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Abstract

Because of thermal stresses occurring upon rapid heating or cooling, microcomponents made
from high-temperature co-fired ceramics (HTCC) often fail at temperatures far below what the
materials can withstand per se. This work investigates how resistance to thermal fracture in
HTCC microcomponents can be increased by improving the component design, aiming at
increasing the thermal performance of a microthruster with integrated heaters. The effect of four
design parameters: component and cavity geometries (circular or square), heater location
(central or peripheral), and addition of embedded platinum layers, on thermal fracture resistance
was investigated through a full factorial designed experiment. Components of different designs
were manufactured, and their thermal fracture resistance tested by rapid heating until failure.
Peripheral heater location and presence of embedded platinum layers were seen to improve
resistance to thermal fracture, whereas the shape of the component and the cavity did not
significantly affect thermal performance. The most favourable design was then used for a cold
gas microthruster that was fabricated and evaluated with respect to thermal fracture resistance.
The microthruster survived rapid heating up to 1460 °C and was operated as a cold gas thruster
at temperatures up to 772 °C, which is more than twice the maximum temperatures previously
reported for alumina microthrusters.

Supplementary material for this article is available online
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1. Introduction

Miniaturization of spacecraft, with the main drive to reduce
mass for subsequent reduction of mission and launch costs [1],
has gained increasing interest recently. Small spacecraft also
require small propulsion systems to fit the mass requirements
[2] and to provide small thrust forces for precise positioning
and attitude control [3]. If a thruster either produces thrust in
the micro- or milli-Newton range, or is intended for use on a
microspacecraft (mass less than 100 kg), it qualifies as a micro-
thruster [4].

Thrusters can be categorized depending on their source of
energy, and are generally split into electrical and chemical
ones. Sometimes included in the latter category, sometimes
categorized on their own, are cold gas thrusters, in which force
is generated by expelling pressurized gas through a nozzle.
Cold gas thrusters are simple and reliable [5], and are con-
sidered one of the most mature technologies for small space-
craft [6]. The main disadvantage of cold gas thrusters is their
low specific impulse [5], a performance measure that describes
how effectively a thruster uses its propellant. However, the
specific impulse of a cold gas thruster increases with the tem-
perature of the expelled gas [5], hence high-temperature oper-
ation improves the performance of such thrusters.

The use of microcomponents in high-temperature applic-
ations challenges the field of microtechnology. Silicon, the
standard material for microcomponents, experiences degraded
mechanical stability at temperatures above 600 °C [7]. Hence,
at higher temperatures other materials must be employed.
Ceramics are a popular choice due to their generally high
melting points. In addition, ceramics are often chemically
inert, making them useful in environments harsh also in other
respects.

The co-fired ceramics technology is now established in
microfabrication and has, for example, been used for real-
ization of temperature [8], flow [9], pressure [10] and gas
[11] sensors. The technology is divided into low- and high-
temperature co-fired ceramics (LTCC and HTCC, respect-
ively), where components made using the latter tolerate the
highest temperatures of the two. HTCC microcomponents
withstanding temperatures of above 1000 °C have been seen
[12, 13]. However, ceramics are prone to fracture from thermal
stresses caused by thermal gradients and transients occurring
upon rapid heating and cooling. Hence, when the origin of
high temperatures is heat provided by a component itself, for
example from integrated heaters, rather than high-temperature
surroundings, the component usually fails at temperatures far
below what the materials can withstand per se.

The fracture toughness of a material describes its ability to
resist crack growth and subsequent failure from cracking. The
two most common dielectric materials used for HTCC com-
ponents are zirconia and alumina. Zirconia has almost twice
the fracture toughness of alumina [7], and can hence with-
stand larger stresses, including thermal ones. However, the
ionic conductivity of zirconia makes the material electrically
conductive above 700 °C [9]. For operation at higher temperat-
ures, therefore, conductors must be isolated, resulting in more
complicated processing.

The design of HTCC components has previously been seen
to affect thermal performance. One example is [14], in which
the effects of component and integrated heater sizes on thermal
fracture resistance in a centimetre-scale gas sensor for auto-
motive applications were evaluated. In [15], the thermal frac-
ture resistance of an HTCC/LTCC mesoscale combustor was
improved by increasing the thickness of the orifice plate. Fur-
thermore, in [16], the effects on thermal performance of cata-
Iytic chamber, component and heater sizes in HTCC micro-
thrusters were investigated.

In the field of spacecraft propulsion, the HTCC techno-
logy has been used for realization of cold gas [17], monop-
ropellant [16] and vaporizing liquid [18] microthrusters from
both zirconia [17, 18] and alumina [16]. However, failure from
thermal stresses was encountered in all of these works, and
for the case of alumina microthrusters with integrated heaters,
the maximum failure temperature reported in dry tests is only
679 °C [16].

In this study, the effects of careful component design on
thermal fracture resistance in HTCC microcomponents in gen-
eral are experimentally investigated. The effect of four design
parameters on thermal fracture resistance in alumina HTCC
components is explored in a designed experiment. Compon-
ents of different designs are fabricated, and their thermal frac-
ture resistance is evaluated by rapid heating until the occur-
rence of failure. To make the study as generic as possible, prop-
erties present in a large variety of microcomponents are stud-
ied. The applicability of the results from is then demonstrated
by using the most favourable design with respect to thermal
fracture resistance for an alumina microthruster. This thruster
is fabricated and evaluated, both in dry tests and during oper-
ation as a cold gas thruster.

2. Materials and methods

2.1. Design of generic components

For the first part of this study, generic microcomponents were
designed. These contain two features common in HTCC com-
ponents: a cavity and a screen-printed heater element. Four
properties of the microcomponents were varied. (a) The com-
ponent and (b) the cavity geometries were altered between
circular and square, since circular features provide more
symmetry, and sharp corners are associated with high stress
concentrations. (c) The heater design was altered to obtain
either central or peripheral heater location, which affects the
heat distribution in the component. (d) Platinum layers, that
could either work as thermal conductors or induce residual
compressive stresses from mismatches between material prop-
erties, were added inside the component.

The four different design properties investigated here can
be combined in a total of 16 different ways (figure 1). To make
most use of a limited amount of samples, design of experi-
ment (DOE) was employed, resulting in an experiment with a
two-level full factorial design [19]. In this experiment, com-
ponents of all 16 design combinations were included, and all
were replicated. In addition, to evaluate variation, one of the
combinations was replicated four times more. The selection of
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Figure 1. Component designs included in the two-level full factorial
experiment, ID used for further referencing, and the number of
components of each design included in the experiment.

with/without
embedded Pt layers

this combination was arbitrary. In total, 36 components were
included in the experiment.

The design of two of these components are seen in figure 2.
Together they provide the dimensions of all individual proper-
ties, which can then be combined freely to give all 16 different
possible component designs.

Each component consists of five alumina HTCC tape
sheets. The three central sheets make up the cavity part. The
top and bottom sheets contain the heaters and, if present, the
embedded platinum layers. For components without embed-
ded platinum layers, these layers are simply omitted. The
incisions in the platinum layers are present to allow for a larger
contact area between the adjacent ceramic sheets, to improve
adhesion.

The two different heater patterns used to achieve heating at
central and peripheral areas, respectively, were designed based
on thermography images of similar heater designs presented
in [20]. Component thickness was chosen within the range of
300-1100 pm found for HTCC microcomponents in literat-
ure [8—13, 16—18], many of which also contain cavities with
single-sheet membranes [16, 17, 20, 21].

The design was completed with the intent to achieve as high
thermal endurance as possible. Smaller components have pre-
viously been seen to endure higher temperatures than larger
ones [9]. Hence, the component size was kept small. Further-
more, heaters were placed at both top and bottom sides of the
component, since double-sided heating causes a more uniform
temperature distribution. This will in turn result in a more uni-
form stress distribution across the component.

2.2. Fabrication of generic components

The components were fabricated using HTCC technology. The
general fabrication scheme for co-fired ceramics is similar
for both LTCC and HTCC. Ceramic sheets are individually
structured through machining and screen printing of thick-film
pastes. The sheets are then joined into 3D structures through
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Figure 2. Exploded views of a component with circular component
and square cavity geometries, embedded platinum layers and central
heater location ((a); left), and a component with square component
and circular cavity geometries, embedded platinum layers and
peripheral heater location ((a); right), along with dimensions (b). All
dimensions are prior to sintering.

lamination at elevated temperature and high pressure, with
sacrificial material (e.g. graphite inserts) supporting any cav-
ities. Finally, all constituents are fired at the same time, com-
busting the inserts and sintering the other materials. Overviews
of the processing technology can be found in [22, 23].

Two component batches, each consisting of 36 com-
ponents, were fabricated. All components with embed-
ded platinum layers were contained in one batch, and all
components without these layers were contained in the
other.

The components were fabricated from 150 pm thick
alumina green tapes (44007-150G, Ferro Corporation, OH,
USA). For the cavity part, three tape sheets were pre-laminated
at 70 °C and 3 MPa for 10 min [24]. Before lamina-
tion, the tape sheets were stacked between aluminium plates
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(thickness 1 mm) and vacuum packaged using a food sealer
(Chef Food Sealer, OBH Nordica, Denmark).

Cavities and alignment holes were then milled and drilled
through all three sheets simultaneously using a printed circuit
board plotter (ProtoMat S100, LPKF, Germany) and tools with
diameters between 250 um and 1 mm. To support the cavit-
ies during subsequent lamination steps, graphite inserts fitting
snugly into the cavities were milled from a stack of four sheets
of 125 um thick graphite tape (49000-G, Ferro Corporation,
OH, USA), that had been pre-laminated in the same fashion as
the alumina green tapes.

The top and bottom sheets of the components without
embedded platinum layers were prepared by screen printing
the heater patterns using platinum paste (5571-G, ibid) in a
manual stencil printer (ProtoPrint S, LPKF, Germany) with
a stainless steel mesh screen (LaserTech Services, Denmark).
For the components containing the embedded platinum lay-
ers, the top and bottom sheets were prepared by first screen
printing the platinum layers using a mixture of leftover pastes
(5571-G and 5574-A, Ferro Corporation, OH, USA, exact
mixing ratio unknown). Then, alignment holes of diameter
1.1 mm were drilled using the plotter. Finally, the heater pat-
tern was screen printed on the opposite side of the sheet using
platinum paste (5571-G, ibid), utilizing the alignment holes
for correct placement of the pattern.

The processed cavity part along with the top and bottom
sheets were stacked in a fixture with alignment pins [16]. This
five-sheet tape stack, along with the fixture, was vacuum pack-
aged, and the tapes were joined together through a 10 min lam-
ination at 70 °C and 3 MPa. The fixture was then replaced by
the aluminium plates, and the stack was once again vacuum
packaged before another 10 min lamination, this time at 70 °C
and 21 MPa, took place.

After this final lamination, individual components were
contoured using the plotter.

The conductive leads on the back side of the components
were joined to connection pads at the top side by manually
adding platinum paste (5571-G, ibid) over the edge, followed
by drying at 50 °C for 1 h.

Finally, the samples were fired in a high-temperature fur-
nace (ECF 20/18, Entech, Sweden), following a firing profile
with a peak temperature of 1550 °C [21].

In a few components, the heater patterns or the
over-the-edge platinum connections were found non-
conductive after firing. Post-firing repair of broken heaters and
over-the-edge platinum was done by manually applying silver
paste (CN33-145 Ag, Ferro Corporation, OH, USA), followed
by treatment in a muffle furnace (Thermolyne FB1310M,
Thermo Scientific, MA, USA) at 820 °C for 17 min.

For evaluation of the sintering shrinkage mismatch between
alumina tapes and platinum prints, two pieces of alumina tape,
about 6 x 6 mm?, were cut using a scalpel, and platinum
prints of approximately the same size were screen printed on
a sheet of graphite tape. The graphite tape served as a car-
rier, and was intended to combust during firing and leave free-
standing prints behind. Three prints were made, two using the
5571-G paste, and one using the 5574-A paste. The alumina
pieces and platinum printed graphite tapes were then fired

following the same procedure as for the components. During
firing, the samples were placed between two porous alumina
plates (ZAL-45AA, 0.25"T, Zircar Ceramics, NY, USA) to
maintain their flatness. The dimensions of the tapes and prints
were measured prior to and after firing. Four dimensions were
measured on each tape piece, and two on each print. All meas-
urements were repeated three times.

2.3. Evaluation of generic components

All components were inspected using optical microscopy and
x-ray (XT V 130, Nikon, Japan). The quality of the screen-
printed heaters was further evaluated by two-point measure-
ment of the heater resistances using a multimeter (34450A,
Agilent, CA, USA).

The sintering shrinkage of the alumina pieces and platinum
prints were evaluated by measuring their dimensions prior to
and after sintering using a measuring microscope (MM40,
Nikon, Japan) with digital readout (Quadra Chek 200, Met-
ronics, NH, USA).

During the evaluation of thermal endurance, a custom-
made stage was used (cf. figure 4). In this, components were
supported by four pillars made from pieces of alumina tube
(length 10 mm and outer diameter 1.5 mm; Degussit AL23,
Kyocera Fineceramics Solutions, Germany). The tubes were
attached to a 4 x 4 cm? sheet of printed circuit board (PCB)
laminate (RO4003C, Rogers Corporation, AZ, USA) in which
holes for the pillars were milled using the plotter. The pillars
were further fastened to the PCB using a small amount of glue
(Araldite Rapid, Huntsman Advanced Materials, TX, USA).
During testing, the components rested on the pillars with con-
tact points at the periphery of both the components and the
pillars, to minimize the contact area between the component
and the stage to reduce the thermal impact from the stage.

During the evaluation, the screen-printed heaters on the top
and bottom sides of the component were connected in series
to a power supply (QL355TP, TTi, UK). All electrical connec-
tions to the components were achieved using probe needles
(72G-J3/120, American Probe and Technologies, CA, USA).

The temperature at the top surface of the component was
monitored using an IR camera (Thermovision A30, FLIR
Systems, Sweden) equipped with a macro lens (Macro-lens
18 micron, ibid). To determine the correct emissivity of the
alumina used here, calibration of the IR image along with a
Pt-100 element fastened to the top component surface was
performed. The component was resistively heated using the
screen-printed heaters during simultaneous observation of the
component surface with the IR camera. The emissivity was
adjusted until the maximum temperature obtained in the IR
image matched the temperature given by the Pt-100 element.
Calibration was performed at 11 different temperatures span-
ning between 22 °C and 916 °C.

Since the IR camera only measures temperatures between
50 °C and 1200 °C, the temperature of components exceed-
ing 1200 °C was determined from the power supplied. In a
plot of temperature versus power for results attained at tem-
peratures less than 1200 °C, a linear fit was made to the nine
last measurements attained below 1200 °C (see example in
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supplementary figure S1 (available online at stacks.iop.org/
JMM/31/085005/mmedia)). The linear fit was then extrapol-
ated to higher powers and used for determination of temperat-
ures above 1200 °C.

From all components fabricated, 36 components were
selected for the full factorial experiment (figure 1). These had
heaters with as low resistance as possible, and as equal res-
istance as possible among the top and bottom heaters, both
factors indicating good heater quality.

The resistance to thermal fracture was evaluated by heat-
ing the components resistively using the screen-printed heat-
ers until failure, while monitoring the surface temperature
using the IR camera. The current supplied to the heaters was
increased in steps, with cooling to room temperature prior to
every increment. Hence, each current level corresponds to one
heating cycle from room temperature to steady state, defined
as when the maximum surface temperature attained in the IR
image had settled. The approximate time for this was noted.

For the first components tested, currents starting at 300 mA
for components with central heater location and 250 mA for
components with peripheral heater location were used. This
corresponded to a maximum surface temperature of about
300 °C. Later, the starting current was increased to 400 mA
and 330 mA, respectively, corresponding to a maximum sur-
face temperature of about 500 °C.

The current was gradually increased in steps of 10 mA, aim-
ing for an increase in steady-state temperature of about 30 °C
per step. This was continued until component failure.

The two-level full factorial experiment was analysed using
a computer software (MODDE Pro 11, Umetrics, Sweden)
to identify how the individual properties affect the failure
temperature. In this analysis, the four design properties were
treated as qualitative factors, each with two discrete levels.
The experimentally obtained failure temperatures were used
as the response variable. All data were centred and scaled.
Partial least squares regression was then used to model the
relationship between the design properties and the failure tem-
peratures, and to determine the effect of each property. Ana-
lysis was performed by first fitting a full factorial model to
the experimental data, and then reducing it by excluding non-
significant factors, following the procedure described in [19].

2.4. Design of microthruster

After evaluation of the generic microcomponents, the most
favourable design was used for a microthruster. According to
the result from the first part, to increase resistance to thermal
fracture, a peripheral heater location should be used, and plat-
inum layers embedded. Component and cavity geometries
were not seen to affect thermal performance, but the higher
degree of symmetry as well as the lack of sharp corners other-
wise accounting for stress concentrations in square compon-
ents still make circular geometries a better choice.

To move from the generic microcomponents into a micro-
thruster, two additional features needed to be implemented:
a nozzle and a gas inlet hole along with the possibility of
gas connection. It shall be noted that the design objective for
the microthrusters was not to optimize thruster performance.

(a)

Gas inlet

Platinum ring

Top sheet
W‘ Heater
Stagnation
chamber =
- m
W‘\—— Nozzle / S
‘ Heater (
* \ o
Q—"; \ S
Bottom sheet \ =
' ‘ Connector pads ;
‘ 013 | | &
o

Ceramic tape sheet
B Platinum print

Figure 3. Exploded view of the microthruster (a) along with a
selection of the dimensions of the nozzle (b). All dimensions are
prior to sintering.

Instead, the purpose of the microthruster was to demonstrate
the applicability of the results from the first part of this work.

The microthruster, figure 3, consists of five HTCC tape
sheets. The three central ones form the stagnation chamber,
with the nozzle contained in the middle sheet to maintain ver-
tical symmetry. The top sheet contains the gas inlet hole sur-
rounded by a platinum ring used for the gas connector, and a
heater. The bottom sheet contains the other heater and elec-
trical connector pads.

To maintain symmetry, the inlet hole was positioned at the
centre of the top sheet. The hole is 1.3 mm in diameter, and sur-
rounded by a screen printed platinum ring for the gas connec-
tion. Since the ring occupies the top surface, the heaters were
placed on the inside of the top and bottom sheets. Due to the
heaters being located at the inside of these sheets, the embed-
ded platinum layers had to be excluded, even though they
were previously seen to improve resistance to thermal fracture.
The design of the nozzle was adapted from a thruster suitable
for atmospheric ambient developed in [25], by increasing all
dimensions with 25% to allow for the size reduction occurring
during sintering. The dimensions not shown in figure 3 can be
derived from [25] and the dimensions of the generic micro-
components in figure 2.

For practical reasons, the screen used for screen printing of
the generic microcomponents was reused for the prints in the
microthruster. Hence, the prints for the platinum ring and the
connector pads were achieved using the screen pattern previ-
ously used for printing of the embedded platinum layers. The
platinum ring was achieved by printing five such patterns on
top of each other, each with a slight offset to the previous
one to fill out the incisions in the pattern, and the connector
pads were achieved by printing one such pattern followed by
milling two orthogonal trenches in it to allow for four separate
connectors.
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2.5. Fabrication of microthrusters

One batch, consisting of 18 microthrusters, was fabricated
using the same process and materials as for the generic micro-
components.

For the stagnation chamber part, the nozzle sheet was pre-
pared by milling the nozzle and drilling alignment holes in an
alumina green tape using the plotter. The nozzle sheet was then
stacked between two other tape sheets, through which align-
ment holes had been drilled, in the alignment fixture. Dur-
ing stacking, milled graphite inserts were positioned inside
the nozzles. The three tape sheets were then pre-laminated for
10 min at 70 °C and 3 MPa, before the stagnation chamber
was milled through all three sheets simultaneously.

The top sheet was prepared by screen printing of the heater
pattern using platinum paste (5571-G, Ferro Corporation, OH,
USA), followed by a 10 min lamination at 70 °C and 21 MPa
between aluminium plates. This lamination was performed to
press the print into the tape sheet, to avoid damage to the print
caused by the cavity edges during subsequent lamination steps.
Alignment holes were then drilled before the platinum ring at
the top was screen printed on the opposite side of the sheet
using platinum paste (5574-A, ibid). Each of the five prints
was followed by drying at 50 °C for about 1 h.

The bottom sheet was prepared by screen printing of the
heater pattern, lamination and drilling of alignment holes in
the same fashion as for the top sheet. The embedded platinum
layer design was then screen printed on the opposite side of the
sheet using platinum paste (5571-G, ibid), followed by milling
two orthogonal trenches using the plotter to obtain four separ-
ated connector pads.

The processed stagnation chamber part along with the top
and bottom sheets was then subjected to the two-step lamin-
ation procedure, with a first 10 min lamination at 70 °C and
3 MPa and a final one with the same duration at 70 °C and
21 MPa. After final lamination, gas inlet holes were milled
through the top sheet and individual thrusters were contoured,
all using the plotter.

The heater patterns were joined to the electrical connector
pads at the bottom side by manually adding platinum paste
over the edge. Two layers of platinum were applied, each fol-
lowed by drying at 50 °C for 1 h.

Finally, the thrusters were fired in the high-temperature
furnace, following the same procedure as for the generic
components.

Some thrusters were prepared for gas connection by
attaching 4 cm long parts of alumina tube (Degussit AL23,
3 x 1.6 mm, Kyocera Fineceramics Solutions, Germany) to
the platinum ring surrounding the gas inlet hole using plat-
inum paste (5571-G, Ferro Corporation, OH, USA). After this,
a second firing procedure in the high-temperature furnace took
place, this time with a peak of 2 h at 1400 °C. Polyurethane
tubing (length 1 dm, outer/inner diameters 6/4 mm, respect-
ively) was then glued to the end of the alumina tube using
epoxy (Epo-Tek 730, Epoxy Technology, MA, USA) to allow
for further gas connection.

Figure 4. A thruster with alumina tube for gas connection attached,
mounted in the test setup. The IR camera (not visible in this image)
overlooks the component from above. The metal part at the bottom

right corner acts as a mechanical support for the stage.

2.6. Evaluation of microthrusters

To evaluate the quality, all thrusters were inspected using
optical microscopy. The quality of the screen-printed heaters
was evaluated by two-point measurement of the heater resist-
ances using a multimeter (Fluke 77 Multimeter, Fluke, WA,
USA).

The thermal endurance of two stand-alone thrusters,
without alumina tube attached, was evaluated using the same
setup and procedure as for the generic microcomponents,
with cycling from room temperature to a step-wise increased
steady-state temperature. The only exception was that the cur-
rent increment size was adjusted so that every increment still
corresponded to an increase in steady-state temperature of
about 30 °C. This was achieved using step sizes of 10-20 mA.

To evaluate the effect of attaching the alumina tube, the
thermal endurance of one thruster with tube attached was also
evaluated. To allow for the tube, another stage was fabricated,
resembling the previously used one but with a cut-out in the
PCB laminate through which the tube could pass. The thruster
rested on the four pillars as previously, and the tube hung
freely from the thruster, figure 4. For evaluation of thermal
performance, the same test procedure as for the stand-alone
thrusters was used.

Two thrusters were evaluated during operation as cold gas
thrusters. For this evaluation, the modified fixture with cut-out
was used, and the plastic tubing was further connected to a gas
supply. The thrusters were fed with pressurized nitrogen gas
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Figure 5. X-ray images of a D2 component with embedded
platinum layers (left), and a D11 component without embedded
platinum layers (right), both suffering from some misalignment. The
small platinum dots are used for sample identification.

Table 1. Results from resistance measurement of heaters in the
generic microcomponents. Average presented along with standard
deviation.

Average
No. of functional
Total no. of  non-conductive heater
Heater location heaters tested heaters resistance (£2)
Central 72 1 4.6 +0.63
Peripheral 70 7 6.7+13

with an overpressure of 200 kPa. With the gas flowing through
the thrusters throughout the test procedure, thermal endurance
was evaluated using the same test procedure as for the testing
of thrusters with tube.

3. Results

3.1. Generic microcomponents

3.1.1. Inspection.  After one component was lost to the
exhaust system of the plotter, the fabrication resulted in a total
of 71 generic microcomponents. Figure 5 shows x-ray images
of two components, revealing the inside of the components
as well as some misalignment between tape sheets, present to
some degree in almost all components.

Resistance measurements of the heaters, table 1, showed
that 94% of the heaters investigated were conductive. Optical
microscopy and x-ray inspection of the non-conductive heat-
ers revealed cracks in the heaters at positions located over the
edges of the cavity. Of the eight dysfunctional heaters, seven
were found in components from one batch, indicating quality
differences not uncommon in this type of fabrication.

Broken heaters in four components (one each of D1, D11,
and two of D9) and over-the-edge platinum in another one
(of D1), all needed to fulfil the full factorial experiment, were
repaired using silver paste (see section 2.2).

The shrinkage of the alumina tape and the platinum pastes
is presented in table 2.

Table 2. Average shrinkage of the tape and pastes presented along
with standard deviation. N = 24 for the alumina tape, 12 for the
5571-G paste and 6 for the 5574-A paste.

Material Average shrinkage (%)
Alumina tape 15.0 £ 0.395
Platinum paste 5571-G 23.1£243
Platinum paste 5574-A 31.0 £ 1.04
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Figure 6. Maximum surface temperatures at failure for all
components included in the full factorial experiment. Symbols
denoting component design are explained in figure 1.

3.1.2. Thermal endurance. The emissivity calibration was
performed using a D1 component, not included in the full
factorial experiment, and resulted in three discrete emissivity
values used in different temperature ranges.

Maximum surface temperatures obtained at failure are
presented in figure 6.

For the D9 component used to evaluate variation, the aver-
age failure temperature was 917 °C £ 42 °C, using a 95%
confidence interval.

Of the 36 components tested, 13 failed by cracking com-
pletely into two or more separate pieces, nine from cracks
visible in optical microscopy, and three from melting of the
heater. For the remaining 12 components, no visible cracks
nor any melting of the heater were seen.

Two examples of IR images obtained at failure temperat-
ure are seen in figure 7. Qualitative evaluation of IR images
obtained at failure temperature and at about 500 °C for all
components was performed. From this, it was seen that a
peripheral heater location gives a more uniform temperature
distribution than a central one. Components with embedded
platinum layers were not seen to have a more uniform temper-
ature distribution than components without, but withstood lar-
ger temperature differences across the surface at failure. This
was extra prominent in components with peripheral heater loc-
ation.

The time required from turning on the current until steady
state was reached was about 90 s, no matter the final temper-
ature reached.
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Figure 7. IR images obtained at failure temperature for components
of design D1 (left) and D5 (right). Maximum surface temperatures
in the images are 1124 °C and 997 °C, respectively. Since the IR
images are calibrated for the emissivity of alumina, the temperatures
of metal parts are not correct.

Figure 8. Hot spots caused by width variations in the heater pattern,
seen during visual inspection of the glowing heater, where higher
temperature of the heater results in a brighter glow.

Local variations in heater width were seen to cause local
hot spots on the component surface. This could be seen both
from IR images as well as by visual inspection of the sample
during testing at temperatures above 700 °C, where platinum
starts to glow, figure 8.

3.1.3. Data analysis.  According to the reduced model res-
ulting from the data analysis, the only factors that signific-
antly affected failure temperature were heater location and
embedded platinum layers. No other factors included in the
full factorial experiment, including all interaction terms, signi-
ficantly affect the failure temperature according to the model.
The effects of all primary factors are presented in table 3.

Figure 9 shows experimentally observed failure temperat-
ures versus failure temperatures predicted by the model. The
goodness of fit, R2, of the model is 0.64, and its goodness of
prediction, 02, is 0.58.

3.2. Microthrusters

As for the generic microcomponents, one thruster was lost dur-
ing fabrication. Hence, the fabrication resulted in a total of 17
microthrusters, two of which are seen in figure 10. Optical
microscopy revealed that three thrusters had clogged nozzle
outlets. (Being featureless, these images have been left out.)

Table 3. Design factors’ effect on failure temperature according to
the reduced model, along with 95% confidence interval.

Increase in failure

Design change temperature (°C)

Changing from central to peripheral 226 £ 70
heater location
Embedding platinum layers 155 £70

Changing from square to circular Not significant

cavity
Changing from square to circular Not significant
component
1400
O Central heater, without Pt layers =
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Figure 9. Experimentally observed failure temperatures versus
failure temperatures predicted by the model. The dashed guide line
indicates where the observed temperature equals the predicted one.

Figure 10. Two microthrusters leaning against a normal match. Left
one shows top side containing gas inlet hole and right one shows the
electrical connector pads on the bottom side.

No cracks in the platinum prints at locations over the edges of
the cavity were seen.

Resistance measurements of the heaters revealed that all 34
heaters were conductive, with an average resistance and stand-
ard deviation of 6.9 2 £ 0.56 () after exclusion of one outlier
with a suspiciously high resistance of 10 .

In testing of stand-alone thrusters, the first thruster tested
reached 1460 °C, before the connection through the probe
needles failed. The second thruster tested reached 1290 °C
before testing was aborted to avoid further problems with the
probe needles.
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In dry testing of the thruster with an alumina tube attached,
the thruster reached 1220 °C before testing was aborted. Heat-
ing the thruster from room temperature to steady state took
about 2.5 min.

During operational testing, the two thrusters tested reached
417 °C and 772 °C, respectively, before the alumina tube
detached. Heating the thrusters to steady state took about
3 min.

4. Discussion

According to the results from the first part of this work, peri-
pheral heater location and embedded platinum layers were
seen to increase resistance to thermal fracture. The increase
provided by the peripheral heater location is a result of this
location causing more uniform heating of the component
compared to central location, which reduces the temperature
gradients.

For the embedded platinum layers, two different effects
were hypothesized: for the layers to serve as heat dis-
tributors, or to induce residual compressive stresses in the
alumina. Since platinum has higher thermal conductivity
(71 Wm~! K~ at0°C [7]) than alumina (3040 Wm~' K~!
at room temperature [26]), the layers could contribute to a
more uniform heat distribution that could increase the resist-
ance to thermal fracture. However, no evidence of more even
temperature distributions in components with platinum layers
was seen. Instead, it appeared that components with embed-
ded platinum layers could withstand larger temperature differ-
ences across the surface before failure. This could imply that
platinum provides a mechanical reinforcement, e.g. through
inducing residual compressive stresses in the alumina dur-
ing fabrication. The sintering mismatch and residual stresses
formed upon co-firing of alumina and zirconia has been stud-
ied previously [27], but similar effects for the combination of
alumina and platinum has not been investigated. The shrinkage
measurements conducted here indicate that platinum shrinks
more than alumina during firing. Hence, occurrence of resid-
ual compressive stresses in the alumina is likely. However, this
study does not attempt to make a thorough characterization of
the stress situation in a material system of HTCC alumina and
platinum, and further study of this is needed before final con-
clusions can be drawn.

Regarding the shrinkage measurements, it should be noted
that all platinum prints adhered to either the top or the bot-
tom porous plate that supported the prints during firing. This
caused uneven shrinkage and warping of the prints, which con-
tributes to the relatively large standard deviation in the shrink-
age of the prints compared to the shrinkage of the alumina
tape. The mixing ratio of the paste that was used for printing of
the platinum layers in the generic components was unknown.
However, this is not thought to affect the effect of the prin-
ted layers since both pastes shrink more than the alumina tape
upon firing. Hence, any mixture of these two pastes would
have the intended effects.

In addition to effects from shrinkage, Young’s modulus
of platinum differs from that of alumina (171 GPa [7] and

380410 GPa [26], respectively), and an interface between
layers of different stiffness can affect crack propagation and
increase material strength [28].

The goodness of fit of the model, R?, representing how well
the experimental values fit the predicted values, was 0.64, and
the goodness of prediction, QZ, describing the model’s abil-
ity to predict failure temperatures, was 0.58. A model based
on experimental data is considered good when Q” > 0.5 and
the difference between Q® and R? is not exceeding 0.3 [29].
In addition to the variations caused by the experiment, the
strength in ceramic materials always experiences some vari-
ations due to the mechanisms governing fracture in brittle
materials. Hence, the reduced model is reasonable. Further-
more, the variation between replicates, evaluated for the D9
component, is much smaller than the overall variation in fail-
ure temperatures among all components. This indicates that
the effects seen are not only because of random variations or
experimental error. During the emissivity calibration, the Pt-
100 element covered an area of about 2 x 2 mm? at the cent-
ral part of the component, leaving only the outer part of the
component visible in the IR camera. Hence, during calibra-
tion, the Pt-100 element measured the average temperature of
the central part of the component, which was then compared
to the temperature of the outer rim measured by the IR cam-
era. However, since the emissivity was used consistently, the
resistance to thermal fracture of components relative to each
other is still correct. It is only the absolute magnitude of the
temperatures that might not be.

This work investigates the effect on thermal fracture resist-
ance of a few design parameters only. Previously, the influence
of component size on thermal endurance has been investig-
ated in [16], where smaller components were seen to endure
higher temperature than larger ones. The effect of other design
parameters, such as, but not limited to, the size of the cavity,
the thickness of its top and bottom layers, and the effect of
double-sided compared to single-sided heating of components
should also be investigated. Since the ultimate goal of heat-
ing a thruster is to increase thruster efficiency, the effect of the
design parameters on thruster performance, in terms of, e.g.
heat transfer to the gas flow, specific impulse and power con-
sumption, also requires further investigation.

In dry testing, the microthrusters reached higher temperat-
ures than the generic components, even though the embedded
platinum layers had to be excluded from the thrusters. How-
ever, due to the platinum ring at the top and the electrical con-
nector pads at the bottom, there is still a lot of platinum present,
possibly serving the function of the embedded platinum layers.
Another possible contribution to the increased thermal per-
formance of the thrusters is improved quality from fabrication,
most likely in heater quality. This is further supported by the
fact that all heaters in the microthrusters were conductive.

The uncertainty in the temperature measurements for the
microthrusters is larger than for the generic components.
Since large parts of the surface are covered by platinum,
only the temperature at a small part of the surface could
be assessed during thermal endurance testing of the micro-
thrusters. The temperature distribution is not uniform over
the surface. Hence, it is not certain that the area containing
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the maximum temperature was assessed. Nevertheless, despite
the possible uncertainties, the maximum surface temperature
of 1460 °C reached during testing is a great improvement com-
pared to the maximum failure temperature of 679 °C that has
been previously reported for dry testing of alumina HTCC
microthrusters [16].

A surface temperature of 772 °C during operation is also a
great improvement compared to the 307 °C previously repor-
ted [16]. However, here it must be noted that the previously
investigated thruster was a monopropellant one. Hence, tem-
peratures during operation were attained when it was fed with
liquid instead of gas. This affects the thermal performance.

Apart from the high temperatures reached, the rapid heat-
ing towards these temperatures should also be noted. To
avoid thermal fracture, the temperature has previously been
increased very slowly, requiring 25 min to reach the final tem-
perature [16]. In this study, final temperatures during tests of
thrusters without tube were reached after 90 s.

The purpose of heating a cold gas thruster is to increase
the energy of the gas, which decreases propellant consump-
tion. A measure of how effectively a thruster uses its propel-
lant is the specific impulse, I, of the thruster. For a cold gas
thruster, I, = Kv/Tc /M, where T¢ is the chamber temperat-
ure, M the average molecular weight of the exhaust gases, and
K a proportionality constant depending on the specific heats
of the exhaust gases and the pressures in the chamber and the
ambience [5].

The dimensions of the microthruster are small, and the fix-
ture is designed to keep heat losses to the surroundings as small
as possible. Therefore, the temperature differences across the
thrusters’ vertical axis are most likely small, and the chamber
temperature can roughly be estimated as being the same as the
measured surface temperature. When operated as a cold gas
thruster at constant chamber and ambient pressures, and with
a given propellant, increasing the device temperature from
the previously observed 307 °C to the maximum operating
temperature of 772 °C obtained in this work increases the
specific impulse of the thruster with 34%. If the interfacing
issues could be mitigated and the maximum temperature of
1460 °C obtained for a stand-alone thruster in this work could
be reached during operation, this would cause an increase in
specific impulse of 73% compared to operation at 307 °C.

The propellant consumption of a thruster is inversely pro-
portional to its specific impulse [3]. All the propellant that
is needed for a space mission needs to be carried on board
already at the launch, but electricity on the other hand is abund-
ant as long as the spacecraft is within the reach of the rays from
the sun. Hence, heating a cold gas thruster using solar power
is a way to make better use of the limited amount of propellant
that can be brought.

For current state-of-the art cold gas thrusters, propellant
mass is about 15% of total spacecraft mass [6]. In addition,
the tanks for compressed gas can add an extra 50% of pro-
pellant mass [5]. If less propellant is needed, overall space-
craft mass can be reduced, eventually reducing the cost of a
space mission and making missions more generally available.
Another option is to use the volume and mass made available

from reducing the propellant mass for payload, such as extra
instrumentation that can increase the redundancy and success
rate of space missions.

5. Conclusions

In this investigation of design parameters’ effect on thermal
fracture resistance in HTCC microcomponents, peripheral
heater location and addition of embedded platinum layers were
seen to improve resistance to thermal fracture, whereas choos-
ing circular or square geometries of component and cavity did
not affect thermal performance significantly. Choosing a peri-
pheral instead of a central heater location contributed to an
increase in failure temperature of 226 °C £ 70 °C, and embed-
ding platinum layers increased the failure temperature with
155°C £ 70 °C.

Using the optimized design parameters, an alumina micro-
thruster surviving rapid heating from room temperature to
1460 °C was fabricated and evaluated. Furthermore, it could
be operated as a cold gas thruster at temperatures up to 772 °C,
which is a substantial improvement compared to previously
reported device temperatures during operation of 307 °C or
lower. This increase in thermal performance can reduce the
propellant needed during a space mission, which could either
reduce spacecraft mass and costs, or leave room for extra pay-
load with the potential to increase mission success rate.
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