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Abstract

Constellation formation flying of nanosatellites (< 10 kg) is becoming a trend for future space exploration missions. Liquid
chemical micropropulsion that can provide high thrusting force for high AV orbital transfer is a crucial hardware com-
ponent for successful constellation re-positioning. However, liquid chemical micropropulsion system dedicated for these
nanosatellites still not currently available in the market. In this study, a microthruster was fabricated using alumina
toughened zirconia (ATZ) as structural material and yttria-stabilised zirconia-graphene (YSZ-Gr) as electrode material.
The device has a dimension of 1.7 cm (length) x 1.3 cm (width) x 0.5 cm (thickness) and weighing only 6.18 grams,
comprising of five major components such as propellant reservoir, injector, electrodes, micronozzle and reaction chamber.
Material characterization shows that both materials have negligible weight loss and small reduction in material hardness
and fracture toughness after 20 thermal-vacuum cycles. Moreover, results from dynamic mechanical analysis (DMA)
ascertain that addition of graphene significantly enhanced the damping behaviour of the zirconia composite. Electrolytic
decomposition of hydroxylammonium nitrate (HAN) solution in the reaction chamber has been demonstrated with max-
imum thrust of 180.53 mN at a propellant flow rate of 60 pl/s. The preliminary results suggest that the HAN-based ceramic
microthruster could potentially be used as primary propulsion for nanosatellites in constellation formation flying.

1 Introduction

In recent years, formation flying of nanosatellites
(< 10 kg) have attracted enormous attention from space
community because of advantages such as short develop-
ment time, low life cycle cost, reduced risk of mission
failure, as well as versatility to changing mission goals
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(Kristiansen and Nicklasson 2009; Hu et al. 2015; Sun
et al. 2017). In depth review on the formation control of
nanosatellites, satellite formation flying, distributed satel-
lite systems, and fractionated satellite formation have been
reported previously (Liu and Zhang 2018; Chong et al.
2016).

Formation flying of satellites can be categorized into
trailing, cluster and constellation. The fundamental success
of satellite formation flying lies on the relative spatial and
temporal positioning of each satellite in the formation,
which is susceptible to unpredictable and dynamic space
environment. For constellation formation flying, constant
orbital correction and orbit re-phasing are required. For
instance, orbit re-phasing is necessary if one of the satel-
lites in the constellation fails, others may re-position
themselves to ensure continuity of the mission. For an
interplanetary mission, a swarm of nanosatellites could be
designed to perform a series of risky manoeuvres, such as
orbiting and landing on an asteroid while the ‘mothercraft’
remain on orbit to receive and transmitting data from
landed space probe using high gain antenna. Requirements
for these high AV scenarios are highly dependent on the
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mission while the choice of propulsion concept depends on
the available time to conduct such manoeuvre (Mueller
et al. 2008). High specific impulse electric micropropulsion
is suitable for long duration mission. Cold gas micro-
thruster or chemical microthruster with moderate specific
impulse but high thrust-to-weight is ideal for rapid orbital
transfer.

Cold gas thruster has been demonstrated as the feasible
propulsion concept for the rapid AV applications. SNAP-1,
a 6.5 kg nanosatellite, developed by University of Surrey is
the first nanosatellite carrying cold gas thruster (Under-
wood et al. 2003) to perform inspection manoeuvres to
another satellite in orbit. The separation between SNAP-1
and Tsinghua-1 (target microsatellite) has successfully
been reduced from 15,000 to 2000 km.

Nevertheless, the low specific impulse of cold gas
thruster has limited total AV. Chemical propellant micro-
thruster offers higher specific impulse and thus higher total
AV. Hydrazine is a commonly used chemical propellant
due to its heritage, such as GRAIL mission where two
microsatellites used to measure moon gravity (Edwards-
Stewart 2013).

However, the high handling cost of the toxic hydrazine
propellant is a drawback which does not favour
nanosatellite applications. Electrolytic ignition of HAN
solution is a promising approach for application in micro-
propulsion system. Previous study has demonstrated a
complete combustion of HAN solution inside a 0.82 mm?
volume of combustion chamber produced 150 mN of thrust
with deposited electrical energy as low as 1.9 J (Wu and
Yetter 2009). A combination of cold gas and ADN green
propellant thrusters have been demonstrated in the
PRISMA rendezvous mission (Persson et al. 2010). Green
ionic propellant, e.g. ADN and HAN, is a promising
replacement of hydrazine for chemical micropropulsion
system.

Although extensive research work focusing on forma-
tion coordination (Ren and Sorensen 2008) and control
methods (Cai et al. 2017; Zhang and Liu 2018) have been
carried out, developing microthruster hardware specifically
for nanosatellites in formation flying has only been repor-
ted recently, in which a low power micropropulsion system
based on thermal decomposition of an inert chemical
blowing agent (CBA) capable of delivering thrust of 1 uN
was reported (Romero-Diez et al. 2018).

Although specific requirement of green liquid propellant
for nanosatellites in constellation formation flying have not
been reported, several criteria for development of the
microthrusters from literatures can be summarised as the
following:

1. Provide mili-Newton level of thrust for rapid

manoeuvre.
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2. Environmentally friendly propellant—non-toxic, clean

combustion by-products and easy to handle.

3. Compact system, i.e. small in size and light in weight

for high thrust-to-weight ratio.

While green propellants are promising alternatives, their
high combustion temperature poses stringent requirements on
thermo-mechanical properties of the structural material. In
recent years, advanced ceramic composites has been poised as
the potential structural material for next generation liquid
propellant or cold gas microthrusters (Lekholm et al. 2013;
Cheah and Chin 2011, 2012, 2013). These ceramics are tol-
erant to high temperatures, lower heat conductivity, excep-
tional thermal shock resistance and chemically resistant
(Schneider et al. 2008; Nevarez-Rascon et al. 2009; Bar-
tolomé et al. 2016). Compared to stainless steel and silicon-
based material, fabrication of microthruster using high tem-
perature co-fired ceramic (HTCC) technique (Cheah and Low
2014) is relatively simple, and completed with less expensive
equipment. However, HTCC are prone to crack after firing at
high temperature (Khaji et al. 2016) and not tested in space
simulated environment.

In this paper, a high AV HAN-based microthruster was
fabricated using Alumina Toughened Zirconia (ATZ)
ceramic and Yytria Stabilised Zirconia-Graphene ceramic
composite as the structural and electrode materials,
respectively. The microthruster is a scale-up based on
Hydrazine mili-Newton Thrust (HmNT) developed by
NASA Jet Propulsion Laboratory (Mueller et al. 2008). The
ceramic materials were characterized with thermal-vacuum
cycle analysis and Dynamic Mechanical Analysis (DMA)
to evaluate their suitability in space environment. Lastly, a
preliminary testing was conducted to measure the thrust
produced by the ceramic microthruster via electrolytic
ignition of HAN propellant.

2 Materials and methods
2.1 Fabrication of ceramic microthruster

Preparations of ATZ and YSZ-Gr suspensions for gel
casting have been described in our previous studies
(Markandan et al. 2015, 2017). The microchannel pattern
in the thruster was drawn and cut onto adhesive film of
100 pm thickness using a cutting plotter (CE6000-60,
Graphtec). The film thickness is equivalent to the depth of
microstructures. The unwanted parts on the film will be
removed, leaving behind a negative pattern which serves as
a master mold to prepare a PDMS soft mold, as shown in
Fig. 1. The Vinyl film master mold and the replicated
PDMS soft mold with microthruster design are shown in
Fig. 2. ATZ suspension was then casted into the mold and
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Removal of unnecessary

Cut film film around pattern

Fig. 1 Preparation of vinyl master mold using cutting plotter

Fig. 2 Vinyl film master mold with geometry of microthruster design
and replicated PDMS soft mold

heated to 50 °C to accelerate gelation process. YSZ-Gr
suspension was poured into the remaining region of the
mold and reheated to 50 °C.

85% aqueous glycerol solution was applied as adhesive
to laminate the ceramic green layers, followed by sintering
via double step sintering by first ramping the temperature
to 1200 °C, reduced to 900 °C and held for another 30 h in
a furnace (CWF1200, Carbolite). Then, the YSZ-Gr con-
ductive paths were connected to the external electrical
circuit and connecting tubes were inserted into the elec-
trode holes and propellant reservoir, respectively. Figure 3
shows the sealed ceramic microthruster with an opening
view of the micronozzle exit.

Micronozzle
S

Fig. 3 Sealed microthruster with clear opening view of micronozzle
exit

2.2 Material characterization
2.2.1 Thermal-vacuum cycling analysis

Pieces of ATZ and YSZ-Gr samples with dimension of
1.7 ecm (length) x 1.5 cm (width) x 0.5 cm (thickness)
were inserted into a custom-made vacuum chamber. The
chamber was connected to a scroll type dry vacuum pump
(DIS501, Ulvac Kiko) and a cryogenic pump (CRYO-U 12
HSP). In normal operating condition, the pressure inside
the chamber is 8 x 107> Pa with temperature control
at = 5 °C. The temperature range was set from 70 to
— 20 °C for a duration of 20 cycles in which each cycle
lasted for 120 min.

2.2.2 Dynamic mechanical test

Ceramics have excellent refractory properties and high
strength that make them ideal candidate for space com-
ponents. One of the factors impeding the implementation of
this material is their poor damping behaviour. The ceramic
propulsion device may be subjected to a barrage of shock
waves, which impart impulse forces onto the surface gen-
erating them. As such, damping of such impulsive forces is
vital to prevent accumulative damage. Dynamic mechani-
cal analysis (DMA) is a useful tool to study the damping
behaviour of ceramics, in which tan J is used as a mea-
surement of energy dissipated to energy stored.

2.3 Thrust measurement from the HAN
microthruster

73 wt% of hydroxylammonium nitrate (HAN) ionic liquid
was used as the propellant in this experiment. It is a green
and environmental-friendly liquid propellant which is less
toxic, easier handling and storage, as well as clean
decomposition byproducts such as oxygen, water and
nitrogen. The propellant was synthesised in house, in which
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the process and details of characterization can be found in
our previous study (Chai et al. 2016). A syringe pump was
used to deliver the HAN propellant into reservoir at con-
trolled flowrates of 20, 40, 60 and 80 pl/s, respectively.
The propellant undergoes electrolytic decomposition using
a potential difference of 80 V and current of 0.1 A. A load
cell (Futek, USA) with sampling rate of 100 ms and
accuracy up to 0.01 mg was placed 2 mm from the
micronozzle to measure the thrust generated in 120 s.

3 Results and discussion
3.1 Suitability of material in space environment
3.1.1 Thermal-vacuum cycling

Thermal-vacuum cycling induces repeated stress at the
ceramic interface, thereby weakening the bond of ceramic
particles. The reduction in the device dimension and
weight is less than 1%, showing that most of the volatile
chemicals and binders eliminated in multiple stages of
heating and sintering. The material hardness has negligible
changes after thermal-vacuum cycling while fracture
toughness reduces by 9-11%, as shown in Table 1. The
results suggest that both materials can function properly in
thermal-vacuum environment.

3.1.2 Dynamic mechanical analysis

The addition of graphene platelets in YSZ not only pro-
viding electrical conducting paths for electrolytic decom-
position, but also enhancing the damping behaviour by
energy dissipating mechanism such as GNP pull-outs
(Colombo et al. 2010). tan ¢ for different compositions of
YSZ-Gr composite are presented in Fig. 4. It can be seen
that the presence of graphene platelets improves the
damping behaviour of all but slow down towards 100 Hz.
This is mainly due to the insufficient recovery time for
effective damping behaviour. The effect of 0.5 wt% gra-
phene platelets in comparison to monolithic YSZ is trivial
at all frequencies since there is insufficient layers of gra-
phene to improve the damping behavior. The YSZ rein-
forced with 1 wt% graphene platelets shows significant
improvement in damping behaviour at low frequency, with
improvement of 280% over monolithic YSZ at a frequency

0.14 -
M Ysz

0.12 - B YSZ+ 0.5 wt.% graphene
B YSZ+ 1.0 wt.% graphene
0.1 - W YSZ+ 2.0 wt.% graphene

0.08 -

tan (8)

0.06 -

0.04 -

0.02 -

25 50 75 100
Damping frequency (Hz)

Fig. 4 Damping behaviour (tan ) of YSZ-graphene platelets (GP)
composites at different frequencies

of 25 Hz. In our previous study, scanning electron micro-
scopy images revealed that YSZ reinforced with 1 wt%
graphene platelets are widely dispersed and distributed
uniformly throughout the sample to form a networked
structure with electrical conductivity of 0.9 S/cm
(Markandan et al. 2016). This composition was chosen in
the fabrication of electrode of good electrical conductivity
and excellent damping behaviour.

3.2 Design and fabrication of ceramic
microthruster

The layout of the zirconia composite microthruster design
is shown in Fig. 5 with dimension of 1.7 cm (length) x

1.3 cm (width) x 0.5 cm (thickness) and weigh only
6.18 g. The HAN solution was pumped into the reservoir
and flows through a microchannel with 90° bends, before
entering the reaction chamber. Electrolytic ignition of
HAN solution in the reaction chamber produces gaseous
by-products that are accelerated through the micronozzle to
produce thrust.

A Hydrazine milli-Newton thrust (HmNT) weighed 40
grams, developed by JPL for high AV manoeuvres in a
cubesat (< 3 kg) produces 130 mN (Mueller et al. 2008)
was used for scale up for microthrusters in nanosatellites. A
factor of 3 of scale up shows that approximately 390 mN is
required for similar applications in a nanosatellite
(< 10 kg).

The micronozzle design in the microthruster is based on
a design previously developed in our research graoup.
Detailed descriptions on the design processes of

Table 1 Effect of thermal

. . Material Hardness (GPa) Fracture toughness (MPam®?)
cycling on mechanical
properties of the composite Before After % Before After %
YSZ-Gr 16.60 £ 0.47 15.62 £ 0.26 - 59 442 £ 0.23 4.01 £ 0.31 —9.23
ATZ 15.35 £ 0.036 14.98 £ 0.33 — 241 4.96 £ 0.08 443 £ 0.18 — 10.67

@ Springer



Microsystem Technologies (2019) 25:4209-4217

4213

Fig. 5 a Design of ATZ A
microthruster. b Green layers of
the device after demoulding.
Layer 1 is the top layer drilled
with three holes and layer 2 is
the bottom layer with the
microchannel configuration.
The microthruster was formed
by folding both layer 1 and 2
towards each other. Hence the

Electric
vials

_£_)O

O

«—— ATZ
& Propellant reservoir
Injectors

0 ¢ Reaction chamber

; YSZ + graphene

side walls of the reaction
chamber acts as the electrodes Layer 1 LayeI 2
B -
ATZ L
3mm
13cm | <
Drilled ’ Reaction chamber
holes l'jmi
YSZ + graphene
<~
< 1.7e¢cm 0.7mm

micronozzle, i.e. design consideration, geometrical sizing
and performance simulation using CFD are well-docu-
mented (Cheah and Chin 2011). Design parameters of the
existing micronozzle were revised accordingly and sum-
marized in Table 2, to generate a target thrust of 360 mN.
The converging part of the nozzle has a half angle of 30°.
Expansion ratio of the thruster is 4.4 while the throat depth
was kept at 300 pm. Previous numerical studies (Cheah
and Chin 2011) have concluded that higher diverging
angle, i.e. 30°, has reduced the viscous loss, which subse-
quently improve the efficiency of micronozzle operating at
low Reynolds number. However, the Reynolds number at
nozzle throat has increased to 24,704 as the micronozzle
was scaled up for higher thrust, hence the diverging angle
of the micronozzle was reduced to the typical value of 15°.

Table 2 Design parameters of the micronozzle

Design parameter Value
Nozzle depth 300 pm
Nozzle throat width 160 pm
Nozzle exit width 704 um
Expansion ratio 44

Mass flow rate (80 pl/s)
Throat Reynolds number

1.472 x 107" kg/s
24704

Design thrust 361 mN

3.2.1 Surface contour of ceramic microthruster

Dispersion of graphene in YSZ composite is critical since
the YSZ-graphene paths were used as electrodes. Before
sealing the device, both ATZ and YSZ-graphene were
examined under SEM to ensure even distribution of gra-
phene and avoid stacking. Figure 6 shows the SEM images
of ATZ and a graphene flake among YSZ, respectively.
Figure 7 shows different sections of the ATZ micro-
thruster. All design features including the propellant
reservoir, combustion chamber, injector and micronozzle
were successfully molded. A closer inspection reveals the
capability of this technique to produce vertical smooth
sidewalls. However, geometrical irregularity was occa-
sionally observed, as shown in Fig. 7a. The presence of
irregularities in non-critical components of the thruster is
within the tolerance limit.

It is noteworthy that geometrical dimensions of the
micronozzle have been upscaled by 15% from the design
values to account for the expected shrinkage of 10-15%
during the sintering process (Cheah and Chin 2013). After
comparing the dimension of five (5) micronozzles before
and after the sintering, the shrinkage is evaluated as 15% in
average. Quantifying measurements on the nozzle throat
width and height after different fabrication processes were
conducted and summarized in Table 3.

3.2.2 Performance evaluation of the microthruster
As shown in Fig. 8, the thrust profiles at low (20 pl/s and
40 pl/s) and high flowrates (60 pl/s and 80 pl/s) can be

divided into 4 stages. First stage refers to a 6 s initial delay
before the electrolytic decomposition of HAN solution

@ Springer
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Fig. 6 SEM images of a ATZ
and b YSZ-graphene surfaces

Geometrical
irregularities

\:----u--

Fig. 7 SEM images of microthruster sections. a The overall microthruster configuration, b propellant reservoir, ¢ microchannels, d reaction

chamber, e micronozzle

Table 3 Measurements of geometrical dimension of micronozzle
throat after different fabrication processes

Width (um) W/W, (%) Height (um) h/h, (%)

185 £ 10 100

183 £ 0.5 98.9
176 £ 0.3 94.9
156 + 0.7 84.3

345 £5 100

342 £ 04 99.1
327 £03 94.8
293 £ 0.3 84.7

Master mold
PDMS mold
Green ceramic

After sintering

starts. The second stage is the thrust generation stage, in
which the HAN solution decomposes into hot gases. The

@ Springer

thrust level increases steadily until a maximum value is
reached. In the third stage, thrust level drops from the
maximum value. After a few seconds, the thrust level
achieves its steady state.

In this study, the maximum thrust achieved increases
proportionally to the flowrate as anticipated, as shown in
Fig. 8e. A maximum thrust of 180.53 mN was recorded at
flowrate of 60 pl/s. However, the steady state thrust
remains rather constant at approximately 50 mN. This
implies that the electrolytic technique is only effective in
initiating the decomposition of HAN solution but not able
to sustain the reaction when HAN solution was fed into the
thruster continuously. The increasing amount of gases
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Fig. 8 Thrust profiles of ceramic microthruster obtained at different propellant flowrates a 20 pl/s, b 40 pl/s, ¢ 60 pl/s and d 80 pl/s. e Maximum

attainable thrust at different propellant flowrates

produced from electrolytic decomposition has disrupted the
continuity in deposition of electrical energy into the HAN
solution. This is justified as unreacted HAN solution was
observed flowing out from the micronozzle exit during the
experiment.

There are two reasons contributing to the thrust fluctu-
ation. First, accumulation and sudden discharge of gas
bubbles in the reaction chamber towards the micronozzle
due to variation of hydrodynamics condition in the
upstream in reaction chamber (Chai et al. 2016). The
condition was due to the sinusoidal pumping behaviour of
the syringe pump.

The maximum thrust achieved in this study is only 50%
of the design thrust (180.53 mN against 361 mN), sug-
gesting the electrolytic decomposition alone is insufficient
to achieve complete consumption of the flowing HAN
solution. Although using of catalyst is common in macro-
scaled chemical propulsion system, pre-heating of catalyst
bed requires substantial electrical energy, making it unfa-
vourable for microthrusters in nanosatellites. Further
improvement could be made to combine the electrolytic
and catalytic techniques. Electrolytic ignition technique
can be used in the initial stage to partially decompose the
HAN solution into warm liquid—gas mixture, followed by
flowing into a catalyst bed for complete decomposition to
generate thrust.

3.3 SEM analysis on microthrustrer
after electrolytic decomposition

The SEM analysis was only limited to ATZ but not the
YSZ-graphene layer because its area in contact with HAN
is limited to a thin layer at the wall. An original ATZ
surface is shown in Fig. 9a, with clear and smooth surface.
Figure 9b, c are two different reaction chamber surfaces
after 2 min and 5 min of electrolytic decomposition of
HAN at 60 pl/s, respectively. Figure 9b has some spheres
and pits, and appears to be octahedral crystals while the
surface fired while Fig. 9c has micron-sized platelets
covering the surface. The phenomena on the ATZ samples
are similar to that of hot corrosion (Schacht et al. 1998;
Park et al. 2005; Manning et al. 2015), in which tetragonal
phase of the zirconia was transformed into monolithic
phase. The associated microcracks provides paths for
minor leakage of gas products which reduces the pressure
inside the reaction chamber. As such, this preliminary
study indicates that further improvement is necessary to
extend the operational lifetime of the ceramic micro-
thruster. The sintering temperature could be increased to
1400-1500 °C. Higher sintering temperature was proved to
be effective in reducing the internal porosities and
increases the thermo-mechanical properties, e.g. hardness
has increased for as high as 20% for ATZ sintered at
1400 °C (Kern and Gadow 2012).

@ Springer



4216

Microsystem Technologies (2019) 25:4209-4217

Fig. 9 SEM images of microthruster. a Original ATZ surface. b ATZ surface fired with 60 pl/g propellant for 2 min and ¢ ceramic surface fired

with 60 pl/g propellant for 5 min
4 Conclusions

In this paper, a microthruster fabricated with ATZ and
YSZ-graphene has been demonstrated. YSZ-graphene is
not only served as electrodes for electrolytic decomposition
of HAN solution but also playing a role in damping.
Thermal-vacuum analysis and dynamic mechanical analy-
sis were conducted to evaluate the change in material
properties under simulated space environments.

Thrust generated by the ceramic microthruster at dif-
ferent flowrates was measured using a load cell. The
maximum thrust achieved is 180.53 mN at flowrate of
60 pl/s. The thrust measurement experiment reveals the
incomplete decomposition of HAN solution using elec-
trolytic technique alone. Nevertheless, the experimental
results suggest that electrolytic technique could be com-
bined with the conventional catalytic technique for a
complete combustion of HAN solution which releases
more energy and subsequently generates higher thrust.

The ceramic microthruster weights only 6.18 g and able
to generate thrust above 100 mN. After the discovered
issues in decomposition of HAN solution are addressed, a
high thrust-to-weight ratio microthruster could be realized
in the future. Such microthruster has potential applications
as primary propulsion system for rapid orbital transfer in
constellation formation flying of satellites.
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