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ABSTRACT

This paper reports endurance tests on engineering model high-temperature resistojets manufactured
using flight-representative materials. High-temperature resistojets improve the economics of small satel-
lites and are an attractive technology for auxiliary propulsion on all-electric geosynchronous satellites.
Additive manufacturing was used to economically produce the geometrically complex heating element.
Endurance tests were performed on heaters and full thruster assemblies. Eight engineering model thrus-
ters were tested, with five manufactured from Inconel 625, and three having a tantalum heater and noz-
zle operating at higher temperatures. The eight units were operated in vacuum to determine their
endurance. The Inconel thrusters were operated at 30 W electrical power, while the tantalum thrusters
were operated at 60 W, representative of intended operating conditions. Measurements of temperature
and electrical resistance throughout the tests were used to infer the condition of the thrusters. Following
a retrofit of two of the Inconel 625 thrusters with a modified component to mechanically support the
heater, they completed 6000 heating cycles without failure. The tantalum thrusters, equipped from the
outset with the modified component, completed 10000 heating cycles. Both variants exceeded the min-
imum cycle requirement of 4000. This work demonstrates the operational feasibility of additive-
manufactured, high-temperature resistojets.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Propulsion systems move satellites into their operating orbits
after launch, maintain the desired orbit and attitude during the
mission, and remove the satellite from orbit at the end of life to
prevent the creation of space debris. Two trends in the space
industry have been identified which are not well addressed
by currently available propulsion systems. The University of
Southampton (UoS) is developing a Super-high Temperature
Additive-manufactured Resistojet (STAR), which we believe to be
an attractive technology option to meet the identified needs.

Satellites have become smaller, more capable, and cheaper in
recent decades. The number of small satellites (< 600kg) being
deployed to low Earth orbit (LEO) is therefore increasing rapidly.
Over 90% of all satellites launched are now in this category, num-
bering thousands in total [1], and this growth is expected to con-
tinue with the deployment of large constellations such as
Starlink and OneWeb. The majority of these satellites will need
propulsion systems, but current offerings are poorly suited for
many of them. Chemical propulsion (CP) offers high thrust but is
too expensive for many small companies to handle due to the
extreme toxicity of hydrazine. Common plasma-based electric
propulsion (EP) systems such as Hall effect (HET) and gridded ion
(GIT) thrusters achieve high specific impulse (I,), but they are
expensive, and moreover have low thrust-to-power ratios (TPR).
Small satellites often have a tight power budget, typically 100 W
or less, and the resulting low thrust necessitates long manoeuvres,
reducing availability of the payload. Resistojets, a type of elec-
trothermal propulsion, are simple, low cost, and have orders of
magnitude higher TPR than plasma EP systems. However, current
commercially available resistojets have very low I;,. For example,
the Surrey Satellite Technology Ltd (SSTL) T-30 has an I, of 48 s
using xenon as propellant [2]. This limits them to very low delta-
V missions. The aim of STAR is to retain the high TPR and cost effec-
tiveness of existing resistojets, while significantly increasing I,.
This would improve the economics of existing small LEO spacecraft
and also be a mission-enabling technology for concepts that are
restricted by the current range of available propulsion systems.

Large satellites for geosynchronous orbit (GEO) are transitioning
from CP to EP to reduce propellant load. The adoption of EP for orbit
raising from LEO to GEO reduced typical propellant mass ratios from
over 50 % to around 10 % [3], resulting in smaller spacecraft or larger
payloads, reducing costs. These benefits would be enhanced for a
GEO spacecraft using only EP, enabling a single common propellant
supply which would reduce dry mass and system complexity, and
allow optimal use of the propellant. However, options for attitude
control thrusters are limited at present. Some all-electric GEO space-
craft such as Electra [4] mount their primary electric thrusters on
deployable booms, achieving the necessary pointing torque with a
long lever arm rather than high thrust. This is an elegant use of the
thruster, but introduces a costly, complex pointing system - besides
this, Electra still uses cold gas RCS thrusters for detumbling and safe
mode operations where power is limited. Resistojets have high TPR,
are compatible with the xenon propellant used by the main EP thrus-
ter, and can operate in a cold gas mode. They may be used to imple-
ment an attitude control system without the use of reaction wheels
or gyros [5]. However, their low I, currently outweighs all of these
potential benefits. STAR, offering improved I, and high TPRin a sim-
ple, low-cost thruster, may therefore also be an enabling technology
for all-electric spacecraft.

2. Background and previous work

Resistojets use a resistive electric heating element to heat a gas-
eous propellant, which is then accelerated from a nozzle to pro-
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duce thrust. I, is proportional to the square root of the
propellant’s stagnation temperature T, as shown in Eqn. 1, where
1, is the nozzle efficiency, g, is the gravitational acceleration at
Earth’s surface, and c, is the specific heat capacity of the
propellant.

Isp:%,/z*cp*ro (1)

0

The SSTL T-50 operates below 900 K. The melting point of many
materials far exceeds this, raising the prospect of achieving higher
Ip. Recently, additive manufacturing (AM) has advanced rapidly,
providing a new tool to address the design and material challenges
of high-temperature resistojets. AM allows highly complex compo-
nents to be manufactured cheaply and quickly. High-performance
aerospace nickel alloys such as Inconel 625 (In625) are already
well-characterised and commonly used in selective laser melting
(SLM), a particular AM technology which uses a laser to melt a
bed of thin layers of metal powder. Super-high temperature refrac-
tory metals such as tantalum (Ta) can also be manufactured by SLM,
though the process is not as mature as for the nickel alloys. This
project aims to increase Iy, over current commercially available
resistojets by approximately 25% using In625, and approximately
65% using Ta. Considering Eqn. 1, taking C, = 158 Jkg'K™', and
assuming a realistic range for #,, of 0.9-0.95, this requires gas tem-
peratures of 1200-1350 K for In625 or 2200-2400 K for Ta. Consid-
ering that the maximum structural temperature must be somewhat
higher than the gas temperature to effect heat transfer, meeting this
target may require the nickel alloy thruster’s maximum tempera-
ture to be as high as 1400 K, 87% of the material’s melting point.
The high-temperature resistojet is designed to operate effectively
below 100 W, for use on small LEO spacecraft. Separate work by
the author (in a publication to follow) has experimentally con-
firmed that the performance target has been reached for the
In625 thruster variant. Operating with xenon propellant at 3 bar
supply pressure, at an input power of 32 and 58 W respectively,
the thruster has an Iy, of 56.2+0.6 s and 61.6+0.6 s.
High-temperature resistojets were investigated as early as
1959, with NASA working to develop a thruster operating at
3000K, to achieve 1000 s I, using hydrogen propellant [6]. A con-
centric tubular heater design was used - a central tube was heated
by an electric current, surrounded by a number of unpowered
tubes, indirectly heated by radiative transfer from the central tube.
Propellant flowed axially through the annular channels between
the tubes, beginning in the outer channel and circulating radially
inwards. The cold propellant flow in the outer channels led to high
thermal efficiency by capturing heat that would otherwise be lost
from the casing. The long flow path allowed propellant tempera-
tures to approach the structural temperature, reaching the highest
possible Iy,. Experimental tests on the ground measured I, of
700 s, indicating a temperature in excess of 2200K, in the range
of interest for STAR. However, the resistojet operated at 30 kW,
and required complex, costly manufacturing processes: chemical
vapour deposition to produce thin tungsten tubes, and electron-
beam welding to fabricate the heater assembly. The research was
curtailed following the introduction of plasma electric propulsion
that produced higher Iy, using more practical propellants.
Development of a high-temperature AM resistojet at the UoS
began in 2014, with the doctoral research of Dr. Federico Romei.
Romei adapted the concentric tubular resistojet concept for AM,
to capture the benefits of the design with more cost-effective man-
ufacture. He designed and manufactured a prototype thruster
referred to hereafter as STAR-0. Fig. 1 shows a cutaway view of
the CAD design for STAR-0, alongside a view of the propellant flow
path. Through several iterations, Romei’'s work demonstrated the
feasibility of an AM tubular resistojet concept [7], using SLM to
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Fig. 1. Rendered CAD cutaway of STAR-O thruster prototype mounted on thrust
balance interface plate. Labelled features: 1 - AM heat exchanger/nozzle, 2 -
pressure case, 3 — ceramic nozzle spacer. Yellow arrows in right-hand view show
propellant flow direction. Thruster interface plate at bottom left is 58 x 58 mm and
assembly height is 107 mm.

produce high-aspect ratio thin-walled heater tubes in a complex
configuration with an integrated supersonic nozzle. Through labo-
ratory thrust measurements, he verified that the I, of a stainless
steel 316L prototype model was comparable to that of the SSTL
T-50 [8].

As part of an environmental testing campaign to raise the TRL of
the STAR technology, endurance testing of two STAR-O thrusters
was carried out by the author [9]. An endurance target of 4000
cycles was chosen based on information provided by SSTL, repre-
senting an upper bound on typical applications of the thruster as
the primary propulsion system of a small LEO satellite. The design
was found to be susceptible to early failures induced by thermo-
mechanical cycling, with the two units under test failing before
reaching 10% of the endurance target. The resistojet was subse-
quently redesigned to extend its lifetime. The objective of the rede-
sign was to reduce the magnitude of stresses developed by
mismatched thermal expansion between the concentric tubes that
make up the heating element. The new design, referred to hereafter
as BB-02, is the subject of the tests described in this paper.

3. BB-02 thruster design

BB-02 was developed as an engineering model. Fig. 2 shows a
CAD image of the design and a photograph of a full engineering-
model thruster assembly. The concept is substantially the same
as STAR-0, consisting of a series of nested annular flow channels
between concentric tubes, where cold propellant is introduced at
the outer radius before flowing radially inwards, passing back
and forth axially. An electric current flows through the heater,
and the heat thus generated is transferred to the propellant. The
long flow path maximises propellant temperature, and the inward
radial flow allows the initially cold propellant to capture heat
which has been conducted to the exterior of the heater, improving
thermal efficiency compared to a single pass. The key differences
between STAR-0 and BB-02 consist of: the introduction of flexible
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Fig. 2. Left: cutaway CAD image of BB-02 design, showing assembly arrangement of
heating element within thruster. Right: photograph of thruster assembly.

elements into the heater to compensate for mismatched thermal
expansion; the separation of the heater from the nozzle, which
was printed as an integral piece in STAR-0; and changing from a
permanent welded construction to the use of screws. The new
design is covered by a pending patent [10].

Two variants have been manufactured using different materials.
The high-temperature variant, STAR-Ta, is made from refractory
metals, which offer the highest potential resistojet performance
but entail high technical risk due to the low level of technological
maturity of refractory metal AM. Three candidate materials were
considered: tantalum, tungsten and rhenium. All have a melting
point above 3000 °C. Tungsten has the highest melting point at
3422 °C, and is the cheapest. Tantalum has the lowest melting
point at 3017 °C, is somewhat more expensive, but is superior to
tungsten for this application as it does not embrittle upon exposure
to high temperature. Rhenium has an intermediate melting point
and shares the high temperature ductility of tantalum, however
it is very expensive, costing thousands of pounds per kilogram.
Tantalum was therefore chosen as the base material, as its melting
point is still significantly higher than the planned 2400 K operating
temperature. In component-level testing, both pure tantalum and a
tantalum-10% tungsten alloy (which retains most of the ductility of
pure tantalum while increasing the melting point) were tested. For
the intermediate-temperature variant, STAR-Ni, nickel superalloys
were identified as a technologically mature group of materials,
widely used in high-temperature aerospace applications, which
can sustain higher temperatures than the state-of-the-art resisto-
jets. Moreover, some nickel superalloys are already widely avail-
able for manufacturing by SLM. Following an earlier test
campaign, Inconel 625 was chosen.

STAR is initially envisaged to operate with xenon propellant. It
has been used by SSTL for several missions with their T-30 resisto-
jet because of its high storage density, and it is the most common
propellant used by plasma EP systems, giving compatibility with
all-electric spacecraft. Considering inert propellants such as xenon,
STAR-Ta represents a high-risk but high-reward development, util-
ising the highest temperature materials. STAR-Ni represents a
lower reward path with lower risk, as the materials are well known
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in the aerospace industry and commonly used. However, despite
the lower temperature ceiling, STAR-Ni has the benefit of being
compatible with a wider range of propellants, including oxidising
or reactive substances such as steam and iodine, both of which
have received recent attention as alternative propellants for EP.
Therefore Inconel 625 has the potential for greater flexibility in
future.

4. Experimental endurance testing

Endurance testing was carried out on BB-02 to investigate the
extent to which the new design improved cyclic endurance over
STAR-0. Testing was carried out in two stages. First, component-
level tests were performed on the heater, then tests were con-
ducted on full engineering model (EM) thruster assemblies.

4.1. Test specimens

For component-level tests, ten Inconel 625 (In625) heaters,
three tantalum (Ta) heaters and two tantalum-10% tungsten
(Ta10W) heaters were tested. As part of a consortium under a UK
Space Agency Flagship grant, the heaters were produced by HiEta
Technologies Ltd, an industrial manufacturing partner. They were
manufactured on a Renishaw AM250 SLM machine. The In625
parts were manufactured with a layer thickness of 60 pm and a
laser energy density of 2.86 Jmm™2. The Ta parts were manufac-
tured with a layer thickness of 30 um and a laser energy density
of 7.14 Jmm™2. As a full AM parameter development was outside
the scope of this work, the Tal0W parts were manufactured using
the same parameters as pure Ta. The Ta and TalOW powder was
manufactured and provided by H.C. Starck Inc. The parts were
stress relieved before removal from the build plate by HiEta. The
parts were visually inspected by the author, paying special atten-
tion to the coil and mesh elements of the heaters, which were
the most challenging to manufacture. All heaters were ultrasoni-
cally cleaned at the University of Southampton with warm iso-
propanol to remove contaminants including any remaining metal
powder. Parts were weighed before and after cleaning, with addi-
tional rounds of cleaning undertaken until there was no further
change, indicating the removal of all loose powder. The room-
temperature electrical resistance of each heater was measured
before and after each cleaning step, and compared between heaters
as an indicator that the coil had not been significantly damaged or
deformed. The number of refractory parts was lower than the num-
ber of nickel alloy parts due to the difficulty of obtaining the nec-
essary quantities of tantalum powder suitable for AM. For this
reason, while all In625 parts under test were manufactured in a
single batch, one of the Ta heaters was from a different manufac-
turing batch to the other two.

For assembly-level testing, five thrusters were produced with
nozzles and heaters made from In625, and three had Ta heaters
and nozzles. All other AM components were made from Inconel
625 in both variants, as they are not exposed to the highest tem-
peratures in the thruster. All AM components were supplied by
the same industrial partner as the component-level test specimens,
and the number of Ta thrusters was again limited by material
availability. Due to the low Ta powder quantities, a “reduced build
volume” add-on was used in the SLM machine, whose total height
was too short to build the Ta nozzles. Therefore, they were
machined. The machined nozzles were made with thicker walls
than the printed design to ensure manufacturability, but were
otherwise identical. Post-build machining was carried out in the
Engineering Design and Manufacturing Centre (EDMC) at UoS. All
parts were ultrasonically cleaned with warm isopropanol to
remove contaminants before assembly. Table 1 shows the material
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Table 1
Properties of EM thruster assembly heaters before and after ultrasonic cleaning.
Brackets indicate the material used for the heater and nozzle of the assembly.

# Mass (g) R (mQ)

1 (In625) 28.61, 28.61 141.0, 141.7
2 (In625) 28.41, 28.41 142.7, 143.0
3 (In625) 28.46, 28.46 141.3, 142.0
4 (In625) 28.55, 28.54 145.0, 145.7
5 (In625) 28.49, 28.48 141.1,141.3
6 (Ta) 58.86, 58.79 17.7,16.7

7 (Ta) 59.41, 59.27 16.3, 16.0

8 (Ta) 58.11, 58.06 19.7, 20.0

of the heater and nozzle for each assembly, and the mass and cold
resistance of the heater before and after ultrasonic cleaning. The
Inconel 625 heaters were highly consistent, with a relative stan-
dard deviation (RSD) in their cold resistance of 1.1% after cleaning.
The Ta heaters were more variable, with an RSD of 9.1% after clean-
ing. The In625 heaters were clear of loose powder on receipt, with
only one heater having a measurable mass difference before and
after, and little powder visible in the beaker after cleaning. The
Ta heaters, meanwhile, lost an average of 75 mg of powder during
cleaning.

4.2. Test methodology

A common overall test methodology was followed for all exper-
iments, with some details of implementation varying. The speci-
mens were subjected to thermal cycling representative of
planned operating conditions, by applying power to the heater as
in operation. The test protocol was developed for this work based
on information provided by Surrey Satellite Technology Ltd. in
their role as an industrial partner. They provided representative
requirements based on the flight heritage of their T-30 resistojet,
a small thruster operating at 30 W and used for orbit-raising and
maintenance on several small spacecraft including the RapidEye
constellation, the UK Disaster Monitoring constellation, and
GIOVE-A - the latter of which also used the thrusters for attitude
control. SSTL's experience indicated that 4000 heating cycles
would envelope typical missions in which STAR would be used in
similar roles on small LEO spacecraft. In this application, a typical
thrust event may last 1-5 min, limited in different cases by the
desire to maximise efficiency by thrusting as close to apogee/peri-
gee as possible, or by the need to reject torque from thrust
misalignment. A cycle time of 5 min heating and 5 min cooling
was therefore chosen for the component-level testing. At the time
of testing the EM thruster assemblies, a cycle time of 2 min heating
and 2 min cooling was chosen. The duration was reduced as a
result of time constraints in the testing facility, to ensure sufficient
cycles could be completed. 2 min was still considered to be a rep-
resentative operating time with respect to the industrial require-
ments. Moreover, experience in testing of STAR heaters indicated
that the centre of the heater approached its maximum temperature
in less than a minute, ensuring the reduced test time remained rep-
resentative from the perspective of likely failure modes.

The tests were carried out in three runs. First, all In625 heaters
were tested simultaneously, then all refractory heaters, and then
all In625 and Ta thruster assemblies together. Tests were per-
formed in the vacuum facility of the David Fearn electric propul-
sion laboratory at the University of Southampton. The facility
consists of a main chamber (2 m diameter x 4 m length) and a
smaller loading chamber (0.75 m diameter x 0.7 m length) sepa-
rated by a pneumatically actuated gate. The loading chamber
was used for component-level testing. It is fitted with a Leybold
Turbovac MAG W 700 iP turbomolecular pump backed by an
Edwards XDS 35i scroll pump with a pumping rate of 40m>h~?,



M. Robinson, F. Romei, C. Ogunlesi et al.

and a Pfeiffer Vacuum PKR 251 gauge with a combined range from
5 x 1072 mbar to atmospheric pressure. The main chamber was
used for assembly-level testing. It is fitted with two Leybold Turbo-
vac MAG W 2200 iP turbomolecular pumps backed by an Oerlikon
Leybold LV140C roughing pump, in addition to two Leybold Cool-
power 140T cryopanels each powered by a Leybold Coolpack
6000H compressor, and another PKR 251 gauge. Testing was car-
ried out at chamber background pressures not greater than 1 x
102 mbar.

Fig. 3 shows the generic test setup. This is described first, fol-
lowed by the specific implementation for each set of tests. DC elec-
tric power was supplied to each test specimen using a Kikusui
PWX1500L power supply unit (PSU) operated in constant current
mode, with different currents chosen for each material based on
the intended power and the specimens’ resistance. To make the
best use of testing time, the specimens in each test were wired
up to form 2 groups. Specimens in each group were connected in
series, with one end of each group permanently connected to the
ground terminal of the PSU, while the other end of each group
was switched alternately to the positive terminal by a pair of Sch-
neider SSP1D440BDT solid-state relays. In this way, one group was
heated while the other cooled. The voltage across the terminals of
each specimen was measured by a National Instruments NI-9205
analogue input module in an NI cDAQ-1988XT CompactDAQ chas-
sis. The current supplied to the specimens was measured using a
Murata Power Solutions 3020-01096-0 shunt with 1 mQ resis-
tance, the voltage across which was measured by the NI-9205
module. Temperature measurements of specimens were made
using type K thermocouples read out by an NI-9213 module. Ther-
mocouple locations differed for each test due to the different oper-
ating temperatures. The positions are shown in Fig. 4 for the
component level tests. Control of the PSU and relays, and collec-
tion/output of all measurements, was performed by a custom Lab-
VIEW program.

In625 component-level tests were carried out with 10 identical
heaters, connected to the PSU in 2 groups of 5. The specimens were
heated for 5 min and cooled for 5 min in each cycle. The supply
current was set to 14 A, chosen in a preliminary test to provide
the desired heating power of 30 W at the beginning of life. The vac-
uum chamber had 10 thermocouple feedthroughs. Two heaters
were equipped with two thermocouples, in locations 1 and 2 as
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1) In625 heaters
land 6

2) All refractory
heaters;

In625 heaters
1-4,6-9

3) Refractory
heaters 1 and 3

Fig. 4. Locations of thermocouple attachments on heaters for component-level life-
testing.

shown in Fig. 4. Six more were equipped with a single thermocou-
ple in location 2, and two had no thermocouples. This distribution
was chosen to allow comparison between the bare and instru-
mented heaters, to ensure the presence of the thermocouples did
not affect the temperature distribution given the low power of
the heaters. The thermocouples used were bare junctions spot-
welded directly to the heaters. Fig. 5 shows the test setup. The hea-
ters were mounted to a test rig which replicated the mechanical
and electrical interface of the thruster.

Refractory metal component-level tests were carried out in the
same way as for In625, with one group of 3 Ta heaters and one

19" Rack I i Vacuum chamber |
Kikusui T Rely 1 [ +e |
PWX1500L PSU L [ Power FT |
I I Rela I
I I ! I Group 1 |
| I | L :
| I |
|
I I -ve
| | Shunt Power FT :
| I |
| : — - |
: | TCFT = |
I NI ‘| \—l—/ | :
| NI cDAQ ﬂ; tve | : Group 2 |
| 9188XT NI Power FT I
| 9205 ! — |
| Electrical ¢ |
| | » FT ¢ |
L ___ r r_ _ - ____

Fig. 3. Generic setup for STAR-BB-02 life testing (component- and assembly-level). A number of specimens are connected together in serial in 2 groups. The groups are wired
in parallel, connected permanently to the ground terminal of the PSU (black), while relays alternately connect each group to the positive terminal (red). Voltage measurement
leads connect to each specimen (grey), as well as to the shunt resistor. Type K thermocouples (blue) connect to the specimens.

5
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Voltage

measurement

Fig. 5. Photograph of In625 component-level test setup inside hatch vacuum chamber. Thick red and black wires connect to the PSU, dark grey wires are for voltage
measurement, and light grey wires are thermocouples. Heaters are numbered in correspondence with results section. Inset image shows heaters 1-5 during heating.

group of 2 Tal0W heaters. The specimens were heated for 5 min
and cooled for 5 min in each cycle. The supply current was set to
30 A for Ta, and 28 A for Ta10W, corresponding to a target power
of approximately 85 W at the beginning of the test. Thermocouples
were attached to two Ta and two TalOW heaters in position 2 as
shown in Fig. 5. The third Ta heater was left uninstrumented, to
provide a control case to indicate any effects of the thermocouples
on the heater behaviour. Position 1 used for Inconel 625 was not
populated in this test, as the predicted temperature of that location
on the refractory heaters would exceed the temperature range of
type K thermocouples. Following problems encountered in the
In625 test, mineral-insulated thermocouples were used in place
of bare junctions, to electrically isolate the thermocouple junctions
from the heaters. The thermocouples were spot-welded in place.
One Ta and one Ta10W heater also had a thermocouple in position
3. This was for the purpose of measuring the temperature experi-
enced by the screws which would attach the heater into the thrus-
ter. These thermocouples were not included for In625 heaters as
the temperature in this region is not high enough to be of concern.

Assembly-level tests were carried out as for the component-
level tests, with a group of 5 thrusters fully constructed from
In625 AM components, and a group of 3 which had pure Ta AM
heaters and machined pure Ta nozzles. Due to limited facility avail-
ability, heating and cooling time were reduced to 2 min each per
cycle to ensure sufficient cycling. This was chosen as an acceptable
minimum time for representative testing, corresponding to a lower
bound operational regime of 1 min of pre-heating and 1 min of
thrusting. Based on the outcomes of the component-level tests,
In625 thrusters were operated at 14 A, and Ta thrusters at 28 A.
Each thruster was mechanically mounted inside the vacuum cham-
ber, attached using ceramic standoffs for electrical and thermal iso-
lation as in operation. A single mineral-insulated thermocouple
was attached to the end of the case of each thruster near the nozzle
exit, using Omegabond 600 high-temperature thermocouple

cement. Fig. 6 shows the test setup. The test methodology did
not include the use of propellant for every thruster in every cycle.
The use of noble gas propellant means that there are no expected
chemical interactions with the thruster material that would cause
degradation. Pressure is also not expected to contribute to failure:
the maximum intended operating pressure of the thruster is
10 bar, but only the outer casing experiences this full pressure dif-
ferential. The pressure drop between each channel of the heater is
negligible. Testing without propellant is conservative with respect
to propellant at a given power as the peak temperature is higher.
Each thruster is shown connected to a xenon gas supply, with
one In625 thruster mounted horizontally on a thrust stand - it
was initially intended to periodically supply propellant to each
thruster, and measure thrust, flow rate and pressure at intervals
during the life test to observe any changes. This was aborted as
the thruster flow rates exceeded the pumping capacity of the vac-
uum chamber.

Table 2 tabulates the setting and measurement accuracy of the
experimental setup. The independent variable was the power
applied to the specimens, which was controlled by setting the reg-
ulated current of the PSU. The dependent variables were the hea-
ter’s resistance and power, calculated from measured current and
voltage, and the temperature. The current setting accuracy of the
Kikusui PWX1500L PSU is 0.5% of the set current plus 0.1% of the
current rating. The PSU current ripple noise is 300 mA RMS, or
+424 mA peak-peak assuming sinusoidal noise. The PSU load reg-
ulation is +35 mA and line regulation is +=17 mA. This results in a
total current setting accuracy of +£4.97% at a nominal current of 14
A, or £2.75% at 28 A. Electrical measurements were carried out by
the NI-9205 module. The module was operated in different ranges
- the thruster voltage measurements were performed with a range
of £10 V, to accommodate all voltage inputs within the working
range of the module. Taking the absolute accuracy at the full scale
of 6.23 mV [11] as an upper bound, this yields an accuracy of
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Fig. 6. Photograph of assembly-level test setup in main vacuum chamber. In625
thrusters are to the left of the image, with one mounted horizontally on the thrust
stand frame at the rear, and are labelled in black. Ta thrusters appear to the right
and are labelled in red. Thrusters are mounted on ceramic spacers for electrical and
thermal isolation.

approximately 0.3% and 0.22% for voltage measurements on nickel
alloy and refractory samples respectively. For the shunt resistor
voltage measurement, the lowest input range of +0.2 V was used,
with absolute full-scale accuracy of 0.175 mV. The accuracy of the
shunt resistor’s electrical resistance is +0.25%. The combined accu-
racy for current measurements, derived by adding the relative
uncertainties of the shunt resistance and voltage measurement in
quadrature [12], is therefore +1.27% and 0.67% for 14 A and 28 A
respectively. The accuracies for voltage and current are used with
Eqn. 2 to calculate combined accuracies for electrical resistance
and power of +£1.30% and +0.71% for 14 A and 28 A. For tempera-

Table 2
Setting and measurement accuracy of instruments.
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ture measurements, the NI-9213 module was operated in high-
speed mode, giving an accuracy of 0.25 °C [13].

AP AR AP AV?
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4.3. Test results

The test results of the component and assembly-level tests are
presented separately in this section.

4.3.1. Nickel alloy component-level test results

All In625 heaters were powered at 14 A for cycles of 5 min heat-
ing and 5 min cooling. The test was terminated after a total of 6105
cycles. Fig. 7 shows the resistance behaviour for heaters 1 to 5 for
the first 5 cycles, which are representative of the nominal beha-
viour of the heaters. The other 5 heaters behaved in the same
way during these cycles so are omitted for clarity. Electrical resis-
tance is plotted as an indicator of the heaters’ behaviour because it
is affected by the structure of the heater. For example, increasing
resistance would indicate a reduction in cross-sectional area of
some component of the heater, while a rapid decrease in resistance
would indicate that the heater had deformed, leading to unin-
tended physical contact between two parts. As the PSU was oper-
ated in constant current mode, heating power is directly
proportional to the resistance, with the proportionality constant
being the square of the current. During the cooling periods, no
resistance is measured as the voltage across the heater is 0. During
each cycle, the mean resistance is slightly over 150 mg, corre-
sponding to approximately 30 W power. Table 3 shows the mean
resistance value for each heater during the 1st cycle. The change
in resistance during each cycle is negligible, with the standard
deviation of resistance within each cycle shown being <1.5 mQ,
giving a relative standard deviation of approximately 1%. This con-
stant value is explained by the low thermal coefficient of resistivity
of In625 [15]. The resistance does not change significantly from
one cycle to the next, with the mean in each subsequent cycle
shown in Fig. 7 differing by significantly less than the standard
deviation.

The resistance in the cycles shown is very repeatable between
heaters. Comparing the mean resistance during the first cycle for
each heater, the range between the maximum and minimum was
2.2 mQ and the standard deviation was 0.8 mQ. This indicates that
the STAR-BB-02 heater design can be reliably manufactured in
In625 via SLM - though as the heaters were produced in a single
batch, further work would be needed to confirm that this is the
case when production is scaled up, and different material batches

Item Contribution Stated value Relative accuracy Relative accuracy
@14 A (%) @ 28 A (%)
Kikusui PWX1500L [14] Setting accuracy +0.5% setting +0.5% 1.57 1.04
full scale

Ripple noise 300 mA RMS 3.03 1.52

Load regulation +35 mA 0.25 0.125

Line regulation +17 mA 0.121 0.061
Combined current setting accuracy 4.97 2.75
National Instruments NI-9205 [11] Absolute accuracy at full range +10V +6.23 mV 0.30 0.22

Absolute accuracy at full range £0.2 V +0.175 mV 1.25 0.625
Murata 3020-01096-0 Resistance accuracy +0.25% n/a n/a
Combined measurement accuracy 1.30 0.71

of resistance or power

National Instruments NI-9213 [13] Accuracy (high-speed mode) +0.25 °C n/a n/a
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Fig. 7. Electrical resistance profile of In625 heaters 1 to 5 for first 5 cycles at 14 A.
Each cycle consists of 300 s heating (resistance visible) and 300 s cooling, when
resistance could not be measured.

Table 3

Mean resistance of each heater at 1, 2000, 4000 and 6000 cycles. Range (A) and
standard deviation (o) are calculated between the mean values for each heater. After
cycle 1, heater 7 is excluded from the calculations. Excluded values are shaded.

# R; (mQ) Ry000 (M) Rao00 (M) Reooo (M)
1 154.0 161.3 167.5 185.6
2 152.9 160.8 167.5 200.8
3 152.8 159.1 164.7 178.2
4 151.9 158.8 164.5 179.4
5 152.7 159.4 165.0 178.3
6 153.6 160.9 166.8 185.2
7 153.6 67.0 721 64.7
8 152.3 154.5 159.6 164.8
9 151.8 157.8 162.8 171.7
10 151.9 157.9 162.8 172.2
A 2.2 6.8 7.9 36.0
a 0.8 2.1 2.6 10.3

and AM machines are used. An almost identical pattern of noise
can be seen in each of the heaters shown in the figure - this is
because the majority of the noise in the calculated resistance value
derives from the current measurement, which was common to all
heaters. High outliers can be seen at the end of cycles 2 and 5, and a
low outlier on heater 1 at the end of cycle 3. These are due to slight
timing differences in the measurement of the voltage and current,
leading to a spurious resistance measurement at the moment of
switch-off when both change rapidly.

Fig. 8 shows the resistance trend over all 6105 heating cycles for
all 10 heaters. Red, green and blue points show the maximum,
mean and minimum resistance respectively for a single cycle.
The first 10 s (3.3%) of each cycle were omitted from the calcula-
tion, to remove the effects of switch-on transients. 7 of the 10 hea-
ters show a stable resistance over all cycles, which increases
gradually, first in an approximately linear fashion, accelerating
after roughly 5000 cycles. Despite not initially having the highest
resistance, heater 2 increased more rapidly than the others, and
this heater failed to an open circuit on cycle 6045. Examination
of the heater after the test found that the thin members at the cen-
tre, where the power density is the highest, and which hence reach
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Fig. 8. Electrical resistance of all heaters for full test duration (6105 cycles). Each
point represents one heating cycle, with red, green and blue representing
maximum, mean and minimum resistance for the cycle, respectively.

the highest temperatures, had fractured. The fracture surfaces did
not exhibit signs of melting or softening, which may indicate that
the fracture occurred during cooling. This is similar to the failure
mechanism encountered in the previous design iteration of the
resistojet [16]. The accelerating increase of resistance indicates
that the fracture was gradual. Due to the constant current opera-
tion of the power supply, any part of the heater which begins to
neck due to thermal stresses has a higher resistance and hence
locally increased heating, which increases the rate of damage by
reducing the strength of the local material under the applied ther-
momechanical stress. In the cycles immediately before failure, the
resistance and power of heater 2 reached 215 mQQ, 43% higher than
in the 1st cycle. The constant current operation is a significant fac-
tor in this failure mode - operating at a constant voltage instead
would reduce the local heating power in any necking region, which
may act to hinder failure, though at the cost of reducing the
heating power supplied to the thruster, possibly reducing its
performance over time.
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Heater 5 short-circuited during the first 70 cycles, as shown by
a reduction in the minimum and mean resistance. This indicates
that some part of the thruster deformed and touched another part,
causing unwanted bypassing of the desired electric current path.
After approximately 70 cycles, heater 5 recovered and behaved like
the 7 nominal heaters. Heater 7 began to short-circuit within the
first 100 cycles and did so for the remainder of the test. Heater 8
short-circuited consistently during the first 2000 cycles, where-
after it recovered and followed a similar trend to the other heaters,
but occasionally short-circuited for the remainder of the test. A sin-
gle increased maximum resistance point can be seen on heaters 6,
9 and 10 at approximately 1200 cycles - this is the result of a tran-
sient caused by the short-circuiting of heater 6, causing a spurious
resistance reading.

Fig. 9 shows the 3 failed heaters with an expanded resistance
scale, showing the short-circuiting behaviour more clearly. Note
that the minimum resistance value is similar for all 3, in the range
of 50-75 mQ. Visual inspection of heater 8 after testing found that
short-circuiting had occurred by bending of the coil at the centre of
the heater, bringing it into contact with the surrounding cylinder.
Heaters 7 and 8 also had slightly bent coils, but to a lesser extent.
The tubes of heater 7 were not parallel, due to misalignment dur-
ing assembly of the test rig - this is believed to be the reason why
heater 7 became progressively worse, while heaters 5 and 8
recovered.

Temperature measurements from the bare junction thermocou-
ples could not be taken while power was applied to the heaters,
since the voltage interfered with the measurements. However,
the thermocouples functioned properly in the 5-s period between
cycles, when the PSU was turned off to allow the relays to switch.
At the moment of switch-off, immediately after heating, the tem-
perature of the two thermocouples in position 1 of heaters 1 and
6 was, respectively, 709 °C and 701 °C in the first cycle. These tem-
peratures remained roughly constant for the test duration. A slow
decrease to 5% below the initial value occurred until the 3000th
cycle. This is believed to be caused by darkening and roughening
(hence increasing emissivity) of the hot inner surfaces of the hea-
ters, which was observed visually after the test. This resulted from
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Fig. 9. Electrical resistance of 3 "failed” heaters for full test duration (6105 cycles).
Each point represents one heating cycle, with red, green and blue representing
maximum, mean and minimum resistance for the cycle, respectively. (Scott - the
heater numbers are wrong in this. They will say 5, 7 and 8.).
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reactions with material that outgassed from the plastic insulation
of the thermocouple cables. In the latter half of the test, these tem-
peratures gradually returned to approximately their initial values,
due to increased heating power from the rising electrical resistance
seen in Fig. 8. The temperatures recorded in position 2 for all 8
instrumented heaters were between 445 and 460 °C on the first
cycle. Over the first 10-20 cycles this increased by approximately
10 °C for each heater, before plateauing. Thereafter, these temper-
atures gradually increased in proportion with the increasing resis-
tance, with the exception of heaters 7 and 8 due to short-circuiting.
At the end of each cooling cycle, all thermocouples of all heaters
decreased to between 230 and 245 °C. This was less sensitive to
the increasing resistance during the test. In the 5 s immediately
after heating, the position 1 temperatures cooled by 50 °C while
the position 2 temperatures cooled by only 2 °C. This trend is
expected, as the hotter parts of the heater will have a higher radia-
tive heat flux to the environment.

Following the fracture of heater 2, heaters 1, 3, 4 and 5 received
no power due to the serial connection between them. Therefore the
test was stopped shortly after the fracture. Heaters 7 and 8 are con-
sidered to have failed, despite the recovery of heater 8. The initial
short-circuiting of 5 would not be acceptable in operation, but the
heater recovered fully and rapidly after less than 2% of the test
duration, and therefore can be counted as successful for the pur-
poses of demonstrating heater endurance. Therefore, it can be con-
cluded that 8 out of 10 heaters performed nominally for at least
6000 cycles. After 4000 cycles, the targeted minimum endurance,
their electrical resistance had increased uniformly by approxi-
mately 9% compared to the first cycle. At that point, the relative
range of resistance between the non-short-circuited heaters was
5%. These results show, for the first time, a high-temperature AM
resistojet heater in flight candidate nickel alloy materials, exceed-
ing the representative cycle life requirement at operational tem-
peratures. Moreover, the similarity of behaviour from 10 heating
elements indicates that the SLM manufacturing process is capable
of producing repeatable components of this design.

4.3.2. Refractory component-level test results

3 pure Ta heaters were tested along with 2 made from Ta10W
alloy. The heater design was the same as the In625 heaters, but
the electrical terminals connecting to the test setup were altered
to allow better alignment of the heater during assembly. Due to
supply limitations of refractory parts, one of the Ta heaters (heater
3) used the old terminal design and was manufactured in a differ-
ent batch to the other two. The Ta heaters were heated at 30 A,
while the Ta10W heaters were heated at 28 A. This power was cho-
sen from a previous test, to provide approximately equal power
(nominal 85 W) to both materials, given the slightly higher resis-
tance of the Tal0W heaters. The test was terminated after a total
of 2560 cycles.

Fig. 10 shows the first 5 heating cycles of all heaters. The Ta10W
heaters 1 and 2 are offset from the Ta heaters 3, 4 and 5 due to the
alternate heating and cooling of the two sets. Compared to In625,
the higher temperature coefficient of resistivity of tantalum [17]
results in a slower and greater change in resistivity due to heating.
The cold resistance of approximately 20 mQ for each heater is 3-5
times lower than the hot resistance seen at the plateau of each
cycle. Each cycle follows the same pattern of an initial rapid
increase in resistance followed by a plateau, a trend seen in previ-
ous endurance tests of the STAR-O prototype design using 316L
stainless steel [ 16]. The refractory metal heaters had a greater vari-
ation in resistance between them than the In625 heaters. Both
Tal0W heaters reached a similar resistance, with plateau values
of 105 mQ for heater 1 and 108 mQ for heater 2. For pure Ta, hea-
ters 4 and 5 reached 96 mQ and 92 mQ respectively, while heater
3 only reached 69 mQ. This is not believed to be due to
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Fig. 10. Electrical resistance profile of refractory heaters for first 5 cycles at 28 A
(Ta10W) and 30 A (pure Ta). Heaters 1 and 2 are Ta10W, heaters 3, 4 and 5 are pure
Ta. Each cycle consists of 300 s heating (resistance visible) and 300 s cooling, when
resistance could not be measured and so appears as 0.

short-circuiting, due to the consistent profile shape which matches
the other heaters. The variation may come from a range of factors:
either heater 3 must have thicker walls, or the material must have
lower resistivity or higher emissivity, or a combination of these.
Each of these could arise as a result of differences in material
batches or SLM processing parameters. Due to the strong coupling
between temperature and resistance in Ta, a large discrepancy in
hot resistance results from a relatively smaller difference in geom-
etry or material properties. In production, refractory heater proper-
ties will have to be more tightly controlled than for nickel alloys,
where there is no amplifying effect due to the lower temperature
coefficient of resistivity. Due to the greater variability in resistance
between the refractory heaters compared to In625, the power dif-
fered from the nominal value. The power of heaters 1-5 respec-
tively in the first cycle was 85, 84, 63, 86 and 83 W. Despite the
difference between heaters, each heater is repeatable between
cycles.

Fig. 11 shows the thermocouple measurements in position 2 of
the refractory heaters for the first 5 cycles. Heater 5 was not instru-
mented with thermocouples. Following the temperature measure-
ment issue with the In625 heaters, mineral-insulated type K
thermocouples were used instead of bare, grounded junctions,
allowing continuous measurement during heating. The tempera-
ture profiles follow a similar pattern to electrical resistance, rapidly
increasing before plateauing. This indicates that the heater rapidly
reaches its operating temperature despite the initial low power,
which is beneficial for operation. The thermocouple plateaus more
slowly than the resistance, reaching 95% of the plateau value in
under 2 min of heating. The faster plateauing of the resistance indi-
cates that the central coil, which comprises the majority of the
electrical resistance of the heater, reaches full temperature more
quickly, while the remainder of the heater continues to heat up.
Note that the initial temperature is above ambient, as a bakeout
procedure was carried out on the heaters before the test to remove
any moisture or other volatiles which might damage the oxidation-
sensitive tantalum. The maximum temperature in position 2 was
approximately 680 °C for heater 1, 695 °C for heater 2, 620 °C for
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Fig. 11. Temperature of all refractory heaters for first 5 cycles at 28 A (Tal0W) and
30 A (pure Ta). Thermocouple number corresponds to heater number, heater 5 was
uninstrumented. Each cycle consists of 300 s heating and 300 s cooling. Initial
temperature is above ambient due to bake-out procedure before testing.

heater 3 and 680 °C for heater 4. The lower temperature of heater
3 is attributed to the reduced resistance, hence reduced power.
Since the main mechanism of heat loss from the high-
temperature heater is thermal radiation, which is proportional to
the 4th power of temperature, the relative reduction in tempera-
ture of heater 3 compared to the other heaters is less than the
reduction in resistance.

Fig. 12 shows the resistance for all heaters during all 2560
cycles in the same format as Fig. 8. Only heater 5 demonstrated
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Fig. 12. Electrical resistance of all refractory heaters for full test duration (2560
cycles). Each point represents one heating cycle, with red, green and blue
representing maximum, mean and minimum resistance for the cycle, respectively.
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nominal cycling behaviour for the test duration. Fig. 13 shows the
final 3 cycles of heater 5. Comparing this to the first 5 cycles, the
plateau resistance is higher but the profile shape remains the same.
Over the 2560 cycles, its mean resistance increased by 11%, from
89.9 mQ to 100.9 mQ. This is a greater rate of increase than was
seen in the In625 heaters, which reached 11% increase after
approximately 6000 cycles. Small dips in resistance are visible at
approximately 240, 320, 690, 1360 and 1560 cycles - these are
due to pauses in the test after which the heaters began cycling
from a lower temperature. In these post-pause cycles, the mini-
mum resistance (in the first seconds of heating) is lower, while
the maximum and mean of the cycles are not significantly reduced
- the plateau value was approximately the same.

The two other pure Ta heaters, heater 3 and heater 4, began
short-circuiting after approximately 700 and 150 cycles respec-
tively. The behaviour thereafter was similar to that seen in In625
heaters 7 and 8, with intermittent short-circuiting of increasing
severity, resulting in a shift of the mean resistance from its nomi-
nal value to a consistent lower value, in this case near 20 mQ. Of
the Tal0W heaters, heater 2 failed by short-circuiting in the same
way, after approximately 600 nominal cycles. Heater 1, meanwhile,
failed to open circuit after 1650 cycles. Visual inspection after the
test showed that the central coil had fractured in the same manner
as In625 heater 2. Before this, a jump in the resistance of heater 1
occurred after approximately 900 cycles, from approximately 110
mQ to 160 mQ. The visual inspection showed that the outermost
solid cylinder of the heater had a large azimuthal crack, shown in
Fig. 14, as well as fractured areas of the outer mesh wall visible
in the lower right of the image. It is hypothesised that this crack
rapidly grew to cause the sudden increase in resistance. The crack
is largely perpendicular to the AM build direction of the part. Hea-
ter 2 also had fractured areas of the outer mesh, which may
account for the increase in its resistance at around 300-500 cycles,
but it did not have such a crack in the solid wall. No such cracks
were found in the pure Ta or In625 heaters; this indicates that
the cracks are more likely a consequence of the material than of
the design. Tal10W has lower ductility than pure Ta due to the
addition of W. However, it is commonly used in high-
temperature applications, including in wire form in heating ele-
ments, suggesting that the alloy is not, per se, inadequate for the
present application. This suggests that the AM process may be
the root cause of the cracking. A dedicated AM parameter set
was not developed for Ta10W in this project - parameters for pure
Ta were used instead. TalOW has a slightly higher melting point
and thermal conductivity than that of pure Ta. All else being equal,
a laser energy density suitable for pure Ta may therefore be insuf-
ficient to achieve full melting of each layer in Tal0W. Inadequate
bonding between layers due to undermelting would explain the
orientation of the cracks parallel to the layers. In addition to this,
W is widely reported to be prone to microcracking during AM pro-
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Fig. 13. Electrical resistance profile of pure Ta heater 5 for final 3 out of 2560 cycles
at 30 A.
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AM build direction

Fig. 14. Azimuthal crack and fractured mesh found on visual inspection of Tal10W
heater 1 following life test.

cessing (e.g.[18]), which is not the case for Ta. This may be a factor
in the observed material failure. While speculative, these observa-
tions indicate that development of an optimised AM parameter set
may be fruitful for use of Ta10W in future.

Due to the failures of 4 of the 5 heaters, this test was terminated
early after 2560 cycles to allocate more time to the assembly-level
testing. There was greater variability between refractory heaters
than In625 heaters, though the sample size was smaller. Despite
the use of a new mechanical interface intended to provide better
alignment during assembly, 3 out of 5 refractory heaters short-
circuited. On visual inspection after testing, the central coil of the
refractory heaters was more significantly distorted than that of
the In625 heaters. A single pure Ta heater, heater 5, exhibited nom-
inal behaviour for the entire test duration, constituting over 60% of
the target duration. Over this time, the relative increase in resis-
tance from the beginning of the test was larger than that seen in
In625.

4.3.3. EM thruster assembly-level test results

In625 thrusters were operated at 14 A to achieve the same 30 W
power used in the component life tests. Ta thrusters were operated
at a lower current of 28 A to test at a lower power of 60 W com-
pared to the 85 W of the component-level test, due to the high rate
of increase of resistance seen in Ta heater 5 compared to the In625
heaters. The assembly-level test was run for a total of 10237 cycles.

Fig. 15 shows the resistance of 5 of the 8 EM thrusters for the
full test duration of 10237 cycles, in the same format as Fig. 8.
Thrusters 1-2 are In625 and thrusters 6-8 are Ta. Following the
high proportion of refractory heaters which short-circuited, a cera-
mic insulator ring component which sits at the open end of the
heating element (see Fig. 2) was modified to interlock with the
heater channels, holding the cylinders concentric and preventing
rotation between them. This was initially only fitted to the Ta
thruster assemblies, as the distortion of the In625 heaters had been
less severe - the modification replaces a simple axisymmetric cera-
mic component with a complex geometry that requires multi-axis
machining. However, early in the assembly-level life test, all In625
thrusters began to short-circuit, while Ta heaters did not. The 3
In625 thrusters omitted from Fig. 15 behaved similarly to thrusters
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Fig. 15. Electrical resistance of 5 EM thrusters for full test duration (10237 cycles).
Each point represents one heating cycle, with red, green and blue representing
maximum, mean and minimum resistance for the cycle, respectively. Thrusters 1-2
are In625, thrusters 6-8 are Ta.

1 and 2. It was inferred that the In625 heaters’ central coils were
distorting sufficiently to touch the nozzle, which is positioned in
the centre of the heater, reducing the physical margin before con-
tact compared to the bare heater. Additional modified ceramic
rings were procured, but only 2 could be obtained in the testing
period. These were retrofitted into In625 thrusters 1 and 2 after
the Ta thrusters had completed 4000 cycles. In the meantime,
the In625 thrusters were switched off.

Following the installation of the new ceramic rings, the short-
circuiting was eliminated and did not re-occur for the remainder
of the test. In625 thrusters 1 and 2 achieved nominal cycling beha-
viour for 6000 cycles thereafter. Fig. 16 shows the resistance of the
2 functioning In625 and 3 Ta thrusters in the 3 final cycles of the
test (after 6000 In625 cycles and 10000 Ta cycles), showing that
the In625 thrusters have a flat resistance profile as was seen in
the component tests. The resistance at the beginning of the
component- and thruster-level tests is very similar, with thruster
1 and 2 having a mean resistance of 157.4 and 151.5 mQ respec-
tively on their first cycle. After the 6000th cycle, thruster 1 had
reduced to 155.6 mQ. This is believed to be due to internal resis-
tance of the connection between the heater and its power connec-
tion reducing over time. Thruster 2 increased by 0.4% to 152.1 mQ,
much less than the increase seen in the bare heaters over the same
duration at the same power. This may indicate that the presence of
the nozzle either reduces the peak temperature in the heater, or
changes the temperature distribution in a way which reduces the
rate of degradation.

The tantalum heaters achieved 10000 cycles of normal opera-
tion with no short-circuiting. At the start of the test, the mean
resistance in each cycle was 70.9, 76.8, and 69.0 mQ for thrusters
6, 7 and 8 respectively. Fig. 16 shows that the resistance profile is
similar to that of the bare refractory heaters, with an initial rapid
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Fig. 16. Electrical resistance profile of EM thrusters for cycles 10000-10002.

increase in resistance followed by a plateau. The plateau resistance
is lower than that in the bare heater tests, indicating a lower peak
temperature due to the lower input power. As with the bare heater
testing, a number of brief dips in the minimum resistance can be
seen, due to pauses in testing. Periodic smaller dips can be seen
between 800 and 4000 cycles. These were caused by xenon gas
which was fed to the thrusters in this period, cooling the heaters.
This aspect of testing was aborted because the resistojet flow rate
exceeded the pumping capacity of the testing facility, which is pri-
marily intended for testing ion thrusters. A jump in resistance of all
3 Ta thrusters is seen at approximately 2200 cycles. This is believed
to be due to volatiles being released into the test chamber as xenon
saturated the chamber’s cryopanels. Tantalum is extremely prone
to oxidation at high temperatures. The thrusters continued to oper-
ate nominally after this event, at a slightly increased resistance.
The resistance at the end of testing was 73.7, 86.8 and 70.8 mQ
respectively, an increase of 4, 13 and 3 % compared to the begin-
ning of the test. Most of this came from the common increase at
2200 cycles. Thruster 7, which had both the greatest increase at
that time, and the highest overall resistance, operated at a power
of 68 W for 7000 cycles. This is cause for cautious optimism that
higher power operation is sustainable for Ta without significant
degradation. However, further work is needed to confirm this. In
particular, uncertainty as to the cause of the jump in resistance
means that it cannot be guaranteed that the additional 8 W of
heating power in thruster 7 were distributed through the heater
in the same way that would be achieved by increasing the current.

5. Materials properties and failure discussion

The experiments described here show that AM heat exchangers
can operate at high temperatures for more than 4000 cycles. How-
ever due to the complexity of the design, measurements of the
temperature in the hottest parts of the thruster were not possible,
and it is therefore of interest to consider the material properties
and possible failure modes found in the thrusters. At very high
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temperatures, multiple failure modes are possible. Examination of
any persistent changes in the material is beyond the scope of this
paper, so it is assumed for this analysis that the properties did not
change from one cycle to the next. However, raising a metal to very
high temperatures lowers its strength and stiffness, which can
result in creep. Due to the cyclic nature of operation, fatigue failure
may also occur.

In the component level tests, 2 In625 heaters and 1 Ta10W hea-
ter failed to an open circuit. In all cases this failure was seen at the
same point in the middle of the heater’s central coil. The approxi-
mate location is indicated in Fig. 17. The same failure location was
also observed in a preliminary test, where a single In625 heater
was (non-cyclically) heated with progressively higher currents
until it melted. That failure indicated that the middle of the coil
reaches the highest temperature in the thruster, hence melting
before any other part in the preliminary test. As such, it can be
expected that the strength of the material, whether refractory or
nickel alloy, will be lowest at this location. However, by design, this

i N

Fig. 17. Sectioned CAD image of coil structure at the centre of the heater. The red
circle indicates the approximate location of all observed open-circuit failures.

13

Materials & Design 222 (2022) 111099

part of the coil should also experience low thermomechanical
stress, as it is able to expand and contract with little constraint.

Multiphysics simulations were carried out in COMSOL on the
full 3D geometry of the thruster. There is little experimental data
to validate these simulations in the most important region of the
coil, as this location could not be instrumented with thermocou-
ples. However, at multiple electric powers, the highest tempera-
ture in the simulations was consistently found in the
approximate location where the failures were observed, while
the highest thermomechanical stress was found at the root of the
coil, where it connects to the concentric cylinders of the heater.
The coil is designed to have a higher heating power density than
the cylinders. Therefore there is a large temperature gradient
between the coil and the cylinders, which is why the stress at
the interface between them is higher than in either the cylinders
or the coil themselves. Therefore the simulations suggest that the
observed failure location is at the highest temperature, but not at
the location of highest stress. Simulations of In625 at 30 W indicate
that the maximum stress over a 300 s heating period reaches
166 MPa at the coil root. Meanwhile, the simulated temperature
at that location did not exceed 900 K. At this temperature, the yield
stress of In625 (manufactured either by forging [19] or by SLM
[20]) is approximately 4-500 MPa, significantly higher than the
predicted stress allowing for uncertainty in the simulation. The
maximum simulated stress at the failure point was 45 MPa, at a
simulated temperature of 1300 K. At approximately this tempera-
ture, the yield strength is around 100 MPa. However, at this ele-
vated temperature the yield strength is much more sensitive to
temperature than at 900 K. Therefore it is possible, given the lack
of validation of the simulations to date, that the actual stress at
the failure point could be higher than the yield strength. Given this,
it should be expected that some combination of creep and/or
low-cycle fatigue damage may be the cause of the observed cyclic
failures. In addition to this, simulations including xenon flow at
representative pressures planned for operation (1-4 bar and 50-
200 MPa) indicate that the maximum temperature and stress are
slightly lower than in the dry case. This indicates that the dry tests
presented here are conservative with respect to operation.

There is little literature surrounding very high temperature
properties of In625. Several peer-reviewed publications indicate
cycle lives in excess of 10000 at temperatures between 973 and
1073 K for conventionally manufactured samples [21-23], and
Ghiaasiaan et al. [24] found that In625 produced by SLM had a
cycle life over 10000 at 922 K. No data could be found at or above
1400 K, however three publications discuss properties at 1373 K.
Ghoussoub et al. [20] investigated the tensile properties of In625
produced by SLM, finding a yield strength of approximately
100 MPa at 1373 K. Purohit et al. [25,26] disclosed fatigue tests
on cast samples at this temperature, finding a maximum life of
6000 cycles for specimens tested at an applied strain of 0.4 % in
reversed bending and over 10000 at axial push-pull strain ranges
below 0.15 %. They further remark that creep damage was a signif-
icant factor at 1373 K. While this literature is sparse, it does indi-
cate that cyclic operation of In625 has been achieved at relevant
temperatures and cycle life for STAR to meet its target perfor-
mance. These results were achieved at low load conditions, how-
ever the STAR heater has been designed to reduce
thermomechanical stresses in the hottest regions.

No relevant literature could be found for the fatigue properties
of Ta or TalOW at very high temperatures. However, Tal0W is
expected to be less ductile than Ta due to the addition of W. The
Tal0W heaters in the component-level test were found to have
not only failed in the coil, but also to have large cracks in the outer
cylinders. Given the relatively low temperatures in this location, it
is likely that these failures represent some underlying defect in the
SLM process for this material. Tal0W itself is a commonly used
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alloy for high-temperature fasteners and wire, and therefore there
is no reason to suspect that the base alloy is unsuitable for this
application. However, in the present work it was manufactured
without optimised SLM parameters.

6. Conclusions

This paper has presented the results of cyclic endurance tests on
a novel high-temperature additive-manufactured resistojet, at the
component level and on engineering-model thruster assemblies.
The targeted minimum endurance was 4000 cycles, considered to
envelope the number of heating cycles necessary for the primary
propulsion system of a small LEO satellite. This target was
exceeded by thruster assemblies with heaters made from Inconel
625 nickel superalloy, and from tantalum.

In initial component-level tests, seven out of ten In625 heaters
operated nominally for over 6000 cycles at an initial power of
30 W. The test was terminated after the failure of one heater to
an open circuit at 6045, due to fracture of the central coil. The
remaining three heaters incurred short-circuiting failures of vary-
ing severity: one recovered completely and completed over 6000
nominal cycles, one partially recovered and completed 4000 cycles
with intermittent short-circuiting, and one short-circuited for the
entire test duration. In a component-level test of three pure tanta-
lum and two tantalum-10% tungsten alloy heaters, one of the Ta
heaters survived for over 2000 cycles, with an initial power of
approximately 83 W. The test was ended due to the failure of 4
out of the 5 heaters: two Ta heaters short-circuited, along with
one of the TalOW heaters. The other Tal0W heater had fractures
in its cylindrical walls, and failed to an open circuit due to eventual
fracture of the coil, in the same way as the In625 heater. The test-
ing of multiple heaters in parallel demonstrated the ability to con-
sistently manufacture In625 heaters, with very little variability in
electrical and thermal characteristics.

In assembly-level tests, a ceramic component was modified to
prevent the short-circuiting failures seen in component-level tests.
Three Ta thrusters, equipped with this component from the outset,
completed over 10000 cycles. Due to resistance variation between
the three thrusters, their initial operating power was 53-60 W.
After 2200 cycles, due to an increase in resistance attributed to a
facility fault, the thruster power increased to 55-68 W. There
was no apparent adverse effect observed from operation at ele-
vated power for 7800 cycles. Two In625 thruster, retrofitted with
the modified ceramic partway through the test, completed over
6000 cycles at 30 W input power. The resistance increase over
the duration of the thruster tests was negligible, despite operating
at the same power as the component-level tests. This indicates that
the thermal stress cycling is less extreme in the thrusters com-
pared to the bare heaters. This may be due to some combination
of slower cooling of the heater coil in the thruster assembly reduc-
ing thermal shock, lower peak temperature due to the heat sink of
the nozzle, or altered temperature (hence stress) distribution. In
any case, this indicates that, for a given operating power, the
component-level tests were conservative with respect to testing
at the assembly level.

The open-circuit failures seen in the In625 and TalOW
component-level tests were fractures of the heaters’ central coils,
occurring in the same location for both materials. This indicates
a similar failure mechanism despite the very different materials
and temperatures (approximately 1300K for In625 and 2000K for
Ta10W). Operation of the heaters in the constant current mode
used throughout is the worst case for this failure mode: as part
of the heater necks or begins to fracture under thermomechanical
loads, local heat generation increases, heating and softening the
area further. From a spacecraft perspective, the resulting increased
power draw if the heater is operated in constant current mode may
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also be problematic. Operation at constant power would be better
in this regard, ensuring predictable power draw from the space-
craft. As the relative power density in the necking region increases
compared to the rest of the heater, a constant power condition
would still lead to increased local heating, but at a lower rate than
constant current. A constant voltage condition would be the most
benign from the perspective of this failure mode, resulting in
reduced local heating. The disadvantage of this would be reduced
total heating power to the thruster - however, if the rate of degra-
dation is reduced significantly by the constant voltage, this may
not be an issue. Further work is required to assess the effects of dif-
ferent operating modes on the thruster lifetime.

The success of the modified ceramic ring in preventing short-
circuiting in assembly-level tests indicates that the BB-02 design
heaters require careful alignment to achieve reliable operation.
Therefore careful attention will be needed in future designs to facil-
itate this or improve the robustness of the heater to deformation.

This work has demonstrated for the first time that engineering-
model high-temperature resistojets, additive-manufactured from
flight candidate materials Inconel 625 and tantalum, can exceed
endurance requirements representative of primary propulsion
applications on small LEO spacecraft. The work has shown a lower
bound endurance of 6000 cycles for In625 at a lower bound power
of 30 W, and a lower bound endurance of 10000 cycles for Ta at a
lower bound power of 60 W. Qualitatively similar trends between
tests indicate that thrusters of this design can probably be oper-
ated at increased powers while still meeting the endurance target
of 4000 cycles. However, further work is necessary to better char-
acterise the relationship between power and endurance. Separate
work by the author (in a publication to follow) shows that at
30 W, the power tested here, an In625 thruster can produce
56.2+0.6 s I;,. The present work therefore demonstrates that reli-
able operation of an AM resistojet in In625 is possible at 15 %
greater I, than the commercial state of the art. This is a crucial step
in confirming the operational feasibility of an AM high-
performance resistojet.

7. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time due to technical or time limitations.
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