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Abstract

Self-healing materials have become more and more interesting for the space industry, since they can lead to
the creation of space systems and structures able to repair autonomously after accidental damages caused
by collision with micrometeoroids and orbital debris during the entire operational life. The implementation of
these novel materials results in higher protection and safety for astronauts, and longer missions in the
perspective of lunar bases establishment and manned exploration of Mars.

The present study aims to experimentally and numerically characterize an intrinsic self-healing
supramolecular polymer that is potentially applicable to space suits, habitats and inflatable structures in
general. A dedicated test device has been developed to evaluate the sealing performance of the material
through flow rate measurements after a puncture event. The experimental part is followed by the study of
the material’s constitutive relations including hyperelastic and viscoelastic responses. The related model
parameters are computed and calibrated through optimization and data matching tools in order to simulate
damage and healing events.

Results show that the selected supramolecular polymer possesses effective self-healing abilities also under
pressurized conditions, demonstrating its applicability to the considered specific fields in the space sector.
Furthermore, for what concerns the analyzed puncture experiments and field of solicitation, the developed
model can follow the relaxation process related to the self-healing behavior, since it can predict whether the
material is effectively able or not to flow and repair.
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Nomenclature

DGEBA Diglycidyl ether of bisphenol A r Radius [mm]

EMU Extravehicular Mobility Unit Ra Gas constant of air [J/kg/K]

EVA Extravehicular Activity rf Final hole radius [mm]

MMOD Micrometeoroid and Orbital Debris ro Puncture probe radius [mm]

TRL Technology Readiness Level t Time [s]

a Initial hole radius [mm)] To Cylinder absolute internal temperature [K]
An Equivalent hole area [mm?] Ti Simulation steps periods (i=1,2,3) [s]

Cq Discharge coefficient [-] U Strain energy per unit ref. volume [MPa]
Cio Yeoh model parameter [MPa] ur Radial displacement [mm]

D; Yeoh model parameter [MPa1] Vp Puncture probe approximate speed [mm/s]
g Normalized modulus (Prony series) [-] v Radial velocity [mm/s]

gi Prony series normalized constants [-] 14 Air specific heat ratio [-]

hp Puncheon’s sharp edge height [mm] Aty Time from null to max. puncture radius [s]
I First deviatoric strain invariant [-] € Strain [-]

Jer Elastic volume ratio [-] Da Air density [kg/m?3]

m Mass flow rate [kg/s] o Stress [MPa]

Po Cylinder absolute internal pressure [MPa] T; Prony series characteristic times [s]

Pa Ambient pressure [MPa] P Outflow function [-]

Q Volumetric flow rate [I/min]




1. Introduction

Inflatable structures such as habitats, airlocks, space suits and ballutes will gain more importance in future
space explorations [1,2]. Their advantages are related to a high packing efficiency, low mass and launch
costs and reliable expandable volumes [3]. Nevertheless, while operating in space the integrity of these
systems will be threatened by vacuum, absence of atmosphere, radiation, micrometeoroids and orbital
debris (MMOD) and extreme thermal solicitations [4]. In particular, MMOD impacts and accidental contact
with sharp objects can generate punctures and cuts and cause gas leakage and depressurization [5,6]. Since
at present no space systems can autonomously repair, events of this type will have catastrophic effects.

In the space field damage tolerance design is extensively used in the development of advanced structures.
However, in a number of situations including non-structural applications, presence of damage may
remarkably impair the functionality or lifetime of the component. The development of new materials with
improved strength and durability linked to new functionalities can answer to the request of safer, lighter
and more reliable space structures [4,7].

Polymers and-elastemers are widely employed in various space applications in structures, seals, damping
elements, and joints. These systems are subjected to severe and complex load conditions as multi-axial
loading, fatigue, impact, abrasion, and wear [1,4,8]. It is hence conceivable that damages occurring during
their service life can potentially lead to catastrophic failure of the entire structure. These materials are
employed in various critical applications such as space suits and space living habitats, liquid propellant
containers, inflatable objects and also protective coatings, optical surfaces, conductive or resistive
materials, where material continuity is a stringent requirement. When used in space applications, human
intervention for the repair of the damaged components is dangerous, costly or even impossible [7].

In this view, the implementation of the self-healing principle to space systems would be beneficial to
increase reliability and reduce maintenance costs. The self-healing concept is based on a damage
management principle: once damage has occurred the material should be able to repair itself partially or
totally with none or low external intervention, so that its main functionality is restored [9]. Although
several chemical concepts have been used to develop self-healing polymers, no commercially available
polymer erelastemer has been reported for space applications combining both high mechanical properties
and a substantial healing efficiency. One of the reasons for such gap is the relatively low understanding of
the healing phenomena and the lack of robust techniques capable of characterizing the true healing
potential of self-healing polymers in space environment. New characterization approaches that give more
relevant information about the healing mechanisms are required in order to make use of such new
materials in the design of non-conventional space structures, such as inflatable ones. It becomes thus clear
that the selection of a proper test and/or the combination of phenomenologically different tests is a
necessary step for the development of new self-healing polymers with improved properties [8].

Being able to immediately seal ruptures would hence mean providing longer operational life, greater
protection and increased safety for astronauts during human spaceflights. This could extend the duration of
future missions [5], also in view of projects as manned exploration of Mars [10]. An example is given by the
current Extravehicular Mobility Unit suits’ emergency system, which has a limited autonomy of
approximately 30 minutes. As a consequence, if damage from MMOD impact occurs during an
Extravehicular Activity (EVA) the astronaut’s life is seriously threatened by possible leakage and consequent
suit’s depressurization [5,11].

In this context, the integration of self-healing materials to space inflatable systems has become more and
more appealing. Several passive self-healing mechanisms have been developed in the last years, but only
few of them are currently being considered for space applications [8,12] (Table 1).



Table 1: Example of self-healing mechanisms considered for space applications.

Mechanism Category References
Chemical reaction Microspheres [13-17]
Filled hollow fibers [14]
Environmental reaction | Material foams/gels in vacuum [13]
Microspheres [13,14]
Filled hollow fibers [13]
Protective films [18,19]
Mechanical coverage Closed cell foam [20]
Flowing materials Micro-vascular systems [21]
Viscoelastic gels [22]
Hydrogels [23]
Heat flow (EMAA) [13]
Supramolecular materials [24]
Combined mechanisms | Environmental reaction + heat flow [25]
Hybrid microcapsule-microvascular systems [26]

In the chemical reaction mechanisms two materials are initially embedded inside thin flexible films. They
are released and come into reciprocal contact after the creation of a damage, such as a puncture. The
result is an exothermic reaction that allows healing of the generated void [27]. This concept may be
potentially lightweight and thin, but it carries the risks of short shelf life and exothermal reaction severity.

The environmental reaction concept is very similar to the chemical one, but in this case a single reactant is
encapsulated and activated by catalysts present in the environment (e.g.: oxygen, water) [25]. Another
example is given by materials that foam under the action of vacuum. A positive aspect is given by their low
density in relation to the repairable hole size, but this concept has a very low TRL, especially if compared to
other mechanisms such as flowing or mechanical coverage materials. Other disadvantages are given by the
unknown effects of by-products from outgassing, possible risks related to exothermal reactions and shelf
life limitations [5].

The mechanical coverage idea relates on the presence of a material on the pressure side of the bladder or
between the bladder and restraint of an inflatable system. The material flows or expands to fill the void
that has been generated. An example is given by a compressed closed cell foam that expands after rupture
while compressive loads are locally released. This simple mechanism relies on existing and sufficiently low-
cost technology, it can be lightweight and resistant to folding and deployment [20]. Negative aspects are
related to possible permanence of the seal and risk of compression set in the specific case of cell foams.

The present study focuses on passive intrinsic materials with viscoelastic properties, belonging to the
flowing materials category (Figure 1). Together with reactive substances and foams, this is one of the most
promising self-healing families.

A material flows into the hole created after rupture of a bladder layer and eventually seals it. This
mechanism uses already existing and relatively affordable technologies that may be applied to a space
suit’s bladder. A further aid would be given by the pressure difference between the suit’s internal part and
the outer space, causing compression and transverse flow of the material. Nonetheless, possible
disadvantages may be given by mass and reduced strength [5].
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Figure 1: Self-healing viscoelastic material concept.

The paper describes the experimental and numerical characterization of a supramolecular intrinsic self-
healing material applied to inflatable structures. The dedicated test apparatus has been adopted to
evaluate the sealing performance of the material after a puncturing damage and flow rate measurement is
selected as benchmark parameter. The testing apparatus is pressurized with continuous air supply to
reproduce the inflatable system’s internal conditions. Maximum and minimum flow rate, the time between
them and the air volume lost in a reference time are used as performance indicators.

The developed testing procedure for the evaluation of the healing performances was applied to a
commercially available self-healing supramolecular polymer (Reverlink® HR, Arkema). This polymer
contains both strong irreversible covalent cross-links and weak reversible chemical bonds (hydrogen bonds)
responsible for the self-healing functionality. Furthermore, its combined intrinsic and autonomic properties
lead to a material which does not need neither a healing agent nor an external trigger to obtain the self-
healing response [28].

The field of EMU space suits is used as a case study. Multilayer configurations are analyzed, combining the
self-healing material with aramid fabrics and polyamide films.

2. Materials and methods
2.1. Materials

The supramolecular polymer Reverlink® HR, containing epoxy-based networks, was provided by Arkema.
The material possesses both chemical and supramolecular hydrogen-bonded crosslinks and is obtained
from the DGEBA (di-glycidyl ether of bisphenol A prepolymer) [29, 30]. The specimens of the
supramolecular material were prepared following the procedure recommended by the manufacturer. The
provided pre-polymer was heated at around 80 °C and casted in a shaped PTFE mold. Subsequently the
mold was heated in a standard oven at 120 °C for 24 hours in order to complete the curing of the polymer.

The tested multi-layered samples are composed by an aramid fabric (SAATI Style 101, areal weigh 460
g/m?) and a polyamide film with thicknesses of 630 um and 50 um, respectively. These different layers
were chosen to replicate the EMU configuration and to compare the related results with data and materials
from the research on self-healing space suits carried out in a previous research [10]. As a matter of fact, the
polyamide film reproduces the suit’s bladder, while the aramid fabric represents the ripstop, impact-
resistant part. The supramolecular polymer is embedded in between aramid fabric and polyamide film as
self-healing layer.

2.2 Samples preparation

Two multi-layer configurations were investigated. In the first one, the self-healing polymer prepared
according to manufacture specification is initially shaped into a disk of 2.5 cm radius and kept between two



50 um thick polyamide films (Figure 2). This multilayer configuration was adopted for the comparison
between the simulated punctures and the experimental results.

In the second configuration, the aramid fabric substitutes the upper polyamide film (Figure 3). This fabric is
introduced to study possible effects on healing performance due to the EMU outermost ripstop component
[31].

In all cases, the material’s disks thicknesses measure 1200+£250 um. All tests are performed by puncturing
the central part to obtain their highest possible coherency and repeatability. Furthermore, to guarantee
improved healing performances and complete water removal [28], the material is thermally treated at 50
°C for one week before being tested.

Dog-bone specimens of the self-healing polymer (ASTM 1708) were also prepared for tensile and relaxation
tests used for the development of the material constitutive equation.

polyamide film

polyamide film :
(a) (b)

Figure 2: Polyamide film lay-up schematization (a) and SH material between polyamide film layers (b).

aramid fabric
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Figure 3: Polyamide film-aramid fabric lay-up schematization (a) and SH Material between polyamide and
aramid fabric layers (b).

2.3. Test fixture for healing performance evaluation

The healing properties are experimentally determined with a dedicated test device (Figure 4). Its main part
is a pressure vessel consisting of a hollow cylinder with a bottom cap and a sealing ring on the top. The
latter blocks the sample on the cylinder itself, allowing over pressurization of the internal cavity with
respect to the external ambient. O-rings are used in cap and ring connections to avoid air leakage, and a
puncture probe is used to keep a 2 mm diameter puncheon in place and pierce the sample during tests,
creating an outward air flow from the generated hole. The probe is held by grips and set in motion by an
MTS 858 Mini Bionix II” machine.

Two threaded holes are made on the cylindrical body as a connection with the instruments that measure
flow rate and relative pressure. A pressure transducer is directly screwed to the cylindrical body and
monitors the relative pressure inside the vessel, while a flow meter is set between the cylinder and the
pneumatic supply line and connected to them through fittings and flexible tubes. It measures the air getting
from the feed line to the cylinder and passing through its body. A precision pressure regulator and a finger
valve are also present.
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Figure 4: CAD representation of the testing system.

2.4. Puncture tests

For both sample types, three puncture test repetitions are carried out in a working environment at ambient
conditions. The vessel is initially pressurized to 0.3 bar relative pressure to reproduce the space suit’s
conditions [32] and placed on the test machine support, above which the puncture probe is fixed. Air is
continuously supplied from the feedline to the system and the puncheon is then set in motion, generating a
hole in the studied sample. The volumetric flow rate through the sensor, which is approximately equal to
the flow rate of air exiting from the orifice, is acquired during the test and processed with the LabVIEW®
software. Null values of this quantity correspond to effective closure of the generated hole. Standard test
ASTM F1342 is followed for the dimensions and velocity of the puncheon. All the tests were performed at
room temperature.
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Figure 5: Example of flow rate curve and relative parameters for healing assessment.

The maximum and minimum flow rates and the volume lost in 180 s after puncture are evaluated to have
an indication of the material’s healing behavior (Figure 5), along with the time required to get from
maximum to minimum flow rate. The trapezoidal rule is exploited for each curve to numerically integrate
the flow rate over time and compute the volumes.



2.5. Tensile and relaxation tests

The mechanical and viscoelastic behavior of the self-healing material under small and large uniaxial
deformations were studied experimentally for different loading conditions. To this aim, uniaxial tensile
tests, as well as stress relaxation experiments were performed at different strain rates and maximal strain
level on an Instron Model 3365 universal testing systems equipped with a 1 kN load cell. Tensile specimens
were stretched at different constant crosshead speeds ranging from 0.1 mm/s to 1 mm/s. Relaxation tests
were carried out in tensile mode by stretching the dog-bone samples at 1 mm/s up to 5%, 25% and 50%
strain level and by following stress evolution in time for 3600 s. All tests were performed at room
temperature.

2.6. Numerical model

A combined hyperelastic Yeoh-viscoelastic Prony series representation is used to model the material’s
behavior. Linear viscoelastic approximation is employed. After the evaluation of a suitable initial guess, the
involved parameters are calibrated through fitting of tensile loading and relaxation curve. Tensile results
are also used to obtain the starting hyperelastic parameters through the Abaqus® material evaluation tool.
The stress relaxation tests at 5%, 25% and 50% strain are exploited to compute a preliminary estimation of
the Prony terms. In particular, the 25% strain relaxation test curve is used for the determination of the g;
and t; parameters. The Prony series expression is [33]:

5
9O =1-) gi-(1—e™/m) &
i=1

Concerning the hyperelastic contribution, Yeoh formulation is selected as a suitable representation [34].
The strain energy potential U is [33]:

7 T 2 7 3, 1 2, 1 4, L 6
U=Cyo-(I; =3)+ Cyo- (I; =3)° + C30- (I, —3) +D_'Uel_1) +D_'Uel_1) +D “Ja—1 (2)
1 2 3

A multiobjective optimization is run starting from the initial guess values and considering the experimental
curves. For each of them an Abaqus® file containing a 3D model of the test specimen is created, run and
inserted in Isight® along with the resulting output file, the optimization tool and the data matching feature.
The 3D geometry used for the specimen follows the D1708 ASTM standard and exploits symmetry and
simplifications to decrease the computational time. The grip sections are approximated as rigid bodies in
the lower and upper surfaces, respectively (Figure 6).
Since the values of interest are the engineering stress and strain, reaction force and displacement are the
optimization targets. Isight® iteratively runs the Abaqus® files and compares the simulation and the
experimental results. The sums of the square differences, one for each deformation rate, are set as equally
weighted objective functions and optimized with the Hooke-Jeeves technique [34]. This algorithm is a
penalty pattern-search method which does not require the computation of gradients and works well when
the initial feasible design is undetermined.
Calibration involves the C;y Yeoh constants and the t;, g; Prony coefficients, for a total of 13 variables.
Constraints are introduced to grant hyperelastic stability and respect the Prony series definition [33]:

e Yeoh model stability: C;yp > 0

e Pronyconstants: 0 < g; <1, Y7 ,9, <1

e Prony characteristic times: 7; > 0 s
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Figure 6: Tested tensile and relaxation samples (a) and 3D specimen model (b).
2.7. Puncture simulation

The optimized material parameters are used to simulate response to puncture. For the sake of simplicity,
the case without fabric is taken as reference configuration. A 2D geometrical model of the specimen is
developed by exploiting symmetries, allowing to consider only one fourth of a disk with 50 mm diameter.
Motion at its boundaries is set to zero to account for the sealing ring that keeps the specimen in place
during the tests. The polyamide film layers are not inserted in the model, since they do not provide
significant mechanical contribution to the material and can hence be neglected. Contact and rupture are
not modeled either; on the other hand, a small hole with initial radius a is inserted in the disk. A reasonable
value to avoid excessive element distortion is a=0.2 mm.

The hole’s maximum radial displacement ;. 4, (@) is imposed by the radius 7, of the puncheon
penetrating the sample:

Ur max (a) =np—a (3)
Analyzing the 2 mm puncture case with a = 0.2 mm, it is found that u,. 4, (a) = 0.8 mm.

Due to the 2D approximation, the dependence of the hole dimensions on the position along the specimen’s
thickness is lost. When considering a certain instant before complete penetration, in the real situation only
some zones are punctured, depending on the position along the thickness. The radius is not constant along
it, except for the time during which the probe’s sharp edge has completed its downward motion through
the whole specimen and has not started its upward motion yet. Another neglected aspect is the action on
the specimen of pressure given by the 0.3 bar difference between the cylinder and the outer environment.

The simulation is divided into three steps representing the puncture test phases. In the first one the
puncheon penetrates the material’s sample, following the assumption that the hole’s radial displacement
linearly varies in time from u,.(a, 0 5)=0 mm t0 U, 4, (a)=0.8 mm. The step period is related to u; 1,4, (@).
The vertical velocity imposed to the puncheon comes from standard indications [35]:

cm
v, = 50.8—— = 8.46 mm/s (4)
min

The hole gets to its maximum dimensions once the puncture probe’s sharp end has completely penetrated
the material. For this reason, the time from null to final radius is seen as the one required by the puncheon
to travel a distance equal to the sharp edge’s height h,, = 3.53 mm:
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Radial velocity can be computed as:

T
v = ’Am—:: = 240mm/s (6)

Due to the non-null initial radius approximation, the first step period coincides with the time in which the
radius itself gets from 0.2 mm to 1 mm:

u
T, = % =0.33s (7)
T

The second time step indicates the phase in which the puncheon has completely pierced the material and is
still inside it. The hole is forced to remain to its r = 1 mm maximum dimension, and partial stress
relaxation occurs. An acceptable estimate of the step is T, = 0.45 s.

In the last step the motion constraint on the hole is removed, causing it to gradually get back to its initial
dimensions. The relaxation time is set equal to the interval between maximum flow rate and final
acquisition in the tests: T3 = 380 s.

Quad-dominated plane stress elements are considered for the meshing scheme (Figure 7), using the sweep
technique to follow the circular shape of the specimen. Since the hole is subject to considerable
deformation and has very small initial dimensions a finer meshing scheme is adopted in its proximity, in the
attempt of avoiding excessive distortion.

Figure 7: Mesh scheme for puncture simulation.

The radial displacement obtained from the simulation is then used to compute the air flow rate, as will be
described in the results section.

3. Results
3.1. Puncture experiments

The data from puncture tests are indicated in Figure 8. The configuration with the aramid fabric (b) shows
significant improvements both in terms of peak flow rate and self-healing rate when compared to the case
with polyamide films only (a). It is particularly evident that the addition of the ripstop layer leads to an
important decrease of the healing time. As a matter of fact, this case shows a general excellent healing
behavior, with complete hole closure in less than a minute in two cases out of three. In the best repetition
complete hole closure is reached in approximately 52.3 s with a 46 cm? volume loss.



For what concerns the specimen with polyamide films, the sealing response is related to the saturation of
the flowmeter to its maximum measurable flow rate of 3 |/min. Flow rate then stabilizes around 0.05 I/min

in all the repetitions when approaching the end of the test.
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Figure 8: Volumetric flow rate from puncture tests, cases without aramid fabric (a) and with aramid fabric (b).

A leakage test is also performed two hours after puncture to verify sealing complete healing of the samples:
the volumetric flow rate is acquired while a relative pressure variation from 0.3 to 0.8 bar is imposed
(Figure 9). For every pressure step, after a jump due to the initial imbalance between the cylindrical vessel
and the feed line, the flow rate quickly decreases and ultimately reaches values comparable to zero.

—relative pressure [bar]
3 —flow rate [I/min]
2
1 397 298 - 299 300
0 50 100 150 200 250 300

t [s]

Figure 9: Post puncture leakage test.

3.2. Mechanical tests

Representative stress-strain curves at 0.1 mm/s, 1 mm/s obtained in the tensile experiments are presented
in Figure 10(a). They are related to a viscoelastic behavior, and the stress response clearly increases with

the strain rate, given a certain strain value.
The stress relaxation tests with 5%, 25% and 50% deformations are also considered in Figure 10(b), and the

related stresses are normalized with respect to the initial peak value. Non-linear behavior is detectable,
since the curves do not collapse into a single line and the normalized stress responses for different strain

values do not coincide [36].



3.3. Material constitutive equations

The 1 mm/s tensile curve is used to derive the starting values of the Yeoh hyperelastic parameters (Table
2). On the other hand, the 25% strain relaxation test is exploited to compute a preliminary estimation of
the Prony terms (Table 3).

Table 2: Initial guess for the Yeoh parameters.

Parameter Value
Cio 0.1578
Cyp -3.4468 - 103
Cso 6.8532 - 10”
D, 0
D, 0
D3 0

Table 3: Initial guess for the Prony series terms.

Index 9] T; [s]
1 0.25505 9.30748 - 107
2 0.23847 1.0255
3 0.26602 6.0801
4 0.16236 39.308
5 6.50798 - 107 418.98
00 0.01302 -

Comparison between the optimization results and the experimental curves is illustrated in Figure 10, while
Table 4 and Table 5 list the optimized parameters. It is clear from Table 3 and Table 5 that no significant
variation of the Prony terms is obtained from the optimization process.

Having all positive C;q values ensures hyperelastic stability, following Drucker’s criterion for incompressible
materials [33]:

do:de >0 (8)
Even if the actual material behavior is nonlinear, the introduced linear viscoelasticity approximation is able
to excellently fit both the 0.1 mm/s and 1 mm/s tensile curves (Figure 10 (a)), in addition to good fitting of
the 25% stress relaxation curve (Figure 10 (b)). Nevertheless, since the Prony-Yeoh approximation
completely neglects nonlinearities, it may not be suitable for curves with lower and especially higher strain
rates. In that case it would be necessary to consider a nonlinear viscoelastic model [33] [37].
In any case, the considered model is very good for the purposes presented in this study, as the analyzed
solicitations belong to the deformation range related to the performed and simulated puncture tests.

Table 4: Optimized Yeoh parameters.

Model Parameter Initial value Optimized value
Cio 0.1578 0.4765
Yeoh Cyo -3.4468 - 10 0.0013
Cso 6.8532 - 10° 3.38-10°




Table 5: Optimized Prony series terms.

Index 9:[] 7; [s]
1 0.25505 9.30748 - 102
2 0.23847 1.0255
3 0.26602 6.0801
4 0.16236 39.308
5 6.50798 - 102 418.98
0 0.01302 -
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(a) (b)
Figure 10: Comparison between tests and optimization results for the (a) hyperelastic and the (b) viscoelastic part.
3.4. Puncture simulation results

The complete history of the simulated radial displacement is shown in Figure 11. Time steps 1
(displacement imposition up to 0.8 mm with linear variation in time) and 2 (imposition of constant
displacement of 0.8 mm) are included, even though the most important part is related to the decaying
behavior after the removal of the boundary conditions (step 3), which represents the self-healing response.

0.8y
h 0.8
QGL J
—_— 0.6
|§l 0.4 0:2 0.4 0.6 0;8
=L
0.2
0 L 1 | _
0 100 200 300 400

t[s]
Figure 11: Simulated radial displacement history.

After simulation completion the radial displacement’s history in the third step is exported and used to
compute the volumetric flow rate of air:

m(t)

Q) = (9)

a



Pa = 1.225 kg/m? is the air density, m(t) indicates the mass flow rate through the puncture hole [38]:

(10)

m(t) = Cq - Ap(t) - Do~ R, T,

The discharge coefficient C, is set to the typical 0.6 value for small orifices [38]; p, = 0.131325 MPa and
To = 298.15 K indicate air absolute pressure and temperature inside the cylindrical vessel used in the
puncture test. R, = 287 J/kg/K is the gas constant of air, while 1 indicates the pressure dependent
outflow function [38]:

Y p ; p e
b= (p—o)y‘(a)yl -

where y = 1.4 is the specific heat ratio of air, and p, = 0.101325 MPa is the ambient pressure. A; (t) is
the equivalent area through which the air flows, in mm?; it varies in time since it depends on the puncture
radius. Due to the introduced approximations null displacement and flow rate don’t correspond to initial
zero radius, but rather to r = 0.2 mm. The real hole area is consequently different from the considered
Ap (t) value (Figure 12):

Ay =1 [(r()? — a®)] (12)

r(t) = a + u,(t) is the hole radius, while u,.(t) is the radial displacement from simulation.

Figure 12: Equivalent hole area (dashed region).

The obtained Q(t) is finally compared to the test data from the configuration without the aramid fabric, to
analyze the material model’s accuracy (Figure 13).
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Figure 13: Comparison between simulated and experimental flow rate data.



4, Discussion

4.1. Puncture and healing response

In the first configuration (supramolecular polymer between polyamide films), the self-healing response
evaluated through the selected reference parameters appears rather repeatable. As a matter of fact, Table
6 shows a very slight variation in the maximum and minimum flow rates and times between them from a
test repetition to the other. More significant deviations are observed for the volume losses.

The flow meter reaches its saturation point immediately after puncture, and the material’s performance is
not optimal. The flow rate stabilizes around 0.06 |/min after approximately 400 s. The healing response is
hence incomplete and relatively slow, leading to a significant loss of air volume.

Table 6: First configuration experimental data.

SH material without

Max. flow rate

Min. flow rate after

Lost vol. in 180 s after

Time between max.

. X . puncture peak flow rate and min. flow rate
aramid fabric [1I/min] [1/min] [cm?] [s]
Repetition 1 3.000 0.066 1585.100 398.190
Repetition 2 3.000 0.057 1198.100 400.000
Repetition 3 3.000 0.058 2047.400 400.000
Average 3.000 0.060 1610.200 399.397
Standard deviation 0 0.004 347.179 0.853

The second configuration (Table 7) mimics the EMU space suits stacking sequence and has enhanced
healing performances with respect to the previous case. The role of the aramid fabric is crucial because it
represents an additional help in terms of hole closure, thanks to its resistance to tearing [12]. It is very
difficult to break its fibers that, if displaced by the puncheon’s motion in the sample, tend to get back to
their position after the puncheon itself is removed. Some yarns may also be pulled into the material during
penetration and could further enhance the healing response. In addition to this, the fabric partially blocks
the deformation of the material into convex shape, caused by the pressure difference between the
cylindrical vessel and the external environment.
The related maximum flow rates remain below 3 |/min and in all cases complete sealing of the hole is
reached. Volume losses are consistently lower than the ones from the first configuration (1-2 orders of
magnitude), and in two cases out of three the null flow rate is reached in less than a minute. In these
regards, healing is much faster than in the tensile tests that are classically presented in literature. This is
explained by the fact that the loads related to the pressure difference acting on the samples during the
puncture tests are different from and far below the stress thresholds characterizing rupture during tensile
tests. For this reason, a small contact is sufficient to ensure sealing; effective healing is instead verified at a
later time, as presented in the results section (Figure 9).
Higher variability is instead found in the maximum flow rate and time data.

Table 7: Second configuration experimental data.

SH material with

Max. flow rate

Min. flow rate after

Lost vol. in 180 s after

Time between max.

aramid fabric [1/min] p{t:;\::i:lie peak{il;\;\; rate and mln[.sf]Iow rate
Repetition 1 2.815 0 123.700 393.940
Repetition 2 1.769 0 46.000 52.300
Repetition 3 2.915 0 93.200 53.030
Average 2.500 0 87.633 166.423
Standard deviation 0.518 0 31.694 160.879




The material’s response leading to the lowest volumetric loss is compared with results from previous
studies [10]. NASA conducted a research on some silicone and urethane polymers showing promising self-
healing characteristics; they were all laminated to a 220-denier polyester base cloth to increase their
overall damage tolerance [10]. The most significant among these materials are listed in Table 8, along with
the suit’s bladder baseline and the here studied configuration with aramid fabric. A special emphasis is put
on Sylgard® Q3-6636, a silicone gel with self-healing and pressure sensitive adhesive bonding properties.
Conathane® EN-11 and TyrLyner® urethanes are also considered.

The lowest volume loss of the material under study is related to the sample configuration with aramid
fabric, which also surpasses Sylgard®. As already discussed, adding the ripstop fabric layer to the sample
improves the sealing response on all fronts and leads to complete healing, differently from the past studies.
The material is very efficient and may be able to resist to higher pressures, as suggested by the leakage test
in Figure 9. Nonetheless, Sylgard® remains the material with the lowest maximum flow rate and time
required to move from this value to the minimum flow rate (Table 8). A certain similarity is also noted
between the aramid layup, the bladder baseline and Conathane® for what concerns the maximum flow rate
data.

It is though necessary to underline that the studied material’s sample is quite thicker than the ones from
the previous study, which are also built in a slightly different way. This should be considered for future and
more precise comparisons.

Table 8: Comparison among lowest volume results and past studies [10].

Min. flow rate Lost vol. in 180 s Time between max.
. Max. flow rate X
Material . after puncture after peak flow rate and min. flow rate
[1I/min] . 3
[I/min] [em?] [s]

Bladder 1.875 0.676 2632.080 300.000
Conathane® 1.743 0.086 444,790 312.000
TyrLyner® urethane 1.181 0.024 110.630 30.000
Sylgard® 0.022 0.021 64.640 8.000
SH material with 1.769 0 46.000 52.300
aramid fabric

4.2. Puncture simulation

When comparing the simulated Q(t) to the reference tests, it is found that the peak flow rate from
simulation is higher than the experimental values (Figure 13). This may be due to the fact that interaction
between the material and the puncture probe is ignored. Furthermore, the 2D approximation does not
consider the specimen’s thickness, along which the hole’s radial variation is not homogeneous. In the actual
case, the lower face is the first to be freed from the puncheon. While the latter is still moving through the
specimen, the bottom hole end has been already partially closed due to the material’s initial elastic
response. Therefore, once the puncheon has been completely removed from the sample, the hole section
on the lower face has experienced minor stress relaxation effects and is smaller than the hole sections in
the upper layers. The real initial area through which air can flow is hence below the simulated one, leading
to lower maximum flow rate values. Another aspect is that the probe-sample contact friction is not
modeled. Indeed, due to grip interaction the probe tends to drag the polymer and the lower polyamide film
inside the generated puncture, providing additional sealing effect. Finally, pressure acting on the specimen
is another important factor that may influence sealing and is not simulated.

Nevertheless, the built model is already able to follow the effective material’s behavior, providing
understanding of its self-healing ability and leading to significant results for a preliminary analysis. Anyway,
improvements could be introduced in future studies by considering a 3D model with nonlinear
viscoelasticity, contact interaction and rupture. The action of pressure on the specimen and the polyamide
film layers may also be added.

A parametric analysis on the dependence of flow rate on the final puncture dimensions is also performed
(Figure 14). The previously described simulation is run multiple times with different displacements imposed



to the hole. It is assumed that both the puncture velocity and the ratio between the probe’s height and
radius remain constant.

hy, 3.53mm
L —353=const. (13)
15 1mm

With this assumption the radial velocity does not change either. The considered relaxation time of 180 s is
related to the interval in which the air volumetric loss is computed. The chosen final radius 7 values are 0.5
mm, 0.8 mm, 1.2 mm, 1.5 mm and 2 mm, and the results are compared with the already described case
with 77 = 1 mm. As expected, both maximum and minimum flow rate increase with ry.
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Figure 14: Parametric analysis of flow rate dependence on final puncture radius.
5. Conclusions

The investigated material shows reliable puncture response in both multilayer configurations with and
without the aramid fabric, which additionally improves the sealing response. The maximum flow rate
values are relatively consistent with data from previously analyzed materials considered for the specific
space application, while superior performances are found both in terms of minimum flow rate and air
volume losses in the case of the promising aramid fabric layup. The most significant and innovative aspect
is that a null minimum flow rate is reached after puncture, differently from the other materials used as
terms of comparison. Effective and complete healing and hole sealing are hence obtained. The high
efficiency of the here introduced polymer and its ability to withstand relatively high pressures are also
validated by the preformed leakage tests.

Concerning the material model, calibration of the viscoelastic and hyperelastic parameters leads to good
results for the range of solicitations considered in the study and related to the performed puncture tests.
Excellent prediction of the material’s behavior and its effective self-healing ability is achieved. This is also
supported by the coherence between puncture simulations and experimental data, observed through
comparison of the two sets.

Nevertheless, several improvements will be necessary before being effectively able to apply the material to
a functioning space system. Combination with a stiffer, more resistant supporting structure is necessary.
Analysis of the interaction between the components would become fundamental in this case.

Another aspect is related to improvements to the testing apparatus and the experiments. Controlled
puncture tests could be carried out in a vacuum chamber, and more accurate means to manufacture the
specimens may be needed, along with the introduction of parts reproducing additional suit layers. A
possible prototype with integration of the material may be also built for further characterization. An in-
depth analysis of the effects of temperature and puncture velocity could also be performed by means of



tests in an environmental chamber. Finally, a nonlinear viscoelastic model could be useful to extend the
study to higher and lower deformation rates.
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