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Abstract

Excellent mechanical, thermal and chemical properties make Vectran'" fibres an attractive material to be
used in high end applications. Its aerospace applications, as in inflatable light weight habitat module,
require functional coating to provide antibacterial protection to ensure safe environment for the
astronauts. In this study, woven Vectran™ fabric was coated with an antibacterial silver
nanoclusters/silica composite coating by means of radio frequency co-sputtering technique. The
successful deposition of the silver nanoclusters embedded in the silica matrix of the composite coating
was confirmed by morphological, compositional and structural analysis. The coating sustained 10
washing cycles with partial dissolution of the coating during washing. Silver leaching test verified the
gradual and progressive release of ionic silver in aqueous media in the range 0.03 ppm - 0.43 ppm within
72 hours of immersion in water. Antibacterial properties of the coated Vectran™ fabric were confirmed in
inhibition halo test against Staphylococcus aureus and Escherichia coli on as deposited as well as aged
samples. An inhibition halo of up to 2 mm was observed for as deposited samples while after UV
exposure, the samples formed inhibition halo of 4 mm. The percutaneous absorption test demonstrated a
very low release of silver into epidermis and dermis. The effect of the coating on mechanical properties of
the as deposited Vectran fabric was assessed through mechanical characterizations including tensile, tear
and abrasion test.
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1. Introduction

Vectran™ is a high performance thermotropic liquid crystal polymer fibre. It is an aromatic co-polyester
of p-hydroxy benzoate (HBA) and 2-hydroxy-6-naphthoic acid (HNA) [1] and is melt spun into fibres at
high temperatures. Highly oriented liquid crystal polymer domains along the fibre axis during extrusion
results in a fibre with high tensile properties combined with lightness and flexibility [2]. Along with
excellent mechanical properties including high strength-to-weight ratio and high abrasion resistance,
Vectran™ also possesses thermal stability over wide temperature range, excellent chemical resistance,
low moisture take up and no creep when loaded up to 50 % of its breaking strength [3]. Vectran™
exhibits much higher specific strength compared to titanium, stainless steel and aluminium. Because of
these excellent properties, it finds its applications in numerous areas like ropes and cables, protective
clothing, aerospace and medical devices [4]. In acrospace applications, it is used in astronauts’ gloves as
part of the outer thermal micrometeoroid garment (TMG) in the form of tricot knitted fabric [5] and in
inflatable habitat systems. Vectran™ was used in air bags to help landing Mars Pathfinder on the surface
of Mars in 1997 mission [4]. Vectran™ structural ribbons guarantee the specific mechanical behaviour
during operation of space module recover after ditching. Bumper shields designed using Vectran™ fibres
can provide lighter weight and thinner protection system having potential of being deployed to provide
protection to the space infrastructure from the space debris [6].Medical applications include catheter
reinforcement, actuation cables and device delivery systems [4]. Vectran™ fibres are very sensitive to
UV radiation, which quickly deteriorate the mechanical properties of the material [7]. UV aging was
found to cause 91 % decrease in the tensile strength of the fibres after 336 hours exposure to the UV lamp
[1]. Several treatments as deposition of TiO, nanoparticle loaded coatings [8-10], have been reported in
literature to improve the UV resistance of the Vectran' fibres. Silver coating on Vectran™ fibres has
been reported to decrease its electrical resistivity for potential application in the field of sensitive



electronic packaging [11]. Apart from these treatments, antibacterial coating for Vectran'™ fibers
becomes essential especially for medical and space applications.

The importance of antibacterial protection in space is eminent from the fact that several studies have
confirmed the presence of different types of bacteria in space and reported their growth aboard [12-14],
during space flights [15-17] and in the outer space environment [18]. A six-year study conducted on 554
samples collected from air and surfaces of International Space Station (ISS) reported a total of 36
bacterial and 32 fungal species recovered from surface samples whereas 15 bacterial and 5 fungal species
recovered from air samples [12]. It was also reported recently that most of the built environment
associated bacteria have similar growth behaviour and kinetics on ground as well as on board ISS. Since
environmental conditions in ISS are maintained close to that of on earth, vast majority of bacteria behave
similarly in space and on earth [19].

The presence of bacteria does not only pose health threats to the crewmembers but can also trigger
degradation of engineering materials of the space station especially polymers. Some microbial species,
that could potentially bio-deteriorate polymers and be potentially corrosive for metals, were also detected
in space environment [12]. Although biodegradation rates are reported to be too slow to assess
deterioration of structural integrity through available methods of mechanical characterization, polymeric
materials used in electronics circuits and fibre reinforced composites are susceptible to bio-deterioration
as they can support biofilm formation by providing organic carbon as a nutrition source [20].

During space missions, changes in immune system of the astronauts and the enhanced growth of bacteria
both in liquid media in microgravity and in the internal environment of the space station can increase
antibacterial threat [21]. Even if typical bacterial and fungal concentrations were found to be less than the
acceptable threshold [12], the risk increases in long duration space missions due to crowded conditions
and reclaimed water and air in the environment. However, effective prevention measures can lead to
microbiologically safe environment in space [22]. The functionalization of surfaces with specific coatings
for biodegradation reduction in internal space structures is of great interest to realize light space structure
microbiologically safe for the crew and for every electrical system and cables that can be damaged by
bacterial growth. However, coating of high performance fibres having chemically inert surfaces and
higher crystalinity may be difficult via liquid based chemical processes involving organic reactions.
Moreover, these processes may not be simple, involve multistep reactions along with use and release of
environmentally hazardous chemicals [23]. On the other hand, plasma based processes (plasma
sputtering, plasma polymerization) can effectively functionalize inert surfaces without influencing bulk
properties of the materials [24]. In this study, woven Vectran'™ fabric was coated with silver
nanoclusters/silica composite coating through radio frequency (RF) assisted co-sputtering of silver and
silica to impart antibacterial functionality. The antimicrobial performance of the composite coating has
been verified and reported previously on various substrates including silica [25, 26], soda lime [27, 28], a
multi-layered polymeric substrate [29], polypropylene prostheses [30], and ocular prostheses [31]. The
coating has also demonstrated good thermal [26] and mechanical stability [29] as well as biocompatibility
[30, 31].

2. Materials and Methods

2.1 Materials



Woven vectran'™ fabric (textile weight of 240 + 5% g/m®, yarn count 2/26Nm and warp and weft
density of 16 warps/wefts per inch, Iniziative Industriali Sas, Italy) was used as substrate. The composite
coating comprising silver nanoclusters hosted in the silica matrix was deposited by means of radio
frequency assisted co-sputtering technique. The sputtering equipment (Microcoat™ MS450) was
equipped with two cathodes. For the co-sputtering process, one cathode was installed with silver target of
1 inch diameter and supplied by Sigma-Aldrich™ 99.99% purity and the other one with silica target of 6
inch diameter supplied by Franco Corradi S.r..™ 99.9% purity. Sputtering worked in pure argon
atmosphere for 15, 40 and 80 minutes resulting in approximately 60, 150 and 300 nm thick coatings on
the fabric surface as previously described in detail [27] [28]. For identification of the samples with
different coating thickness, sputtering time has been added to the word “Vec” as suffix throughout in the
article: Vec (control and uncoated sample), Vec 15 (15 minutes deposition), Vec 40 (40 minutes
deposition) and Vec 80 (80 minutes deposition).

2.2 Coating morphology and composition

The coating morphology was investigated through Field Emission Scanning Electron Microscope
(FESEM, QUANTA INSPECT 200, Zeiss SUPRATM 40™) which was equipped with Energy
Dispersive Spectroscopy, (EDS, EDAX PV 9900™). For semi quantitative detection of elements, EDS
scans were carried on three different sites of the samples at low magnification (250X). X-ray
Photoelectron Spectroscopy (XPS, Phi 5000 Versa Probe™) was used to determine chemical states of the
elements for coating composition analysis. For XPS, monochromatic Al Ka x-ray source with photon
energy of 1486.6 eV at 15 kV and 1 mA was used. The binding energy scale was calibrated by setting the
carbon Cls (C-C) binding energy at 284.5 eV. The operating condition was 21.7 W for the x-ray source
and tilt angle for analyser was 45°. The survey scans were taken at pass energy of 187.85 eV with a step
size of 1 eV whereas high resolution scans at pass energy of 23.50 eV with a step size of 0.1 eV.

2.3 Washing fastness

Coated Vectran™ samples of size 2.5 cm x 2 cm were washed in a detergent solution containing 100 ml
of MilliQ water and 2 g/l of a commercial detergent (castile soap with sodium bicarbonate). Washing was
carried in thermostatic bath at 60 °C for 30 minutes with an oscillation of 150 rpm. The samples were
rinsed with distilled water after washing and dried at room temperature. Washed samples were analysed
through FESEM and EDS

2.4 Silver leaching test

Silver leaching test in water was performed to assess the ionic silver release from the coated Vectran™
samples. The coated samples of 1cm? were submerged in a container filled with 25 ml of water (MilliQ)
with coated side faced up. lonic silver content was measured after 3, 24 and 72 hours of sample
immersion using silver photometer (Hanna Instruments™). The test was carried in triplicate for each
coating thickness.

2.5 Antibacterial test

Antibacterial properties of the coated samples were verified through inhibition halo test according to the
National Committee for Clinical Laboratory (NCCLS) standard [32]. The test was done against
Staphylococcus aureus, a Gram positive bacterium and Escherichia coli a Gram negative bacterium. A
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standard inoculum of bacteria was prepared by dissolving the bacterial colonies, picked from a pre
cultured blood agar plate, in the physiological solution and adjusting its turbidity index (McFarland
Index) to 0.5. The bacterial inoculum was then uniformly swabbed on the surface of Muller Hinton agar
and coated Vectran™ samples (of size 1 cm”) were placed on the surface of the agar such that the coated
side of the fabric was in contact with the bacterial suspension. The agar plates were incubated at 35 °C
for 24 hours to allow bacterial growth. The antibacterial effect was assessed by evaluating the agar plates
after incubation for the formation of the inhibition halo which is an area around the samples where
bacteria did not grow.

2.6 Percutaneous test

Percutaneous test, using Franz static diffusion cell method, evaluates the permeation of silver into the skin
[33]. Vec 40 were selected for this test and a comparison with the UV aged samples was performed. The
cryopreserved skin was previously obtained from the back and arms of two donors [34]. In the static
diffusion cell, the skin, with an exposed area of approximately 3.3 cm” and a thickness of about 0.5 mm,
was clamped between the donor and the receptor compartment. The measurement of electrical
conductibility monitored skin integrity before and after the experiment. Values of resistance less than 3.95
+ 0.27 kQ cm” indicate the damage of the skin with consequent preclusion to use it [35]. Two coated
Vectran samples (area of 4 cm®) were soaked into 4 mL of synthetic sweat (composition: 0.5 % sodium
chloride, 0.1 % urea, and 0.1 % lactic acid, in Milli-Q water, with ammonium hydroxide to reach a pH of
4.5) in the donor chamber. Only synthetic sweat was added into other cell as control.

The physiological solution (2.38 g of Na,HPO,, 0.19 g of KH,PO,, and 9 g of NaCl dissolved in 1 L of
Milli-Q water, with a final pH of 7.35) was used as receiving phase fluid in the receptor compartment and
continuously mixed using a Teflon-coated magnetic stirrer at a temperature of +32 °C. The salt
concentration of the receptor fluid simulates the salt concentration of human blood. Silver concentration
permeated in the receptor compartment was evaluated during 24 hours of immersion, sampling and
analysing 1.5 mL of receiving phase at selected intervals (8, 16, 20, 24 hours). At any time, an equal
amount of fresh physiological solution was added to the initial solution. The experiment was repeated
twice. After 24 hours, Vectran ™ samples were removed from the synthetic sweat and skin samples were
washed with Milli-Q water to remove any excess of silver from the surface. For the skin mineralization,
dermis and epidermis were separated by immersion in hot water (+60 °C) for 1 minute, dried in oven for
24 hours and immersed intol mL of HNO; 69% v/v for mineralization. The permeation test has been
repeated using aged Vec 40 in the donor chamber.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS, NEXION 350D, Perkin Elmer) with an
integrated auto sampler was used to determine the concentration of the silver in the receptor and donor
fluids as well as in the skin after mineralization.

2.7 Mechanical test

The mechanical characterization of the Vectran fabric (both coated and uncoated), were evaluated by
means of tensile [36], tear [37], and abrasion [38] tests according the respective standards. These tests
were performed to assess whether the mechanical properties of the Vectran fabric were intact or
influenced by the deposition process. Tensile and tear resistance were assessed both along the warp and
weft directions of the fabric. Samples for tensile test were smaller than that mentioned in the standard
(100x80 mm instead of 100x150mm) because of limited dimensions of sputtering chamber.



2.8 UV-Ageing treatment

Uncoated and coated Vectran™ (only Vec 40) was exposed to UV radiation at 50 W/m” for 5 h within a
wavelength range of 185-254 nm (Elios Ital Quartz with UV lamp Hg typed P) (in the text UV). The aged
samples were analysed in terms of antibacterial performance, percutaneous absorption and mechanical
properties.

3. Results and discussion
3.1 Morphological and compositional analysis

The morphology of uncoated and coated Vectran™ fibres is shown in FESEM images in Figure 1.
FESEM images at high magnification show that uncoated Vectran™ fibres have relatively smooth surface
whereas coated fibres surface is rougher. The sputtering parameters of both silica and silver are optimized
in such a way that result in uniform and homogeneous distribution of silver in the form of nanoclusters
that are hosted in the silica matrix. A glimpse of such distribution is depicted in Figure 2 which FESEM
image taken in back scattered mode. The silica matrix of the coating firmly embeds silver nanoclusters
and grows in a globular form with increased deposition time (Vec 40). This structure seams to coalesce
with further increase in deposition time (Vec 80) thus relatively smoothening the granular surface
appearance. The golden colour of the uncoated Vectran™ fabric changed after the deposition. At lower
coating thickness, the fabric assumed light brown color that turned into dark brown with increased coating
thickness. The change in color occurred due to the Localized Surface Plasmon Resonance (L—-SPR)
related to the silver nanoclusters [29, 39]. The XRD of the composite coating deposited on the silica
substrate, reported and discussed previously [26], also confirmed that coating was composed of metallic
silver and amorphous silica matrix.



Figure 1. FESEM images of Vectran™ fibres: (a) uncoated and after (b) 15, (c) 40 and (d) 80 min deposition
of showing morphology of the composite coating.

Figure 2. FESEM images of Vec_80 in BSE mode: some silver nanoclusters as bright dots can be seen on the
coated fibre surface

Figure 3 reports EDS spectra of the uncoated and coated samples. The spectrum of uncoated fibres
consists of C and O peaks whereas Ag and Si peaks appear after deposition of silver nanoclusters/silica
composite coating. Cr peaks are present due to Cr coating needed for the FESEM analysis. The atomic
percentage ratio Ag/(Ag+Si) was calculated and reported on the respective EDS spectrum. The ratio is
fairly constant and remains within values 0.36 — 0.39 for the three depositions. The ratio represents
average values obtained from three different EDS scans on the sample surface at low magnification (at
250X) to collect information from wider surface area. This implies that the co-deposition technique was



reproducible and the contents of Ag and SiO, of the composite coating can be controlled individually to
achieve a desired ratio between them.
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Figure 3. EDS spectra and relative atomic% ratio between Si and Ag of (a) Vec, (b) Vec_15, (c) Vec_40, (d)
Vec_80

XPS investigations were carried on Vectran fabric before and after coating deposition (only Vec 40 and
Vec 80) and results are shown in Figure 4. The survey spectrum of uncoated fibres consists of C-1s and
O-1s peaks. Ag-3d, Si-2s and Si-2p peaks emerge after the deposition of the composite coating. The high
resolution spectra of the four individual chemical elements C, O, Ag and Si are given in Figure 5. The C-
1s peak of the uncoated Vectran™ fibre is a convolution of the three sub peaks. The sub peak at binding
energy 284.8 eV is representative of C-C bonds. The sub peaks at 286.3 eV and 288.9 eV can be
attributed to C-O and —COO- groups respectively present in the molecular structure of the Vectran™
fibres [1]. The Ag-3d doublet, with two states at binding energies of 374.2 eV and 368.2 eV, is referred to
Ag-3d;, and Ag-3ds), , respectively representing silver in the metallic state [28]. The silver 3d peaks for
Vec 80 are at slightly higher binding energy (0.2 eV) as compared to those of Vec_ 40, this is probably
due to the difference in the thickness of the silica matrix. However, the splitting between Ag-3d doublet
in both the cases is 6 eV which shows silver is in Ag” state. The same has been observed and reported in
literature when silver particles were embedded in TiO, matrix [40]. The O-1s peak appears at 532.7 eV
and is indicative of oxygen bonded to silicon with Si-2p peak at 103.3 eV representing silica [41].
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Figure 5. High resolution XPS spectra of C-1s, O-2s, Ag-3d and Si-2p peaks of uncoated (Vec) and coated
(Vec_40 and Vec_80) Vectran™ fibres.

3.2 Washing Fastness

Washing stability of the coating on Vec 40 samples was assessed in multiple washing cycles and samples
were analysed through FESEM and EDS after 1, 5 and 10 washing cycles. Figure 6 shows the FESEM
image along with EDS spectrum of a 10 times washed sample. It can be seen that silver nanoclusters,
visible as bright particles on the surface of the fibres, were still present after 10 washes. EDS spectrum
also confirms the presence of Si and Ag on washed samples. The washing resistance of the coating is
important for prolonged antibacterial functionality. Partial dissolution of the coating is also evident from
the comparison of the FESEM images and EDS spectrum of as deposited samples in Figures 1 and 3
(Vec_40) with that of washed sample. It is worth noting that in aerospace applications (intended
application for this study) washing of the structural parts and surfaces made of high performance fibres is
not required or is less frequent.
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Figure 6. FESEM image (in back scattered mode) and EDS spectrum of Vec_40 after 10 washing
cycles.

3.3 Silver leaching test

Silver nanoclusters get oxidized when in contact with aqueous media and release silver ions in the
surrounding environment. Silver ions can react with phosphorus moieties in DNA and sulphur containing
proteins in bacterial cell membrane and thus cause antimicrobial action [42]. Therefore, silver leaching
test was performed to study the ionic silver release behaviour of the composite coating in water. The
release kinetics of cumulative silver ions after being immersed in water for 3, 24 and 72 hours are shown
in graph in Figure 7. Higher the coating thickness, higher was the concentration of the ionic silver
released in the water. However, the comparison of the curves shows that silver ions did not release
abruptly, rather they released progressively over the period of sample immersion which is a good aspect
for sustained antimicrobial activity. The amount of ionic silver released within 72 hours was in the range
between 0.03 mg/l/cm® (0.03 ppm) and 0.43 mg/l/cm® (0.43 ppm) which is higher than the minimum
concentration considered necessary to cause antibacterial action [43]. The chemistry of the underlying
fibres may influence the amount of silver ions released from the composite coating. Silver ion release
profiles of the present study are similar to what has been reported previously for cotton fabric [44] but
different from that of Kevlar fabric [45]. The graph shows a gradual and time dependent release of silver
ions which is good aspect for sustained antibacterial effect. An abrupt release of silver from the coating
will deprive the fabric of the antibacterial effect of the composite coating.
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Figure 7. Silver leaching test showing cumulative ionic silver released in water over time from the coated
samples (Vec_15, Vec_40 and Vec_80)

3.4 Antibacterial test

The antibacterial performance of the composite coatings was assessed through inhibition halo test against
Staphylococcus aureus (a Gram positive bacterium) the most commonly involved bacterial strain in
infection development [46]. The photographs in Figure 8 show that the coated samples exhibit
antibacterial activity against S. aureus by forming an inhibition halo around them with size depending on
the coating thickness and hence on the silver content. Less than 1 mm non uniform inhibition halo is
formed around the samples Vec 15 and Vec 40. The size of the inhibition halo increased up to 2 mm
around Vec_80. The intensity of the antibacterial activity increased with increase in coating thickness. If
the coating thickness increases, the amount of silver in the coating as well ionic silver released from the
composite coating also increases. As a consequence, the inhibition halo is higher at higher coating
thickness. As the silica forms a porous matrix, silver ions are released also from nanoclusters positioned
in the innermost layers of the matrix. So thicker coating shows an improved antibacterial effect.

S. aureus

Vec_15 Vec_40 'ec_80

Figure 8. Antibacterial inhibition halo test against S. aureus on coated Vectran™ (Vec_15, Vec_40 and
Vec_80), compared with the uncoated fabric (Vec)

Further investigations on Vec 40 sample were performed analysing the sample towards Escherichia coli
(a Gram negative bacterium) and towards Staphylococcus aureus after UV ageing treatment (Figure 9).
Against E. coli, Vec_40 exhibited antibacterial effect by forming an inhibition halo of 1 mm around
Vec 40 as reported in Figure 9. The inhibition halo was less transparent in case of E. coli due to growth
of some bacterial colonies within the inhibition zone. However, no E. coli colonies grew under the surface
of the coated samples unlike control where growth of bacterial colonies is visible in the image showing
back agar surface.

12



E. coli (Front agar surface) E. coli (Back agar surface)
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S. aureus

Vec_40 UV

Figure 9. Antibacterial inhibition halo test of Vec_40: (a) against E.coli compared with the uncoated fabric
(Vec), (b) against S. aureus after UV ageing

Finally, Vec 40 samples was subjected to UV ageing for 5 h and the antibacterial test is reported in
Figure 9. The figure shows that the size of the inhibition halo formed around UV aged sample is
maximum (4 mm) as compared to that of around other samples. This difference in the antibacterial
activity could be due to different release of Ag” from the composite coating. Since silver ions are
considered to be responsible for the antibacterial activity of silver nano particles/clusters, any increase or
decrease in the release of silver ions from the coating can increase or decrease the intensity of the
antibacterial action. Studies in literature have reported an increase in the kinetics of silver ion release
from silver nanoparticles under UV irradiation [47] [48] which could be the reason of enhanced
antibacterial activity of Vec 40 samples after UV exposure.

3.5 Percutaneous test

The starting concentrations of silver were similar into the coatings on Vec_40 samples and they resulted:
59 £ 6 ug/g in Vec 40; 55 + 26 pg/g in Vec_40 _UV. The permeation profile of the silver released into
synthetic sweat from the Vec_40 samples (both not aged and aged) is reported in Figure 9. At 24 hours,
the total amount permeated in the acceptor compartment has a very low range, between 1-2.5 ng/cm’,
although cells exposed to aged Vec 40 reach a plateau after 8 hours, while in those exposed to not aged
sample silver permeation starts later and it becomes comparable to the first only after 16 hours of
exposure. This is probably due to a greater concentration of free Ag in the donor phase. Infact the analysis
of the synthetic sweat, at the end of the 24 hours, showed a greater ionization for aged fabrics compared
to the non-aged ones (13.1% vs 3.6%).
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Figure 10. Permeation profile of silver release in synthetic sweat

Figure 11 provides the histogram relative to the silver penetration into epidermis and dermis. First of all,
it is possible to notice two features: the higher amount of silver penetrated in the epidermis than the value
in the dermis and the influence of ageing treatment which increase the amount of penetration with respect
to the not aged sample. Dermal absorption data are in good agreement with those of other ex vivo
experiments showing the same behaviour [49] a quite constant permeation in the ng/cm’® range and a
penetration into the skin layers depending on the Ag” release in the donor compartment. The epidermis,
and in particular the stratum cornea, can reduce the amount of silver available for the penetration and
systemic uptake through the reaction of silver ions with different functional groups of proteins and free
amino acids, especially those containing sulphur [50]. So an increased silver dose could result in a higher
concentration in the skin but not in the receiving phase.

All the data result negligible in terms of human safety. In fact, coated Vectran ™ is not in close contact
for a prolonged and continuous time (24h) with the crewmember’s human skin.

£ Hepidermis
0.9 =dermis
08

0.7
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05

04

03

: '

0.0 — ||
Vec_40 Vec_40_UV

Silver ion penetration (ug/cm?)

Figure 11. Histogram relative to the silver permeation into epidermis and dermis

3.6 Mechanical test

The mechanical properties of the substrate fabric may be deteriorated during coating deposition either due
to the chemicals used or by the stresses the fabric has to go through during coating process. Cheng et al.

14



reported 45% reduction in the tensile strength of the cotton fabric after application of chitosan based
antibacterial coating on the fabric [51]. Therefore, mechanical properties of the uncoated and coated
Vectran™ fabric were examined in terms of tensile and tear strength, both in warp and weft direction, and
abrasion resistance for 50,000 abrasion cycles, before and after UV ageing treatment. The results of
tensile and tear tests are shown in Figure 12. A comparison of the results of uncoated (Vec) and coated
(Vec_40) fabric, without any ageing treatment (“no ageing” in the graph), shows that tensile and tear
strength, both in warp and weft direction, was slightly improved after coating. This is probably due to the
increased fibre to fibre friction after deposition of nanostructured coating. It should be noted that
untreated Vectran'™ fibres have smoother surface, therefore, any roughness introduced on the fibre
surface either by etching or coating can increase inter fibre or inter yarn friction which can potentially
improve mechanical properties. It has been reported in literature that the tensile properties of fabric made
of Kevlar fibres, another high performance fibre with smooth surface, were appreciably improved after
simple plasma etching and were three folds increased after plasma deposited coating [24]. The Figure 12
shows that Vectran™ demonstrated a significant decrease in the mechanical properties after UV aging
and the presence of coating was not able to stop UV deterioration. It was demonstrated that the UV
irradiation can induce Vectran™ fibre bond chain scissions with more effect in air [1]. In this case, the
coating is not sufficient to protect the fibres from the UV degradation in the wavelength range of 185-254
nm.
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Figure 12. Histograms showing tensile and tear test results for uncoated and coated fabric both in
warp and weft direction of the fabric, before and after UV ageing

In abrasion test (not reported here), both coated and uncoated fabric did not show any sign of failure when
subjected to 50,000 abrasion cycles. It can be concluded from these results that the coating deposition
process itself did not deteriorated any mechanical properties of the fabric as is reported for some other
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finishing processes in literature [51]. Rather coated Vectran™ fabric demonstrated improved tensile and
tear performance. However, Vectran '™ fibres normally suffer from UV radiation and the silver
nanocluster/silica composite coating is not able to protect the fibres under UV radiation. Preserving (or
enhancing) mechanical properties of high performance fibres during surface functionalization is of utmost
importance for demanding applications, for example, in structural parts for space applications.

Conclusions

Antibacterial silver nanoclusters/silica composite coating was successfully deposited using RF co-
sputtering on high performance woven Vectran™ fabric intended for aerospace applications. The
deposition via RF co-sputtering resulted in reproducible composite coating composed of silver
nanoclusters embedded in the silica matrix and distributed uniformly over the surface of the fibres as
confirmed by FESEM, EDX and XPS. The coating showed good washing durability as it was still present
after 10 washing cycles. Progressive release of silver ions (in the range 0.03 ppm - 0.43 ppm) from the
composite coating was observed during leaching test within 72 hours of continuous immersion in water.
The study suggests that sputtering can be used as an effective coating technique, alternative to the wet
processes and treatments, to deposit functional coatings on technical and high performance textiles. The
composite coating exhibited antibacterial properties by forming inhibition halo of up to 2 mm against S.
aureus and E. coli in the inhibition halo test. The coated fabric was able to retain its antibacterial
properties when subjected to UV aging. After UV exposure, the size of the inhibition halo was 4 mm. The
skin permeation test showed that the amount of silver permeated into the skin can be considered
negligible for the human safety even if it increased after the exposure to UV radiation. Coating deposition
did not negatively influence the mechanical properties of the textile. An improvement in the tensile and
tear strength of the fabric was observed after deposition of the coating due to surface roughening of
coated fibres. However, it was demonstrated that the coating was not able to decrease mechanical
deterioration after UV aging. Our findings demonstrate that an effective, homogeneous and conformal
antibacterial coating can be deposited on high performance textiles via eco-friendly sputtering technique
while preserving their mechanical properties.
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