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The large-scale surface modification of polyethylene terephthalate track-etched membranes (TM) using indus-
trial roll-to-roll planar magnetron sputtering of Ti and TiO; for use in advanced technologies such as separation,
biotechnology, and microelectronics was investigated. The Ti and TiO,-Ti coated TM surface characterisation
was done using a combination of scanning electron microscopy, atomic force microscopy, contact angle- and
scratch adhesion testing. Structural characterisation was done using transmission electron microscopy, energy
dispersive x-ray spectroscopy, x-ray photoelectron spectroscopy, and tensile testing. Water permeability and
bubble point testing were used to confirm the membrane permeability after surface modification. A tensile test
showed that the coated membranes’ strength was within an acceptable range of one another. Magnetron sput-
tering did not lead to significant changes in the water permeability, nor a notable reduction in the pore diameter
of the resulting Ti-TM and TiO,-Ti-TM hybrid membranes. Sputtered coatings on top of the TM surface signif-
icantly reduced the water contact angle from 72° for an untreated TM to 33° and 28° for Ti-TM and TiO5-Ti-TM,
respectively. This investigation shows that roll-to-roll magnetron sputtering is a viable approach to the large-
scale fabrication of hybrid membranes based on TM as model support.

1. Introduction thereby forming a layer with predetermined properties, and secondly,

methods that include changing the physicochemical properties of the

Track- or track-etched membranes (TM) as a porous system with high
uniformity of pore size and shape have extensive prospects for use in
various membrane processes related to biotechnology, ecology, medi-
cine and analytical chemistry [1,2]. The use of surface modification
methods is one of the most effective approaches to solving the problem
of improving the properties of membranes and creating porous func-
tional polymer systems with tailored structural and physicochemical
properties.

To date, numerous works have been devoted to the development of
methods for modifying TM surfaces [3-6]. These methods can be
divided into two primary groups: firstly, methods consisting of applying
a low- or high-molecular compound to the surface of the membrane,

near- or outer-surface layer of the polymer membrane.

The methods of TM modification of the first group include plasma-,
radiation-, and chemical grafting, polymerisation, modification by
physical or chemical adsorption, and chemical grafting of various high-
molecular compounds [3,4]. The advantages of the methods of this
group include a wide variety of processing options and a vast range of
substances that can be used for modification. Therefore, these methods
are usually used to synthesise TMs with specific properties in order to
fulfil their intended tasks.

The second group mainly consists of treating membranes in the
plasma of ionised gases or the vapours of strong oxidants [4,6]. These
methods are generally used to clean the surface of track membranes or to
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increase their hydrophilicity. The main advantage of these methods is
their versatility: they can be used to treat the surface of membranes
made from various types of polymers with practically any pore diameter.

However, high-tech solutions for modern ion-plasma processing
methods have brought about new, more effective approaches to the
surface modification of various polymer materials [7]. One such
approach is to modify the surface of non-porous polymer films by
applying a thin coating of metal or ceramic directly to the polymer’s
surface. Magnetron sputtering occupies a niche sector [8-10], and it
allows for the alteration of both the structure and composition of the
outermost surface of the material. Consequently, this affects various
surface characteristics such as adhesion, wettability, and biocompati-
bility, without changing the bulk properties [11-15].

Magnetron sputtering offers numerous advantages, such as the op-
tion to deposit metals, ceramics, and polymer thin films. The deposition
rate can be varied, and the sputtered films’ properties can be tailored by
changing one or more deposition parameters such as power, pressure,
and gas composition. This allows for the deposition of high purity films
with good adhesion to the polymer supporting membrane. Additionally,
it is possible to construct semicontinuous process lines due to the nature
of the target materials [16-18].

Currently, magnetron sputtering is not being used for large-scale
surface modification of porous polymeric membranes. This is primar-
ily due to the difficulty in manufacturing and implementing high-
vacuum equipment for the industrial surface modification of porous
polymeric membranes. There are complications to be dealt with, both
scientific- and engineering-related, before the viable implementation of
this approach in the industry. Fortunately, advancements in low-
pressure plasma treatment technology of textile materials have made
the sputter coating of porous polymeric membranes a more realistic
endeavour [19].

The Flerov Laboratory of Nuclear Reactions at the Joint Institute for
Nuclear Research (JINR), together with the company Ivtechnomash LLC,
has carried out extensive research and development on the use of
magnetron sputtering for the modification of textiles and track mem-
branes. With a particular focus on the influence of the process param-
eters (discharge current, pressure, gas composition) and the target
material on the sputter deposition rate, composition and properties of
the resulting coatings. Thin films of aluminium, titanium, copper, silver
and stainless steel on polymer films were obtained using planar
magnetron sputtering on a laboratory scale installation [17].

This paper presents the possible application of industrial magnetron
sputtering for the surface modification of polymer membranes. Titanium
(Ti) was chosen as the target material and from it both Ti and TIO; was
sputtered on top of the TM support. On the one hand, Ti is an inert metal
with good electrical conductivity, exceptional chemical resistance,
thermal stability, high hardness, a high melting point and results in a
low number of crystallographic defects when used for sensitive elec-
trodes, buffer or adhesive layers [18,20]. On the other hand, TiO> is one
of the most promising catalysts because of its extensive range of appli-
cations and the relative ease with which it can be implemented in mass
production [17,21-28]. Upgrading the membrane filtration technology
using TM is an attractive solution for applications that currently use
TMs. It is anticipated that hybrid TMs with a metallised surface layer
will be used in electrospinning nanofibers on their surface and in
creating the next generation of membrane-sorption materials. Thus, the
motivation of this study is to propose approaches and technological
solutions for modifying the surface of TMs by developing a large-scale
magnetron sputtering process for future applications as an effective
method for functionalising their surfaces.

2. Experimental
2.1. Ti and TiOy thin-film deposition

Samples were made from Hostaphan RNK PET film, 23 pm thick, 320
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mm wide and 100 m long, manufactured by Mitsubishi Polyester Films.
According to the manufacturer, the film is produced by co-extrusion
from a melt stream and consists of an inner layer free from filler parti-
cles and thin outer layers of polymer containing a small additive of
nanodispersed silicon dioxide. During production, the film is subjected
to biaxial drawing and subsequent heat treatment, which forms a semi-
crystalline polymer structure. The density of the film material is 1.4 g/
cm?®. Irradiation using a '32Xe"2® beam was done at a specific energy of
1.16 MeV/amu and 90°+30° angle to the normal from one side using the
IC-100 cyclotron at FLNR JINR. The surface density of pores on each side
was N = 2.7 & 0.3 x 108 em~2. Before etching, all samples were exposed
to UV radiation at a rate of 25 m/hr. The 0.3 um diameter pores were
characterised in FLNR using the bubble point method, and the porosity
of the membrane was determined to be between 10 and 15%. An in-
depth review of the complete TM fabrication method was reported by
Flerov et al. [29] and Apel and Dmitriev [30].

Despite not finding any literature on industrial-scale sputtering on
top of TMs, this deposition was made possible by using the UMN-180
planar magnetron sputtering unit developed by “Ivtekhnomash” LLC,
see Fig. 1 for a schematic of the device. The UMN-180 machine is
equipped with a 2088 mm long magnetron sputtering unit, which allow
uniform-thickness coatings to be deposited with an accuracy of +10%
on fabrics up to 180 cm in width. The two-step vacuum system evacuates
air from the working chamber loaded with a roll of fabric or film (re-
sidual pressure 5 x 10> mm Hg). The accuracy of maintaining the flow
and pressure of the working gas (or gas mixture) during treatment is
+5%. The machine is equipped with auxiliary cooled electrodes to excite
glow discharge to activate the surface before coating deposition. The
conveyor system uniformly pulls the material through the plasma
treatment and coating deposition zone at a 20 m/min rate and is adapted
for textile fabrics as well as polymer films, with a thickness between 12
pm and 7 mm [31]. See Table 1 for a list of the sputtering parameters.

For the modification of TMs using Ti and TiO,, the following
approach was used: Before sputtering, the TM needs to be cleaned to
deposit metals and oxide layers successfully. After air plasma-chemical
pre-treatment of the TM surface, a thin film of Ti was sputtered on top
of the TM surface. TM surface metallisation can be identified as a sig-
nificant commercial product as well as providing a sub-layer or pre-
cursor for TiO5 deposition with good adhesion. Sputter deposition was
uniform over the length of the TM roll. This was due to the Ti target
being 6x wider than the film. This work exhibited good resistance to dry
friction and wet wiping of sputtered coatings on polyester membranes,
provided that it was subjected to pre-treatment and contained no par-
ticles or lubricant residues. Plasma chemical surface pre-activation
enhanced the adhesion of metal nanofilms to the polymer material
2-3 times [32]. Deposition parameters for Ti and TiO, were optimised
for this experiment; however, the optimisation method will not be pre-
sented here as it is not the focus of this article.

Fig. 1. Schematic of the UMN-180 magnetron sputtering machine-(1) Vacuum
chamber; (2) diffusion pump; (3) fore vacuum pump; (4) collector roll; (5)
coated material; (6) distributor roll; (7) magnetron; (8) magnetron power
supply unit; (9) argon inlet system; (10) reactive gas inlet system; (11) power
supply unit for the plasma cleaning; and (12) plasma cleaning system.
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Table 1

Sputter deposition parameters for the UMN-180 system.
Parameter Units
“Spot” size 0.3mx1.8m
Max roll diameter 0.7 m
Volume of evacuated chamber 15 m®
Number of magnetrons 1
Working pressure 7 x 1073 Pa
Current 16 A

Processing speed 0-20 m/min

PET TMs are made up of a mixture of amorphous and crystalline
particles ~20-30 nm in size. Therefore, it was decided to sputter 40 nm
(£10%) of Ti base layer to ensure the TM surface’s complete coating.
Following the Ti sublayer deposition, approximately 40 nm (+10%) of
TiOy was sputtered on top of it. The coating covers the entire Ti-TM
surface at this thickness, including any possible crevasses or defects
without filling in the TM pores or resulting in any cracks or loss of thin-
film durability and adhesion, see Fig. 2.

2.2. Ti and TiO; thin-film characterisation

The surface morphology was investigated using a SU-8020 high-
resolution field-emission SEM (Hitachi, Japan). Element distributions
for C, Ny, O, and Ti were examined using the attached Oxford In-
struments Aztec Energy energy dispersive spectroscopy Analysis System
(EDS) at an accelerating voltage between 3 and 10 kV.

Further structural characterisation was done on a Ntegra (NT-MDT,
Russia) atomic force microscope (AFM) operating in tapping mode using
NSG10 cantilever tips. After sputtering Ti and TiO3 on top of silicon
wafers, the average deposition rate was determined by measuring the
film thickness by AFM and dividing it by the time taken to deposit the
films. Silicon wafers were chosen for this purpose as they are much more
robust than TMs and the difference in the resulting deposition rate was
negligible.

TEM structural studies were carried on a JEOL JEM-2100 high-res-
olution electron microscope.

XPS of Ti-TM and Ti-TiO5-TM specimens were acquired on a K-alpha
(Thermo Fisher) spectrometer with a monochromatized X-ray source (Al
Ka, 1486.68 eV). All spectra were charge referenced to the deconvoluted
Ti 2p3/2 peak of TiO; at 458.6 eV. The spectral acquisition parameters
and deconvolution procedure were described elsewhere [33].

Fig. 2. Photo of TiO,-Ti-TM (goldish), Ti-TM (silverish) and TM (whitish) rolls.
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Throughout the paper, we use a line shape notation policy in accordance
with CasaXPS software. Namely, the GL(x) line denotes a Gaussian/-
Lorentzian product with the mixing factor x equal to 100 for pure Lor-
entzian and O for pure Gaussian. LA (a, p, m) represents a convolution of
a Lorentz line with a Gaussian of width m; where a and p specify the
tail’s spread, respectively, on the low- and high binding energy (BE) side
of the Lorentz curve. The depth profiling was performed with a beam of
2 keV monoatomic Ar+ ions rastered over an area of 1 x 1 mm? (5x
more extensive than an X-ray spot). For this investigation, films of equal
thickness were investigated. Ti deposition time for a Ti-TM was doubled,
resulting in an 80 nm Ti-TM and an 80 nm TiO,-Ti-TM (40 nm TiO, and
40 nm Ti).

In order to evaluate the adhesion of the coatings and their resistance
to scratching from critical loads at which the coatings break down and/
or peels off, the scratch-test method (controlled scratching), was done
using a scratch tester with micro- (MST) and nano- (NST) modules based
on the open platform OPX (CSM Instruments) that allows testing of
samples with coatings. During the controlled scratch test of Ti and TiO»-
Ti coated TMs for evaluating the adhesive properties of the coatings, the
load application increased linearly at a rate of 100 mN/min from 2 mN
(min) to 52 mN (max). The length of the scratch was 500 um and the
diamond conical-sphere indenter has a 2 ym radius and was applied at a
90° angle.

The tensile mechanical properties of the investigated films were
measured at room temperature using a Shimadzu AGS-X testing machine
equipped with a 50 N load cell. Samples of rectangular shape with a
width and a gauge length of 10 and 40 mm, respectively, were stretched
at a rate of 1 mm/min. The sample thickness was measured by a Lab-
think C640 thickness tester. The stress and strain parameters were
calculated using the Trapezium X software. Average values and standard
deviations for both parameters were determined from 6 independent
measurements.

Using a Kriiss DSA100 Drop shape analysis System (Kriiss GmbH,
Germany), contact-angle measurements were carried to analyse the
hydrophilic effect of the surface metallisation of the TMs. Droplets of
deionised water are carefully placed on top of the sample surface (3 mL,
room temperature, 18.2 MOhm cm, Milli-Q Advantage A10, Millipore,
USA). After that, the acquisition of an image of the droplet and the
following calculation of both contact-angles (left and right) was made
using the DSA4 (Kriiss GmbH, Germany) software. This is also known as
the sessile or recumbent drop method.

Membrane permeability and pore size determination was done by
utilising a combination of SEM, water permeability and bubble-point
tests. The measurement of pores’ diameter by the bubble point
method was carried out using a POROLUX 1000. This method is used to
determine the size of the largest pore of the samples. A sample is loaded
into the working chamber, moistened with liquid and then the chamber
is sealed. After that, gas is introduced from one side of the chamber and
will result in a linear pressure increase in the sample chamber. When the
first pore opens, there will be a sudden change in line pressure. The
bubble point pressure is the pressure at which the first derivative will
begin to deviate from a straight line.

3. Results and discussions

For a deeper understanding of the hybrid membranes created by
sputter coating, thin films of metallic-Ti and ceramic-TiO5 on top of a
TM support, and the deposited thin films’ physicochemical properties,
both the structural and mechanical characteristics were investigated.

3.1. Scanning electron- and atomic force microscopy

The surface morphology of the Ti and TiO,-Ti thin films were
investigated by SEM, see Fig. 3. After Ti sputtering the post-deposition
surface topography remained similar to that of the native track etched
membrane, see Fig. 3a-b. However, despite the pores retaining a mostly
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Fig. 3. SEM micrographs of a) TM, b) Ti-TM, c) TiO-Ti-TM.

circular shape, a reduction in pore the diameter was noticed. The 40 nm
(£10%) of Ti sputtered on top of the native TM surface reduced the
surface pore diameter from 0.45 pm to approx. 0.42 pm.

After sputtering the 40 nm (+10%) of TiO5 on top of the Ti coated
TM, see Fig. 3c, the pore shape did not change, however the surface
diameter of the pores reduced slightly more, from the original 0.45 pm
to approx. 0.39 pm. In contrast to the lab-scale results, see [33], there
were no occlusion of the pores occurring. Nonetheless, upon closer ex-
amination double pores, formed by two swift heavy ions crisscrossing
the PET film during ion irradiation, when seen from afar, could be
mistaken as elongated narrow pores after sputtering Ti and TiO, see top
left-hand corner of Fig. 3c. To avoid any confusion, it is essential to note
that despite the SEM surface pore diameter measured being much larger
than the 0.3 pm stated in experiments and methods, TM pore dimension
data sheets are based on bubble point measurements as the pores have
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an hourglass shape due to the way they are formed.

The surface topography of the thin films was further investigated by
atomic force microscopy. AFM effectively measures the coating thick-
ness and surface roughness. The deposition rate was determined through
sputtering Ti and TiO, coatings on top of silicon wafers as it was not
possible to create a reliable step-edge for AFM measurement on the TMs.
The sputtered metallic Ti was approximately 40 nm thick, Fig. 4a,
deposited at a rate of 0.36 nm/s, and the ceramic TiO, was approxi-
mately 40 nm thick, Fig. 4b, deposited at a rate of 0.18 nm/s. Only
sections between the TM pores were chosen for AFM measurements to
avoid pore influence and false profiles. The average roughness for the
native TM can be found elsewhere [33].

The Ti and TiO; coatings sputtered on the TMs had a normal height
difference between 5 and 20 nm. It could be because the coated TMs
retained some similarity to the hillock-like structure of the underlying
TM support [34]. As seen in Fig. 4c-d, the exterior of the coated TMs
shows the presence of nanocrystallites or nanofibrils with relatively
uniform sizes and spatial distribution [35-37]. Such surface morphology
is developed due to physicochemical etching of the PET film after ion
irradiation. The grain size distribution seems more consistent in the
TiO,-Ti-TM sample (Fig. 4d) than in the Ti-TM sample (Fig 4c). It is most
likely due to the Ti being the first coating, thereby taking the shape of
the TM surface, whereas TiO5 has a Ti seed layer to attach to and forms
smaller crystalline clusters as the film thickens out.

Nonetheless, the larger grains seem to be composed of smaller par-
ticles for Ti and TiO,-Ti samples, which is beneficial for applications
where an increased surface area benefits processes such as catalysis. The
fine grain size should also reduce cracking susceptibility during solidi-
fication [38].

3.2. Transmission electron microscopy

The morphology, composition, and crystallography of the Ti and Ti-
TiO2 thin films on top of their TM supports were investigated using
TEM.

The deposited thin films, Ti and Ti-TiO,, were separated from their
PET TM support by dissolving the latter in a hot NaOH solution. Thiswas
accomplished by floating the membrane on top of the NaOH solution.
Doing so minimises the effect of the solution on the coatings themselves,
especially the upper part that will be measured. The dissolution of the
TM support is necessary. Otherwise, the sample would be too thick for
the TEM investigation.

The detached coatings, see Fig. 5, were continuous but of variable
thickness and heterogeneous due to the separation technique, as can be
seen in Fig. 5a. As a result, the areas suitable for viewing were limited,
and it was impossible to obtain diffraction patterns for all fields of view.
However, the typical microstructure of the areas from which diffraction
patterns were obtainable gave grounds to affirm that the micro-
diffraction is typical for Ti and TiOs, see Fig 6.

The “holes” visible in Fig. 5a correspond to the pores of the dissolved
TM and are close to 0.3 pm. Some remnants of the undissolved PET TM
can be seen in the lower part of Fig. 5b. amongst the separated Ti films,
Ti that partially coated the inner walls of the pores of the track mem-
brane can be made out as tubes of up to 1 pm in length with a diameter of
~0.3 pm. This is interesting to note, especially for investigations into
nanotube synthesis.

The electron diffraction pattern of the Ti-TM shown in Fig. 6a is
homogeneous and consists of small crystallites with a characteristic
grain size of ~ 5 nm. The diffraction pattern obtained is typical for
polycrystalline materials consisting of small crystallites with a random
orientation. Analysis of the crystal lattice showed that the structure of
the titanium coating consisted almost exclusively of the fcc phase (space
group Fm3m) with a ~ 0.417 nm. The film’s actual composition is not Ti
(metallic) but the oxide of the composition ~ TiOx with a 50-54 atomic
percentage O.

Fig. 6b shows the electron diffraction pattern for TiO,-Ti-TM. It has
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Fig. 4. AFM images of Ti-TM (left) and TiO,-Ti-TM (right) films deposited by magnetron sputtering (a-d) along with height profiles extracted along the blue lines

(e, .

Fig. 5. TEM micrographs of a) Ti coating separated from TM (left), b) Ti
“tubes” from TM pores (right).

-

Fig. 6. Electron diffraction pattern after removal of the TM for Ti-TM (a) and
TiO5-Ti-TM (b).

very diffuse rings, indicating an isotropic fine-grained, <5 nm structure
containing some amorphous component. In addition to the amorphous
phase, the coating contains a nanocrystalline phase with the structure of
anatase and/or the hexagonal phase of TiO,.

3.3. X-ray photoelectron spectroscopy and energy dispersive X-ray
spectroscopy

The XPS technique was employed to study the surface chemical
compositions and perform elemental depth profiling of the TiO,-Ti-TM
and Ti-TM films. The Ti 2p spectra collected at the surfaces of both
specimens are shown in Fig. 7. It is noteworthy that the TiO,-Ti-TM
specimen obtained by laboratory-scale magnetron sputtering [33] con-
sisted only of TiO3 and a single pair of symmetric lines (GL for j = 3/2
and LA for j = 1/2) was sufficient to deconvolute the spectrum. How-
ever, for the industrial-scale TiO-Ti-TM, such a simple model did not
suffice, and the residual values at low binding energy sides of TiO5 2p
1/2 and 3/2 components were relatively high. An additional pair of
peaks at 457.2 eV (2p3/2) and 462.92 eV (2p1/2) was necessary to
obtain a satisfactory fit (Fig. 7b). These peaks were attributed to Ti(IIl)
oxide. Based on their integrated intensities, the atomic raTiO of
Ti-bound in TiO to that in Ti;O3 was ~18.3:1 (94.8 at.% and 5.2 at.%,
respectively). Some authors suggested that the broadening of TiOy

a) b)

——Ti(v)
— Ti(I)

— Ti(Il)

— Ti metal
Background
Envelope
Exp. points

Intensity (CPS)

450 470 465 460 455 450
BE (eV)

470 465 460 455
BE (eV)

Fig. 7. Ti 2p core level spectra recorded on the surface of (a) Ti-TM and (b)
TiO,-Ti-TM specimens.
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2p3/2 signal at low BE side could be related to defects in TiO crystal
[39]. This interpretation also coincides with the disordered nano-
crystalline structure of the sputtered layer.

Ti 2p core level surface spectrum of the Ti-TM film (Fig. 7a) was
complex, suggesting various Ti oxides and metallic Ti. Its deconvolution
with spin-orbit splitting set to 5.7 eV for oxides and 6.03 eV for Ti(0)
[40] yielded four pairs of peaks. These were attributed to TiO2 (BE
Ti2p3/2 = 458.6 eV), TioO3 (BE Ti2p3/2 = 457.2 eV), TiO (BE Ti2p3/2
= 455.4 eV), and metallic Ti (BE Ti2p3/2 = 453.8 eV). Similarly, as in
the case of the corresponding specimen obtained in the lab-scale process
[41], the main component was TiO; rather than metallic Ti. The atomic
raTiO of Ti bound in TiOs: TiyOs: TiO: Ti(0) was 4.64:0.63:0.42:1
(69.3%, 9.4%, 6.3%, and 14.9%). These results point out that for
industrial-scale process the formation of high oxidation state Ti oxides
(TiO4 and Tip03) is favoured at the expense of low oxidation state spe-
cies (TiO and Tio), as found in the lab-scale process.

The bulk composition of the sputtered films was investigated by XPS
depth profiling technique employing an Ar+ beam of 2 keV energy
(Fig. 8). A drawback of etching with monoatomic ions of this energy
range is that titanium oxides undergo a gradual reduction, and the
polymer substrate suffers from deoxygenation. These deleterious effects
made determining the actual chemical compositions of the magnetron
sputtered layers barely possible.

Thus, we only considered changes in elemental concentrations and
extracted depth profiles of some stable species. The elemental depth
profiles obtained for both films are shown in Fig. 8a-b. Both specimens
were covered by a thin overlayer of a carbonaceous contaminant that
was easily removed during the ion etching. For Ti-TM specimen
(Fig. 8a), Ti atoms’ content was relatively constant (~ 35 at.%)
throughout the whole magnetron sputtered layer. At the same time, the
content of O atoms gradually decreased. This change was accompanied
by an evolution in high-resolution Ti2p spectra, pointing out the
occurrence of ion-beam induced reduction of titanium oxides (so-called
preferential sputtering). Additional etching cycles, carried out after
reaching the TM surface, showed that Ti concentration was still signif-
icant (7-8 at.%), and it started to decrease slowly only after as many as
300 cycles (~ 3000 s). This result is in line with a direct HR-TEM
observation showing the presence of relatively long (~ 0.8 um) tita-
nium nanotubes grown in the pores (Fig. 5b — TEM image).

In the case of TiO,-Ti-TM, a distinct transition in the elemental

JL
T T T/ T T

80 3) = D) 7T He0

70 / H F / 470

Concentration (at.%)
Concentration (at.%)

N

Concentation (at.%)

2( . -/ -
Lo
0 1 1 1/l 1

. 0
0 1000 2000 3000’5000 6000 0 1000 2000 3000
Etching time (s)

Concentration (at.%)

Etching time (s)

Fig. 8. XPS concentration depth profiles for (a,c) Ti-TM and (b,d) TiO,-Ti-
TM specimens.
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composition between TiO; and Ti sputtered layers was visible, (Fig. 8b).
The initial O/Ti raTiO was ~ 2:1, confirming the presence of TiO3 in the
top layer. However, the second layer was more oxygen-deficient (O/Ti
of ~1). A pronounced difference between Ti-TM and TiO,-Ti-TM was
visible for the oxygen concentration profile in the proximity of the Ti|
TM interface. In the first case, once the sputtered layer is etched, O
content decreases monotonically, whereas in the second case O level
initially increases after the TM surface is reached.

Deconvolution Cls and N1s spectra allowed the extraction of the
concentration depth profiles of TiN and TiC (Fig. 8c, d). The C1s line of
TiC (282 eV) and N1s line of TiN (397 eV) were asymmetric. The origin
of asymmetry in the first case lies in interface/disorder effects [42] while
in the second case is due to the presence of titanium oxynitride (TiNO)
[43]. For both films, the maximum content of TiC occurs at the interface
of the sputtered Ti layer and TM. This result, along with the unexpected
carbon contamination, suggests that the TM surface’s partial decom-
position occurs during Ti sputtering. The surface decomposition would
also account for the origin of the TiC interfacial layer formed between
the TM support and Ti coating.

Along the Ti layer the content of TiC varies in proportion to the total
atomic concentration of carbon. In Fig. 8d the concentrations of both TiC
and TiN are much lower for the TiO5 sputtered layer. For the TiO5-Ti-TM
(Fig. 8d) the maximum in TiN concentration is shifted towards the TiOy/
Ti interface, giving the film its distinctive golden appearance. An
increased level of TiN is also visible at the portion of the concentration
profile representing the near-surface layer (etch time 0-350 s) of Ti-TM
film. In this case, however, the TiN content might be overestimated. N1s
spectra recorded in this etch time interval reveal other N species; the
signal at ~ 397 eV is much broader, suggesting a possible coincidence
with other N forms. See Fig. 9 for a graphical cross section depicting the
sputtered films.

Energy dispersive spectroscopy (EDS) measurements were done at an
electron acceleration voltage of 10 kV. At this acceleration voltage, the
electrons’ penetration depth is approximately—1000 nm, exceeding the
sputtered Ti and TiO; film thickness. Consequently, a substantial share
of the EDS signal originates from the underlying polymer support, and
the EDS results can only be used in a qualitative and not quantitative
capacity. Nevertheless, EDS did detect the presence of Ti, O, C, and N,
which was consistent with the XPS depth profiling.

The composition of a thin film being deposited in a semi-controlled,
low-vacuum environment is very precarious as it can be influenced by a
multitude of uncertainties. In this case the substrate and the degassing
thereof played a significant role and resulted in altering the composition
of a significant portion of the film during sputter deposition. Further
investigation into this phenomenon is advised.

3.4. Scratch test

Based on the resulting data of scratches, changes in measured loads
corresponding to different stages of coating destruction were deter-
mined, and the coefficient of friction at critical load is presented in
Table 2.

The destruction of the coating on the studied samples occurred on
average at a load of 3.8-8.6 mN. Small critical loads are most likely due
to the low hardness of the TM support. The greatest strength is observed
in the “narrow strip” seen in Fig. 10a of sample Ti-TM at an average
critical load of 8.6 mN, however, in the “wide strip” seen in Fig. 10b and
Fig. 11b of these samples, the coating breaks down almost immediately
(in the average load of 3.8-3.9 mN).

3.5. Tensile test

The stress-strain curves registered for pristine PET films, PET track-
etched membranes, and those coated by titanium and both titanium
and titanium dioxide are shown in Fig. 12. The shape of the curves
obtained for the pristine and metallized PET films differs from the shape



A. Rossouw et al.

Table 2

Environmentally
oxidised outer layer

Ti, TiO, TiN

TiC, TiO2

Support: PET TM | II I| I

Fig. 9. Illustration of the deposited thin film composition according to the analysis of the data for Ti (left) and Ti-TiO5 (right). Note that the major component within
a later is indicated in bold.

Critical load results of Ti and TiO,-Ti coated TMs.

No.  Sample

Critical load L.,
mN

Coefficient of friction m, at
critical load

1 Ti-TM (Fig. 10a)

2 Ti-TM (Fig. 10b)

3 TiO,-Ti-TM (Fig
11a)

4 TiO2-Ti-TM (Fig
11b)

8.6
3.8
6.4

3.9

0.28
0.57
0.24

0.59

Surfaces and Interfaces 31 (2022) 101975

Environmentally
oxidised outer layer

TiOx, Tioz-xNx

Ti, TiO;, TiN
TiC, TiO:

Support: PET TM

of the curves obtained for the PET track-etched membranes, both coated
and non-coated. The former samples show the typical behaviour of
semicrystalline polymers below glass temperature [44]. Also, the pris-
tine and metallized PET films showed significantly higher values of
strain and tensile strength compared to track-etched membranes.
Therefore, the irradiation by Xe and physicochemical treatment during
etching processes drastically changed the tensile behaviour of the PET
polymer samples. Considering the fact that the thickness of both types of
samples was nearly the same, it can be stated that the decrease in stress
and strain was caused by a large number of pores, the presence of which
lead to a decrease in the effective cross section of the track membrane
sample [45,46] . The maximum stress and maximum strain average

Fig. 11. View of scratches obtained from scratch testing TiO,-Ti coatings on top of a TM support (a-narrow, b-wide strip scratch).
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Fig. 12. Stress-strain curves obtained for the investigated samples. (a) Pristine PET foil (1), Ti-coated foil (2) and TiO,-Ti-coated foil (3). For non-coated track-etched
PET membranes (b) and coated by titanium and titanium dioxide membranes (c, d), the results of six independent measurements are presented.

values calculated for the track-etched membranes are presented in
Table. 3.

Due to the stochastic distribution of pores, the irradiated and
chemically treated samples are less mechanically uniform than pristine
PET films. Some pores overlap during the chemical etching and form
conjoined pores that weaken the PET film and cause different tensile
properties in different locations of the sample. According to the obser-
vations made by Cristofari F. et al. [47] pores arranged perpendicular to
the stretching direction are responsible for the weakening of the
membrane.

The severe conditions of the magnetron sputtering process do not
notably deteriorate the TM polymer films’ tensile strength. Even though
some etching of the TM surface occurs during the first part of sputtering,
the loss in maximum stress/strain is most likely due to the diverse pore
distribution between samples as is normal when dealing with TMs.
Additionally, the adhesion of the coating to the membrane surface holds
up well, this can be seen during the stretching of the membranes. Ti and
TiOo/Ti nanotubes deposited on the walls of the pores change shape
from circles to ellipses analogous to that observed for empty pores [45].

3.6. Membrane permeability test

It is not easy to characterise the wettability of a porous polymer
surface. Nevertheless, by using the recumbent drop method, the contact
angle of wetting was ascertained (Fig. 13). The subsequent change in the
hydrophilicity of the TM surface before and after sputtering was
observed from the results. Ti and TiO»-Ti sputter coating of the TM
surface notably decreased the contact angle with water, the experi-
mental results are summarised in Table 4.

Experimental data show that the TM sample had a contact angle
equal to 71.9 £ 0.1°. It indicates surface hydrophobicity, which may be

Table 3
Maximum stress and maximum strain average values obtained for the track-
etched membranes.

Sample Max. stress [MPa] Max. strain [%)]
™ 31+5 7.4+ 3.8
Ti-TM 29+ 4 7.4+27
TiO,-Ti-TM 25+ 8 54+40

associated with post-radiation oxidation of the polymer and polar
groups’ appearance on the surface [48]. The change in surface proper-
ties after magnetron sputtering was confirmed by the experiment results
of the contact angle, on the samples Ti-TM and TiO»-Ti-TM. When
compared with the TM support, Ti and TiO»-Ti samples are borderline
superhydrophilic.

It is important to note that the bubble point method is the standard
for pore size determination in TMs as well as the origin of the value
written in the data sheet that accompanies the membrane. However,
unlike SEM, it does not have the visual aspect allowing one to see ar-
tefacts or pore narrowing. However, even though the coated TM’s pores
might seem narrower than the uncoated TM’s pores, it does not neces-
sarily mean that the membrane permeability has been negatively
affected. That is why the permeability was investigated to understand
the filtration properties of coated membranes as well.

According to the SEM analysis of the samples’ surface in Section 3.1,
it was revealed that the average surface pore diameter is 400 nm +10%.
However, this method does not give a complete insight of the pore ge-
ometry along its entire length. Therefore, the water permeability and
bubble point methods were investigated to study the pore diameter. The
results of the experiment are summarised in Table 5.

With a steady laminar flow of a viscous incompressible liquid
through a long cylindrical capillary of circular cross-section, the liquid’s
volumetric flow rate is directly proportional to the pressure drop per
unit of capillary length and the fourth power of the radius. It is inversely
proportional to the liquid’s viscosity coefficient, which corresponds to
the Hagen-Poiseuille law [49].

It should be noted that the gas passing through the dampened
membrane will be observed primarily through the largest capillary, also
known as the first bubble point. The radius of which can be calculated
using the Young-Laplace equation [48,50].

During the experiment of measuring the pore diameter of the studied
samples, it was discovered that the sputtering of titanium on the TM
surface etches the existing pores. It could have resulted from either the
preliminary plasma cleaning of the surface or the material sputtering
itself [51,52]. On contact with the treated surface, the chemically active
cold plasma causes many physical and chemical processes. The primary
reagents of these processes are highly active short-lived chemical com-
pounds produced in large quantities by plasma. It should also be kept in
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Fig. 13. Contact angle (a) TM, (b) Ti-TM, (c) TiO,-Ti-TM.

Table 4
Wetting angle of PET TM and PET TM modified with Ti and
TiOo.
Sample Contact angle (wetting)
™ 71.9+2
Ti-TM 33.4+2
TiO2-Ti-TM 28.1+3

Table 5
Pore diameter measured by different methods.

Analytical technique The pore diameter of the sample, pm

™ Ti-TM TiOo-Ti-TM
Water permeability 0.34 0.36 0.35
Bubble point method 0.30 0.32 0.31
SEM (surface) 0.45 0.42 0.39
Margin of error +10%

mind that when an electric discharge is in direct contact with a surface,
it is also irradiated with ultraviolet radiation and attacked by energetic
ions and electrons [53].

In the process of magnetron sputtering, no additional cooling ele-
ments were used, which leads to higher temperatures of the sputtered
process and supporting surface. According to assumptions made in this
study, this crystallises the upper layers of TM and etches the pores.
Etching continues until the formation of the primary layer of the sput-
tered material forms. After that, a gradual layering of the material oc-
curs, during which the pore diameter decreases and the capillary length
increases.

The permeability investigation revealed that the Ti-TM samples had
the highest transport rate for water. This is directly related to the in-
crease in pore diameter. It is important to note that the TiO5-Ti-TM
samples have similar performance characteristics to the native TM.
Simultaneously, TiO.-Ti-TM had a smaller pore diameter and an
increased capillary length (by 140 nm), due to the deposited layer of
titanium dioxide. This is shown by the reduced contact angle. In filtering
water through a given sample, the liquid wets the pore surface well,
resulting in the increased permeability, while maintain the “hour-glass”
pore shape as described by Beriozkin V. et al. [54].

4. Conclusions

The large-scale sputter deposition of Ti and TiO»-Ti thin films on top
of PET track-etched membrane supports by industrial roll-to-roll planar
magnetron sputtering was investigated. Track-etched membranes were
chosen as the porous supporting structure with the idea of being a model
and transferring the technology to other membrane processes.

SEM and AFM investigation of the hybrid membrane morphology
showed that the Ti and TiO-Ti thin films were made up of fused
nanoparticles. Based on SEM, the surface pore diameter was slightly
reduced when compared to the native TM because of the sputter depo-
sition. However, based on the permeability analysis, this pore size
reduction was insufficient to influence the overall filtration performance
notably.

XPS and EDS verified the elemental presence of nitrogen in the

deposited thin films. Nitrogen was mainly in the form of TiN, resulting
from a combination of the degassing of the TM support and the reactive
depositing process during the extended low-vacuum sputtering of TiO,.
The appearance of TiC is principally associated with the surface-sputter
interaction between the TM support and the initial deposition. The TiC
being a by-product of the polymer-Ti interaction during the first few
moments of Ti sputtering.

Examining the layer-by-layer composition of the deposited thin-film
material and the changes to the TM pore struct gave a new perspective
into these thin films” working characteristics and limitations on top of
porous polymer support.

The Ti and TiO,-Ti coated TMs showed a significant reduction in
their contact angle. From 72° for the native TM to 33 and 28° for Ti and
TiO9-Ti for the sputter-coated TM, respectively. The enhanced hydro-
philic effect helps improve surface interactions within filtration devices
and, in doing so, could reduce surface fouling.

The scratch test showed good adhesion between the TM and sput-
tered coatings and the tensile test complimented this. Additionally, the
tensile test proved that the coating process did not notably weaken the
underlying polymeric membrane integrity during sputter deposition
despite the slight surface etching. However, a decrease in the tensile
strength of the track membranes compared to the native PET film was
observed. The TMs are more brittle than the PET films due to the
physicochemical treatment of the PET. The slight variance between
tensile stress of the coated TM samples is most likely due to the variation
in pore density, and the number of overlapping pores in individual
samples as each TM is unique.

This investigation confirms that roll-to-roll planar magnetron sput-
tering of Ti and TiO; is a viable strategy for the surface modification of
porous polymeric supports such as track-etched membranes on a large
scale. Additional research into the challenges of the large-scale surface
sputter coating of porous polymeric membranes is recommended.
However, it is postulated that hybrid membranes based on these TM
model supports could invigorate the TM market and aid the industrial
demand for more defined filtration in advanced technologies such as
separation, biotechnology, and microelectronics.
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