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Abstract

The eventual aim of this research work was to develop a new low-cost synthesis route to produce ultralight aluminum oxide
ceramic fibers for high temperature insulation. This paper mainly focuses on the application of Al,O; fibers as insulation
materials in space vehicles. The study extended to check the fibers during the launch and in the conditions of space by a
satellite test. The materials were monitored by thermo-vacuum and vibration tests before the launch. The long-term stability,
the daily maximum and minimum temperature, and the temperature fluctuation were investigated in the satellite test. The
data derived from satellite was collected in about 9 months. The other focus of this study was the characterization of fibers
at high temperature. Al,O; fibers were prepared by a new solution method and electrospinning technique. The developed
Al fibers can be characterized by 0.035-0.037 W-mK ™! thermal conductivity, excellent heat resistance (up to 1600 °C),

and good flexibility.
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1 Introduction

Space missions require materials that can preserve func-
tional integrity under extreme conditions of heat, impact
and radiation. The main requirements for space insulation
materials are light weight, very low heat conductivity, and
outstanding thermal stability. The external tank needs some
insulation to maintain the cryogenic fuels, liquid hydrogen,
and liquid oxygen as well as to provide additional structural
integrity through launch and after release from the orbiter.
The extreme thermal conditions in space depend on the type
of orbit and on the satellite configuration. During orbital
phases around the earth, spacecraft materials and struc-
tures are subjected to outside temperatures varying between
approximately — 180 °C to+ 180 °C. The temperature
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very quickly changes between these values owing to the
rotating space vehicles, such as satellite. The quick tem-
perature change means bigger challenge for insulation sys-
tems together with outside temperature. The protection of
cryogenic tanks in launch vehicles already requires more
intensive thermal insulation regarding the temperature of
the liquid hydrogen (— 253 °C) and oxygen (— 183 °C) tanks
and the reaction (~ 1000 °C) between oxygen and hydrogen.

The typical thermal insulation materials in space vehicles
are [1-5]:

— Polymer foams and their composite

Some examples: Rohacell WF, polymethacrylimide foam
can be used up to 130 °C and 0.7 MPa; Eccofoam: polyu-
rethane foam (<75 °C); spray-on foam, which a closed cell
foam based on polyurethane for insulation of the shuttle
fuel tank’s outer layers. NASA applied a low-density, rigid,
closed-cell polymeric (epoxy) foam. This foam is referred to
as a tank insulator.? The other system is a composite material
made of silicone resins and cork. That can also be applied
for insulation of the liquid hydrogen tank [1].

— Porous inorganic materials
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These materials can be characterized with nanome-
ter scale open pore structure, very low bulk density, and
extremely low heat conductivity. Some examples: silica
aero- and cryogel products of ASPEN, polymer cross-linked
aerogels, polyamide aerogels [2-5]. They are good candi-
dates as isolation materials for hypersonic cryogenic tank.

— Multi-layer-insulation systems (MLI)

MLI provide a lightweight insulation system with a high
thermal resistance in vacuum. MLI blankets consist of a
number of highly reflecting radiation shields such as silver
aluminized Mylar layer or other metallized polymer films
covered with gold foil; Kapton foil; and thermal insulation
layers such as aerogel layer or fiberglass mat or paper [2-5].

— Fiberglass

Fibrous insulation materials may be pure silica fiberglass
or glass fiber reinforced with polymer (epoxy or polyester
polymer). One of the most important is the phenolic-impreg-
nated carbon ablators or reinforced carbon—carbon systems
(<580 °C) [1-5]. Reinforced carbon—carbon is a composite
made by treating graphite fabric that has been pre-impreg-
nated with phenolic resin. The resin polymer is converted to
carbon by pyrolysis. In the system of carbon—carbon, silicon
carbide is used for reinforcing.

Alumina ceramic fibers are utilized in a wide field of
structural and thermal insulation [6], adsorption, and filter-
ing. Alumina fibers are often used as reinforcement materials
dispersed in metal, ceramic, or polymer matrix of composite
systems [7, 8]. In the aspect of application, aluminum oxide
fibers have many advantageous properties: microstructural
stability at high temperature, low thermal conductivity, low
density, thermal-shock resistance, high corrosion and electri-
cal resistance, and good mechanical strength [9-11].

Many low-cost synthesis routes are known instead of
expensive melting techniques to produce aluminum oxide
fibers: precipitation [12-15], sol gel [16—18], hydrothermal
[19], and CVD methods [20].

In the previous work, we developed a new low-cost syn-
thetic route to prepare Al,O; fibers [21]. Aluminum acetate
and nitrate are proved to be the best Al starting materials.
According to the previous conclusion, the fibers can be
drawn from various colloid systems such as sol or gel-like
systems. The spinnability favors the anisotropic fine parti-
cles or two-dimensional chains. The effective fiber drawing
demands gel-like systems rather than course sols. The course
sols result in very short and brittle fibers or only spread
particles [21.]

In the present work, solution techniques (sol-gel and co-
precipitation synthetic routes) were applied for preparing the
precursor systems of fiber drawing. The main aim of present
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study was to test our fiber materials in space, i.e., in extreme
thermal conditions, in between quick temperature changes
and high temperatures. Beside the investigation in space,
thermo-vacuum and vibration tests, SEM study in the func-
tion of temperature and thermal conductivity measurements
were carried out to characterize the Al,O; fibers.

2 Experimental
2.1 Synthesis

The starting materials were Al acetate,
Al(OOCCH;),(OH)-H,0 (Alfa Aesar, 99,8%) and Al nitrate,
Al(NO3);-9H,0 (VWR, 99,9%). Aluminium salt was dis-
solved in distilled water or water-containing alcoholic sol-
vents. Al salt was provided by 80% nitrate and 20% chloride.
The molar ratio of precursor solution: ethyl alcohol/H,0/
NH,/AI** is 20:3:3:1. The basic Al acetate is not soluble
in water or alcoholic solvent, it can only be dissolved in
strongly acidic (pH< 1) or basic (pH> 11) medium. To avoid
the basic Al-containing precipitation during the treatment,
Al acetate was dissolved in hydrochloride aqueous solu-
tion [21]. The molar ratio of precursor solution: H,O/HCV/
A**is 25:2.25:1. Two types of fiber drawing were applied:
electrospinning and solvent spinning. Application of elec-
trospinning leads to formation of best fibers with diameter of
1-10 pm and length of 1-5 cm. The heat treatment of green
fibers was performed at 80 and 400 °C. 80 °C is important
for the escape of solvent, 400 °C for the development of
final bond systems. Slow and graduated heating process is
favorably for the longer fibers. The yield was 65-72% of
theoretical value.

2.2 Characterization

The fiber size and morphology were studied by a FEI Quanta
3D FEG scanning electron microscope (SEM). The SEM
images were prepared by the Everhart—Thornley secondary
electron detector (ETD), its ultimate resolution is 1-2 nm.
Since the conductance of the particles investigated is high
enough to remove the electric charge accumulated on the
surface, the SEM images were performed in high vacuum
without any coverage on the specimen surface. For the best
SEM visibility, the particles were deposited on a HOPG
(graphite) substrate surface. SEM combined with energy
disperse X-ray spectroscopy (EDX) is mainly applied for
spatially resolved chemical analysis of monolith samples.

The thermal conductivity of insulation materials such
as extremely porous aluminum oxide and randomly woven
fiber systems were measured by new facility supported by
EURAMET.
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Thermo-vacuum test has been carried out in Center of
Energy Research, Budapest. That is one of the requirements
for the launch. A thermal-vacuum test (70 °C, 3 h, 10~ Pa)
was performed to check the safe operation of the satellite and
to detect possible material evaporations (which could dam-
age other satellites in POD). In addition, a cyclic vacuum
and cyclic vacuum heating test (4x) was performed simulat-
ing the space conditions. In space conditions, the thermal
conduction is based on the thermal conduction of metal parts
and/or heat radiation due to the vacuum. The applied level
of vacuum was 10~ Pa, the temperature range covered from
— 40 °C to+70 °C, the heating and cooling rate were 6 °C/
min, and the dwell time was 15 min. Under the whole test-
ing time the batteries were covered with our test samples.
The criterion is that the evaporation and the material weight
loss should be below 1% [22]. The reference material was
stainless steel plate.

Vibration test has been performed in an accredited labora-
tory of BHE Bonn Hungary Electronics Ltd, Budapest. In
the test, the qualification specimens were shaken by 20 G
sinusoidal normal, and 65 G random impact vibrating load.
Accepted level test: the flying specimen was shake 12 G
sinusoidal and 10 G random impact vibration load. It both
tests, a scanning vibration test was performed 0-20 kHz fre-
quency to get to know, which is the own vibrating frequency
(resonance frequencies) of the satellites. That was very
important, because if this frequency is close to the vibrations
generated during the rocket launch, there is a high chance
that the satellite would be damaged during the launch [22].
Under the whole testing time, the batteries were covered
with our test samples. The criterion is, that the evaporation
and the material weight loss should be below 1% during the
test. The reference material was stainless steel plate.

Satellite test has been carried out in the satellite shown
in Fig. 1. The four JABP85A TABP85A type, 35.8 x27.8
X 7.1 mm sized battery were soldered to a PCB panel

Fig.1 ATL-1 CubeSat

and covered by the copper battery cap. The batteries were
charged by six pieces solar cells. The investigated materi-
als were placed around 4 batteries in the satellite. During
the mission, the temperature was measured by PTS0603
type thermocouples on five different sides of the batter-
ies. The three tested aluminum oxide thermal insulation
materials, and the Kapton foil were integrated to cover the
batteries and the thermometers. The thickness of insula-
tion layers was 1 mm regarding 1 mm thickness of Kapton
foil. The measured data of the thermometers calibrated
with a 75 Ohm reference resistor were recorded by the data
processing system, and then transmitted by the Communi-
cation System (COM) via the on-board computer (OBC)
to the Earth. The communication of data was happened
at a maximum frequency of 20 kHz with a transmission
power of 100 mW, in the 473.15 MHz band at data rates
of 5000 and 1250 bit/s. Regarding the period of ATL-1,
i.e., 90-92 min, the days were taken into account on those
data could be collected during minimum 4.5 h. Thus, the
information can be derived from minimum 3 rotation, i.e.,
3 temperature cycles.

3 Result and discussion

The Al,O; fibers with other 2 porous Al,O; materials were
tested in ATL-1 CubeSat mission. The ATL-1 is a double
CubeSat size (5% 5 X 10 cm) satellite (Fig. 1) [23]. The
main aim of the ATL-1 mission was to investigate these
materials and compare with a Kapton foil used commonly
in space missions for thermal insulation. The ATL-1 mis-
sion was started at 2019.12.06 when the satellite was
delivered to a 390 km high Solar Synchronize Orbital
as a payload of Rocket Lab’s Electron rocket from New
Zealand.
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3.1 Preliminary tests of materials for space weight loss under space conditions, i.e., in vacuum and

qual

ification under vibration (Figs. 2, 3).
At the ATL-1’s 360 km high Solar Synchronize Orbital

Space devices must meet the requirements described by  the average temperature was -18 °C, due to the distance of

various st

andards [24]. According to the requirements, the  the Earth. The electronical system could be operating safety

evaporation degree of the satellite may be maximum 1%  between — 40 °C and + 80 °C. The batteries of satellite could
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only operate at — 10 °C and+ 60 °C and could only be
charged in the range from 0 °C to +45 °C) [22]. These con-
ditions give the importance of thermo-vacuum test (Fig. 2).

The testing and the flying specimen of the ATL-1 satel-
lite were tested on the vibration desk to get to know how the
satellite resist of the different vibrating and shaking forces,
which can be formed under the launching process. The maxi-
mum allowed weight loss is also 1% (Fig. 3).

According to measuring data, our fiber samples fill emi-
nently the requirements, in both cases the weight loss is
much less than 1%. That means our fibrous samples and the
whole satellite have obtained the space qualification required
for the launch.

3.2 Analyzing the data derived from satellite

The electric supplies of the ATL-1 satellite were four pieces
35.8x27.8 x 7.1 mm sized battery. The three tested alu-
minum oxide thermal insulation materials, and the Kapton
foil were integrated to cover the batteries and the thermom-
eters. The measuring data were transmitted by the Commu-
nication System (COM) via the on-board computer (OBC) to
the Earth. Regarding the period of ATL-1, i.e., 90-92 min,
the data could be collected during minimum 4.5 h. The
information could be collected from minimum 3 rotation,
i.e., 3 temperature cycles.

Two databases were created as result of the space mis-
sion, one from the telemetry measurements and another from
the timed measurements. The final databases are made up of
nearly 300,000 data packages, so more than 75,000 measure-
ments were successfully executed and detected at every type
of materials. Based on the time stamps, in the case of timed

measurements, which were for a period of 1-1 h, we were
able to record a continuous series of several hours/days of
measurement data. Telemetry measurements, on the other
hand, did not result in a longer data set, nor was the distance
between each measurement point equal. For this reason, the
results of the two types of measurements were combined
and the results of the programmed measurements were sup-
plemented with the results of the telemetry measurement.
Measurement data generated over a longer period are
suitable for characterizing the thermal insulation properties
and stability of the various tested materials. The insulation
character of Al,O; fiber has not really changed during near
9 months similar to Kapton foil (Figs. 4, 5, 6). Kapton foil
provided for comparison is a typical insulation material for
satellite. These results demonstrate the stability of fibers
even in extreme conditions. Small reduction in the function
of time can be observed only in the maximum and mini-
mum temperature values. The maximum daily temperature
fluctuation is plotted to represent the difference between the
lowest and highest value of temperature (Fig. 4). The Al,O;
fibrous insulation used in thickness of 1 mm shows 19-20%
smaller temperature fluctuation than Kapton foil. Monitor-
ing the daily minimum and maximum temperature is also
very important, because the applied batteries only can oper-
ate at the range of — 10 to+ 60 °C and can be chargeable
at the range of 045 °C. The maximum temperatures meet
the requirements in both insulation systems; however, the
long-term results of fibers are 12—-15% better (Fig. 5). In the
minimum temperature, there is larger difference; the data of
fibers show 20-60% better values than Kapton foil (Fig. 6).
However, both systems meet the operating requirements, but
the battery covered with Kapton foil can be chargeable in

24.8 \ -

22.8

20.8 —

18.8 \

Kapton foil

/‘

Temperature / °C

.
~~

16.8

/ A:Os fibers | _—""

14.8

17/12/2019 05/02/2020 26/03/2020

N—

15/05/2020 04/07/2020 23/08/2020

Date (15.12.2019 - 31.08.2020)

Fig.4 Daily maximal temperature fluctuation in the time function

@ Springer



676 P. Adam et al.
18
17 \ / \
16 \Vr/ \\
O // \\ :
o
o ALO: fib \
5 20; fibers \ / \
§ “ / e\
. >/ \ «
g n ‘ Kapton foil
& N
" e o
1
10
17/12/2019 05/02/2020 26/03/2020 15/05/2020 04/07/2020 23/08/2020
Date (15.12.2019 - 31.08.2020)
Fig.5 Changes of daily maximum temperature in the time function
AlO:s fibers
2
O 7|
o
5+
il ] N
g 5 \ / \
Q-q | \
)
= 6 \ " -
\ Kapton foil
! \ ¢ \
-8 \ f \
\/ o=
1;;12/2019 05/02/2020 26/03/2020 15/05/2020 04/07/2020 23/08/2020

Date (15.12.2019 - 31.08.2020)

Fig.6 Changes of daily minimum temperature in the time function

30-40% shorter time. These results can be achieved using
the fibers only in 1 mm layer thickness around the battery.
This layer thickness quarantined the reliable comparison
with Kapton foil.

Figure 7 represents the homogeneity of insulation sys-
tems around the batteries. The temperature curves run
closely together in the case of insulation with Al,O; fibrous
layer proving its high homogeneity.

@ Springer

Summarizing the results of the satellite mission, the
intensity of thermal insulation ability (1) was calculated
(Fig. 8). The values were correlated to Kapton foil. The
calculated intensity of thermal insulation ability is better
with 20-26% per mm than the intensity of Kapton foil. (The
thickness of Kapton foil is 1 mm.) This result represents well
the previous difference between fibrous and foil insulation
materials.
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N = <Tmax,Kap - Tmin,Kap) 100 )
Tmax,Fib - Tmin, Fib

where Tk, maximum temperature of Kapton foil, 7,k

minimum temperature of Kapton foil, 7}, r;, maximum tem-
perature of Al,Oj; fibers, T,,;,p;, minimum temperature of
Al,O; fibers.

The fibers are aimed to apply as insulation materials at
higher temperature (> 800 °C) for protection of e.g., cryo-
genic tanks. Our ultralight Al,O; fibers could retain their
fibrillar and porous characters even at 1500 °C (Fig. 9). The
pure silica aerogels are applicable up to about 650 °C, while
the commercial bulk Al,O; insulation materials generally
up to 1000 °C. Typical problem of applicability of Al,0;
above 1000 °C is the crystallization of alpha Al,O5, which

HV l curr |mag B det 1 — 1 m - HV curr | mag B | det
10.00kVI46,6 pA1 S 000 x ILVSED! ELTE TTK 10.00 kV| 46.6 pA | 20 000 x|LVSED

Fig.9 SEM images for Al,O; fibers heat treated at 600 and 1500 °C

mag B ] det

WD HV curr
*111.5 mm|20.00 kV|60.0 pA| 200x |LVSED

generally breaks the fibrillar and porous structure. The rea-
son of avoiding the fracture is the use of gel-like precursor
system of drawing. The near 3D structure hinders the struc-
tural degradation.

The fibers were heated at 1000 °C for 48 h to control
the long-term load. The fibrous and porous structures were
retained (Fig. 10).

The very important parameter of insulation materials is
the thermal conductivity. The thermal conductivity of Al,O;
fibers and various insulation materials of space vehicles are
listed in Table 1 [25]. The aerogels or aerogel-based hybrid
or composite materials have much lower thermal conduct-
ance than polymer foam or fiberglass systems. Moreover,
the polymer containing systems can be only used at low
temperature, lower than 150 °C. The silica aerogels (in MLI

—————|sf3| WD | HV | cur |mag @m| det |
ELTE TTK #:*10.2 mm| 20.00 kv| 60.0 pA | 20 000 x |LVSED|

Fig. 10 SEM images for Al,O; fibers heat treated at 1000 °C for 48 h. The magnifications are 200x and 50000x
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Table 1 Comparison of the ambient thermal conductivity of insulation materials for space vehicles [25]

Materials

Al O; fibers  Al,O; aerogel Silica aerogel Polystyrene foam Polyurethane foam Fiber glass Mineral wool Perlite

Thermal conductivity — 35-37 30-100 20-30

(mV/mK)

40-200

30-200 40-130 40-150 40-60

and Aspen) possess the best insulation ability, i.e., the lowest
thermal conductivity (20-30 mV/mK). The Al,O5 aerogels
have a little higher data (30—100 mV/mK). The thermal con-
ductivity data of our Al,O; fibers (35-37 mV/mK) fits to the
data range of aerogels. Our Al,O; ultralight system retains
its fibrous and porous characters up to 1500 °C.

4 Conclusions

The main aim of this study was to develop a new low-
cost synthesis route to produce ultralight aluminum oxide
ceramic fibers for high temperature insulation. In this
paper, we mainly focus to control the applicability of fibers
by means of test during a launch and in the space condi-
tions. The test results were completed with investigation at
high temperature. In the research work, solution techniques
(sol—gel and co-precipitation routes) were applied to synthe-
size spinnable viscous systems. The fibers with best quality
possess a homogeneous, porous, amorphous structure. The
porous Al,O; fiber is an extraordinary product of drawing.
The porosity of our fibers is kept up to 1500 °C. However,
the Al,O; fibers generally lose their fibrous and porous char-
acter above 1000 °C due to the form of a-Al,O5. The fiber
porosity is 58-65% and the nanopore diameter 40-200 nm.
The fibers can be characterized by 0.035-0.037 W-mK™!
thermal conductivity, excellent heat resistance (up to
1500 °C), and good flexibility.

According to thermo-vacuum and vibration tests, our
fibers fill eminently the requirements of satellite launch. In
both tests the weight loss is much less than 1%, thus our
fibrous samples have obtained the space qualification. In the
satellite test, Kapton foil provided the comparison as a typi-
cal insulation material of satellite. During the investigation
in the space, the insulation character of Al,O; fibers has
slightly changed during near 9 months demonstrating the
stability of the fibers even in extreme conditions. The Al,O4
fibrous insulation shows 19-20% smaller temperature fluctu-
a270tion than Kapton foil. The long-term results of fibers are
12-15 and 20-60% better in maximum and minimum daily
temperatures than foil, respectively. However, both systems
meet the operating requirements, but the battery covered
with Kapton foil can be chargeable in 30-40% shorter time.
Our fibrous material could achieve these prosperous results
using only in 1 mm layer thickness around the battery. This

layer thickness quarantined the reliable comparison with
Kapton foil.
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