instability of the setup observed
in an earlier test with a dummy Frangibolt in which the blocks slid laterally, overcoming friction, along the
Instron platen surfaces.

The upper Instron platen was first manually lowered until it just barely touched the top Belleville washer.
This position was programmed to be the starting position of the test. The Instron was then switched to force
control mode and programmed to linearly increase the compressive load to the predetermined test load.
The linear load ramp was programmed to go from zero to the full test load in 60 s. As the Instron load
increased, the Belleville washers were compressed around 50.8 um until the Instron platen hit the spacers
(applying 667 N of preload on the Frangibolt). Once the predetermined test load was attained and held
constant, voltage was applied to the Frangibolt actuator to actuate it. The Frangibolt actuator was allowed
to heat up until the maximum allowable temperature of 180°C was reached. During the entirety of the
actuation, the extensometer was recording the stroke of the Frangibolt. At 180°C, the power supply was
shut off manually. After this, the Instron was unloaded linearly back to zero load over a 60-s period. The
Frangibolt actuator was removed from the fixture, and its final extended length was measured using a
caliper. The Frangibolt actuator was then reset using the reset tool, and the compressed length was again
measured with a caliper. This procedure was repeated for each test load. The test loads defined for this
test campaign are presented in Table 2. One small modification was made to this procedure during testing.
F1943 was the first unit tested at exactly 5.5 VDC. However, at all test loads except for 2770 N, F1942 was
initially actuated with 5.5 VDC then manually increased up to 5.9 VDC during actuation to allow for more
stroke. 5.9 VDC is still lower than the expected flight voltage of 6 VDC, and while the voltage was increased,
the temperature was still maintained below 180°C.
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Table 2. Test loads defined for the Frangibolt stroke and force test.

Test Loads Force [N]

B-Basis Low Bolt Breaking Load 2770

B-Basis High Bolt Breaking Load 2860

1.3x B-Basis High Bolt Breaking Load 3720

1.5x B-Basis High Bolt Breaking Load 4290

2.0x B-Basis High Bolt Breaking Load 5720
Results

The outputs measured during the test include the applied load of the Instron, the voltage and current applied
to the Frangibolt actuator, stroke measured by the extensometer, and RTD temperature. Selected data
series were plotted against time, as shown in Figures 8 and 9. Figure 8 includes annotations which indicate
the total measured stroke and the obtained stroke margin, which is the additional stroke beyond what is
needed to reach the B-Basis bolt breaking stroke of 201 um. Note that the forces are shown as negative
values because Instron machines are more typically used to apply tensile loads rather than compressive
loads, and tension is considered a positive load.

Figure 8 shows the B-basis high bolt breaking load needed to break a Frangibolt fastener, 2860 N, as well
as the load applied by the Instron against which the Frangibolt actuator is moving. Note that in Figure 8,
the test load was equal to the B-basis high bolt breaking load; therefore, the force margin for that case (by
definition) is zero.

Figure 9 depicts the highest load applied during the test campaign. During the unloading phase near the
end of the test, significant additional stroke occurred (sharp increase in slope at ~400s). This was typical of
the higher load cases (3720 N to 5720 N). This extra stroke was not included in the stroke margin
computation. Only stroke in the constant load region was used in the stroke margin computation. However,
the extra stroke occurred at a load that was still greater than the B-basis high bolt breaking load, so there
is significant additional stroke margin here that we are not including in our data processing to be
conservative. To calculate the percent stroke margin from the obtained data, the Eqg.1 was applied, where
actuator stroke is the complete stroke the Frangibolt demonstrated under the test load. The bolt breaking
stroke is the B-basis high bolt breaking stroke value of 201 um.

Actuator stroke
% Stroke Margin = [—
% g Bolt breaking stroke

— 1]+ 100% (Eq. 1)
Similarly, the percent force margin was calculated using Eq. 2, where actuator force is equal to the applied
test load against which the Frangibolt was actuating. The bolt breaking load is the B-basis high bolt breaking
value of 2860 N. We used the magnitude of the forces in these calculations of force margin.

Actuator force

% Force Margin = [ - 1] *100% (Eq. 2)

Bolt breaking load

The calculated force and stroke margin values are provided for Frangibolt actuator SN F1942 in Table 3
and Frangibolt actuator SN F1943 in Table 4. The test load of 2770 N is the B-basis low bolt breaking load,
and therefore the percent force margin formula which utilizes the B-basis high bolt breaking load does not
apply. The Frangibolt actuators can only demonstrate positive force margin values at test loads larger than
2860 N. It is worth noting that the low stroke value for the 2770 N test load in the first row of Table 3 is not
representative of the stroke capability. This was the first test of the campaign, and the preprogrammed
duration for holding the applied constant load was too short. The actuator did not have sufficient time to
reach its full transition temperature before the Instron started unloading. Therefore, the Frangibolt actuator
did not complete its stroke before the test was terminated. If tested with a longer duration, a much larger
stroke value and stroke margin would have been observed for this load case.
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As stated in the procedure, the voltage for the F1942 Frangibolt actuator was ramped up to 5.9 VDC for all
test loads except the first. This explains some differences between the stroke margins calculated for SN’s
F1942 and F1943. As expected, the F1942 Frangibolt actuator achieved more stroke than the F1943,
excluding 2770 N, as it was supplied with a higher voltage.
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Figure 8. F1942 Frangibolt actuator under 2860-N load, Defining Stroke Margin
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Figure 9. F1943 Frangibolt under 5720 N load, Defining Force Margin
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Table 3. Calculated percent force and stroke margin for Frangibolt SN F1942.

Test Load Stroke [um] Force Stroke

[N] Margin (%) Margin (%)
2770 279 NA 43

2860 965 0 380

3720 635 30 210

4290 279 50 44

5720 279 100 33

Table 4. Calculated percent force and stroke margin for Frangibolt SN F1943.

Test Load Stroke [um] Force Stroke

[N] Margin (%) Margin (%)
2770 864 NA 330

2860 787 0 290

3720 279 30 39

4290 279 50 37

5720 254 100 23

Conclusion

Overall, the Frangibolt demonstrates more force and stroke than needed to break the notched Frangibolt
fastener with plenty of margin. For the two tests at the maximum force of 5720 N, which corresponds to
100% force margin, the average stroke margin is 28%. This stroke margin was demonstrated
simultaneously with 100% force margin. At the nominal worst-case load (B-basis high bolt breaking
strength, 2860 N), the demonstrated stroke margin averaged over both Frangibolt actuators was greater
than 300%. Results from the performance tests verify that the EBAD FD04-4457 Frangibolt actuators
exceed the 100% force and 10% stroke margins required for the SunRISE project. Our test approach has
demonstrated robustness and repeatability and may be implemented as an appropriate method for
measuring the performance of an FD04 Frangibolt actuator. The MGSE used in this test approach may also
be modified and resized to test other Frangibolt models, such as the FC series which are slightly larger.
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