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The development and characterizing of thin layers of AgCu, Cu, Ti, and Zr on nylon filters using PVD 
magnetron sputtering technology was conducted. The evaluation of these thin layers was mainly focused 
on characterizing specific parameters that may influence the expected functionality of the modified filter 
materials. The surface treatment of nylon filters with thin layers does not significantly affect the mecha-
nical properties of the original nylon material. Thin layers deposited at a power of 0.9 kW exhibited gre-
ater thickness and lower static friction coefficient values than the layers deposited at 0.4 kW, except for a 
thin layer of the element titanium. The surface modification of the filters did not significantly change 
resistance to deformation and had no significant reduction in pore size. However, a significant effect on 
surface wettability (increased hydrophobicity) was demonstrated. 
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 Introduction 

In recent years, there has been increasing attention 

on improving the properties of filtration materials for 

various industrial applications. Nylon filtration mate-

rials are widely used due to their high mechanical 

strength, chemical resistance, and good permeability. 

Improving filter features (e.g., lifespan, utility proper-

ties) is crucial for applications requiring high levels of 

cleanliness and reliability, such as the pharmaceutical 

industry, food processing, or biotechnology. [1–3] 

One promising method for modifying the surface of 

nylon filtration materials is magnetron sputtering. This 

technique allows the deposition of thin layers of vari-

ous materials onto the substrate surface using a plasma 

process. DC (Direct Current) high-vacuum magne-

tron sputtering uses deposition temperatures close to 

room temperature and ensures good adhesion of the 

sputtered layers to the substrate (high fixation effi-

ciency to the base). This technology is also used to ap-

ply thin layers that provide antibacterial properties to 

the modified surface. Elements such as copper, silver, 

or a mixture of copper and silver can be used to create 

layers. [2–5]; currently, they are used to create antibac-

terial surfaces for the food packaging industry, medical 

devices such as prostheses and catheters, textile sur-

faces (e.g., healthcare equipment), and more. [6] 

Trends and innovations in filtration technology appli-

cations for various uses (particle separation, medicine, 

pharmaceuticals, air, and water purification) are also 

being explored, with the possibility of application to 

various types of filters (non-woven fabrics, various 

types of fibres, polymers, glass, etc.). [7, 8] 

Copper is a more suitable alternative to silver be-

cause it is more affordable, and its residual traces are 

more easily released from the human body. Studies 

have monitored the antibacterial effects of different 

thicknesses of silver and copper thin layers and com-

binations of both elements (multilayers), revealing 

similar results in combating bacteria. The proposed 

surface modifications of the filter materials were in-

vestigated before and after exposure to contaminated 

water; in both cases, good adhesion of the layers to the 

fibrous substrates was observed. [3, 5] 

The presented research focuses on optimizing the 

deposition parameters and the possibility of combin-

ing the elements Cu and Ag in thin layers on flexible 

filtration materials using magnetron deposition at low 

temperatures. The aim is to evaluate the influence of 

different plasma process deposition parameters on the 

surface layers properties and their impact on filtration 

rate and material utility properties while maintaining 

the functional properties of the original material. 
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 Experimental procedure  

 Materials used and sample preparation 

AgCu, Cu, Ti, and Zr thin layers were deposited on 

nylon membrane filters from the company Fisher-

brand, with a diameter of 47 mm, thickness of 150-

187 µm, and porosity of 0.45 µm. These filters, from 

Polyamide 6.6 (nylon), are used for aqueous solutions 

and most organic solvent filtration. Their main prop-

erties include hydrophilicity, wet strength, and dry 

strength. [9] 

To evaluate the functional properties of the modi-

fied materials, whole filters were used, or filters were 

cut to the required sizes for specific tests. For tribo-

logical analysis and drop test, the filters were cut in 

half and attached to microscope slides with double-

sided adhesive tape. For resistance to deformation 

evaluation, the filters were cut to the required size (de-

scribed in chapter 2.7). 

 Thin layers preparation 

Thin layers were deposited by DC magnetron sput-
tering in the coating device NP 70 (KWS s.r.o.) using 
targets of copper-silver alloy (AgCu, element ratio of 
Ag 58 at. % and Cu 42 at. %), Copper (99.9 at. %), Ti-
tanium (99.5 at. %), Zirconium (99.5 at. %). The dis-
tance of the filter material samples from the target dur-
ing the disposition process was 120 mm. 

The deposition was under the following technolog-
ical conditions: chamber pressure of 0.13 Pa, argon as 
a working gas, and a deposition time corresponding to 
3 rotations of the table (10 °/sec). The thin layers were 
created from targets of zirconium, copper, titanium, 
and a copper-silver alloy with a composition of 30 
wt. % Cu and 70 wt. % Ag. The samples were pre-
pared in two variants for each type of target (Zr, Cu, 
Ti and AgCu) with different power settings, respec-
tively 0.4 and 0.9 kW. The subsequent labelling of the 
samples is according to the target used and the perfor-
mance of the device during the deposition process 
(Tab. 1). 

Tab. 1 Power parameters during the deposition 

Sample marked AgCu0.9 AgCu0.4 Cu0.9 Cu0.4 Ti0.9 Ti0.4 Zr0.9 Zr0.4 

Target AgCu AgCu Cu Cu Ti Ti Zr Zr 

Power (kW) 0.9 0.4 0.9 0.4 0.9 0.4 0.9 0.4 

 Thickness of thin layers  

The thickness of the thin layers was monitored 
during the deposition process using a crystal monitor 
(QCM method), which was attached to the chamber 
and its software. 

 Pore size and chemical composition  

The structure of the sample surfaces and filter 
pores were analysed using scanning electron micros-
copy on a Carl Zeiss ULTRA Plus microscope. The 
pore diameter was evaluated using image analysis in 
Matlab software (The MathWorks, Inc.).  

The chemical composition of AgCu thin layers was 
evaluated using scanning electron microscopy on 
Carl Zeiss ULTRA Plus microscope with EDS analy-
sis. 

 Height parameters of surface roughness 

The morphology, topography, and surface rough-
ness were evaluated using a non-contact optical 3D 
profilometer S Neox from SENSOFAR according to 
the ISO 4287:1997 standard. The data were averaged 
from three measurements in different areas of the fil-
ter surface. The average arithmetic height of the sur-
face (Sa), the kurtosis (Sku), and the maximum height 
of the surface (Sz) were monitored. Based on the val-
ues of the kurtosis was determined the sharpness of 
the profile – biased above the mean plane (Sku<3), 
normal distribution (Sku=3), and spiked (Sku>3). 
These parameters are crucial for the material  

properties, such as thin layers of adhesion to the sub-
strate or reducing biofilm formation. [10, 11] 

 Tribological analysis 

The tribological properties of the modified sur-
faces, which describe the filter surface's resistance to 
damage/wear, were investigated using a TRB3 tribo-
meter from Anton Paar before and after the applica-
tion of thin layers. The Ball-on-Flat method with linear 
reciprocating motion of the counter-body (ball: Soda 
Lime material, diameter 6.00 mm, KNOOP-KHN 
hardness: 465; specific gravity: 2.500 g/cm³ from 
Redhill Precision company) was used against the 
tested materials according to the ASTM G133 stand-
ard. The experimental parameters used were a table 
movement speed of 4.5 cm/s, a counter body load of 
0.5 N, and a travelled distance of 5 m. The values of 
the static and dynamic coefficient of friction were ob-
tained on each of the investigated surfaces. 

The tribological trace (depth and width of the dam-
aged material) was characterized using a non-contact 
optical 3D profilometer S Neox from SENSOFAR, 
averaged from six measurements [12, 13]. 

 Resistance to deformation 

The resistance to deformation was evaluated using 
the stiffness test for flat textiles according to 
the ČSN 80 0858 standard on a TH-5 stiffness tester. 
Samples were 2.5 cm × 4.7 cm, securing the sample in 
two directions, a thin layer towards the device and 
away from it. The samples were prepared according to 
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standards ČSN 80 0069 and ČSN 80 0072. The bend-
ing stress was applied by deflecting the tester jaws at 
an angle of 60°. Three measurements were performed 
with the sample placed in the jaws, with the layer fac-
ing both sides, since the thin layers were deposited on 
one side of the filtration material. 

 Contact angle and surface energy 

The contact angle and the surface energy were de-
termined using the Drop test method by the Surface 
Energy Evaluation System. In this test, a drop of dis-
tilled water with a volume of 3 μl was applied to the 
sample. The contact angle was measured by the soft-
ware, and the surface energy was calculated according 
to the Li-Neumann model. The value of surface en-
ergy (g), its negative deviation (Sg-), and positive devi-
ation were determined (Sg+). Based on the contact an-
gle values, it was determined whether the liquid wets 
(angle from 0° to 90°) or does not wet (angle from 90° 
to 180°) the surface. According to the surface energy 
values, its degree was determined - high (above 300 
mJ/m², wets the surface), medium (from 36 mJ/m² to 

300 mJ/m²), and low (below 36 mJ/m², does not wet 
the surface). These parameters define whether the 
samples have hydrophilic or hydrophobic surfaces. 
Ten measurements were taken on each sample. 

 Filter permeability 

To evaluate the permeability of the filters, a 20 ml 
solution containing particles with the size of around 
1.0-2.0 µm or 0.5-1.0 µm was filtered using a PSF 
NALGENE filtration setup (P-LAB a.s.) with the 
pump (Laboport KNF N86, with 160 mbar) and the 
time was measured during the tests. The solution was 
prepared from 400 ml of physiological saline and 4 ml 
of particle suspension with a concentration corre-
sponding to 0.15 mol/l. 

 Results 

 Thickness of thin layers  

Based on the thickness values (Tab. 2), thin layers 
applied at a power of 0.9 kW exhibited greater thick-
ness than those deposited at 0.4 kW.

Tab. 2 Thickness of thin layers 

Sample marked AgCu0.9 AgCu0.4 Cu0.9 Cu0.4 Ti0.9 Ti0.4 Zr0.9 Zr0.4 

Thickness (nm) 40 13 20 8 4 2 4 3 

 Pore size and chemical composition 

The structure of the sample surfaces is shown in 
Fig. 1. No significant reduction in the pore size was 
observed. 

The substrate exhibited a structure with a rugged 
surface forming a web with visible pores. As shown in 
Figure 1, the AgCu0.9 sample has a more uniform  

surface than the nylon filter substrate, with smoother 
pore edges. In comparison, the AgCu0.4, Cu0.9, and 
Cu0.4 samples show surfaces that are very similar to 
the nylon filter, although their pore edges appear 
slightly smoother. The thin films deposited from tita-
nium and zirconium targets also show a surface struc-
ture similar to the substrate. 

 

Fig. 1 SEM images of substrate and samples with thin layers 
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Fig. 2 The pore size of filters 
 
The pore size evaluation (Fig. 2) was conducted to 

demonstrate whether the deposition of the filter with 
thin layers does not cause a restriction in porosity, 
which may result in a reduction in gas or liquid flow. 
The evaluated pore diameters of the modified filtra-
tion materials are shown in the Box-plot in Figure 2. 
Marks outside the box plot correspond to outliers; the 
cross represents the average value, and the line inside 
the box is the median value. The difference between 

the mean and median indicates that the evaluated data 
are not normally distributed. 

Based on the measured values of the chemical 
composition, the Ag:Cu atomic ratio was determined 
to be 58:42 (AgCu0.4) and 59:41 (AgCu0.9). 

 Height parameters of surface roughness 

The measured values of the parameter Sa for the 
samples AgCu0.4, Cu0.4, and Zr0.4 (Fig. 3a) are sig-
nificantly lower than for the base material. The Sku 
values (Fig. 3b) of sample AgCu0.9 exhibited a wide 
range, with higher values measured in sample AgCu0.4 
and lower in sample Ti0.9 than the substrate. A wide 
range of Sz values (Fig. 3c) was detected in sample 
AgCu0.9. 

On the investigated surfaces, the profile sharpness 
was monitored according to the results on the Box-
plot graphs (Fig. 3b). For the base material, the Nor-
mal distribution was evaluated; for the samples 
AgCu0.9, AgCu0.4, Ti0.4, Zr0.9 and Zr0.4 the distri-
bution profile sharpness was spiked; for Cu0.9 and 
Cu0.4 samples Normal distribution/Spiked and for 
Ti0.9 sample – distribution biased above the mean 
plane. 

The surface images of the filter material samples 
captured by a confocal microscope are shown in Fi-
gure 4. 

 

Fig. 3 Height parameters of surface roughness: a) the average arithmetic height of the surface; b) the kurtosis, and c) the maximum 
height of the surface 

 

Fig. 4 Representative images of the sample profile captured at 20x objective magnification 
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 Tribological analysis 

Table 3 presents the values of the static and dy-
namic coefficient of friction. For the substrate and 
samples AgCu0.9, AgCu0.4, and Cu0.9, the static fric-
tion coefficient of friction was lower than the average 
dynamic coefficient value. For the other samples, the 
static friction coefficient value was higher or equal to 
the average dynamic friction coefficient value. A de-
crease in the dynamic coefficient of friction was found 
for all coated samples compared to the base material. 

The depths of the tribological track showed high 

values for samples AgCu0.4 and Cu0.4 compared to 
the substrate (Fig. 5a). These values had a wide range 
(different parts of the tribological track differed from 
each other). The width of the track for all samples, ex-
cept Ti0.4 and Zr0.9, had a wide range of values, and 
an increase in measured values was detected for 
samples AgCu0.4, Cu0.9, Cu0.4, and Ti0.9 (Fig. 5b). 

Thin layers deposited at a power of 0.9 kW exhibi-
ted greater thin layer thickness and lower static friction 
coefficient values than the layers deposited at 0.4 kW, 
except those for the element titanium.

Tab. 3 Measured values of friction coefficients and standard deviations of the dynamic coefficient 

Sample 
Static coefficient 
of friction µstat (-) 

Dynamic coefficient 
of friction µkin (-) 

Substrate 0.74 0.82 ± 0.11 

AgCu0.9 0.26 0.66 ± 0.10 

AgCu0.4 0.46 0.59 ± 0.07 

Cu0.9 0.43 0.69 ± 0.08 

Cu0.4 0.70 0.61 ± 0.07 

Ti0.9 0.79 0.67 ± 0.05 

Ti0.4 0.72 0.72 ± 0.07 

Zr0.9 0.74 0.56 ± 0.05 

Zr0.4 0.77 0.64 ± 0.06 

 

Fig. 5 Characterization of the tribological trace a) depth of the tribology testing track and b) width of the tribology testing track 

 Resistance to deformation 

The results were obtained with the sample placed 
in the jaws, with the layer facing both sides (Fig. 6a 
and Fig. 6b). The bending moment values of the thin 
layers in the direction away from the device were 
higher than the substrate for all samples except Cu0.4 

(Fig. 6b), and the bending moment values of the layers 
towards the device were higher than the substrate for 
all samples except Cu0.4 and Zr0.9 (Fig. 6a). Accord-
ing to Figure 6, the values for the sample Cu0.4 were 
measured within a narrow range. The bending mo-
ment of the modified materials is almost always higher 
than that of the substrates (nylon filter). 
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Fig. 6 Bending moment of samples during layer testing a) towards the device and b) away from the device 

 Contact angle and surface energy 

The results of the contact angle are shown in Fig-

ure 7, and the results of surface energy are presented 

in Table 4. The substrate is characterized by low con-

tact angle values and a medium level of surface energy, 

i.e., it has a hydrophilic surface. For all samples with 

thin layers, a larger contact angle and lower surface en-

ergy were measured than on the substrate, the excep-

tion is the Zr0.9 sample (Fig. 7). The substrate exhibits 

a hydrophilic character (contact angle of 23○), while 

only one modified sample (Zr0.9) was classified as hy-

drophilic (contact angle 28○), see Figure 7. All other 

modified surfaces show hydrophobic properties. 

 

Fig. 7 Contact angle measured values

Tab. 4 Surface energy and hydrophilic or hydrophobic type of surface 

Sample Wet/Does not wet the surface 
g 

(mJ/m2) 
Sg- 

(mJ/m2) 
Sg+ 

(mJ/m2) 
Surface energy 

Hydrophilic/ 
Hydrophobic surface 

Substrate Wet 67.45 1.90 2.08 Medium Hydrophilic 

AgCu0.9 Wet/Does not wet 25.27 7.29 4.24 Low Hydrophobic 

AgCu0.4 Wet/Does not wet 35.00 7.08 5.84 Low/Medium Undefined 

Cu0.9 Wet/Does not wet 27.83 5.62 4.67 Low Hydrophobic 

Cu0.4 Wet/Does not wet 30.28 14.24 8.82 Low/Medium Undefined 

Ti0.9 Does not wet 24.06 4.57 10.59 Low Hydrophobic 

Ti0.4 Wet/Does not wet 29.39 4.55 6.56 Low Hydrophobic 

Zr0.9 Wet 64.85 2.89 1.83 Medium Hydrophilic 

Zr0.4 Does not wet 24.06 5.08 2.80 Low Hydrophobic 

 Filter permeability 

For the permeability of filters using a solution with 
a particle size of 1.0-2.0 µm, an extending filtration 
time compared to the substrate was detected for all 
samples (Tab. 5). The results of the permeability of 
filters with a solution with a particle size of 0.5-1.0 µm 

for samples Cu0.4 and Zr0.4 were similar to the sub-
strate, while for samples AgCu0.9, AgCu0.4, and 
Zr0.9, a higher time. The filtration time measured was 
longer compared to the original unmodified filter, on 
average, by approximately 30%. For the samples Ti0.9 
and Ti0.4, a lower time compared to the substrate was 
measured (Tab. 5). 
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Tab. 5 Filtration time of solutions 

Sample Substrate AgCu0.9 AgCu0.4 Cu0.9 Cu0.4 Ti0.9 Ti0.4 Zr0.9 Zr0.4 

Time (s)  
1.0-2.0 µm 

6.9 13.2 7.6 10.0 12.2 7.8 7.6 8.0 8.6 

Time (s) 
0.5-1.0 µm 

6.8 7.6 7.3 10.1 7.0 6.4 6.3 7.2 6.9 

 Discussion of results 

Based on the measured values, it was found that 
the thickness of the thin layers increases with higher 
source power, which depends on the sputtering yield 
(Y), which is written in articles [14] and [15]. The re-
sults show the highest sputtering rate for copper-silver 
alloy, followed by copper, and the lowest for titanium 
and zirconium, as demonstrated in the article [16]. 

Based on the SEM analysis (Fig. 1), all thin layers 
remain well attached to the sample surfaces, with no 
signs of delamination observed. Adhesion of thin 
films is commonly evaluated using the scratch test 
[17]; however, this method is not suitable for nylon 
filter substrates and was therefore not used in this 
study. The deposited layers do not obstruct or fill the 
pores of the substrates, and the porosity of the original 
substrate is not significantly reduced by the coating 
process. At a greater layer thickness (Table 2, e.g. Sam-
ple AgCu0.9), the surface structure became smoother, 
while the pore geometry remained stable, with no ap-
parent enlargement or interconnection. Thin layers of 
metals and alloys of Cu, Ti, Zr and AgCu targets are 
smooth (Fig. 3c), without apparent relief, as confirmed 
by articles [18] and [3]. In most samples, there is a 
slight reduction in pore size. This is most likely caused 
by the thermal effect on nylon, whose sharp edges re-
tract in response to temperature. The exception is the 
AgCu0.9 sample, where the thickness of the deposited 
layer is the largest (40 nm, see Table 2). The large range 
of measured values may be due to deformation of the 
underlying material due to the layer thickness and dep-
osition temperature. The reduction in pore size after 
the deposition of the thin layers was also described in 
articles [19] and [7]. These articles mention a slight de-
crease in pore size and the same pore area coverage 
for thin layers up to a thickness of 50 nm.  

The selection of the scanned area influences the 
height parameters of the surface roughness of filters. 
The surface of the substrate is rugged. It is the reason 
that most measured samples show a wide interquartile 
range for Sa values (Fig. 3a). A connection between 
Sku and Sz values was detected, where increasing Sku 
values correspond to increasing Sz values (Fig. 3b and 
3c). Article [20] describes this connection that Sku is 
directly related to the heights of peaks and depths of 
valleys. Based on the Sku values, which are close to 3 
(from 2.29 to 4.23), it can be concluded that the height 
distributions of surfaces of the samples, except 
AgCu0.9, approximate a normal distribution. There is 

no wide range between individual layers at different 
source powers, which proves that these layers have 
similarly distributed sharpness in the structure. This 
trend is described in article [21], which states that for 
most samples with thin Ti-based layers, the Sku values 
were within a similar range (from 3.22 to 4.44) regard-
less of surface pretreatment. 

For the AgCu0.9 layer, significantly higher bending 
moment values than other samples were recorded 
(Fig. 6). This observation suggests that the increased 
thickness of the AgCu0.9 layer (40 nm) may contribute 
to the enhanced bending moment, potentially due to 
improved mechanical integrity, greater resistance to 
deformation, or stronger interaction with the sub-
strate. It was found that the substrate has hydrophilic 
properties, and samples with thin layers exhibit more 
hydrophobic properties (Figure 7, Table 4). Article 
[20] reports a reduction in surface energy for samples 
with deposited AgCu layers compared to the PP (pol-
ypropylene) substrate, which was also confirmed in 
this work. The article [22] discusses the dependence of 
the hydrophobic behaviour of materials on source 
power, where it was found that at higher source 
power, the material with a thin layer exhibits more hy-
drophobic properties. This was detected in sample 
AgCu0.9, which has hydrophobic properties, and sam-
ple AgCu0.4, which is on the borderline between hy-
drophilicity and hydrophobicity. 

For AgCu and Cu layers, a higher static coefficient 
of friction was detected for samples using lower 
source power, and the track depth was deeper than 
that of the substrates (Tab. 3). The tribological tracks 
of samples AgCu0.4 and Cu0.4 show extensive dam-
age, see Figure 8. The greater depth of damage to the 
filter surface was measured for both samples (Fig. 5a), 
which may be caused by poor adhesion of the layers 
to the base material. 

Table 5 shows no significant increase in filtration 
time for samples with deposited thin layers compared 
to the bare substrate when using the solution contai-
ning smaller particles (0.5–1.0 µm). In contrast, for the 
filtrate with larger particles (1.0–2.0 µm), a reduction 
in solution flow rate was observed in samples with 
greater thickness of thin layers, most notably in 
AgCu0.9, Cu0.9, and Cu0.9. Article [8] states that 
nonwoven fabric with a 5 nm AgCu layer exhibits high 
filtration efficiency, demonstrating that effective filtra-
tion is achieved even with deposited thin layers. This 
is further supported by the results we obtained using 
the solution with smaller particles. 
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Fig. 8 Tribological track damage in a) AgCu0.4 and b) Cu0.4 samples 

 Summary 

The research verifies the possibilities of using mag-
netron deposition of thin layers on filters made of ny-
lon (polyamide 6.6) using AgCu, Cu, Zr, and Ti tar-
gets. The surface modification of the filters did not 
significantly change the samples' resistance to defor-
mation; however, a significant effect on surface wetta-
bility was demonstrated (from the original contact an-
gle values of 23° to values around 90°). For samples 
of pure metals (Cu, Ti, and Zr), no significant reduc-
tion in pore size was observed. Layers deposited at a 
source power of 0.9 kW achieve greater thickness and 
simultaneously lower static friction coefficients than at 
0.4 kW. Greater layer thickness did not prolong filtra-
tion time for filtering the solution containing smaller 
particles (0.5–1.0 µm) in comparison with the thinner 
layer. 

Further research will address potential structural 
changes over a longer time horizon, e.g., after 12 
months. The samples will be subjected to cyclic bend-
ing stress, which better simulates the influence of the 
real environment. A leachability test will be conducted 
to confirm whether the layers may release particles/el-
ements into the surrounding environment, and anti-
bacterial tests will be performed repeatedly to verify 
the duration of antibacterial efficacy, i.e., the number 
of filtration cycles. 
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