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Abstract

Originally designed as an educational tool to familiarize students with satellite en-
gineering, CubeSats have established in recent years as a viable alternative to tra-
ditional space systems. The crucial challenge in CubeSat development involves
implementing a highly efficient thermal control system, which should also be as
self-sufficient as possible from the onboard power systems, which already have con-
strained power output due to limited available volume. The remarkable forces gen-
erated by shape memory alloy actuators over a wide range of temperatures make
them suitable for replacing conventional approaches used in actuation system devel-
opment, leading to a decreased complexity and enhanced reliability.

This study aims to provide a proof of concept concerning the integration of an "S"
shaped SMA tube into the thermal circuit of a 12U CubeSat. The torsion-based
actuator utilizes the heat from the circulating fluid accumulated inside the satellite
to enable the deployment of a radiator panel through the manifestation of the shape
memory effect in the material, facilitating heat dissipation via radiation. The work
begins with the design and implementation of thermal treatments on unprocessed
tubes, in order to impart the desired shape and characteristic temperatures to the
material. Following this, a prototype of the apparatus is developed, comprising a
fixed structure adhering to the dimensions of a 12U CubeSat and a movable frame
representing the panel to be deployed. The two structures are connected through
a hinge mechanism that houses the SMA actuator, which is integrated into a fluid
loop circuit mounted within the two frames. By appropriately heating the fluid, and
thus simulating the internal heat generation inside the satellite, the crystallographic
transition in the material induces a 90° relative rotation of the panel with respect
to the rest of the system, ensuring the deployment of the element to the operational

configuration.

Keywords: CubeSat, torsional shape memory alloys, NiTinol, looped fluid circuit,

deployable radiator, thermal control
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Sommario

Originariamente ideati come strumento didattico per introdurre gli studenti al campo
della progettazione satellitare, i CubeSat si sono affermati negli ultimi anni come
un’alternativa efficace ai tradizionali sistemi spaziali. La sfida cruciale nello sviluppo
di un CubeSat riguarda I’adozione di un sistema di controllo termico altamente effi-
ciente, che al contempo sia il piti indipendente possibile dai sistemi di alimentazione
a bordo, i quali presentano limitazioni nella potenza erogabile a causa del ridotto
volume disponibile. Le notevoli forze generate dagli attuatori in lega a memoria di
forma su un vasto intervallo di temperature li rendono adatti a sostituire i metodi
convenzionali impiegati per lo sviluppo di sistemi di attuazione, portando a una
riduzione della complessita e a un aumento dell’affidabilita.

Il presente studio mira a fornire un proof of concept riguardo 'integrazione di un
tubo in lega a memoria di forma con configurazione a "S" all’interno di un circuito
termico di un CubeSat 12U. L’attuatore, operante in torsione, utilizza il calore del
liquido circolante, accumulato all’interno del satellite, per assicurare il dispiega-
mento di un pannello radiatore attraverso la manifestazione dello shape memory
effect nel materiale, consentendo la dissipazione del calore tramite irraggiamento.
L’attivita inizia con la progettazione e I'implementazione di trattamenti termici su
tubi vergini, al fine di conferire al materiale la forma e le temperature caratteris-
tiche desiderate. In seguito, viene sviluppato un prototipo dell’apparato, composto
da una struttura fissa, conforme alle dimensioni di un CubeSat 12U, e da un telaio
mobile, rappresentativo del pannello da dispiegare. Le due strutture sono collegate
tramite un meccanismo di cerniera che ospita ’attuatore SMA, il quale é integrato
in un circuito a fluido in loop montato all’interno dei due telai. Riscaldando il fluido
in modo appropriato, e simulando quindi la generazione di calore interna al satellite,
la transizione cristallografica nel materiale provoca una rotazione relativa di 90° del
pannello rispetto al resto del sistema, garantendo il dispiegamento dell’elemento fino

alla configurazione operativa.

Parole chiave: CubeSat, leghe a memoria di forma torsionali, NiTinol, circuito a

fluido in loop, radiatore dispiegabile, controllo termico
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Introduction

Throughout the initial three decades of space exploration, an exponential growth has
been observed in terms of weight and size of launched satellites, alongside a greater
payload capacity for launch vehicles. This trend has been primarily driven by a
gradual rise in the complexity of onboard instrumentation, attributed to more de-
manding and complex mission requirements. The culmination of these complexities
occurred in the late 1990s, exempli ed by the 5.7-ton interplanetary Cassini mission,

a collaboration between NASA, ESA, and ASI. Large satellites were initially con-
ceived to reduce the cost per payload launched, enhancing synergistic measurements
by integrating multiple instruments inside a single satellite.

Nonetheless, the use of this approach has revealed several critical concerns over
time. Firstly, the protracted development cycles of such complex systems result in
the employed technology being a decade outdated compared to the current state of
the art once in orbit, which has evolved simultaneously. Furthermore, these intricate
systems entail higher economic risks, since the malfunction of a single component
can jeopardize the entire mission and nullify the considerable investment made. It
Is crucial to emphasize that designing, manufacturing, and launching these space-
craft require a considerable amount of nancial resources that only an elite group
of governmental organizations and aerospace companies can a ord to invest.
Starting from the 1990s, a gradual reversal of trends in the industry's trends took
place, driven by a progressive evolution in microelectronics. This enabled the
space industry to develop small-sized systems using compact commercial-o -the-
shelf (COTS) components that are readily available, cost-e ective, and low-power
consuming. This phenomenon is commonly known in the literature aSatellite
miniaturization .

Within this context, CubeSats were conceived and developed as a speci c class of
SmallSats in terms of size to facilitate integration with their respective launch ve-
hicles. Initially designed as a learning tool to introduce students to satellite design,
CubeSats have proven over time to be a viable alternative to conventional systems,
performing the same scienti ¢ operations in a considerably smaller volume. Despite
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their many innovative aspects, the miniaturization of this class of satellites still
presents several challenges to overcome.

In particular, the integration of hardware components in such limited space restricts
design exibility and poses speci c issues in developing adequate thermal control sys-
tems due to constrained power supplies.

A commonly adopted strategy for thermal management involves deploying radia-
tor panels to dissipate heat generated by the internal components of the system
via radiation with the space environment. Among the various deployment mecha-
nism solutions, the use of shape memory alloy actuators could represent a revolu-
tionary choice. Thanks to the unique properties of these materials, a lightweight,
reliable, and self-su cient system could be achieved, requiring no supplementary
energy source other than the heat intended for dissipation.

This thesis is under the collaboration agreement between Politecnico di Milano and
Agenzia Spaziale Italiana (n. 2018-5-HH.0 "Attivita di ricerca e innovazione" of
the framework agreement n. 2016-27-H.0), aiming at designing shape memory alloy
actuation systems for aerospace applications.

In earlier works, an initial feasibility study was conducted on an SMA-based hinge
mechanism, suggesting that nickel-titanium alloy would be the optimal choice for
such an application. Subsequently, a conceptual design of the mechanism was de-
veloped, comparing various implementable con gurations. The S-shaped torsional
hinge with a passive segment emerged as the most interesting [1].

Based on these conclusions, the second phase of the project focused on identifying
an appropriate thermal treatment cycle for the available raw material, in order to
achieve the desired "S" con guration and characteristic temperatures. With the
obtained samples, various thermomechanical characterization tests were carried out
on the material, considered highly interesting, especially due to the lack of studies
in the literature on the torsional behavior of SMA actuators. Finally, the collected
data facilitated the testing of the tube within a basic prototype of the nal device,
highlighting the potential for its integration into a more complex apparatus.

This work represents the third phase of a more comprehensive project which pri-
mary goal is to develop a more advanced prototype of the conceived apparatus with
a higher level of maturity, and thus, closer to the actual device.

Initially, the geometry of the tube was optimized to minimize the actuator's dimen-
sions. Following this, the actuator was manufactured using the previously adopted
thermal treatments. The resulting samples in this manner were subjected to ther-
momechanical characterization tests, with particular emphasis on cyclic stability
tests to evaluate the feasibility of using the actuator in a real operational context.
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Relying on the collected data, a prototype was designed featuring a looped thermal
circuit, integrating the actuator to verify the deployment of a representative radia-
tor element. The design solely includes the capability to simulate internal satellite
heat generation, while the simulation of cooling has been postponed to future stud-
ies. Computational uid dynamics (CFD) analyses were subsequently performed,
enabling the sizing and acquisition of the essential components for the proper oper-
ation of the apparatus.

In conclusion, the prototype was assembled and tested in a terrestrial environment,
evaluating the achieved deployment angles.

In order to better understand the work ow of this thesis, a brief overview of each
chapter is listed below:

A

Chapter 1 provides a comprehensive overview of thermal control systems for
satellites, focusing speci cally on the deployment of radiator panels as a key
strategy. Subsequently, it examines the trend of satellite miniaturization and
delves into a detailed examination of the challenges encountered in CubeSats.
Finally, it includes a state-of-the-art review of shape memory alloy actuators,
along with several theoretical references on the properties of these materials,
in order to clarify the subsequent topics presented.

Chapter 2 outlines the thermal treatments performed on a sample fragment
to evaluate whether the resulting characteristic temperatures were suitable for
the nal experimentation.

Chapter 3 showcases the design of the mold for the actuator formation, as
well as the succeeding thermal treatments carried out on the material.

Chapter 4 presents the results obtained from the thermal and mechanical
characterization tests conducted on the previously developed material.

Chapter 5 gives a comprehensive view of the overall prototype architecture,
as well as the design and production of the device's components.

" Chapter 6 reports the data obtained from the CFD simulations performed
to ensure the proper sizing of the system.

Chapter 7 details the outcomes of the experimental campaign that was car-
ried out on the prototype.
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1.1. Thermal Control Systems

The main role of the Thermal Control System (TCS) is to maintain the temperature
of a generic system within preset values, minimizing thermal gradients in order to
ensure optimal performance throughout the operational phases [2]. Non-uniform
temperature distributions and local overheating can lead to potentially damaging
thermal expansions to the equipment of a spacecraft. Due to the challenging condi-
tions of the space environment, thermal control devices require high e ciency and
reliability since repairing or replacing individual components is unfeasible. The pur-
pose of this system is therefore to shield the satellite equipment from both high or
low temperatures by means of insulation and heat exchange - respectively dissipation
or absorption - with the external environment. TCSs cover very wide temperature
intervals thanks to their multifunctionality, ranging from  270°C for instruments
such as infrared detectors, t@®000°C for thermal protection components [3].

1.1.1. Thermal design

TCSs aim to ensure thermal stability and uniformity for each phase of the mission.
This is achieved by a series of tests and theoretical-experimental studies from the
early design stages, during which it is necessary to select the most suitable thermal
hardware for the specic mission and to identify the main factors a ecting the
thermal behavior of the spacecraft. These requirements are de ned for each type
of mission and in di erent operating modes, divided into operational, startup and
survivable conditions, aiming to prevent potential damage to the instrumentation [4].
The thermal design of the spacecratft is identi ed by a design method to characterize
several key factors, such as:

"~ satellite con guration: geometry, materials, installation mode, etc.;

" thermophysical properties of the satellite: mass, temperature limits of compo-
nents, amount of waste heat, etc.;
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" mission parameters: operational time, power budget, orbit type, etc.

This design process is essentially structured into three major phases. The rst
phase, termedConcept design reviewprovides an analysis of the design feasibility
of a component and whether it will meet mission outcomes. Preliminary estimates
of the operating temperatures and maximum thermal gradients that the components
will have to comply with during the mission are primarily de ned using analytical
calculations and, only later, through advanced mathematical models [2]. The second
phase, calledPreliminary design review involves developing a draft of the design
for the thermal hardware to be selected. The main physical parameters of the ther-
mal system and the costs of designing, testing, and labor for individual components
are estimated. Finally, theDetail design reviewdescribes, for each ight mode, all
the design parameters that will allow the appropriate thermal control system to be
identi ed and realized.

The design of a TCS is approved through a series of thermal and mechanical tests
conducted in dedicated vacuum chambers that will certify its proper functioning.
The goal is to verify that the set of thermal analyses, de ned previously through
mathematical models, are consistent with experimental tests. If inconsistencies are
detected, it will be necessary to modify simulation parameters until convergence is
achieved [5]. This iterative process makes the cooperation between experimental
tests and computer simulation techniques extremely complex, especially due to the
unpredictability of numerous external factors during testing.

Figure 1.1: Temperature gradient of a satellite by a numerical analysis. Source: [6]
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1.1.2. Thermal management for satellites

One of the design-imposed goals is to satisfy the thermal requirements of a partic-
ular component and identify the most susceptible areas to potential overheating,
which can a ect the functioning of an element. The high density of components in-
side a satellite, particularly a small one, implies signi cant di culties to accurately
provide the exact operating thermal values. Therefore, it is preferred to establish
a temperature range within which each component must operate. Here are some
typical ranges:

Components Operating Temperatures  Survival Temperatures
Digital Electronics 0 to 50°C -20 to 70°C
Analog Electronics 0 to 40C -20 to 70°C
Batteries 10 to 20°C 0 to 35°C
IR detectors -269 to -173C -269 to 35C
Solid-state particle detectors -35 to 0C -35 to 35°C
Momentum wheels 0 to 50C -20 to 70°C
Solar panels -100 to 12%C -170 to 150C

Table 1.1: Temperature ranges of some satellite components. Source: [7]

As reported in Table 1.1, each component is characterized by an Operating Temper-
ature and a Survival Temperature, which de ne the thermal ranges for steady-state
and extreme conditions, respectively [7]. More speci cally, it is not only necessary
to comply with these intervals, dictated by specic design requirements for each
component, but also to maintain a constant operating temperature inside the satel-
lite. The latter is determined in the preliminary phase through a thermal balance
between the amount of heat absorbed, stored, and released by the satellite into the
space environment. Moreover, it should be noted that the following heat exchanges
occur solely through radiation in the form of energy waves. The absence of transfers
by conduction and convection is explained by the lack of matter in deep space. Nev-
ertheless, although the possibility of thermal exchanges by conduction through the
internal components of the satellite, the absence of atmosphere and consequently
of a liquid or gaseous uid limits the presence of convective phenomena. However,
in recent years, several innovative solutions have been developed that exploit the
principle of forced convection to cool the electronic equipment of the satellite. The
phenomenon is arti cially obtained by using special micro-fans or micro-pumps to
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move a refrigerant uid, initially placed in a sealed container, along a cooling circuit.
This particular system o ers signi cant advantages. Firstly, forced convection pro-
vides high and much more distant thermal transfers than conduction, guaranteeing
better e ciency and lower thermal gradients on the various subsystems. Addition-
ally, these micro-devices, placed axially in the circuit, act as thermal switches or
regulators, varying their power and, consequently, the ow rate of the refrigerant
uid according to the thermal needs of the system [8]. However, a forced convection
system implies an increase in weight, as it requires a special pressurized container
to accommodate the refrigerant uid. Finally, the addition of a micro-device will
inevitably increase the power requirements of the bus, responsible for the internal
power supply of the satellite [8].

1.1.3. Thermal control techniques

The need for a TCS to regulate spacecraft temperatures forces thermal engineers to
select a speci ¢ active or passive control technique based on the thermal parameters
obtained through mathematical models during the design phase.

The following section provides an overview of some thermal technologies still used
for both large and small spacecraft. It should be noted that such thermal control
techniques, applied particularly to small and developing spacecraft, may still exhibit
relatively low Technology Readiness Levels (TRL) [9].

~ Active thermal control
Active thermal control systems are powered by resources provided by the satel-
lite itself. Their operating principle typically involves the use of moving uids
or heating-cooling elements to transfer heat through the satellite's compo-
nents. Compared to passive systems, these thermal control techniques pose
greater risks of malfunction, thus impacting maintenance costs [2]. However,
such systems o er signi cant advantages in terms of measurement sensitivity
and management of large heat loads, ensuring better e ectiveness for those
elements that demand particularly stringent requirements, such as batteries,
chambers, or electronic components.

Heaters

Heaters are small dissipative elements that use electric resistances to ensure a
targeted and localized heating of a particular hardware component of a space-
craft at cryogenic temperatures. Typically, these resistances are placed in
series and wrapped in a thin and exible polyimide Im that heats up when
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current is applied. As they require low electrical power, heaters are often used
for small-sized satellites. For instance, 1U CubeSat Compass-1 and MASAT-1
nanosatellites employ dedicated heaters placed inside them to regulate their
temperature during shadow transits along the Earth's orbit [9].

Cryocoolers

Cryocoolers are refrigeration devices designed to cool all heat-sensitive instru-
ments to cryogenic temperatures, such as high-precision IR sensors or inter-
ferometers. Subjected to less thermal stress and mechanical vibrations, these
systems o er high thermodynamic e ciency, ensuring excellent performance
for many years. A miniaturized cryocooler was designed in 2013 at the Centre
National d'Etudes Spatiales (CNES) in Toulouse. It consists of a Pulse Tube
Cryocooler (PTC) that, using less than 20 W of electrical power, guarantees
a cooling up to 280-300 K. As shown in Figure 1.2, the PTC technology does
not involve any moving parts inside the components, thus limiting any micro-
vibration and increasing the reliability of the device [10].

Figure 1.2: Miniature Pulse Tube Cooler System. Source: [10]

Thermoelectric Coolers

Thermoelectric Coolers (TEC) leverage the Peltier e ect to transfer heat by
means of electric current through two di erent metal junctions in contact, thus
generating a temperature di erence between them. Despite TEC's capability
to both heat and regulate the temperature of a device in contact with it, this
system is generally employed for cooling satellite instrumentation. Depending
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on the direction of the current, heat is removed from one of the two junctions
resulting in the cooling of the device.

Pumped Fluid Loop

Primarily used for small satellites, the Pumped Fluid Loop (PFL) is a thermal
circuit through which a refrigerant uid ows, driven by a dedicated circulation
pump. Located inside a tube, the pumped liquid allows the transfer of heat
from the thermal source, typically a heat exchanger, to the radiator, which
acts as a heat sink. Subsequently, as the uid cools down, it returns to the
heat source, resuming the loop. This principle allows refrigerating of multiple
areas of the satellite through forced convective cooling of the uid.

Figure 1.3: Primary circuit of a mini mechanically pumped uid loop. Source: [11]

~ Passive thermal control

Passive thermal control systems do not require input power to regulate heat
transfer through satellite components. This o ers numerous advantages, as
this type of thermal control allows for much smaller, cost-e ective, reliable,
and easier-to-design and test devices. Design methods for managing the ther-
mal environment of a passive system are mainly based on the careful selection
of materials, depending on their ability to transmit or insulate heat through
the internal and external coatings of the structure.

Paints
Paints are primarily used on the exterior of the satellite to increase heat ab-
sorption or rejection through their surface thermo-optical properties. Unlike
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common paints, these require excellent compatibility with the space environ-
ment due to their speci c chemical compositions, which provide various degrees
of thermal protection and resistance to the corrosive e ects of atomic oxygen
and all types of radiation. Moreover, in order to minimize heat absorption
and maximize thermal dissipation, speci ¢ high-emissivity and low-absorption
white paints are often used. Currently, this solution is widely adopted in the
space industry due to its cost-e ectiveness, low weight, and ease of application.

Multiple Layer Insulator

The Multilayer Insulation (MLI) is a surface coating capable of protecting the
structure and electronic components from thermal radiation and micromete-
oroid impacts, while keeping the temperature of the onboard instrumentation
constant. This is achieved by exploiting special multilayer insulating covers
made of ultra-thin plastic and metallized Ims such as Kapton or Mylar. The
key feature of these materials is their ability to function over a wide thermal
range, ranging from -100 to 40, and to vary considerably the amount of in-
cident heat across thicknesses of a few micrometers. This technology is widely
used as a thermal coating on large satellites such as the James Webb Space
Telescope (Figure 1.4), where ve layers of kapton are employed to prevent the
solar radiation on the instrumentation. However, the MLI remains particularly
bulky and requires deployment once in orbit.

Figure 1.4: Details of the JWST sunshield layers



12

1| State of the art

Phase-change Materials

Phase-change materials (PCMs) are lightweight, high-capacity thermal devices
capable of maintaining constant temperatures for a wide range of electronic
components. Housed within a metallic enclosure, a PCM consists of a material
that can transition from a solid to a liquid state, absorbing thermal energy
by conduction from a connected heat source into a dedicated accumulator.
Thereafter, upon releasing heat to the thermal source, the material returns to
a solid state. Both the melting and solidi cation processes occur at the same
temperature. These devices are thus de ned as "thermal energy storage", as
they can store thermal energy to warm or cool the required components at
a later time [9]. They are mainly used onboard Earth-orbiting satellites, as
they undergo continuous cycles of exposure to sunlight and shadow phases,
employing an accumulator to store solar thermal energy and autonomously
heat components when eclipsed.

Thermal straps

Thermal straps are exible links made of thermally conductive materials such
as copper, aluminum, and graphite sheets or cables. These high thermal con-
ductivity devices are inserted between a heat source and a heat sink, trans-
ferring excess heat to the outside. Thanks to their exibility and ability to
dampen micromechanical vibrations [9], these devices o er an excellent com-
promise in terms of thermal and structural management. Furthermore, in
the event of malfunctions or surface damage, they are easily removable and
replaced at a limited cost.

Figure 1.5: Copper thermal straps. Source: [9]
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Sunshields

Solar shields are devices made of low-absorption materials that allow for the
control or prevention of solar radiation entering the outer surfaces of a satellite.
Due to the development of the miniaturization process, these passive systems
have also been adopted on small-sized satellites, ensuring internal tempera-
tures below 100K.

Figure 1.6: Deployed Sunshield on CryoCube-1. Source: [9]

Thermal louvers

Thermal louvers are systems that allow the external surface area of a satellite
to vary by opening and adjusting the amount of radiative heat to be dissipated.
Because of their high mass and power input requirements, these devices are
mainly used on large satellites. Although they are often associated with active
thermal control systems, several companies are testing thermal louvers even
on small satellites using complex mechanical actuators due to their high power
requirements. One of these actuators, for example, uses bimetallic springs that
elongate when the temperature exceeds a certain threshold, allowing ns to
open and vary the satellite's surface emissivity [9].

Passive heat pipe

Commonly named Loop heat pipes (LHP), these devices are capable of trans-
ferring large thermal loads inside a satellite by utilizing forced convection. The
key to this mechanism is the capillary circulation of a uid within a closed-loop
system, typically a metallic tube. As shown in Figure 1.7, the operating princi-
ple exploits the temperature gradients of the uid, which evaporates near hot
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sources such as electrical devices, and is then transferred to cooler surfaces
such as radiators or heat sinks by condensing. Subsequently, thanks to the
capillary action of a wick, the pressurized condensed liquid is returned to the
hot end of the tube, restarting the cycle. This device, operating as a closed
two-phase cycle, guarantees a greater thermal transfer capacity than any other
conductor, with signi cantly shorter response times. Moreover, if it is neces-
sary to enhance the heat exchange, it is su cient to increase the amount of
vaporized uid in the evaporator, while keeping the temperatures of the vari-
ous subsystems constant. This implies that the heat pipe works as an almost
isothermal component, ensuring almost constant temperatures at the sources.
The latter, usually associated with satellite components, are independent of
each other and thus can be designed with di erent shapes and sizes. Due to
their excellent thermal properties, heat pipes are utilized in various elds with-
out the use of mechanical elements. Hence, this has aroused signi cant interest
in the space industry, as it is possible to transfer heat between components
located at a considerable distance from each other.

Figure 1.7: Operating principle of a heat pipe. Source: [11]
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1.2. Deployable Radiators

A deployable radiator represents one of the most advanced and e cient thermal
control devices, which is often used as a cooling element on small satellites, due to
its modest size. This system meets the needs of dissipating excess heat by increas-
ing the radiative surface of the satellite and thus maintaining constant operating
temperatures of the hardware elements. More speci cally, the heat dissipation by
radiation is facilitated through high infrared emissivity and low solar absorptivity
surfaces. Furthermore, it is common practice to integrate the deployable radiator
with a Mechanically Pumped Fluid Loop (MPFL) system, allowing for the transfer
and dissipation of large amounts of heat from the satellite to the radiator surface via
a refrigerant uid. This has contributed to making the following thermal systems
an increasingly sought-after solution in the space sector, deserving a more in-depth
analysis.

1.2.1. Thermal aspects

Radiators are classi ed as active or passive systems depending on the mode of ther-
mal transfer from the heat source to the radiating surfaces [12]. In passive radiators,
heat exchange occurs through direct contact or through heat pipes, exploiting the
thermal gradient of a two-phase uid. In contrast, active radiators use speci cally
designed MPFL in which the uid (single-phase or two-phase) is arti cially driven

by micro-pumps. Although active radiators require large amounts of energy to pump
the working uid along the circuit, they o er better performance and are well inte-
grable with the satellite's components, managing thermal loads through them more
easily. The architecture of an active radiator is fundamentally structured into three
macro components:

A

a thermal source associated with the onboard electronics that, upon overheat-
ing, transfers heat to the refrigerant uid by Joule e ect;

a cooling circuit that runs inside the satellite and is responsible for transporting
heat by means of a micro-pump placed in series;

a radiant component, commonly a honeycomb panel, within which a serpentine
made of thermally conductive metallic material is placed, facilitating the heat
transfer from the refrigerant uid.
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Figure 1.8: Sketch of a typical con guration of radiator (R) with uid loop (FL)
and heat pipes (HP). Source: [12]

A schematic of an integrated MPFL radiator is shown in Figure 1.8, in which the
following components can be identi ed: the thermal source on the left side of the
circuit, the micro-pump that enables the circulation of the counterclockwise uid in
the lower section and, nally, the radiator designed for dissipating the residual heat
on the right.

1.2.2. Sizing of the radiant panel

As previously discussed in subsection 1.1.2, a speci c thermal control technique is
determined in the preliminary phase by means of an appropriate steady-state heat
balance in extreme environmental conditions, de ned as "Hot cases" and "Cold
cases" [5]. These represent the maximum and minimum thermal loads to which a
satellite is subjected, respectively, and so, the maximum and minimum internal heat
dissipation. More speci cally, the thermal analysis of a deployable radiator requires a
panel sizing in order to satisfy the temperature requirements for both limit cases; by
varying the size of the radiator panel, it will be possible to determine the di erence
in emitted or absorbed thermal power and consequently the internal temperature of
the satellite. Figure 1.9 shows a hot case thermal environment in which the satellite
is exposed to solar and terrestrial radiation. This extreme steady-state scenario is
commonly studied by thermal engineers [4]. Indeed, it is a conservative approach
that simpli es calculations and at the same time allows to determine the maximum
thermal load acting on the radiator panel.
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Figure 1.9: Orbiting spacecraft heating simpli ed overview. Source: [9]

where:

A

Qgen Is the heat generated by the spacecraft;

" Qsolar IS the solar heating;

" Oabedo IS the solar heating re ected by the planet;
" Oplanetshine 1S the IR heating from the planet;
Qoutrad IS the heat emitted via radiation;

" Qstored IS the heat stored by the spacecratft.

1.2.3. Developed alternative solutions

The following section aims to provide an overview of several deployable radiators
designed over the past few years by various research institutions and universities,
in order to illustrate the multiple ways in which these simple devices can facilitate
thermal dissipation. All of the following solutions utilize an integrated MPFL system
as the primary thermal dissipation technique, but dier in the way the radiator
panel is deployed. Finally, it is noteworthy that while these devices are simple and
functional, they still exhibit some technological limitations, which will be discussed
in detail below.
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Two dimensional deployable mechanism for satellites

Presented at thelEEE International Conference on CYBER Technology in
Automation, Control, and Intelligent Systems the following solution intro-
duces a two-dimensional serial deployment mechanism enabled by two hinges
placed perpendicularly to each other [13]. This innovative device consider-
ably increases the radiator panel's surface area, albeit with an overall weight
increase of the TCS. The idea of exploiting such a large radiative surface is eas-
ily explained by the need to increase heat dissipation while limiting potential
overheating inside the satellite. The gradual rise in operating temperatures,
along with an ever-increasing nominal power demand from various subsystems,
has compelled thermal engineers to seek more innovative solutions in recent
years to dissipate residual heat without a ecting the satellite's dimensional
requirements. However, this release mechanism involves complex zero-gravity
simulation tests. Unlike standard deployment, where the hinge is placed per-
pendicular to the work plane to exert a torque without gravitational in uence,
this is not feasible in two-dimensional deployable mechanisms, as the centers
of mass of individual panels will rotate around di erent axes. In addition,
the actuation of high-rigidity hinges is provided by ultrasonic motor-guided
mechanisms, which ensure high positional accuracy and rapid response but
also entail additional weight.

In summary, despite this innovative deployment system signi cantly increases
the heat exchange surface, the presence of numerous mechanical components
requires complex experimental tests to simulate the space environment and
entails a weight increase that makes it di cult to employ on small-sized satel-
lites.

Figure 1.10: Deployment steps of the mechanism in zero gravity simulation test
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" Deployable radiator with autonomous thermal control function
Developed by Keio University in collaboration with the Japan Aerospace Ex-
ploration Agency (JAXA), the present solution features a reversible thermal
panel that serves both as a radiator and a solar absorber, providing an e -
cient TCS for high power density spacecraft [14]. This fully automated device
consists of a deployable double-faced plate characterized by a high absorption
coe cient on the outer face and a high emission coe cient on the inner face.
When the internal temperature of the satellite reaches high values, a torsional
actuator is activated by heating, allowing the panel to deploy and increase the
thermal dissipation. Conversely, at relatively low internal temperatures, the
actuator returns the n to its stowed position, completely covering the radia-
tive surface and increasing solar absorption. This opening-closing mechanism
thus responds to the thermal needs of the satellite, ensuring constant temper-
atures inside it. However, the following device is limited for applications on
large satellites, due to the weight and complex con guration of the radiators,
capable of releasing up to 100 W of thermal power.

Figure 1.11: Conceptual view of the radiator in stowed and deployed con guration

" Demonstration of a SMA torque tube-based morphing radiator

Developed at Texas A&M University, the following solution presents a variable
geometry radiator, known as a morphing radiator, designed to alter the view
factor and e ective emissivity, thus a ecting the amount of heat emitted uni-
laterally by the radiant panels. This innovative system is used to achieve wide
turndown ratios, ranging from high to low heat dissipation values depending
on the thermal needs of the satellite [15]. The opening-closing mechanism of
the radiator panels utilizes the torsion of two concentric shape memory alloy
(SMA) tubes, a particular class of metals capable of changing their shape in
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response to speci ¢ temperature variations. The torsional phenomenon occurs
thanks to the passage of a working uid inside the two tubes which, by ac-
tivating the SMA transformation, allows the two panels to rotate, as shown
in Figure 1.12. More in detail, the radiator cooling induces the panels to ori-
ent vertically in the closed con guration (a), minimizing the view factor and
inhibiting heat rejection. Conversely, during the heating phase, the panels
will rotate in the opposite direction, exposing their surfaces to deep space and
consequently maximizing the thermal dissipation (c).

Figure 1.12: Schematic of the radiator morphing process

Unlike the previously mentioned solutions, this device leverages the shape
memory transformation of tubes to simplify and enhance the deployment
mechanism of the radiator panels, while minimizing the overall mass. This
is made possible by a particular con guration of the cooling circuit. The con-
cept involves the incorporation of a specialized rubber tube inside the two
shape memory alloy tubes, which serves as a return path for the working uid
from the radiator. As illustrated in Figure 1.13, this results in a two-way
circuit in which:

the hot uid (in red), which triggers the SMA activation of the tube, will
ow through the outer channel of the torsional element and enter the
radiator;

the uid leaving the system (in blue), having been cooled along the re-
frigerant coil, will ow in the opposite direction through the inner rubber
tube.
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However, this solution has a potential design aw. Due to the thermal gra-
dient between the two ows, a conductive heat transfer will occur, resulting
in a gradual cooling of the hot uid. Consequently, this will compromise the
activation of the SMA transformation, thus limiting the torsional performance
of the tube.

Figure 1.13: Schematic of annular ow within the prototype
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1.3. Small satellites overview

In this section, the aim is to provide a brief overview of CubeSats, a speci c class
of small satellites that, like conventional ones, exhibit various challenges related to
thermal management. These challenges will be the subject of study throughout this
thesis project.

1.3.1. Miniaturization trend of small satellites

Over the last few years, there has been a commercialization and democratization
of space that has gradually revolutionized the aerospace industry, driven mainly by
signi cant technological progress in multiple key areas such as computing and elec-
tronics. These factors have strongly motivated technicians and engineers to develop
highly integrated and compact lightweight satellites, known a$mallSats Although
there is no single de nition, the term "SmallSat" refers to a class of satellites with a
mass usually below 500 kg, within which additional subcategories can be identi ed
by weight and size [16].

In the following paragraph, the aim is to brie y contextualize the main factors that
have initiated the miniaturization process of satellites and that distinguish them
from conventional ones.

Figure 1.14: SmallSats launches by institutions per year. Source: [17]



1| State of the art 23

The miniaturization trend is revealing in numerous industrial sectors and follows
the natural technological evolution that, especially in the last decade, has led to an
exponential growth in the production of increasingly small and high-performance
devices. In the space eld, for instance, this process has been manifested through a
growing interest from both public and private entities to launch small-sized satellites
for solely scienti ¢ or military purposes, as shown in Figure 1.14. However, the use of
modern miniaturized electromechanical systems is only one of the many reasons that
have pushed space companies to invest in this class of satellites. Upstream, in fact,
there is also a purely economic issue, dictated by a general reduction in development
costs, thanks to an increase in data processing capacity and standardization of
production processes. These factors have contributed to halving development times,
also thanks to the use of Commercial O -the-Shelf components (COTS), hardware
and software elements available on the market for purchase by interested companies.
One of the many advantages of SmallSats is the ability to simultaneously deploy a
large number of units in orbit, creating a real satellite constellation. This aspect is
0 ering many companies the opportunity to establish themselves in new commercial
sectors, such as communications, observation, or remote sensing, since they see in
SmallSats the potential to revolutionize the space market in the near future. It
should be emphasized that this category of satellites is currently addressing a still
marginal, little competitive, and often overlooked market by large space companies
[18]. Consequently, this is giving the opportunity for new companies, especially in
emerging countries, to invest with their business models in this sector. Furthermore,
thanks to greater accessibility to materials and simple concept with a low cost,
the design and realization of SmallSats also increasingly involves universities and
research institutes.

1.3.2. CubeSats

CubeSats are classied as a specic class of miniaturized satellites, consisting of
one or more cubic units, each with a standardized size of 10 x 10 x 10 cm and
a mass of 1.33 kg. These devices have di erent con gurations depending on the
type of mission, ranging from a single unit, de ned as 1U, to stacked multiple units
1.5U, 2U, 3U, and higher. In fact, in order to expand CubeSat applications even in
more complex scienti ¢ sectors, structures up to 27U and 36U have been recently
developed [19].
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Figure 1.15: CubeSat form factors from 1U to 36U. Source: [19]

Since all CubeSats have standardized dimensions, they are constrained within the
payload fairing by means of a standard support unit, known as Poly-PicoSatellite
Orbital Deployer (P-POD). This device enables the CubeSat to interface with the
launcher, protecting the satellite from mechanical stress during launch and inserting
it in the correct orbit (Figure 1.16). To ensure good compatibility between the
satellite frame and the dispenser, and thus avoid potential plastic deformation, it
Is essential to select materials for both elements that have the same coe cient of
thermal expansion. Aluminum alloys are typically the best choice as they oer
lightness, excellent ductility, and high corrosion resistance. However, much of the
materials that make up the CubeSat are COTS elements readily available on the
market. This makes this class of SmallSats not only a low-cost tool for testing new
space technologies, but also an opportunity to expand access to the academic world
and to companies that do not have speci c tools in this eld.

Figure 1.16: A P-POD deployer and a 3U Cubesat. Source: [20]
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The so-called CubeSat was rst developed in 1999 by a team of researchers at
the California Polytechnic State University and Stanford University to promote the
design and testing of small satellites to be launched into low Earth orbit (LEO). As
shown in Figure 1.14, most launches until 2013 were intended for purely academic
purposes. Only in the following years, as the potential of CubeSats in the commercial
sector became apparent, that a reversal of this trend was observed. Nowadays, these
miniaturized satellites are involved in various research activities in Earth's orbit
and as support programs for interplanetary missions. Furthermore, thanks to their
multifunctionality, CubeSats are also sought after by companies and private entities
outside the aerospace industry, e ectively opening up a new frontier in scienti c
research and space technology.

1.3.3. CubeSat challenges

In recent years, CubeSats have proven to be a valid alternative to conventional satel-
lites, performing the same observation and data reception-transmission operations
in a signi cantly reduced volume. Despite the numerous innovative aspects of these
devices, the miniaturization of this class of satellites still poses several challenges
to be overcome. In particular, the integration of numerous hardware components
in such a restricted space limits the design freedom of engineers and poses greater
thermal control di culties for CubeSats compared to traditional satellites. As an
example, Table 1.2 compares some thermal parameters between a geostationary
communication satellite (GEO) and a 3U CubeSat.

GEOcom 3U CubeSat ratio GEOcom/CubeSat

Satellite dimension [m] 30x30x6.0 0.1x0.1x0.3 -

Satellite volume [m?] 54.0 0.003 18000
Radiator surface [n?] 42.88 0.06 715
Power [W] 5000 50 100
Power density [W/m 3] 92.6 16666.7 0.07%
E ciency 60% 60% -
Waste heat 2000 20 100
Rejected heat ux [W/m 2] 46.6 333.3 0.14

Table 1.2: Comparison of a GEOcom and a 3U CubeSat satellites. Source: [5]
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The data reported in the table clearly demonstrates that the thermal management
of CubeSats is much more complex than that of large satellites. This can be veri ed
by comparing the power density of the two satellites, with values up to 180 times
higher in the 3U CubeSat. Power density is perhaps the most signi cant challenge in
the thermal design of a CubeSat, due to the presence of a large number of hardware
elements and integrated circuits in a limited volume, which makes their thermal
dissipation extremely complex. Therefore, it is crucial to design each subsystem with
the aim of minimizing heat transfers by conduction and maximizing radiation with
the external environment. A con guration often adopted on CubeSats to counteract
internal overheating is the PCB-stack, a relatively compact structure in which the
integrated circuits are overlapped and interfaced with each other through connectors
[21]. This strategy reduces conductive and radiative coupling between individual
circuits and the satellite instrumentation, transferring heat through appropriate
spacers placed at the vertices of the structure.

Figure 1.17: Example of a PCB-stack. Source: [22]

The limited availability of external radiative surfaces represents one of the main fac-
tors that restricts thermal dissipation with the space environment. The outer faces of
CubeSats are generally covered with solar cells and other essential elements such as
antennas, optical sensors, and autonomous micro-propulsion systems. Consequently,
the use of deployable radiator panels is becoming increasingly common in the space
eld, as they constitute an excellent trade-o between weight and occupied volume
and dissipation e ciency. Moreover, it is essential to take into account the ex-
treme conditions of the space environment from the early design stages. Indeed, the
CubeSat is constantly exposed to signi cant thermal uctuations and multiple other
factors that can negatively a ect the satellite’'s performance during its operational
life. Among the most signi cant are: surface contamination, corrosion, microme-
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teoroids and arti cial debris, radiation, and pressure gradients. These destructive
e ects, in particular, lead to a progressive decay of the surface thermo-optical prop-
erties and a degradation of the thermal coatings [23], which will necessarily require
appropriate paints and composite materials to limit the corrosive action of atomic
oxygen, outgassing phenomena, and exposure to ultraviolet rays and other charged
particles. Finally, due to their modest size, CubeSats are primarily launched as
secondary payloads. In fact, since these nanosats are spacecraft lacking an altitude
rising control system, ight engineers must adapt to the availability of a specic
launcher that allows the CubeSat to be inserted into the right pre-established orbit.

1.4. Shape Memory Alloy

Shape memory alloys (SMA) belong to a class of materials that, when mechanically
deformed, are capable of "remembering” their original shape and recover it when
heated. Due to their unique properties, SMAs have progressively gained attention
from the scientic community in recent decades, nding applications in medicine
and various engineering elds. Moreover, with the increasing push towards the de-
velopment of "smart structures”, especially in the aerospace industry, these speci c
alloys are becoming a valid alternative to deployable devices and complex actuators,
which are less reliable and performant.

In the following paragraphs, a general contextualization of this type of alloy will be
given, both technically, brie y describing their properties, types, advantages, and
related challenges, and historically, providing an overview of their main application
elds. Finally, the torsional phenomenon of SMAs and their future applications in
space will be discussed.

1.4.1. General characterization of SMAs

To fully understand the thermomechanical behavior of these active materials, it is
necessary to rst analyze the physical phenomena underlying shape memory alloys.
What distinguishes SMAs from other metallic alloys is their ability to modify their
crystallographic structure during solid-solid phase transformations induced by tem-
perature and/or stress variations. In more detail, these transformations present two
macro-phases known agwustenite, a stable symmetric cubic body-centered struc-
ture at high temperatures, andMartensite, a stable phase at low temperatures
with typically tetragonal, orthorhombic, or monoclinic structure. These martensitic
structures vary depending on the composition of the alloy and can assume di erent
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crystallographic orientations, de ned as "variants”, whenever a direct transforma-
tion from the austenitic phase occurs. In particular, the di erent crystallographic
con gurations are the result of displasive transformations in which a shear distor-
tion of the lattice structure occurs along speci ¢ invariant atomic planes, known as
"habit planes”; in other words, atoms rearrange cooperatively, through sliding or
twinning among one or more atomic spaces, forming a new lattice structure without
altering the chemical composition of the starting phase. This behavior of the atoms,
known as "self-accommodation,” allows minimizing the deformation energy of the
transformation and can be present in any martensitic con guration.

In general, the martensitic variants obtained from such a transformation, also called
the thermoelastic martensitic transformation, can present themselves in two dif-
ferent geometries: twinned martensite (N), obtained through the combination of
self-accommodated variants described above, and detwinned martensite?jMin
which a particular variant prevails following shear stresses above a critical value (de-
twinning critical stress) along a speci c direction, while keeping the atomic bonds
unchanged. This latter process also allows the reversibility to the original austenitic
crystallographic structure by heating [24]. Indeed, the phase transformations from
austenite to martensite and vice versa are all reversible processes and exhibit a dif-
ferent behavior in the cooling phase (forward transformation) and in the heating
phase (reverse transformation). This hysteresis behavior of the material is what
makes SMAs unique in their kind.

Figure 1.18: Schematic of transition paths of SMAs. Source: [25]
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In particular, as shown in Figure 1.18, the forward transformation, in the absence
of applied loads, results in the formation of several twinned martensitic variants
without revealing signi cant macroscopic shape variations. On the contrary, when
stress is applied to the alloy at constant temperature, a well-de ned reorientation
of some crystal lattice variants is observed along the direction of the load, resulting
In a macroscopic change of the material shape. This process leads to either de-
formed or detwinned martensite. By appropriately heating the alloy, it regains its
original shape through the restoration of its austenitic crystalline structure. More-
over, during the forward transformation, it is possible to obtain a third intermediate
rhombohedral phase, known as the R-phase (R), as a result of specic heat treat-
ments carried out on the material. Both the direct and reverse transformations are
characterized by two speci ¢ thermal values that mark the beginning and end of
the phase transition. Speci cally, during the direct transformation, the alloy be-
gins to transform into martensite at the Martensitic start temperature (M) and
completes the transition at theMartensitic nish temperature (Mg). Similarly, dur-
ing the reverse transformation, the transition to austenite begins at thdustenitic
start temperature (As) and ends at the Austenitic nish temperature (Af). These
four di erent characteristic temperatures vary considerably depending on the alloy
composition, due to the friction associated with the movement of di erent atomic
boundaries, and are closely related to the magnitude of the applied load according
to the following relationships:

Ms():Mso"'m Mf():Mfo"‘m (1.1)

As( )= At Ca Ail( )= An+ Ca (1.2)
where Myg, My, Ago € Ay are respectively the starting and nishing temperatures of
martensite and austenite at zero stress, whileyCand C, are two proportional coef-
cients known as Clausius-Clapeyron coe cients In particular, these relationships
clearly show how higher stress values result in an increase in transformation temper-
atures. This behavior is represented in the stress-temperature diagram by bundles of
lines with a positive slope (Figure 1.19), which delimit the regions of phase transfor-
mations A MY and viceversa. This diagram illustrates the di erent phases of the
xed-composition alloy and allows understanding the thermo-mechanical response
of SMA to variations in temperature and/or stress.
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Figure 1.19: Schematic of an SMA stress-temperature phase diagram. Source: [24]

Shape memory alloys are utilized in various engineering applications, mainly due
to two interesting thermomechanical properties: the shape memory e ect and the
pseudoelasticity.

Shape Memory E ect

The shape memory e ect (SME) refers to the ability of an SMA material, deformed
pseudo-plastically, to restore its original shape by heating it to austenitic tempera-
tures. To better understand the nature of the SME, it is necessary to examine the
thermomechanical behavior of a specimen subjected to uniaxial loading through the
stress-strain-temperature diagram (Figure 1.20). The initial step involves stress-free
cooling of austenite below M resulting in twinned martensite (A-B), followed by
an applied stress at constant temperature. In this scenario, the alloy exhibits linear
elastic behavior up to a critical stress valued;), beyond which the reorientation
process of some martensitic variants begins, resulting in pseudoplastic deformation
of the material (B-C). This detwinning process of martensite, characterized in the
stress-strain diagram by a plateau, is completed at a stress lewg! The material is
then elastically unloaded, maintaining the detwinned martensite state (C-D). Subse-
quently, by heating the alloy above A (D-E), the inverse transformation is initiated,
bringing the material back to the austenitic phase for thermal values higher than:A
(E-F). As long as there are no permanent plastic deformations, produced during the
detwinning of martensite, the shape memory alloy fully regains its original con gu-
ration and the entire SME cycle can start again. This process is also known as the
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one-way shape memory e ectas the alloy regains its shape only after the unloading
and heating process.

The SME is widely used as a driving system for smart actuators. The mechanism
involves arming the SMA element in its detwinned martensitic con guration and
providing the actuation force by the recovery of its shape, induced by an appropri-
ate heating process.

Figure 1.20: One-way shape memory e ect behaviour in a stress-strain-temperature
diagram. Source: [24]

Pseudoelasticity

The pseudoelasticity, improperly known as "superelasticity”, is another inherent
characteristic of the shape memory alloys. It is associated with stress-induced trans-
formations always above A which lead to signi cant deformations that can be re-
covered with the unloading phase only. More in detail, as shown in Figure 1.21, this
process begins in the absence of applied loads and at elevated temperatures (point
A), where the material exists in a stable austenitic phase. Despite maintaining a
constant temperature, applying a su ciently high load (beyondsMs) results in the
martensitic transformation of the alloy (B-C), which will be completely detwinned
only for stress values higher tharsMt (C-D). In other words, this stress-induced
transformation (SIM) enables the production of fully detwinned martensite from
austenite by applying su cient stress to the alloy. Subsequently releasing the load,
the martensite initially exhibits an elastic phase (D-E), before completely trans-
forming back to austenite for stress values lower thas*'. This behavior is readily
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explained by the instability of detwinned martensite at high temperatures.

The complete shape recovery is graphically represented by the rejoining of the un-
loading curve with the austenitic elastic slope (A-B). Again, the pseudoelastic cycle
exhibits a hysteresis phenomenon that allows for the determination of the energy
dissipated during the transformation through the area enclosed between the two
curves. This energy dissipation is variable depending on the type of alloy used and
the applied load.

Figure 1.21: A typical SMA pseudoelastic loading cycle at T>A Source: [24]

1.4.2. NiTi-based alloys

Over the past few decades, a wide range of shape memory alloys have been studied
and classi ed according to alloy composition, actuation mode, or operating tem-
perature. Among the currently known SMA materials, nichel-titanium based alloys
are the most demanded in the market, owing to their well-established crystallo-
graphic and thermomechanical behavior, even following specic heat treatments.
The equiatomic NiTi alloy was the rst SMA element to be analyzed, presenting
remarkable capabilities in recovering large deformations, good stability and excel-
lent corrosion resistance. Speci cally, it has been found that binary NiTi alloys
exhibit the highest austenitic phase temperature among the various nickel-titanium
compositions analyzed, and their characteristic temperatures do not vary for nickel
contents below 50% [24]; however, above this percentage, a drastic decrease in the
transformation temperatures has been observed. The atomic composition of shape
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memory alloys signi cantly a ects their transformation temperatures, as shown in
the following table:

NiTi-based SMAs M {[°C] M[°C] As[°C] A:[°C]

TisoNisg 15 55 80 89
TiagsNisos -78 -19 9 53
Tia9Nisy -153 -114 -89 -40
Tia9Nis1Cusg 8 30 35 50
TisoNiaoCuig 21 41 53 67
Tia2.2Niag gHfg 50 69 111 142
Ti40.2Niag gHf10 103 128 182 198
Tiz0.2Niag gHf20 127 174 200 276
TisoNi1oPdao 387 403 419 427
TisoNisPdas 467 486 503 509

Table 1.3: Transformation temperatures for some NiTi-based SMAs with di erent
compositions. Source: [24]

A highly sought-after alloy in various industrial sectors is the NiTi-based alloy with

a small percentage of copper. Unlike binary NiTi alloys, this ternary alloy is charac-
terized by a relatively small hysteresis associated with the transformation, making it
a valuable choice as an actuator. Additionally, NiTiCu alloys are more cost-e ective
and easier to produce, o ering a wide thermal transformation range.

The use of SMA elements for commercial applications has mainly focused on alloys
with transformation temperatures below 108C over the years. However, especially
in the aerospace eld, there is an increasing demand for SMA applications with oper-
ating temperatures well beyond this thermal reference. To this end, a unique class of
SMAs has been discovered, known &igh temperature shape memory alloy@TS-
MAS), capable of operating in a temperature range of 100-8@ by adding ternary
elements such as hafnium, palladium, platinum, or zirconium to NiTi. Despite their
excellent high-temperature performance, HTSMAs are di cult to work with due to
their limited ductility, making their production very expensive. Finally, NiTi alloys
have also been employed as thin Ims for micro-electromechanical applications in
biomedical, aerospace, and consumer products.
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1.4.3. Advantages and challenges of a SMA actuator

Nowadays, shape memory alloys are considered as intelligent multifunctional ma-
terials due to their unusual properties, such as the shape memory e ect and the
pseudoelasticity. In particular, the ability to recover large deformations at con-
stant stress over a wide thermal range makes SMA a valid alternative to complex
mechanical, hydraulic and pneumatic actuators. Indeed, a SMA actuator features
much simpler mechanisms based solely on phase transformations of the alloy, freeing
it from any external energy source and consequently ensuring smaller size and lower
cost. This type of actuator is therefore an ideal choice for applications where signi -
cant forces and displacements are required; however, as will be discussed below, they
require high response times and do not exhibit high e ciency compared to other
actuating devices [26]. Moreover, SMA actuators can take di erent con gurations,
such as helical or torsional springs, straight wires or torsion tubes, because of their
great versatility. Another major advantage of shape memory alloys is their ability

of damping vibrations acting on the structure, dissipating large amounts of energy
through the pseudoelastic e ect or by martensitic structure with low energy barrier

of twin boundary mobility.

However, the design process of SMA is not free from certain challenges. Shape
memory alloys are characterized by high heat capacity and mechanisms of heat
conduction and convection with the external environment that slow the thermal
transfer through the material. Although this problem is not particularly encoun-
tered during the thermal energy supply to the alloy, which can be accomplished
rapidly, for example, through electric currents due to the Joule e ect, it is mainly
present during the cooling process, limiting the speed of actuation of the SMA el-
ement. In addition, shape and size can also a ect the response time of a SMA
actuator: actuators with smaller diameters heat up and cool down faster due to
their lower thermal resistance from the material and higher surface-to-volume ratio,
respectively. In order to accelerate the heat removal from the SMA actuator, sev-
eral strategies have been developed using the forced convection of an external cooled
ow or thermoelectric modules via Peltier e ect; however, these techniques require
more energy consumption and complex con gurations, increasing cost, weight and
volume. Another signi cant SMAs challenge is their low energy e ciency, roughly
10-15%, during the actuation process [27]. This can be an issue especially for those
applications where the input power represents a strict constraint. Finally, the dura-
bility and reliability of shape memory alloys depend on several factors, such as the
maximum operating temperature, strain and the number of transformation cycles
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they undergo during their operating life, which a ect the choice of what kind of
SMA actuator can be adopted. Although SMA actuators are capable of providing
a limited number of cycles, advances in alloy machining and fabrication processes
have allowed to achieve more than one million transformation cycles before showing
signs of failure [26].

1.4.4. A brief historical background of SMAs

The rst studies on shape memory alloys date back during the 1930s, when some
physicists observed the pseudoelastic behavior of the AuCd alloy and the shape
memory e ect of some copper-based alloys. Even though the reversible phenomenon
of martensitic transformation was widely discussed in the scienti c community over
the coming years, the high cost and production complexity of SMA alloys made
their realization in commercial and industrial elds impossible [26]. However, the
breakthrough occurred in 1963 by studying the NiTi alloy, commonly known as
"NiTinol" in honor of its discovery at the Naval Ordinance Laboratory (NOL), which
captured the interest of many researchers due to its remarkable thermomechanical
properties and lower production cost compared to other SMA alloys existing at
the time. Such discovery has de nitely marked the beginning of several research
activities on the microstructure and thermomechanical behavior of shape memory
alloys, contributing to their spread in di erent shapes and sizes in multiple industries
such as biomedical, aerospace, robotics and electronics. Nowadays, the study of
these alloys is mainly focused on nding new compositions, aiming to optimize the
thermomechanical response of the material and expand the operating temperature
range.

1.4.5. Aerospace applications of SMAs

The experience gained over the years has enabled shape memory alloys to play a
crucial role in a broad range of commercial applications, aiming to lower produc-
tion costs and simplify actuation mechanisms by converting thermal energy into
mechanical work via the crystallographic phase change of SMAs. In aerospace, this
revolutionary class of materials has rapidly spread since the early 1970s, especially
thanks to two major research projects for xed-wing aircraft, known as th&mart
Wing Program and Smart and Aircraft and Marine Propulsion System Demonstra-
tion (SAMPSON), in order to optimize their aerodynamic performance and test
new smart and cheaper materials, respectively [27]. However, shape memory alloys
were involved on satellites only a decade later due to the major critical operational
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issues in the space environment, being mostly used to solve actuation, vibration
and release problems in microgravity and zero atmosphere conditions [28]. In more
detail, the use of low-shock release SMA devices based on shape memory e ect has
been very successful in the space industry, as they were capable of limiting the high
thermomechanical shocks generated by traditional pyrotechnic devices and the main
cause of mission failures frequently. The following mechanism plans to inizially set
up the SMA element in an armed con guration and at low temperature, below the
activation temperature, and then gradually heating it in a controlled way once in
orbit, recovering its original shape and thus allowing the release of payload through
a non-explosive separation system [29]. Because of their simple design, fast response
and low power consumption, these devices are also an ideal choice for small satellites
and are available in a variety of con gurations, such as bolts, wires or tapes; some
of the best known include the Qwknut, a fully reusable separation nut that drives a
shape memory alloy wire via a controlled electrical pulse.

Another wide area of SMA application in the space eld turns out to be the de-
ployment by shape memory e ect of medium and small structures. In fact, SMA
elements act as mini linear or torsional actuators such as to guarantee maximum
e ciency and minimum energy required to work, easily monitoring the deployment
process of the structure without the aid of additional mechanical devices. Many
of these systems have already been tested and launched on several space missions,
con rming their excellent reliability and functionality that proves their high TRL
value. The most famous ones include the Lightweight Flexible Solar Array Hinge
(Figure 1.22), an experiment conducted during a Space Shuttle mission in July 1999
which was able to exploit the SME of some thin strips to deploy a solar panel [27],
and the Mars Path nder mission in 1997, which used a nickel-titanium wire actuator

to remove the glass cover of some solar cells in order to analyze the deposition of
martian dust on them [30].

Finally, thanks to their remarkable pseudoelastic properties as the high energy dis-
sipation ability, shape memory alloys have also been used as damping elements to
reduce the vibration acceleration loads acting on payload during the launch phase
through SMA tubes which can be easily integrated on the spacecraft and capable of
recovering high linear strain values [31].
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Figure 1.22: The LFSA and the SMA hinges shown in the folded and the deployed
con gurations. Source: [24]

1.4.6. Characterization of SMA torsional actuators

The following section contains an overview on SMA torsional actuation in order to
provide a comprehensive characterization of this mechanism, which is still poorly
discussed in the literature compared to the better-known linear actuators.

The use of a SMA element for torsional applications is justi ed by the excellent
pseudoelastic behavior of the alloy, which can provide high torque per unit volume
due to the shear stresses existing in the crystal lattice as a result of the phase change
of the material (Figure 1.23).

Figure 1.23: Schematic of torque rod and tube actuation mechanism. Source: [32]
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Unlike conventional rotary actuators, that request the support of complex drive
systems to operate, SMA actuators are extremely compact, since they simply exploit
the shape memory e ect of the alloy, but require heat to be activated and achieve
the desired torque. For this reason, a proper thermal management of the torsional
actuator is needed for both heating-cooling process. Currently, the main heating
techniques exploit either the Joule e ect by directly converting the current passing
through the alloy or indirectly by serving a heater equipped with resistance lines in
contact with the SMA actuator, or through convective heat exchange with a uid
streaming in contact with the torsional actuator. In all cases, the cooling phase of
the SMA involves the interruption of the heating process and a natural return to
room temperature before further operation [33]. This means a signi cantly longer
cooling process time and a much more complex thermal management of the alloy.
Therefore, as previously discussed, this is an important limitation of shape memory
actuators, which are not yet equipped with speci ¢ countermeasures nowadays. It
should also be noted that the torsional performance of the SMA actuator depends on
its thickness, which acts as thermal resistance during the heat transfer through the
alloy; it follows that the greater the thickness is, the slower the SMA activation will
be and, thus, the device actuation. As a result, thin NiTinol wires are often preferred
and placed in parallel to achieve higher torque. Therefore, it will be crucial to make
a trade-o on what con guration to select and, more importantly, on what rotation
mode to implement, according to the required speci cations to the SMA torsional
actuator. Indeed, the rotation is generated by either direct actuation of the SMA
element or by linear actuation, later converted into rotary motion through special
gears. This latter mechanism is basically used in SMA-based DC motors; although
they are very reliable, they provide low torque, are bulky and, thus, ine cient.
On the contrary, the direct actuation exploits the torsional properties of the shape
memory alloy to directly achieve a nite rotation about its own axis, resulting in
higher torques in a smaller volume [32]. Typically, this non-continuous rotation
Is bidirectional and it is useful for applications where an open-close mechanism is
required. More speci cally, this can be obtained in three di erent ways. For the rst
type, speci c torsional springs are used to recover a previous rotation of the alloy.
The second type exploits the two-way shape memory e ect of the SMA element,
allowing it to "store" its own shape at both high and low temperatures and, thus,
rotating the alloy in either direction by varying the temperature. The third type aims

to place in parallel two SMA elements with opposite rotation and activating them in
sequence [33]. In aerospace, many torsional applications prefer this kind of rotation
by means of SMA tubes, which provide the highest torques per unit volume among
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rotary actuators currently available. As an example, a Boeing research project,
known asAdaptive Compliant Trailing Edge(ACTE), aimed to nd more functional
solutions for the deployment of control surfaces of commercial aircraft [32]. SMA
tubes o er the best trade-o between low cost and high e ciency and reliability
and, therefore, commercialization of these compact actuators is closer than ever,
especially as support elements for release mechanisms or in the deployment of solar
panels or radiators for spacecraft thermal control, as shown in Figure 1.24.

Figure 1.24: Schematic of passively actuating radiator design. Source: [32]
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2 ‘ Thermal Treatments

This chapter represents the rst in a series of theoretical and experimental activ-
ities aimed at characterizing the thermomechanical behavior of a shape memory
alloy tube, which constitutes a key element in the realization of a demonstrator for
the automated thermal control system being designed. More speci cally, this initial
phase of work focuses on validating the heat treatment de ned in the previous thesis
work to alter the characteristic temperatures of the alloy. So, the same procedures
have been applied to an unprocessed SMA tube for stent production, produced by
Minitubes and kindly provided by CNR Lecco.

Consequently, the heating-cooling process performed on a nickel-titanium alloy frag-
ment will be discussed rst, followed by an examination of the critical temperatures
obtained through a dedicated Di erential Scanning Calorimetry (DSC) machine
available at CNR. In order to provide the reader with a better understanding of
the experimental activities, both descriptions will present a theoretical-introductory
paragraph that contextualizes and justi es the tools and choices adopted.

2.1. Theoretical analysis of heat treatment e ects
on a NiTi alloy

Heat treatments on shape memory alloys play a crucial role in optimizing their
mechanical properties and tuning the characteristic temperatures within which the
shape memory e ect and superelasticity can be observed. These treatments can
change the transformation temperatures deriving from the manufacturing process of
the alloy with a pre-set composition. Indeed, the critical temperatures of these ma-
terials depend primarily on the alloy composition and its prior thermo-mechanical
history. Hence, one of the main advantages of SMAs is the ability to choose the
transformation temperatures during the design phase, to produce devices capable of
operating in environments characterized by signi cant thermal gradients.

Generally, there are two di erent ways to modify or control the characteristic tem-
peratures of the SMA element: the rst involves altering the composition and ele-
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ments of the alloy, while the second utilizes the aging treatment to produce precipi-
tates and dislocations inside the material. However, it should be noted that in both
methods, not only the characteristic temperatures but also the martensitic transfor-
mation paths may be altered. In NiTi-based alloys, in particular, there exist three
distinct types, as summarized in the following diagram:

Figure 2.1: Three transformation paths in Ti Ni-based alloys. Source: [34]

The rst technique for regulating the transformation temperatures involves altering
the concentration of elements in the binary NiTi alloy, an intermetallic compound
that lacks a xed composition, as illustrated in the following phase diagram:

Figure 2.2: Phase diagram of NiTi Alloy by Massalsky. Source: [34]

In more detail, it has been experimentally demonstrated that the characteristic
temperatures strongly depend on the nickel concentration in the alloy. Indeed,
while on the Ti-rich side the transformation temperatures are almost independent
of the composition and completely analogous to the equiatomic alloy, as evidenced
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by the near-verticality of the NiTi phase boundary in Figure 2.2, on the Ni-rich
side an increase in nickel content results in a drastic reduction of the characteristic
temperatures. For instance, even a 1% variation in Ni concentration is su cient to
shift the transformation temperatures by over 100 K, which can drop to values close
to O K for contents above 51.5% [34].

Figure 2.3: M temperature as a function of Ni content for NiTi alloys. Source: [34]

A valid alternative can be achieved by adding a third element to the compound,
often resulting in a signi cant reduction in characteristic temperatures and a mod-

i cation of the transformation path. A typical example is found in the NiTi alloy,
where the addition of Fe results in a two-phase B2-R-BI9transformation instead

of the direct B2-B19' transformation, resulting in the appearance of the R-phase.
Furthermore, the addition of certain elements, such as copper, increases the trans-
formation temperatures of the ternary alloy, making it a particularly valid option
for shape memory applications at room temperature. However, the strong sensi-
tivity of the composition to transformation temperatures is often an undesirable
characteristic, as it is extremely challenging to precisely control the composition of
the alloy in order to achieve the required temperatures during the manufacturing
process. Therefore, it would be optimal to nd a way to adjust the transformation

182, B19' and B19 are symbols that are partly systematic designations of the cubic, monoclinic
and the orthorhombic crystal lattice structures respectively. This designation is known as the
Strukturbericht designation.
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temperatures of Ni-rich alloys with a pre-set compaosition.

The second technique involves the use of aging treatments to ne-tune the charac-
teristic temperatures of the alloy after its production. The key factor in the aging
process is the precipitation of TiNi4, which, although metastable with respect to
the TiNi3 precipitate, is su ciently in equilibrium with the NiTi phase at temper-
atures below 60€C. In general, it can be stated that temperatures and aging time
have di erent e ects on the behavior of precipitates in the alloy. Speci cally, the
guantity of precipitates formed inside the NiTi matrix varies with aging tempera-
ture. At higher temperatures, the di usion of atoms in the alloy is faster, resulting
in a greater number of precipitates and increasing the nickel content in the NiTi
matrix, thus reducing transformation temperatures. Conversely, at lower tempera-
tures, the process is slower, leading to fewer precipitates. On the other hand, aging
time primarily a ects the size and distribution of the formed precipitates. With
prolonged aging times, the atoms in the alloy have more time to di use inside the
matrix, resulting in larger and denser precipitates that reduce mobility and make
phase transition more di cult, ultimately increasing transformation temperatures.
Additionally, the formation of coarse precipitates, such as ENig4, reduce the Ni
content, so increasing transformation temperatures. For the purpose of this work,
for instance, the formation of TgNi4 precipitate is required, whose upper limit is set
at 680°C. In contrast, a short-duration treatment results in the formation of smaller
precipitates that limit the loss of nickel in the NiTi matrix, thereby reducing char-
acteristic temperatures [34].

More speci cally, it has been experimentally observed in Ni-rich NiTi alloys that
the presence of precipitates, obtained through aging treatments, signi cantly a ects
the martensitic transformation and, consequently, the phase transition temperatures
[35, 36]. In this regard, the phase diagram shows the formation of three types of pre-
cipitates as a direct consequence of the decomposition of equiatomic NiTi at di erent
temperatures and aging times. With increasing temperature and aging times, the
intermediate phases T4Ni, and Ti,Niz appear, respectively, while at higher values,
the di usion transformation reaches the TiNg equilibrium phase [34]. This princi-
ple is summarized in the Time-Temperature-Transformation diagram (Figure 2.4),
which shows the upper temperature limit for each precipitate. As a result, the fol-
lowing diagram de nes the thermal processing ranges of the alloy within which it is
possible to obtain the metastable phase equilibrium between NiTi and the precipi-
tate necessary to properly adjust the transformation temperatures for the required
application.
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Figure 2.4: An example of TTT diagram for a Ti-52Ni alloy. Source: [34]

In conclusion, characterizing the transformation temperatures of the NiTi alloy re-
quires nding the right trade-o between temperature and aging times, whose se-
lection will depend on the speci ¢ needs of the shape memory application and the
desired thermomechanical properties, while ensuring stability and performance are
not compromised.

2.2. Thermal treatment on NiTinol tube

The following paragraph describes the experimental activities concerning the heat
treatment conducted on a fragment of SMA tube provided by CNR, aimed at in-
creasing the transformation temperatures to achieve the shape memory e ect at
room temperature. Indeed, the unprocessed Ti-50.8Ni alloy tube lacks the required
thermomechanical properties to function as a torsional smart hinge, as the excessive
nickel content leads to martensitic transformation occurring at very low tempera-
tures. Therefore, precipitation of NiTi matrix is required through an appropriate
thermal treatment consisting of heating at xed time and temperature, followed by
an instant cooling in warm water.

For the purpose of this study, the sample was treated in an mu e at a temperature
of 565C for 45 minutes. This choice is not arbitrary but is the nal result of a series
of heat treatments performed on NiTi fragments during the previous thesis work, in
order to identify the best aging technique for operating the shape memory element
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at room temperature. However, it should be noted that these tests were performed
on an alloy with a di erent nickel concentration compared to the sample available
in the laboratory. Therefore, it was decided to initially age a sample fragment using
the same heat treatment, with the aim of verifying its e ectiveness in moving the
transformation temperatures to a range suitable for the actuation of SMA tube at
room temperature.

Before proceeding with the treatment, the fragment was constrained in a steel mold,
which is necessary to shape the tube in the desired con guration. This choice is ex-
plained by the need to simulate the same thermomechanical behavior of the whole
tube in the mold during future heat treatments in the furnace. Afterwards, the tip

of a k-type thermocouple containing the temperature sensor was inserted inside the
tube to accurately detect the thermal behavior of the alloy.

The entire process into the furnace can be structured into three macrophases:

" heating the thermal chamber to the default temperature of 56&;

" placing the mold with the NiTi sample in the furnace to heat NiTi alloy to
the same temperature;

" holding a constant temperature for approximately 45 minutes.

In particular, the mold is positioned in the furnace resting on a ceramic block to
keep it in the center and avoid the thermal gap with the surfaces of the furnace,
which, being in static air, have a higher temperature of over 4G (Figure 2.5).

Figure 2.5: Mold with thermocouple inside the furnace
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Next, the fragment was heated, monitoring the alloy temperature inside the furnace
using a thermocouple. The temperature was increased with an initially high thermal
rate that gradually stabilized until reaching the set value, as reported in the following

table:

Time [min] Alloy temperature [ °C] Oven temperature [ °C]

0 25 (Troom) 525
26 534 563
29 543 572
33 551 574
58 565 576

Table 2.1: Heating process of the NiTi tube inside the mu e to reach the treatment
temperature

The opening of the mu e when inserting the mold caused the temperature of the
air inside to decrease by approximately 4C€. Furthermore, since the tube was con-
tained inside the mold, it was necessary to set a higher temperature in the chamber
to achieve the desired thermal reading. Finally, once the temperature reached 365
the thermal reference was maintained at a constant level, thereby initiating the pre-
cipitation process in the alloy.

After the heat treatment in the mu e was completed, the mold was carefully re-
moved and instantly immersed in a metal container lled with water at room tem-
perature. This method, commonly known as "quenching", facilitates the inhibition
of thermodynamic stabilization of the alloy, consolidating the microstructure into a
metastable equilibrium state.

2.3. Review of Dierential Scanning Calorimetry

This section provides a general overview of how to obtain and graphically analyze
the characteristic temperatures of nickel-titanium alloys, acquired through a thermal
measurement technique known as Di erential Scanning Calorimetry. In particular,
DSC is used to study the thermal properties of a wide range of materials by mea-
suring the heat absorbed or released by the sample during a temperature change.
The DSC operation is based on the principle that the amount of heat absorbed
or released by the sample is proportional to its enthalpy change. During an ex-
periment, the material is therefore heated or cooled at a prede ned thermal rate,
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providing useful information such as phase transition temperatures, latent heat of
transformation and speci c heat capacity. Typically, it is good practice to select a
temperature rate of about 10C/min; higher rates, indeed, tend to provide cleaner
enthalpy peaks, but compromise the accuracy in transformation temperatures due
to the thermal lag. Conversely, relatively low rates reduce the thermal lag but make
the enthalpy peaks rather indistinct [37].

A common feature in all di erential measurement systems is the ability to simulta-
neously monitor the response provided by two samples, subtracting the results. In
more detall, this relative technique is very e ective when the sample, placed in a pan
inside the machine, is compared to an identical empty pan used as a reference. So,
the obtained result corresponds to the net response of the sample under examination
only. In addition, an advantage in the di erential analysis of DSC is that external
disturbances and thermal variations present in the device a ect both measurement
systems in the same way, compensating in the presence of the di erence of the indi-
vidual signals generated by appropriate thermocouples placed in series next to the
crucibles [38].

The measurement results are reported in a speci ¢ heat ow-temperature diagram,
as shown below:

Figure 2.6: Schematic DSC diagram of a NiTi alloy with respective transformation
temperatures. Source: [39]
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The graph in Figure 2.6 roughly illustrates the behavior of a shape memory alloy
when subjected to a heating-cooling cycle, as observed through the use of dier-
ential scanning calorimetry. The y-axis display the change in thermal ow of the
sample under examination, while the x-axis indicates the temperature at which it is
subjected. The presence of two peaks signi es the occurring of a phase transforma-
tion, which manifests when the alloy is heated or cooled, resulting in the absorption
or release of heat, respectively. More speci cally, during the martensitic transfor-
mation, an exothermic reaction takes place in the alloy, leading to the release of
energy, which increases the heat ow measured by the temperature sensor of the
device. Conversely, during the austenitic transformation, an endothermic reaction
occurs, causing the absorption of heat from the system to overcome the activation
energy required for the phase transition, thus reducing the heat ow. These peaks
are used to approximately determine the characteristic temperatures of the shape
memory alloy and other properties such as associated latent heat. The start and
nish transformation temperatures are commonly obtained from the intersection of
the tangent at the peak's in ection point and the straight line at the base of the
heating-cooling curve. On the other hand, the latent heat associated with the phase
transition is calculated by integrating the area under the peaks between the starting
and ending transformation temperatures.

In conclusion, DSC represents an important supporting tool for characterizing the
various thermodynamic properties present in shape memory alloys.

2.4. DSC analysis of NiTinol fragment

This second phase of work involves the thermal characterization of the previously
aged NiTi fragment, in order to determine its characteristic temperatures. This op-
eration was performed using a DSC machine available at the CNR in Lecco through

a sequence of heating-cooling cycles on two capsules placed in a closed chamber. One
of the capsules contains the sample to be analyzed, while the other is empty and
serves as a measurement reference (Figure 2.7). Prior to placement into the device,
the fragment was precisely weighed after being carefully sectioned; this preliminary
procedure was necessary as the DSC allows measurements for samples weighing less
than 50 mg to avoid temperature gradient in the material.
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