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Abstract
Parachutes are used to recover atmospheric measuring instruments 
and they are mainly made from polyamide 6-6 woven fabric. The 
objective is to identify modifications of mechanical and physico-
chemical properties of parachute along his lifespan. For this study, a 
decommissioned parachute has been characterized and compared 
to a non-used fabric. Results analysis showed a degradation of 
mechanical properties (tensile strength and tear) and a greater 
intake of moisture which alter the flight behavior. This is believed to 
be caused by the change in crystallinity content. The global fabric 
analysis showed that storage conditions have a significant impact 
on degradation.
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Introduction 
Scientific balloons are used to measure atmospheric composition 

and for astrophysics observations. The measuring instruments are 
recovered by one or three parachutes. A complete study must be 
done to certify the safety of the equipment for the duration of the 
mission. Other than the supplier’s certified lifespan, under “normal” 
use, current decisions to decommission a parachute are based on 
feedback from experiments rather than scientific expertise. However, 
under stratospheric use, knowledge earned last years is not enough 
to safely use the parachutes on nacelles recovery device. In addition, 
ageing of textile structure is a variable which makes anticipating flight 
performance more complex. A full analysis of parachute textiles will 
aims at better justifying their use and extending it.

For a safety use of parachutes, the mechanical continuity between 
the balloon and the measuring instruments chain must be insured. 
Parachute structures are complex and are made out of technical 
textile: mainly a polyamide 6-6 (PA 6-6) fabric. Many studies have 
been carried out on the ageing of PA 6-6 at ground level. However, few 
include the combination of stratosphere level parameters. During the 
flight, parachutes are subject to mechanical loads: high tensile stresses 
(static and dynamic), that can cause fatigue and creep. Repeated use 
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of parachutes in their different life phases can also causes abrasion. 
Parachutes are also subject to harsh environments in the stratosphere 
and the troposphere: ozone, sunlight with UVC, low temperatures, 
and moisture. During storage, exposure to air, humidity, temperature 
and light is not controlled. Thus, flight cycles and storage will have 
a strong impact on polymer degradation. Parachute canopy fabric is 
made of polyamide 6-6 (PA 6-6). This polymer offers excellent features 
such as high strength, acceptable toughness, medium stiffness and 
maintains performance at high temperature (up to 180°C) [1,2]. This 
polymer is particularly interesting for the parachute canopy because 
it has a high impact resistance, and especially in case of repeated 
impacts. Polyamides also have a low coefficient of friction and a very 
satisfactory resistance on wear and fatigue [3,4].

Firstly, stratospheric parachutes are exposed to mechanical loads: 
stress and wear. Other mechanical degradation phenomena can be 
included in this study. Indeed, the parachutes loads succession induces 
mechanical fatigue and a possible creep of the material. In general, 
three kinds of rupture can be observed: brittle break, ductile break and 
the combination of both. The type of mechanical break depends on 
several physico-chemical parameters and on defects, naturally present 
in the polymer [5]. Polymers breaking strength by three mechanisms 
is describe also in three steps: damage, shear and cracking [6]. The 
energy dissipation in a fabric subjected to high tensile stress is mainly 
transmitted by sliding friction forces. These forces create important 
energy dissipation [7]. When yarns are expanded to their limit 
resistance, they reach a critical length. The higher the fabric density 
and the surface irregularity of yarns, the higher will be the critical 
length [8].

The wear measurement resistance of any material type is complex. 
Five types of wear phenomena on polymeric materials are identified: 
abrasion, adhesion, erosion, fatigue and fretting. Abrasion is one of 
the most common mechanisms because it is involved in 60 % cases of 
wear [9]. Abrasion is defined as scraping surface elements away by the 
action of hard particles in relative movement between two surfaces 
[10]. In our case, abrasion will scrap filaments on surface and will 
cause weakening of the woven structure. The parachute fabric is very 
thin in order to optimize the air intake against its folded volume. So 
it will be quickly weakened if filaments become abraded. The wear 
resistance of a fabric is affected by many factors, depending on the 
textile scale:

- at microscopic scale: the properties of the polymer, the size of the 
constituent molecules, the molecular orientation [11,12].

- at the mesoscopic scale: the method of production of the thread, 
the constitution of the yarn (number of filaments and section), 
ductility and surface condition [11-13].

- at the macroscopic scale: the type of finish applied beyond the 
glass temperature (Tg) of the material (dye, heat setting, calendering, 
etc.) [11,12], density, thickness, pattern, tensile modulus and the 
breaking time of fabric rupture under stress [13].

Polyamides, under constant loads for a long period, may be subject 
to creep phenomena. Creeping is characterized by an immediate 
deformation of the polymer followed by a slowly increasing permanent 
deformation under constant load. Tensile creep performance depends 
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on deformation speed of the polymer, supported load and high 
temperature exposure time. In our case, textile elements undergo a 
high load at low temperature (below 0°C). Therefore, only the sliding 
of macromolecular chains in the amorphous areas is possible. That 
will cause permanent deformation of the structure but the behavior 
of the fabric at strength will be the same [14]. Temperature has a very 
significant effect on the mechanical behavior of polymers, especially on 
fatigue. At moderate temperatures (under 55°C), the polymer is in the 
glassy state. In this state, the weak inter-macromolecular bonds (van 
der Waals forces) are higher than above the Tg [15]. The movement 
in between macromolecular chains is restricted and the elongation is 
low. The higher the temperature, the higher the deformation at break 
will increase. Above the Tg, the polymer rigidity decreases and will 
reduce cracks [16,17]. As in the previous mechanical degradations, 
water also has a very important role in fatigue. Indeed, absorption of 
water increases the spacing between the macromolecular chains and 
makes the polymer more ductile by plasticizing. The polymer deforms 
easier under stress without being more resistant, which limits the 
fatigue endurance. Material fatigue will be initiated by micro-defects, 
which would normally require a higher load [18].

These parachutes are exposed to extreme environmental conditions 
in stratosphere (from 12 to 50 km altitude) and troposphere (from 0 to 
12 km altitude). In the stratosphere, ageing parameters are: ozone, light 
(with ultraviolet A, B and C) and temperatures from -50°C to -90°C 
[19,20]. In the troposphere, ageing parameters are: air, moisture, light 
(ultraviolet A and partially B) and temperatures from -20°C to +30°C. 
Majority of the atmosphere (75 wt.%) is in the troposphere, between 
0 and 12 km altitude. Air of the atmosphere causes surface oxidation. 
Oxidation is the most important degradation process of hydrocarbon 
polymers [1] [21]. The oxide layer thickness is from 400 to 500 
microns at 110°C in air for PA 6-6 [22]. In addition, the small section 
of multi-filaments textiles provides a large contact area with air. The 
oxidation causes a fast decrease of elongation at break depending to 
ageing time, which may be due to chain cuts [23]. Oxidation reactions 
are generally slow at glassy state (T<Tg), because a molecular mobility 
enhances the oxidation propagation [24]. Temperature is an oxidation 
accelerating factor, oxidation effects nearly disappear below 20°C [25]. 
Polymers with carbon molecules, as PA 6-6, are the most sensitive 
to ozone, because it is as much chain scission sites by ozonolysis 
[26]. PA 6-6 degradation by ozone can cause cross linking between 
macromolecular chains, preventing these chains to move to each 
other [27,28]. Ozone causes irreversible cracking of the structure 
[24]. Oxidation by ozone on PA 6-6 is not properly documented to 
allow us to infer the importance of its degradation process. Humidity 
is very present below 12 km altitude. PA 6-6 is hydrophilic polymer 
and absorbs 4.3% of its weight in water at 20°C, so it is very sensitive 
to moisture [29]. Hydrolysis is a chain scission mechanism causing 
a decrease of molar mass, which induces a decrease of mechanical 
properties of the material [28]. During water exposure of PA 6-6, the 
tensile strength loss and the decrease of elongation at break is higher 
[30]. Hydrolysis causes more or less reversible swelling in the polymer, 
involving a greater molecular mobility, a relaxation of residual 
stresses and morphological rearrangements [31]. Thus, water acts as a 
plasticizer for the PA 6-6 [32]. Hydrolysis effects will have little impact 
on ageing of PA 6-6 below 20°C [25,33].

Temperature is a parameter of ageing acceleration by thermal-
oxidation, ozonolysis and hydrolysis processes [34]. The higher the 
temperature, the higher the mobility of macromolecular chains 
will be elevated, and particularly for PA 6-6 which have a low glass 

temperature of 55°C [2]. Thermal oxidation causes a decrease in 
weight, a reduction of the molar mass, cracks on fiber surface, 
yellowing, loss of tensile elongation, etc. Prolonged exposure to 
temperature will induce progressive degradation, and then a total 
and permanent loss of the fiber crystallinity [34]. During stratosphere 
missions, parachutes are exposed to sunlight. Ultraviolet B (UVB) 
and C (UVC) are not filtered and are a part of the most harmful solar 
spectrum. The degradation phenomenon by sunlight is photolysis. 
Photolysis is a major factor of degradation because impurities in the 
polymer and the polymer itself can absorb light and produce free 
radicals. Free radicals are responsible for the chain decomposition 
reactions, which can seriously degrade the PA 6-6 without stabilizers 
[35]. PA 6-6 fibers are especially sensitive to 340 nm wavelength [36]. 
The chains breaking in the polymer will be different depending on 
the exposure wavelength: the λ ≤ 340 nm cause breakdown of CO-
NH bonds, and λ ≥ 340 nm cause breakdown of C-H bonds [37]. The 
ultraviolet radiation creates strong degradation of polymers as the 
photon energy is the same order of magnitude as the energy of the 
chemical bonds. However, these bonds ensure the cohesion between 
the macromolecules. Exposure to sunlight causes a loss of crystallinity 
rate and a decrease of molecular weight of polyamides [38,39]. 
Environmental degradation, in majority of cases, occurs above 20°C. 
This temperature can be reached during storage. Even if moisture, 
temperature, sunlight and air act in synergy on polymer ageing, the 
combination of these parameters will be limited by low temperatures 
in use. Very little information is available on textile structures after 
ageing, which justifies in this study a particular interest.

First, the objective is to identify the changes of mechanical 
properties of parachute fabric on macroscopic scale. Then, additional 
physico-chemical tests will allow us to understand the causes of these 
changes on mesoscopic and microscopic scales. Besides, a focus will 
make on specifics areas of damage on the parachutes canopy.

Experimental
The study focused on the fabric of the canopy, the largest element of 

the parachute. The parachute canopy is composed of two colors: orange 
and ecru. This study focused on the ecru fabric, which is mainly present 
on hemispherical parachutes. For this study, two decommissioned 
parachutes have been characterized and compared to a non-used 
fabric, which is the reference point. The first step is to identify the 
changes in the mechanical properties of structural members. These 
properties are essentials to maintaining the mechanical chain 
continuity and influence directly the physical parachutes properties 
in flight. The second step is to identify the causes of the changes in the 
properties of the fabric at the mesoscopic and microscopic scales with 
additional physico-chemical characterizations.

Materials
Stratospheric parachute studied is called A38. This parachute is 

hemispherical, commissioned in 1968 and used for flights up to 38 km 
altitude. The parachute canopy is formed of 18 spindles zones, 9 ecru 
and 9 orange. Each zone is composed of 5 panels rated from A to E, 
where E is the closest panel to the spill hole (Figure 1).

Parachute fabric is formed of a twill 3 weave, composed of PA 6-6 
high density multifilament. For each non-destructive tests (thickness, 
mass density, spectrocolorimetry, etc.) an average of 10 measurements 
have been done on each panel of each ecru spindle. For each 
destructive tests (tensile strength, tear), as far as possible, an average of 
10 measurements have been done on each panel of each ecru spindle.
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Characterization tests

At the macroscopic scale, corresponding to the fabric scale, the 
following tests are performed: uniaxial tensile strength on fabric, tear, 
thickness, mass density, wetting, spectrocolorimetry, shrinkage, and 
moisture absorption rates.

The uniaxial tensile strength was done on fabric (norm NF EN 
ISO 13934-1) at speed 100 mm/min with MTS machine on samples 
200 mm long and 50 mm wide. The tearing (norm NF G07 146) was 
done at speed 100 mm/min with MTS machine on samples 210 mm 
long, 50 mm wide with a slot of 80 mm in lengthwise sense. The 
thickness measurement (norm NF EN ISO 5084) was done under 1 
kPa weight with Sodemat machine. The mass density measurement 
was done with an accurate balance to the nearest 0.1 g on tensile 
strength samples. The wetting test was done with drop test angle 
meter machine. This machine measures the angle contact between the 
fabric and distilled water drop of 15.10-3 mg. The color measurement 
by spectrocolorimetry was done with the Datacolor FS600 machine, 
calibration 0% UV, 30 mm lens aperture, and a specular "excluded". 
The measurements were performed on 10 plies fabric. The shrinkage 
is defined as the crossing of the warp with the weft yarns. It consumes 
length and this difference is expressed in percentage. The E shrinkage 
increases with the weaving density (string into account). It is defined as 
a percentage as E = (L-L0)/L0*100 where L0 is the length of yarn in the 
fabric and L is the length of the straight yarn. The moisture absorption 
rates are measured in fabric samples of 40 g with an accurate balance 
to the nearest 10-4 g placed in a climatic chamber. The climate chamber 
is adjusted to 30°C and 18% relative humidity for desorption phase. 
The chamber is set to 20°C and 65% relative humidity for sorption 
phase. Measurements of sample mass are made on cycles of 24 h.

At the mesoscopic scale (yarns scale), following tests are performed: 
uniaxial tensile strength on yarns and microscopic analysis. The uni 
axial tensile strength on yarns (norm NF EN 13895) was done at 
speed 200 mm/min with Zwick machine on samples 200 mm long. 
Microscopic analyses were obtained from a digital camera Axiolab Pol 
from Carl Zeiss coupled to the stereomicroscope. This image is then 
processed using the Clara Vision Perfect-Image software.

At the microscopic scale, corresponding to the scale of the polymer 
(PA 6-6), following tests are performed: crystallinity measurement by 
differential scanning calorimetry (DSC) and analysis by atomic force 
microscope (AFM). DSC characterizations of each multifilament were 
performed on a 2920 Modulated DSC (TA Instruments) with typically 
5 ± 0.1 mg of material. The manipulation carried out under nitrogen 
atmosphere (with a flow of 50 ml/min) consists in one cycle: from 
−20°C to 200°C at 10 K/min, an isotherm at 200°C during 5 min and 

the cooling scan at 10 K/min to return at −20°C. Melting enthalpies 
(∆Hm) and temperatures (Tm) were determined from the heating scan, 
while crystallization enthalpies (∆Hc) and temperatures (Tc) were 
evaluated from the cooling scan. The crystallinity degree (χ) of PA 6-6 
was calculated according to Eq. (1):

χ (%) = ∆Hm/∆Hm
0                      1

Where ∆Hm
0 is the reference enthalpy defined as heat of a 100 % 

crystalline sample.

Monofilament surface scan by atomic force microscope (AFM) 
was done with "Nanoscope III" Digital Instrument machine equipped 
with a fine tip at the micron scale and scanning the sample on a square 
6 × 6 microns.

Results and Discussion
The effectiveness of a stratospheric parachute is assessed by its 

ability to slow down the fall, the charge capacity, its own weight, 
its stability to temperature and humidity, and its lifetime. For an 
optimal use of parachute, the following parameters of the canopy 
have an important role: dimensions, air permeability, fabric thickness, 
strongest structure, stability of polymer to temperature, and the 
resistance of the polymer to use conditions. The goal is to characterize 
the decommissioned parachutes named A38 and compare it to a 
non-used fabric. The results are presented on the spindle 1, the most 
exposed during storage, and the spindle 11, a non-exposed during 
storage.

Mechanical properties at microscopic scale

Firstly, the observation of the fabric during tearing tests 
demonstrates that the stress is not distributed in the structure but 
yarns work and break individually for the parachute fabric. Indeed, 
degradation is equivalent in the warp and in the weft direction with 
a loss of 56% of the maximum force and the amplitude. Therefore, 
the tearing resistance is independent of the structure and comes from 
yarns degradation.

Then, the fabric tensile tests of the structure show a general loss of 
mechanical properties in Table 1 (strength, elongation and modulus). 
A higher loss of breaking and elongation strain is measured in the 
weft direction than in the warp direction. The fabric production 
method requires the weft yarns to intersect the warp yarns for the best 
organization in the fabric. The weft yarns are more stressed during 
the use because this configuration causes shear stress and induces 
larger lesions. Therefore, the modification of mechanicals properties 
is different in the warp and weft direction, which indicate an influence 
of both structure and yarn behavior in ageing. The panel A of spindle 

 

Figure 1: Representation of parachute structure A38.
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1 has the lowest tensile resistance in warp and weft direction and is the 
most heterogeneous panel (Figure 2).

In Figure 2, the shrinkage test show a rearrangement of the 
structure with a stretching of weft yarns at the expense of warp yarns. 
This structure modification comes from an equivalent mechanical 
stresses in weft and warp direction whereas the warp yarns direction 
is usually positioned in the direction of the principal stresses. The 
stretching of the weft yarns structure explains a loss of elongation 
into the fabric. The shrinkage test confirms that the damage comes 
from the structure in ageing because of the movement of yarns in the 
structure. 

Mechanical properties at mesoscopic scale

Yarns tensile strength tests indicate a 30% loss at break for both 
warp and weft directions (Figure 3). The difference with the loss of 
fabric properties confirms that degradation of yarns is not the only 
factor which affects the properties of the fabric. In weft direction, a 
decrease of 15 % elongation and an increase of 16 % modulus indicate 
that yarns become more rigid. In warp direction, yarns are less rigid 
because tests show an increase of 21 % elongation with a decrease 
of 38 % modulus. This difference in behavior between the warp and 
weft yarns can be due to polymer degradation and will be specified by 
polymer analysis.
The strength loss at break of the weft and the warp yarns may be due 
to a same type of degradation. The high sharp yarn deterioration 
observed by optical microscope, Figure 4, showed that, for the non-
used fabric, the surface passes from smooth and transparent to an 
opaque surface for the used fabric. Also, examination of the fracture 
surface indicates a more brittle behavior of yarns with ageing. This 
surface degradation has been confirmed by the monofilaments surface 
scanning by AFM tests observable on Figure 3.
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Figure 2: Fabric tensile strength of A38 parachute in warp direction of panels A to E of spindles 1 and 11 compare to non-used fabric with 
shrinkage percentage of yarns in the structure.
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Figure 3: Tensile strength of yarns taken off A38 parachute fabric in warp direction of panels A to E on spindles 1 and 11 compare to non-used yarns and with surface 
scan of monofilaments by AFM.

Test Parameters Warp direction Weft direction

Tensile 
Strength

Stress at break  σ (MPa) ↘ 27 % ↘ 34 %

Elongation at break ε (%) ↘ 9 % ↘ 19 %

Modulus E (MPa) ↘ 67 % ↘ 12 %

Table 1: Mechanical properties loss of parachute fabric compare with non-used 
fabric.
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Moreover, the surface scanning by AFM confirmed the evolution 
of the surface after ageing. We measured an increase of 72 % in surface 
roughness of monofilaments at the nanometer scale. Therefore, yarns 
of parachute fabric undergo surface degradation which induces stress 
concentration points and initiate failure.

Chemical properties at microscopic scale

The evolution of yarn properties also depends on modifications 
of inherently polymer properties. On one hand, the calorimetric test 
by DSC on the weft yarns, show a negligible loss of crystallinity rate 
compared to non-used weft yarns, which indicates no modification 
of the polymer (less than 5 %) as illustrated in Figure 5. Minor 
degradation of the weft yarn polymer may be due to partial protection 
of weft yarns by the warp yarns from external attack. Indeed, with 
twill 3 with warp effect side exposed, the weft yarns are only half 
exposed to the environment (mainly UV) and thus less degraded than 
the warp yarns. Therefore, the structure causes a weaker environment 
exposition and a higher inner mechanical stresses on the weft yarns 
compared to the warp yarns. On other hand, crystallinity tests, on the 
warp yarns, show a decrease in crystallinity and an evolution of the 
peak shape (Figure 6 (a)). The evolution of the peak shape indicates 
a polymer crystallinity modification. This modification may be 
explained by the chains cleavage or/and chain size decrease, due to 
the ageing. This could be verified by molecular weight measurement.

Yarn tensile tests show that warp yarns are less resistant but are 
more flexible, which facilitates their elongation capacity and implies 
a reduction of the modulus (part 3.2). The crystallinity part of a 
polymer has a low sensitivity to external degradation, and increases 
the mechanical strength of a polymer. Therefore, a reduction of 
crystallinity rate causes a greater elongation of yarns.

This chemical structure modification lets further opportunities 
for water molecules to react with PA 6-6 macromolecular chains, 
causing a hydrolysis. In addition, the crystallinity loss in warp 
yarns allows the polymer to absorb more moisture (Figure 6 (b)), 
because it is in the amorphous phase that the water is inserted into 

the polymer which fosters the hydrolysis effect. Chemical bonds that 
break during the polymer degradation may come from photolysis 
and oxidation confirmed by a yellowing of the fabric measured by 
spectrocolorimetry. Spectrocolorimetry test ensures a measurement 
of the global color difference. The highest global color difference is 
6.9 according to CIE Lab standard and was measured on panel A of 
spindle 1. The surface degradation observed on AFM tests may be due 
to polymer surface oxidation.

Chemical degradation allows greater surface contact with the 
outside environment, thereby promoting oxidation of the polymer 
surface. Indeed, the loss of crystallinity in the warp direction and the 
increase of the filaments surface roughness make the polymer more 
hydrophilic.

Physicals properties at microscopic scale

Wettability measurements (contact angle in between the water 
and the surface of fabric) show an immediate absorption of the drop 
on aged fabric while a drop takes 5 minutes on a non-used fabric. It 
confirms a greater ability of the fabric to absorb water, as with the 
moisture absorption rate test. A greater moisture intake rate of the 
polymer causes an increase of fabric thickness and mass density of 6 
%. This structure modification impacts on fabric tensile properties.

Finally, the results showed that the ageing of the parachute may 
induce a greater intake of moisture in the polymer. Further tests on 
other parachutes are needed to validate this hypothesis, but this type 
of degradation would explain the loss of parachute performance due 
to ageing. Indeed, if the parachute fabric absorbs more moisture, they 
become heavier and therefore have a bigger burden to bear which 
limits their effectiveness.
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Figure 4: Optical microscope picture of yarns from A38 parachute fabric 
compare with yarns from non-used fabric.
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Figure 5: Crystallinity values of weft yarns taken off A38 parachute fabric 
on panels A and E of spindles 1 and 11 compared with non-used yarn (T0). 
Illustration of twill 3 pattern (Warp (Wa) yarns and Weft (We) yarns).
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Figure 6 Melting peak evolution of warp yarns taken off A38 parachute fabric 
on panels A and E of spindles 1 and 11 compared with non-used yarns (a) 
and moisture absorption of A38 parachute fabric on panel A of spindles 1 and 
11 compared with non-used fabric (b).

Figure 7: Conclusion of degradation mechanism of parachute fabric.
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Conclusions
Results show an overall loss of mechanical properties of the 

fabric. The global fabric analysis showed a higher degradation on the 
spindles 1 and on the panels A. Panel 1-A being the most exposed 
during storage, therefore the storage have a significant impact on 
degradation. 

Further tests on other parachutes are needed to validate hypotheses 
resumed in Figure 7. These types of degradation phenomena would 
likely explain the loss of parachute performances during their lifespan. 
Indeed, if the parachute fabric absorbs more moisture, they become 
heavier during the mission which limits their effectiveness. Finally, 
results analysis showed a loss of tensile strength and tear properties; 
and a greater intake of moisture which alter the flight behavior. 
These modifications are mostly due to hydrolysis, surface oxidation 
and photolysis which induce chain cutting and crystallinity rate 
modification. The global fabric analysis showed a higher degradation 
on the most exposed part of the parachute during storage, indicating 
that storage conditions have a significant impact on degradation.

In perspective, characterization of other stratospheric parachutes is 
essential to valid the last hypothesis. Then, artificial ageing is expected 
to control each parameter and identify the individual and synergic 
effect. Artificial ageing will allow us to identify the major degradation 
parameter. Other parts of the parachute can be study: suspension 
line, ribbon between spindles, seams, etc. In the end, simulation of 
fabric degradation in canopy could be done to understand the effect 
of textile ageing on parachutes.
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