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Fig. 6A

605

Lo



U.S. Patent May 16, 2017 Sheet 9 of 21 US 9,649,780 B1

Fig. 6B
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Fig. 6C
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Fig. 6D
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Fig. 11
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Fig. 12
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Fig. 13
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SHAPE MEMORY ALLOY ROCK SPLITTERS
(SMARS)

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/993,622, filed on May 15, 2014.

The subject matter thereot 1s hereby incorporated herein by
reference in 1ts entirety.

ORIGIN OF THE INVENTION

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefore.

FIELD

The present invention relates to rock splitters, and, more
particularly, to a non-explosive process for fracturing plan-
ctary rocklike materials and minerals.

BACKGROUND

Solar system exploration has been reliant on state-of-the-
art space technologies ranging from navigation systems to
propulsion systems, and also, to scientific instruments.
These missions often require close contact with planetary
bodies, such as the moon, planet Mars, asteroids and comets,
where 1n-situ environmental sampling 1s sought. In these
cases, scientific instruments are built to detect, collect, and
characterize samples from the atmosphere, dust particles,
so1l, rock samples, or acolian deposits, for example. This
provides researchers with geologic and climate history for a
better understanding of near-Earth planets, asteroids, and the
evolution of the objects as a whole.

Based on revolutionary discoveries by previous missions,
it 1s of interest not only to analyze matter on the planetary
bodies, but also to return the soil and rock samples to Earth
for more detailed studies and investigations. However, limi-
tations exist preventing large rocks, such as ledges and
boulders, from being sampled. For example, limited tools
allowed onboard a space vehicle or restrictions in physical
space and weight or safety reasons prevent these rock
formations from being sampled. In many cases, 1t would be
beneficial to break the rock formation in the region of
interest to examine the internal structures or compositions,
and determine whether the region of interest 1s appropriate
to transfer the sample back to Earth.

While rock breaking and splitting 1s a common task here
on Earth, and 1s accomplished using many different meth-
ods, breaking and splitting rock outside of Earth 1s diflicult.
On Earth, dynamically, explosive and blasting methods are
being used to break large rock formations in mines and
drilling operations. Static methods, such as fluid pressure
cells, agents, and hydraulic wedges, are also being
employed. Most of these methods, however, are not suitable
for space applications due to the large size and weight of the
equipment used. Moreover, demolition techniques generate
dust, noise, vibrations and flying debris that can interfere
with the space vehicle components, such as sensors, detec-
tors, and cameras, and pose safety concerns. Even 1n the case
when agents and pressure fluids are used, these methods are
time consuming, carry the risk of contaminating the envi-
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ronment, and do not guarantee chemical reactions with
certain rocks, especially unknown rock structures on foreign
planets. Furthermore, simply transporting the active agents
for these last two processes (1.e., explosive agents and
corrosive fluids) poses significant ricks for crews and space-
craft.

Thus, an alternative approach for rock splitting on foreign
planets and objects may be beneficial.

SUMMARY

Certain embodiments of the present invention may pro-
vide solutions to the problems and needs 1n the art that have
not yet been fully identified, appreciated, or solved by
current rock splitting techniques. For example, a compact,
reliable, non-explosive, and cost eflective technique for
static rock splitting using shape memory alloys (SMAs) 1s
provided. This 1s demonstrated through the capability of
SMAs as high-energy multifunctional materials, which have
a umque ability to recover large deformations and generate
high stresses in response to thermal loads. This may allow
SMA rock splitter (SMARS) to become part of a basic
multifunctional scientific package (e.g., robotic sampling,
propping, and structure reinforcement) onboard rovers or
spacecratit.

In one embodiment, an apparatus for splitting rocks
includes one or more SMA expanding elements, which
include mickel titanium hafnium (Ni1T1HT), nickel titanium
zircommum (N1T1Zr), or nickel titanium hafmium zirconium
(N1'T1H1Zr). When the one or more SMA expanding ele-
ments reach a predefined temperature within a predefined
borehole of the rock, the one or more SMA expanding
clements may exert force on walls of the borehole for
splitting the rock.

In another embodiment, a process includes determining a
deformation mode of the SMA material. The process also
includes based on the deformation mode, 1sothermally train-
ing the SMA material to a predefined strain level required to
obtain a desired stress and displacement, 1sobaric training
the SMA material to the predefined stress level, or cyclic
training the SMA material to the predefined stress levels.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the mvention briefly described above will be
rendered by reference to specific embodiments that are
illustrated 1n the appended drawings. While it should be
understood that these drawings depict only typical embodi-
ments of the invention and are not therefore to be considered
to be limiting of its scope, the mmvention will be described
and explained with additional specificity and detail through
the use of the accompanying drawings, 1n which:

FIG. 1 1s a diagram 1llustrating a SMARS system, accord-
ing to an embodiment of the present invention.

FIGS. 2A and 2B illustrate components of SMARS,
according to an embodiment of the present imvention.

FIG. 3 1s a flow diagram 1llustrating a process for acti-
vating SMARS, according to an embodiment of the present
invention.

FIG. 4 illustrates SMARS end caps, according to an
embodiment of the present invention.

FIGS. 5A and 5B illustrate adjustable tips for SMARS,
according to an embodiment of the present invention.

FIGS. 6 A-6D illustrates SMARS pusher, according to an

embodiment of the present invention.
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FIG. 7 1s a circuit diagram 1illustrating a control system for
SMARS, according to an embodiment of the present inven-

tion.

FIG. 8 1s a flow diagram 1illustrating a process for 1so-
thermally training SMA material and verifying the stress
capability, according to an embodiment of the present inven-
tion.

FIG. 9 1s a flow diagram 1illustrating a process for 1so-
barically training SMA material and verifying the stress
capability, according to an embodiment of the present inven-
tion.

FIG. 10 1s a flow diagram illustrating a process for
cyclically training SMA material and verifying the stress
capability, according to an embodiment of the present inven-
tion.

FIG. 11 1s a graph illustrating the i1sothermal traiming
method where the SMA material 1s deformed 1n the mar-
tensite phase at room temperature to a specific strain level,
according to an embodiment of the present invention.

FIG. 12 1s a graph illustrating the resultant stress genera-
tion after the i1sothermal training method, according to an
embodiment of the present invention.

FIG. 13 15 a graph 1llustrating the 1sobaric training method
where the SMA material 1s thermomechanically cycled
under a constant stress, according to an embodiment of the
present mvention.

FIG. 14 1s a graph illustrating the resultant stress genera-
tion after the 1sobaric tramming method, according to an
embodiment of the present invention.

FIG. 15 1s a graph 1llustrating the cyclic training method
where the SMA material 1s deformed in the martensite phase
and unloaded to zero stress, according to an embodiment of
the present invention.

FIG. 16 1s a graph illustrating the resultant stress genera-
tion after the cyclic tramning method, according to an
embodiment of the present invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Embodiments of the present imvention pertain to the
implementation of SMAs as a driving member of a non-
explosive, static rock splitter device for space exploration
with an extension to ground-based applications. The actu-
ating member fabricated from SMA compositions, such as
Ni1TiHI, N1TiZr, and other alloys with ternary and quaternary
additions and specialized aging and heat treatments, may
generate stresses 1 excess of 800 MPa, and in some
embodiments, 1 excess ol 1000 MPa. The SMAs may also
have temperature capabilities of 100 degrees Celsius or
more. These stresses are much higher than the stress that the
commercial binary nickel titantum (Ni11) alloys generate.
These high stresses allow construction of instruments based
on SMA technology that are reliable for flight missions with
reduced cost from launch to operation costs.

It should be appreciated that SMAs have the ability to
recover large deformations and generate high stresses in
response to thermal or mechanical loads. This behavior may
occur by virtue of a crystallographically reversible marten-
sitic phase transformation between a high symmetry parent
austenite phase and a low symmetry martensite phase. In
general, when the SMA 1s deformed in the martensitic
condition, the induced deformation can be recovered by
applying heat above certain temperature. However, as long
as the critical temperature 1s not reached, the SMA retains
the deformed condition indefinitely until actuated, 1.e.,
heated. When the SMA 1s heated above the transformation
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temperature, but 1s constrained from moving, the SMA may
generate extremely large forces. This high power and weight
ratio characteristic makes this technology suitable for large
force applications, hence SMARS.

SMARS may include SMA matenial that acts as the
actuating member, a casing heater placed around the SMA
material, and a power source to provide a current through the
heaters. In some embodiments, end caps may be used for
acute penetration into rocks, and 1n further embodiments, a
hand-press may be used to reset the SMA matenial after each
usage.

Also, 1 some embodiments, the SMA material may
include nickel-rich (N1-rich) compositions of ternary N1 TiHT
and NiTi1Zr. The SMA material are precipitation strength-
ened through metallurgical techniques involving a solution
anneal or hot working above the solvus temperature. This 1s
then followed by an aging treatment used to form the
precipitate structure. The aging treatment provides strength
and dimensional stability to the SMA matenal, while still
allowing the transformation to occur. The SMA material
may span from Ni-rich, heat treatable precipitation strength-
ened Ni—T1—HT1 and Ni—T1—Zr alloys with 3 to 30 atomic
percent hatnium (Hf) or Zirconium (Zr), or some combina-
tion thereot, 1n some embodiments.

The SMA material in certain embodiments may be pro-
duced by vacuum induction melting, followed by casting
into ingots. The ingots may then be homogenized, 1.¢., heat
treated at high temperature to ensure uniform composition
throughout the ingot. Finally, the homogenized SMA mate-
rial may then be sealed into steel cans and extruded into a
rod. In some embodiments, the SMA material may be heat
treated between 400° C. and 550° C. for various times to
form the precipitate structure and strengthen the SMA
material.

FIG. 1 1s a diagram illustrating a SMARS system 100,
according to an embodiment of the present mmvention. In
FIG. 1, SMARS system 100 1s configured to provide con-
trollable rock splitting without any demolition damage to the
surrounding environment. SMARS system 100 includes a
SMA expanding element (hereinafter “expanding element™)
105 with end caps 110. See, for example, FIGS. 2A and 2B,
which illustrate components of SMARS 200, according to
an embodiment of the present invention. In some embodi-
ments, SMARS 200 includes an expanding element 205,
such as an SMA, made of N1TiHI alloys, a heater 215 that
fits over expanding element 205, and end caps 210 at both
ends of expanding element 205. Depending on the embodi-
ment, end caps 210 may be conical, spherical, cylindrical,
helical, or flat.

Returning to FIG. 1, SMARS expanding elements 105
(1.e., the N1T1iHTI alloy) 1n the form of cylindrical pellet may
be 1mtially conditioned (or trained) to produce desirable
forces upon activation. The training process of expanding
clements 105 used 1s described 1n more detail below.

In order to achieve the anticipated forces and displace-
ments necessary, several training processes may be used.
The training process described herein may produce a desir-
able material response after performing selected mechanical,
thermal, and/or thermomechanical loading. In the case of
SMARS, training may attain the highest possible blocking
forces (1.e., the forces generated during the constrained
heating, also known as recovery forces) with the highest
possible displacements. For purpose of explanation, the
following training methods may be used, e.g., 1sothermal,
1sobaric, and cyclic training routines.

Turning to FIG. 8, for example, a flow diagram 800
illustrating a process to 1sothermally train SMA material (or
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expanding element), according to an embodiment of the
present mnvention, 1s shown. In this embodiment, the process
begins at 805 with processing of the bulk SMA matenal in
an acceptable form (e.g., rods, bars, billets, tubes, etc.),
ageing times and temperatures, surtace finish, and any other
SMA material preparation requirement. At 810, the defor-
mation mode 1s determined, 1.¢., tension, compression, tor-
sion, or some combination thereol, and an element of
appropriate geometry for the selected mode of use 1s pre-
pared. At 815, the SMA material 1s deformed in the mar-
tensite phase at room temperature to a specific strain level.

See, for example, graph 1100 of FIG. 11. At 820, strain level

from step 815 1s held constant before unloading.

The eflect of this training procedure on the blocking
stress, which simulates the operation of the SMARS device
after 1sothermal training, 1s determined by thermal cycling
once the strain imposed at room temperature 1s held con-
stant. At 825, for thermal cycling purposes, a lower cycle

and upper cycle temperature 1s selected, e.g., 30° C. and
300° C. At 830, the SMA material 1s thermal cycled under

the constant strain level between the lower and upper cycle
temperatures. In some embodiments, the constant-strain
thermal cycling portion may be repeated for multiple cycles.
At 835, the stress generated with temperature 1s recorded, as
shown, for example, 1n graph 1200 of FIG. 12. At 840, a
determination 1s made as to whether maximum stress 1s
achieved during temperature cycling (or suilicient for the
desired applications). If not, the process returns to step 815;
otherwise, the process 1s complete and the training 1is
deemed appropniate for application in SMARS.

This process depends on the strain level reached 1n step
815 1n order to achieve the desired microstructure (e.g.,
reoriented martensite phase) that yields optimum stresses
when thermally cycled under constant-strain conditions. The
strain levels also dictate the amount of displacement gener-
ated when the material 1s used 1 the SMARS application.

FIG. 9 15 a flow diagram 900 1illustrating a process to
isobarically train SMA material, according to an embodi-
ment of the present invention. In this embodiment, the
process begins at 905 with bulk processing of the SMA
material 1n an appropriate form (e.g., rods, bars, billets,
tubes, etc.), and at 910, the deformation mode 1s determined,
1.e., tension, compression, torsion, or some combination
thereol, and an element of appropriate geometry for the
selected mode of use 1s prepared. At 915, the SMA material
1s thermomechanically cycled for one or more cycles under

a constant stress, as shown, for example, 1n graph 1300 of
FIG. 13. At 920, the SMA material may be unloaded to zero

stress.

The eflect of this training procedure on the blocking
stress, which simulates the operation of the SMARS device
after 1sobaric training, 1s determined by thermal cycling once
the SMA material 1s fixed 1n strain at 1ts new shape. At 925,
the remnant strain on the SMA material 1s held constant
while thermal cycling under constant strain condition. At
930, the SMA matenal 1s thermally cycled under a constant
strain between a selected lower cycle temperature and upper
cycle temperature, e.g., 30° C. and 300° C. At 935, the stress
generation and the temperature are recorded, as shown 1n,
for example, graph 1400 of FIG. 14. At 940, a determination
1s made as to whether maximum stress 1s achieved during
temperature cycling. If not, the process returns to step 915;
otherwise, the process 1s complete and the training 1is
deemed appropniate for application in SMARS.

This process serves to texture the material at much lower
training stresses when compared to the 1sothermal training.
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This 1s advantageous 1n cases where resetting or retraining
the SM A material 1n the field of operations where large force
equipment cannot be used.

FIG. 10 1s a flow diagram 1000 1illustrating a process to
cyclically train SMA matenal, according to an embodiment
of the present mnvention. It should be appreciated that this
process relates to the ability to reuse or retrain the SMA
materials for SMARS operation. In this embodiment, the
process begins at 10035 with processing the SMA material in
an appropriate form (e.g., rods, bars, billets, tubes, etc.), and
at 1010, determiming the deformation mode of the SMA
material, 1.e., tension, compression, torsion, or some com-
bination thereof, and an material of appropriate geometry for
the selected mode of use 1s prepared. At 1015, the SMA
maternal 1s deformed in the martensite phase at room tem-
perature to a specific stress value. At 1020, the SMA material
1s unloaded to zero stress, as shown 1n, for example, graph
1500 of FIG. 15. At this point, the SMA material may be
reloaded, such that step 10135 1s repeated.

The effect of this training procedure on the blocking
stress, which simulates the operation of the SMARS device
alter cyclic tramning, 1s determined by thermal cycling once
the SMA material 1s fixed in strain. At 1025, the remnant
strain may be held constant, and at 1030, the SMA material
1s thermally cycled under the constant strain. At 1035, the
stress generation and the temperature are recorded, as shown
in, for example, graph 1600 of FIG. 16. At 1040, a deter-
mination 1s made as to whether maximum stress 1s achieved.
If not, the process returns to step 1015; otherwise, the
process 1s complete and the tramning 1s deemed appropnate
for application 1n SMARS. This process 1s more applicable
to resetting the SMA material after use and still obtaiming
similar or even higher stresses.

It should be appreciated that the training process may be
applied not only to N1T1HI or N1T1Zr alloys, but also apply
to other SMA material and other compounds and formula-
tions.

Upon completion of the training or conditioning of SMA
material, the SMA material may exist 1n a low temperature
martensite phase. Returning back to FIG. 1, during the
martensite phase, end caps 110 may be mechanically
attached or directly machined on trained expanding element
105, 1.e., the SMA matenial. In certain embodiments, the
cllective length of end caps 110 from tip to tip 1s made equal
to a pre-drilled borehole diameter for proper operation. In
other words, the width of expanding element 105 including
end caps 110 1s the same size as the pre-drilled hole 1n the
rock, for example.

SMARS system 100 may also include a heater 115 that
includes one or more expanding elements 105. Heater 115
may include one or more sleeves 120 allowing one or more
SMA expanding element 105 to be inserted within each
sleeve 120. In some embodiments, sleeve 120 may be made
of metal. An adhesive cement 125 may surround sleeve 120
to prevent heater 115 from degradation. Power, such as
direct current (DC) or alternating current (AC), may be
connected to a heater 130, which are wrapped around metal
sleeve 120. When heater 115 1s inserted into a pre-drilled
hole within a rock or a crack, theheater 130 1n some
embodiments may supply heat to expanding elements 105
causing expanding elements 105 to expand after reaching
certain temperatures.

It should be appreciated that various types of heating
systems may be used for SMARS system 100. As discussed
above, 1n one embodiment, a metallic sleeve 120, adhesive
cement 125, and conductive wires 130 may be housed within
in heater 115. This may provide a compact heater capable of
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heating to temperatures exceeding 400° C. 1n a relatively
short period of time. In some embodiments, this may be
seconds to one minute. In another embodiment, heaters may
be wrapped around and bonded to the expanding elements
105. In a further embodiment, induction heating may be
used to heat expanding elements 105. This may be used for
large, dry boreholes. Induction heating may yield fast heat-
ing rates, but may require a much higher power consumption
(e.g., 120 VAC) and footprint (a separate power supply 1s
needed to power the induction unit).

In some embodiments, a control box 135 may deliver a
power signal to the heater 115. During operation, expanding,
clements 105 may undergo a phase transformation to the
high temperature austenite phase. In this phase, expanding
clement may go to an unconstrained condition, 1.e., expan-
sion 1n this case. However, since expanding elements 105
are confined by the wall constraints within the borehole,
expanding elements 105 may not iitially expand, and
instead exert forces at the contact area resulting 1n rock
fracture. After the rock 1s split, expanding elements 105 may
be retrained to the constrained condition. Expanding ele-
ments 105 may be reused for successive employments in
some embodiments given that new expanding elements 105
may be used, or in other embodiments, same expanding
clements 105 may be re-trained.

It should be appreciated that control box 135 1in this
embodiment may include a temperature indicator with
retransmission, a power supply, selector switches to trigger
the individual heaters either simultaneously or sequentially,
connectivity for type-K thermocouples, and a main power
switch to activate the chosen heaters. See, for example, FIG.
7, which 1s a circuit diagram 700 1llustrating a control box
for the SMARS system, according to an embodiment of the
present mvention.

The control box includes a power input 703 to energize a
temperature controller 710 that monitors the temperature of
heaters 730. The control box also includes a direct current
(DC) power supply 715 to energize the main power switch
720, and to provide heating to the SMA eclements. The
control box 1n some embodiments includes heater selecting
switches 723 that activates one or more heaters 730.

Temperature controller 710 and thermocouples 740 may
monitor the temperature of heaters 730. Solid-state relay 735
may be used to modulate or regulate the power coming out
of power supply 715.

Turning to FIG. 3, a flow diagram 300 illustrating a
process for activating SMARS 1s shown, according to an
embodiment of the present invention. In this embodiment,
the process begins at 305 with a rock sample or crack being,
selected. This rock sample or crack may be on Earth, on
another planet, asteroid, etc. At 310, the bore hole 1s drilled
in the selected rock sample, and at 315, the rock splitter 1s
inserted 1n the bore hole. At 320, the rock splitter, which
includes the expanding elements, 1s activated causing the
expanding elements to split the rock.

FIG. 4 illustrates SMARS end caps 400, according to an
embodiment of the present imnvention. As discussed above,
end caps may be attached to SMA expanding clements.
Depending on the configuration, the end caps may be
mechanically attached, machined on, or bonded to, the SMA
expanding element. For example, diflerent types of end caps
may directly attach to the SMA expanding element depend-
ing on the rock types or the hardness of the rock, and also
to compensate for any gaps between SMA expanding ele-
ment and the rock surface. As shown 1n FIG. 4, several types
of end caps may be used, e.g., spherical 403, conical 410,
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and cylindrical 415. In some embodiments, flat ends may
also be attached to SMA expanding element.

The flat ends may be utilized for plane borehole walls or
pre-existing cracks in the vicinity of the rock of interest. The
conical ends may be used for acute penetration into the rocks
to help with the crack mitiation and ultimately propagation
to fracture. Both the spherical and cylindrical ends may be
used for maximizing the contact surface area within the
borehole. In these cases, the end tip forms may be machined
to match the borehole diameter.

FIGS. SA and 5B illustrate adjustable tips for SMARS
500, according to an embodiment of the present invention.
In this embodiment, a SMA expanding element 503 with end
caps 510 1s inserted within a hole. As shown 1n FIG. SA, a
gap exists between one end cap 510 and the wall of the hole
in the rock. To compensate for this gap, or to provide a gap
correction, cap 510 may be unscrewed. SMA expanding
clement 505 may then be activated to expand and exert force
on the wall of the hole 1n order to split the rock.

FIGS. 6A-6D illustrates SMARS pusher 600, according
to an embodiment of the present invention. In some embodi-
ments where complete splitting 1s required, SMA pusher 600
can provide additional displacement after the SMA expand-
ing element has been activated. Pusher 600 may be made 1n
the form of helical springs, which includes grooves 603, and
may be placed on the top position of the sample holder 115.
See, for example, FIG. 1. In one embodiment, pusher 600
may be heated sequentially after the bottom and/or middle
SMA expanding member 1n the heater 1s fully expanded to
completely split the fractured rock. In other words, pushers
600 may provide additional displacements to fully split the
rock 1n additional embodiments.

Pusher 600 may have a predefined length L, and include

an mner hole 610 to allow an end cap (not shown) to be
inserted within pusher 600. See, for example, FIGS. 6 A-6D.

As shown 1n FIG. 6D, rod 600 has an outer diameter OD and
an mner diameter 1D for inner hole 605.

Pusher 600 provides additional displacement, but at gen-
crally lower stresses than the expanding elements. Its pur-
pose 1s to finish fracturing the rock once the expanding
clements have mitiated fracture. Thus, 1f the displacements
(or strains) imparted by the training methods are not sufli-
cient to completely split the rock, SMA pushers 600, which
can also be trained using the aforementioned methods, may
provide additional controlled displacement for a compete
rock splitting.

SMARS, 1n one or more embodiments, 1s a static device
that provides controllable motion without any demolition
damage to the surrounding environment, compared to the
alternative dynamic explosive, blasting approaches, or high
impact approaches. This characteristic makes the SMARS
ideal for critical planetary rock breaking and/or sampling
operations, where tlying debris from blasts/explosion meth-
ods can destruct the rock formation of interest, pose safety
concerns to the crew, and cause damage to the costly nearby
equipment, e.g., rover mirrors and sensors. In addition, static
SMARS may require little setup and activation time com-
pared to other static methods, such as chemical agents, that
can take up to days to react with some hard rocks. Mission
reliability 1s another benefiting factor since SMARS operate
based on a material response and may only require heat input
to activate without the need for complex valve systems and
hydraulic fluids. This makes SMARS extremely simple and
essentially user friendly during operation. The small volume
and extremely low weight of the SMARS reduces payload
launch costs and transportation hazards when compared to
heavy hydraulic wedges and dangerous explosive materials
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and chemicals. SMARS may also be dust and vibration free
during operation, and further does not disturb nearby instru-
ments conducting simultaneous tasks.

Although the SMARS device 1s targeted for static rock
breaking 1n space related explorations, 1t 1s readily under-
stood that SMARS can also be used 1n non-rock related
applications such as a proppant or spacers to unjam a trapped
component. The SMARS device development can also be
extended 1 some embodiments to the applicability of
ground-based systems such as oil drilling, mining, fossil
collecting and retrieval of other fragile geologic samples,
proppants, civil engineering and other fields requiring com-
pact but large static forces. The SMARS device can also be
used for structure reinforcement and corrective force appli-
cations to structural members and other engineering com-
ponents. The SMARS device 1s also envisioned for appli-
cations requiring smooth and controlled cracking and/or
splitting such as in the military applications where quiet and
explosive free operation 1s generally sought.

It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments, as represented 1n the attached figures, 1s not intended
to limit the scope of the invention as claimed, but 1s merely
representative of selected embodiments of the mmvention.

The features, structures, or characteristics of the invention
described throughout this specification may be combined 1n
any suitable manner 1n one or more embodiments. For
example, reference throughout this specification to “certain
embodiments,” “some embodiments,” or similar language
means that a particular feature, structure, or characteristic
described 1n connection with the embodiment 1s included 1n
at least one embodiment of the present invention. Thus,
appearances of the phrases “in certain embodiments,” “in
some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages 1s understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment 1s included 1n at least one
embodiment of the present invention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the mmvention may be combined in any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognmize that the invention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present 1n all embodi-
ments of the invention.

One having ordinary skill in the art will readily under-
stand that the invention as discussed above may be practiced
with steps 1 a different order, and/or with hardware ele-
ments in configurations which are different than those which
are disclosed. Therefore, although the invention has been
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described based upon these preferred embodiments, 1t would
be apparent to those of skill 1n the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaiming within the spirit and scope of the
invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the
appended claims.

The mvention claimed 1s:

1. An apparatus for splitting rock, comprising;:

one or more shape memory alloy expanding elements
comprising nickel titantum hatnium (Ni1Ti1HI), nickel
titanium zirconium (N111Zr), or nickel titanium hat-
nium zirconium (N1Ti1H1Zr), wherein

when the one or more shape memory alloy expanding
clements reach a predefined temperature within a pre-
defined borehole of the rock, the one or more shape
memory alloy expanding elements are configured to
exert force on walls of the borehole for splitting the
rock; and

adjustable end tips configured to enhance cracking of the
rock and compensate for irregularity 1 a borehole
diameter.

2. The apparatus of claim 1, wherein the one or more
shape memory alloy expanding elements comprise a tem-
perature capability of at least 100 degrees Celsius.

3. The apparatus of claim 1, wherein the one or more
shape memory alloy expanding elements comprise a stress
capability of at least 800 MPa.

4. The apparatus of claim 1, wherein the one or more
shape memory alloy expanding elements comprise a stress
capability of at least 1000 MPa.

5. The apparatus of claim 1, wherein the adjustable end
tips comprises one or more shapes depending on rock type
being explored.

6. The apparatus of claim 1, wherein the adjustable end
tips are machined directly onto the shape memory alloy
expanding elements.

7. The apparatus of claim 1, wherein the adjustable end
tips are mndependent to the shape memory alloy expanding
clements.

8. The apparatus of claim 1, further comprising:

one or more pushers configured to provide additional
displacement at a relatively lower stress aiter the shape
memory alloy expanding elements have been activated.

9. The apparatus of claim 8, wherein the one or more
pushers comprise a specilic amount of weight required to
deflect the maternial per unit length, or spring rate, to achieve
a desired final splitting.

10. The apparatus of claim 1, further comprising:

a heater housing the one or more shape memory alloy
expanding elements 1s configured to heat the one or
more shape memory alloy expanding elements within
the predefined borehole of the rock.

11. The apparatus of claim 10, wherein the heater com-
prises one or more sleeves to house the one or more shape
memory alloy expanding elements.

12. The apparatus of claim 11, wherein the heater com-
prises adhesive cement surrounding the one or more sleeves.

13. The apparatus of claim 11, wherein the heater com-
prises heater wrapped around the one or more sleeves.

14. The apparatus of claim 10, wherein, when the heater
1s placed within the predefined borehole of the rock, the
heaters are configured to supply heat to the one or more
shape memory alloy expanding elements causing the one or
more shape memory alloy expanding elements to expand
alter reaching predefined temperature.
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15. A process for training shape memory alloy material,
comprising;

determining a deformation mode of the shape memory

alloy material; and

based on the deformation mode, 1sothermally training the

shape memory alloy material to a predefined strain
level required to obtain a desired stress and displace-
ment, 1sobaric traiming the shape memory alloy mate-
rial to the predefined stress level, or cyclic training the
shape memory alloy material to the predefined stress
levels.

16. The process of claim 15, wherein the shape memory
alloy material comprises nickel titanium hatnium (N1T1HT),
nickel titanium zirconium (Ni1T1Zr), or nickel titantum hat-
nium zirconium (N1TiHiZr).

17. The process of claim 15, wherein the isothermally
training of the shape memory alloy material comprises:

deforming the shape memory alloy matenal to the pre-

defined strain level;

maintaining the predefined strain level of the shape

memory alloy material; and

thermal cycling the shape memory alloy material under

the predefined strain level between a lower temperature

cycle and an upper temperature cycle.
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18. The process of claim 15, wherein the 1sobaric training
the shape memory alloy material comprises:

thermomechanically cycling the shape memory alloy
material for one or more cycles at a constant stress;

unloading the thermomechanically cycled shape memory
alloy material to zero stress;

holding a remnant strain constant on the unloaded shape
memory alloy material; and

thermal cycling the shape memory alloy material under
the constant remnant strain between a lower tempera-
ture cycle and an upper temperature cycle.

19. The process of claim 15, wherein the cyclic traiming
of the shape memory alloy material comprises:

deforming the shape memory alloy material 1n a marten-
site phase to the predefined stress level;

unloading the shape memory alloy matenal to zero stress;

holding constant a remnant strain level on the shape
memory alloy material; and

thermally cycling the shape memory alloy material under
the constant remnant strain level.
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