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Abstract: Silver is considered promising in medical devices to prevent infection due
to its excellent properties of broad antibacterial spectrum and persistent antibacterial
activity. Herein, silver impregnated functionally graded composite surfaces have been
developed by a novel duplex plasma deposition technique, which combines the double
glow sputtering process and active screen plasma nitriding process. The composite
surfaces include a surface antibacterial layer and a bottom supporting layer, which are
deposited simultaneously. The functionally graded structure endows the composite
surfaces with antibacterial activity, combined with improved wear resistance. The
multilayer structures were observed by scanning electron microscopy, and the graded
distribution of silver and nitrogen was verified by glow discharge optical emission
spectroscopy. X-ray diffraction and X-ray photoelectron spectroscopy were used to

analyze the microstructures and chemical states of the components. Results from
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physical properties tests indicated that the composite surfaces have increased hardness,
lower contact angles, excellent scratch resistance and wear resistance. The in-vitro
antibacterial tests using the Gram-negative E. Coli. NCTC 10418 also showed that
over 99% of bacteria were Killed after 5h contacting with the composite surface.

Key words: antibacterial activity, silver, functionally graded coating, nitriding, active

screen, stainless steel

1. INTRODUCTION

One significant problem encountered in metal medical devices is their weak resistance
to the adhesion and growth of bacteria on their surfaces, which can cause cross
contamination. The emergence of some superbugs such as Methicillin-resistant
Staphylococcus aureus (MRSA) makes Hospital-Acquired Infections (HAIS) one of
the chief causes of death all around the world. It is important to develop effective
preventative technology to reduce bacterial adherence to the medical devices [1, 2].
Some inorganic antibacterial agents, such as silver, copper, calcium and
titanium dioxide, have been reported to be effective in Killing several disease-causing
bacteria, including E. coli, Staphylococcus aureus, Pneumococcus, which can cause
skin and wound infections [3-6]. However, bulk Ag or Cu are rarely used as hospital
equipment metals due to their low strength and other shortcomings [7, 8]. Thus,
concessional Ag or Cu containing coatings have been widely developed to improve
the antibacterial properties of the medical devices [5, 9, 10].

Generally, medical devices such as surgical knives and scissors are made of stainless
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steel (SS), which have high strength and excellent corrosion resistance. However,
stainless steel has weak resistance to pathogens which may lead to nosocomial
infections during surgery [11, 12]. Recent studies point to the development of long
lasting antibacterial materials instead of conventional short-life cleaning agents. Silver
is well known for its excellent antibacterial properties, such as inhibition of bacteria
adhesion, broad anti-bacterial spectrum, and persistent anti-bacterial activity, because
silver ions which dissociate from silver nanoparticles can Kkill various bacteria by
damaging the cell walls [3]. Recently, several well-established techniques were
employed to prepare the silver impregnated surfaces, such as plasma immersion ion
implantation (PIII), physical vapor deposition (PVD), sol-gel method and so on
[13-18]. PIII is able to implant Ag into different substrates like stainless steel,
polyethylene, etc. but the implanted layers are very thin which may easily lose their
antibacterial activity [13, 14]. PVD methods are able to fabricate thick antibacterial
coatings. However, low hardness of the metal substrates will limit the improvement in
wear resistance and result in short life [15, 16]. On the other hand, as silver is a noble
metal, reducing the amount of silver without sacrificing antibacterial activity is
essential for the practical applications of the composite surfaces. It is known that Ag
impregnated composite surfaces have antibacterial activity, but a balance between the
antibacterial efficacy and the amount of Ag should be considered in the design of the
composite surfaces. Therefore, novel methods which can provide long lasting
antibacterial coatings are desperately needed, and the correct percentage concentration

of the doping Ag must be established.



Recently, a novel duplex plasma deposition technique, which combines the double
glow plasma (DGP) process and the active screen plasma (ASP) alloying technique
[19, 20], has been developed to fabricate wear and corrosion resistant composite
surfaces with excellent antibacterial activity [21-23]. Properties of the functional
composite surfaces are determined by the microstructures of the composite layers.
These composite surfaces commonly contain an antibacterial agents impregnated
composite coating layer and a superhard S-phase sublayer, which is a nitrogen
interstitial supersaturated austenite layer [24]. The bio-functional surface layer
provides antibacterial activity because of the antibacterial agents and the bottom
S-phase layer shows excellent wear and corrosion resistance, which also provide good
load bearing capacity due to its high hardness. Metallic medical devices as
cardiovascular implants made by SS can undergo in vivo fretting damage which can
enhance their susceptibility to pitting corrosion damage [25]. Pitting is typically
initiated from the surface defects, which can be decreased due to the dense S-phase
layer [26]. Thus, the functionally graded composite surfaces could be ideal structures
as durable long-lasting antibacterial surfaces [19, 20]. However, as the duplex plasma
deposition processes are combination of the sputtering process and the nitriding
process, interferences between these two processes will influence the concentration of
the antibacterial agents and the thickness of the S-phase layer, which have significant
impacts on hardness, toughness and tribological properties of the composite surface.

The aim of this research was to develop functionally graded Ag impregnated

composite surfaces, which were equipped with excellent wear resistance and



antibacterial performance by a novel duplex plasma deposition method. The
influences of the duplex plasma deposition processes on the structure and properties
of the composite surfaces were carefully studied. Various techniques were carried out
to evaluate the morphologies, microstructure, chemical status, and mechanical
properties of the as-deposited composite surfaces. Antibacterial tests were carried out

to investigate the biodurability of these Ag impregnated composite surfaces.

2. MATERIALS AND METHODS

2.1 Materials and preparation

Commercial AISI 316 stainless steel were used as substrate with nominal composition
(wt.%): 17.2 Cr, 11.7 Ni, 2.2 Mo, 1.3 Mn, 0.6 Si, 0.06 C, 0.026 P, 0.014 S, balance Fe.
The dimensions of the samples were @25.4x5 mm with surface roughened by 1200
grit SiC paper. Samples were ultrasonically cleaned in acetone for 20 min and then
dried prior to the deposition.

The duplex plasma processes were carried out with a DC plasma furnace (Klockner
40 kW, Luxembourg) for the deposition of the functionally graded composite surfaces.
Beside the DC power connected to the bottom electrode which controlled the voltage
on the samples, an additional TruPlasma 3005 DC power source was installed to
control the double glow plasma sputtering process, which was connected to the silver
plate and the stainless-steel active screen. The schematic diagram of the settings is
shown in Figure 1. Samples were placed on top of the bottom electrode and the silver
plate and the stainless-steel active screen were connected to the additional TruPlasma

3005 DC power. The distance between the silver plate and the stainless-steel lid was
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fixed at 15 mm. Other settings, sample codes and the deposition parameters are shown
in Table 1. During the deposition, the gas mixtures were fed in to the chamber first,
and then the main power source connected to bottom electrode was turned on to heat
the chamber until 50°C below the setting temperature. Then the additional power

source is turned on for the deposition process.

Chamber

— Silver plate gtainless steel
Dnsti?cel s active screen
T .5/
.)I : :
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Figure 1 Schematic diagram of the settings of the duplex plasma treatment device for the deposition of
the functionally graded Ag impregnated composite surface. Samples are placed on the working table
which is connected to the bottom electrode. Targets are set on top of the samples which are connected
to the additional power source.

Table 1 Sample codes and the duplex plasma treatment conditions, samples are deposited under
different voltages and working distances.

Voltage Gases
Code Substrate Distance 2 Pressure Temperature ——————— Time
Bottom Top N; H>
SO 316SS
S1 316SS 200V 520V 25cm Imbar 420°C 25% 75% 20h
S2 316SS 220V 510V 20cm Imbar 420°C 25% 75% 20h
S3 316SS 240V 500V 15cm Imbar 420°C 25% 75% 20h

2.2 Characterisation

Morphologies of the functionally graded coatings were observed by scanning electron
microscopy (SEM, JEOL 7000) with energy dispersive spectroscopy (EDS) to

investigate the elements distribution. All measurements were carried out at an



accelerating voltage of 20 kV. Glow discharge optical emission spectroscopy
(GDOES, SPECTRUMA GDAG650) was utilised to analyse the composition depth
profile of the functionally graded coatings. X-ray diffraction (XRD) patterns of the
samples were detected by a Bruker D8-Advanced diffractometer with Cu Ka radiation
(A=1.54056 A). The patterns were analysed by X Pert Highscore software with ICDD
database 2004.  X-ray photoemission spectroscopy (XPS, ESCALAB 250Xi, with
Al Ka source) was used to investigate the chemical status of the Ag impregnated
composite surface. Two etching cycles were carried out by the Ar ions to verify the
chemical status consistence of the composite surfaces, and the time for each etching
cycle was 60s. Microhardness was tested under a load of 50 g by a Vickers
microhardness tester (Mitutoyo MVK-H1). Surface hydrophobicity was investigated
with Biolin Scientific Theta contact angle meter. Distilled water (yir = 72.8 mN m'l,

ve=21.8 mN m'l) was used and all measurements were carried out at 20°C.

2.3 Scratch and wear tests

Scratch testing on the surface of the functionally graded coatings was conducted with
a Revetest scratch tester (CSM Instrument) with a Rockwell C diamond tip (radius
100 pm). The tip was drawn across the surface under a progressive load mode from 1
N to 10 N and the loading rate was 22.5 N/min. Scratch length was 2 mm at a speed
of 5 mm/min. The normal load, tangential frictional force and acoustic emission
signals were recorded during the tests. The friction tests were carried out with a
reciprocating ball-on-plate CETR UMT-3 tribometer under wet conditions with

Ringer’s solution, which contains NaCl, KCL, CaCl, and NaHCOs3, similar to the



body fluid [27]. Friction parameters were 5 N at 5 Hz for 10min. The length of the

wear tracks is 3 mm. SizN,4 ceramic balls (@ 3.8mm) were used as the counterpart.

2.4 Antibacterial evaluation

The antibacterial tests were based on JIS Z 2801:2000 bacterial enumeration standard
[28]. Polished untreated 316 stainless steel samples were used as control samples.
Three samples from each deposition condition were tested and the average values
were used to improve measurement precision. E. coli strain NCTC 10418
(Gram-negative) were used as test bacteria which were cultured in tryptone soya agar
and then diluted in tryptone soya broth to an optical density of 0.05 (about 10’
cells/ml). All samples were sterilised by autoclaving and then 50 ml diluted
suspension (10° cells/ml) were pipetted onto the sample surface. A sterile glass
coverslip was used to cover the suspension subsequently to keep equal contact area
for the testing. Samples were then placed inside sterile 90 mm Petri dishes and then
incubated at room temperature for a set time (5 h). The samples, together with the
coverslips, were then transferred into a sterile container with 10 ml of sterile
phosphate buffered saline (PBS) to dislodge the coverslip and suspend the bacteria
from the sample with the aid of a vortex mixer. Each sample was agitated for 10 s.
100 pl aliquots of the diluted bacterial suspension were pipetted on Tryptone soya
agar plates and incubated at 37°C for 24 h (each sample 3 incubation). The number of
the colony forming units (CFU) after incubation was counted by ImageJ, and each dot
on the Petri dish was counted as one colony. The CFUs were used to evaluate the

initial viability of the bacteria.



3. RESULTS AND DISCUSSION

3.1 Morphology

The duplex plasma deposition process combines the double glow plasma sputtering
process and the active screen plasma nitriding process. The Ag and stainless-steel
particles were sputtered on the substrates from the silver plate and the stainless-steel
active screen lids to form the Ag impregnated layer. This co-sputtering was generated
due to the hollow cathode effect between the Ag lid and the SS lid, dense plasma
between two lids can significantly increase the sputter speed of metal particles.
Meanwhile, the nitriding process was carried out, and the nitrogen ions can interact
with the stainless-steel particles, which played a role in the transfer of nitrogen, and
the diffusion process was carried out to form the S-phase due to the concentration
gradient of nitrogen. In this case, the ‘sputtering and deposition’ mechanism can be
applied to explain the formation of the S-phase, while the sputtered stainless-steel
particles acted as nitrogen transfer agents [29]. Surface morphologies of the
as-deposited functionally graded composite surfaces are shown in Figure 2
(2)&(b)&(c), whilst cauliflower-like surfaces are the results of the sputtering process.
Some agglomerations can be viewed on the S1 sample, while the S2 and S3
composite surfaces are smoother.

Figure 2 (d)&(e)&(f) show the cross-sectional images of the functionally graded
composite surfaces after etching by HCI + HNO3z + H,O (2:1:1) solution. Obvious
interfaces between composite surface layer, S-phase sublayer and substrate can be

distinguished. The thicknesses of the Ag impregnated composite layers are all about 2



um, and thick S-phase layers were formed at the bottom of the coating layers, which
show featureless morphologies, indicating the nitrogen supersaturated S-phase layer
even can withstand the attack from acid solution. Thicknesses of the three samples are
13.5 um (S1), 15.5 um (S2), and 17.3 pum (S3), respectively. Etching craters can be
viewed in the 316 SS substrates, which indicates the S-phase layer has better
corrosion resistance compared to that of the 316 SS substrates. Confocal 3D images of
the composite surfaces are shown in Figure 2 (g)&(h)&(i), and the average surface
roughness (Ra) of S1, S2 and S3 varied with the deposition conditions, being 452 nm,
223 nm, and 124 nm, respectively.

The deposition process of the Ag impregnated layer was determined by top voltage,
bottom voltage, and the sputtering distance. The higher the top voltage applied to the
targets, the more and larger Ag and SS particles would be sputtered from the silver
plate and the stainless-steel lid. Besides, the bottom voltage applied to the samples
also caused a sputtering effect, which will remove some low energy particles, and
benefit to form a dense coating [29, 30]. Forming of the composite surfaces were a
result of the synergy between the two sputtering processes. It can be seen that S1 has
a rougher surface and larger Ag particles are impregnated in the surface layer. Even
though the sputtering distance of S3 was closer to the target than S1 and S2, the
thicknesses of these three samples are similar due to the high bottom voltage applied
to S3. Beside the large Ag particles, Ag nanoparticles were also formed during the
sputtering process. The sputtered SS particles play an important role in transmitting of
nitrogen in order to form the S-phase diffusion layer [29, 30].
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Figure 2 Surface morphologies, cross-sectional views and confocal 3D images of as deposited
functionally graded composite surfaces: (a) large particles were accumulated on the surface of S1. (b)
few large particles were formed during the sputtering process on S2. (c) relative smooth surface of S3.
(d) cross-sectional view of S1 with obvious particles embedded in the coating. (e) clear interfaces can
be distinguished from the cross-section view of S2. (f) dense coating layer and thick S-phase layer of
S3. (g) 3D confocal morphologies of S1 while scale of the images is micrometers. (h) 3D images with
less large particles on S2. (i) smooth surface of S3.

3.2 Depth profiles of silver and nitrogen

The distributions of silver and nitrogen in the composite surfaces are key to evaluate
the antibacterial layer and the supporting S-phase layer. Figure 3(a) presents the depth
profile of nitrogen and silver of the as-deposited composite surfaces measured by
GDOES. The duplex plasma deposition process is a synergy of the sputtering process
and the nitriding process. To some extent, the sputtered layer may interfere the

nitrogen diffusion process as a barrier, leading to a graded distribution of nitrogen
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within the composite coating and the S-phase layer. The composite surfaces show a
similar decreasing trend of nitrogen from the surface to the substrate, while a higher
descending slope of nitrogen can be observed within the composite coatings.
Changing points of the nitrogen slopes can be recognised as the interfaces between
coating/S-phase and S-phase/substrate. The results indicated that the sputtered layer
would not inhibit the diffusion of nitrogen. The S1 sample presents lower nitrogen
concentration in the S-phase layer compare to that of S2 and S3 samples, which may
due to the long deposition distance and the interference of the large Ag particles [31].
The Ag depth profile can be used as a thickness indicator of the bio-functional layer.
As shown in Figure 3(b) that the concentrations of Ag were affected by the deposition
conditions, while the concentrations of Ag in the three composite coatings are 25 wt.%
(S3), 13 wt.% (S2), and 5 wt.% (S1), respectively. Besides, all the Ag profiles
illustrate a similar trend with two peak values at the surface and the interface. High
percentage of Ag in S3 coating is mainly attributed to the short working distance,
even though S1 and S2 were deposited under a higher sputtering voltage. The
composite coatings were formed layer by layer during the co-sputtering process, and
the high sputter rate of silver leads to the accumulation of Ag at initial and end stages
of the sputtering process. The Ag rich surface layer is beneficial for the antibacterial

reactions.
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Figure 3 Depth profiles of (a) nitrogen and (b) silver in the composite surfaces, measured by glow
discharge optical emission spectroscopy (GDOES). Nitrogen in the composite surfaces shows a graded
descent trend from surface to substrate, which is existed in both the coating layer and the S-phase layer.
Ag presents two peak concentration at the surface and interface area.

3.3 X-ray diffraction analysis

XRD results of the functionally graded composite and the untreated surfaces are
shown in Figure 4. Typical y(111), y(200) and y(220) were detected from the untreated
surface, which confirm the face-centred cubic (fcc) structured austenitic stainless-steel
substrate. XRD features detected from the composite surfaces are mainly related to
Ag and stainless-steel. Peaks belong to pure Ag are clearly identified, whilst no
features for Ag compounds are found, indicating there were not reactions between Ag
in the plasma environment. Thus, no reduction of the antibacterial efficacy of the
pristine Ag during the duplex plasma deposition process.

It was reported that the sputtered stainless-steel nanoparticles can react with nitrogen
in the plasma environment, while FeyN particles are formed which act as nitrogen
carriers. Due to the concentration gradient, nitrogen will desorb and then diffuse from
the surface rich area into the substrate [29]. The saturated nitrogen atoms can cause
lattice expansion within the stainless-steel which will induce the peak shift to left [32,
33], while the corresponding (111), (200) and (220) peaks cannot match that from the

austenitic stainless-steel, and the peak (311) was observed at about 84° due to the peak
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shift. The variation of the peak intensity of Ag and S-phase is regarded to the
concentration of Ag and stainless-steel. Composite surface with a high amount of Ag
generates enhanced corresponding peaks, as well as the S-phase. Due to the relatively
low deposition temperature (420°C), there was no chromium nitride precipitates were
detected from the composite surfaces, indicating the duplex plasma deposition process

has little influence on the corrosion resistance of the composite surface [34].

Intensity

Figure 4 X-ray diffraction patterns of the untreated SS surface and the duplex plasma deposited
functionally graded composite surfaces. S-phase and Ag are detected from all three composite surfaces
while the intensities of these phases are influenced by their concentrations.

3.4 XPS analysis

XPS is sensitive to measure the elemental composition and chemical status of the
extreme outer surface layer which interacts with the environment directly. In this
study, the Ag impregnated composite surface was investigated by XPS to understand

the chemical status of the surface that directly contacts the bacteria. High resolution
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XPS spectra of Ag 3p, N 1s, Fe 2p and Cr 2p are shown in Figure 5. As can be seen,
the spectra of all the three scans were matched well with each other, indicating that
the chemical status of the near surface is uniform and stable. Two obvious peaks
belonging to Ag3ds, and Ag3ds;, can be found at 373.8 eV and 367.8 eV in the Ag 3p
spectra, which are attributed to Ag and AgO, respectively. The appearance of AgO
may due to the reaction between Ag and O; in the ambient air, and the thin layer of
AgO was not detected by XRD. The N 1s spectra exhibits two pronounced peaks at
396.4 eV and 400.6 eV, which correspond to iron nitride and nitrogen [35, 36],
respectively. Gammon et al. suggested that the component at 400.6 eV may come
from N in a pyrrole-like configuration [37]. It is considered that some of the
chemisorbed nitrogen atoms were reacted with Fe in the SS particles to form FeyN,
while others were interstitial atoms and then diffused into the matrix to form the
S-phase. Peaks for Fe2ps, and Fe2p;, can be found at 711.0 eV and 724.8 eV
attributing to Fe** and Fe®* [35], respectively. Indicating that iron nitrides Fe,N or
FesN may accumulated on the composite surface. However, a weak peak at 706.7 eV
attributed to Fe can be distinguished in the Fe 2p spectra, which is due to the
‘sputtering and deposition’ mechanism of the formation of the S-phase [26]. SS
particles were reacted with nitrogen during the sputtering process, whilst the desorbed
nitrogen atoms were diffused into the deeper area to form S-phase. Chromium atoms
substitute the lattice positions of iron atom in stainless steel and their valence states
are accounted at zero. However, the XPS results indicate that the surface chromium

atoms transferred into trivalent states [38], and two broad and week peaks located at
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576.7 eV and 586.7 eV in the Cr 2p spectrum correspond to Cr 2ps, and Cr 2py, of
Cr¥ [39]. It means that the nitrogen plasma was reacted with both iron and chromium

in the sputtered SS nanoparticles.
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Figure 5 High resolution XPS spectra of Ag 3d, N 1s, Fe 2p and Cr 2p of Ag impregnated
functionally graded composite coating. The three scans are closed to each other, indicating that
chemical states of the surface layers are similar, while the spectra were fitted with the black lines.

3.5 Contact angle and microhardness

Wettability of the bio-functional surfaces can influence their contact with bacteria,
which is correlated to the antibacterial efficiency. Typically, contact angle is applied
to evaluate the wettability of a surface, which is determined by the chemical
composition and its surface roughness. A surface is described as hydrophilic when its
contact angle is lower than 90° [40], to some extent, low contact angle can improve
the aqueous dispersion which is beneficial for the contact between bacteria and the

surfaces. As shown in Figure 6 that the contact angle of the polished SS surface is
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about 96° which is relatively hydrophobic, while the contact angles of the functionally
graded composite surfaces are all around 60°. This is because these surfaces are rich
of nitrogen which can form a covalent bond with water. The hydrophilic surfaces tend
to be more favourable to interact with the bacteria.

The results of micro hardness are illustrated in Figure 6. It is shown that hardness of
the untreated stainless-steel sample is around 245 HVgs, Which is much lower
compared to the composite surfaces. The functionally graded composite surfaces are
all equipped with high hardness due to the formation of the S-phase layer, which are
about 682 HVg 05 (S1), 820 HV( 05 (S2), and 950 HV s (S3), respectively. The hard
S-phase layer can provide high load bearing capacity for the composite surface layer
to improve its wear resistance. Besides, the nitride stainless-steel nanoparticles are
embedded in the composite coatings, which is also beneficial for the overall hardness.
The S1 composite surface has the lowest hardness in the three composite surfaces,
because it has the lowest concentration of nitrogen within the S-phase layer.
Indicating that the diffusion of nitrogen plays an important role for hardness

enhancement.

1200
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Figure 6 Contact angles and microhardness of the as-deposited functionally graded composite surfaces
with the untreated substrate for comparison. The composite surfaces are equipped with high hardness
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due to the formation of S-phase layer. The contact angles of the composite surfaces against water are
smaller than that of the untreated stainless-steel surface which is benefit for the contact process.

3.6 Scratch resistance

Scratch testing was used to assess the quality and adhesion of the composite coating
layer. In this study, the scratch resistance of the Ag impregnated surface layer is
essential to keep its antibacterial function. Thus, the durability the coating was
evaluated by progressively increasing load scratch tests from 1 N to 10 N. The normal
load on the indenter is transferred to the front half of the tip and will cause bending of
the coating. When the internal stress is sufficient, cracks tend to initiate at defect sites
within the coating and then propagate to cause coating failure [41]. Figure 7(a) shows
the applied normal load, recorded tangential load and acoustic emission signals during
the scratch tests, and the insert image is a typical scratch track on S1. It can be seen
that all three composite coatings presented excellent scratch resistance, while no
obvious change of the slope of the tangential force during the progressive load scratch
tests and no peeling off occurred. Acoustic emission signals were also recorded which
detect the generation of cracks and can be used to evaluate the quality of the coating.
The acoustic emission signals of S1 are higher than that of the S2 and S3, because
more Ag particles were impregnated in S1 which may decrease the scratch resistance
of the composite coating. As shown in Figure 7(b) that several tensile cracks can be
found within the track while there is no buckling. It suggests the composite surfaces

are very tough and equipped with excellent adhesion property [42].
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Ft /N

Figure 7 Scratch tests under progressive increasing load from 1IN to 10N. (a) normal loads F,
tangential loads F; and acoustic emission signals during the scratch tests; the insert shows a 3D scratch
track. (b) SEM image of the scratch track at the ending position on composite surface S1.

3.7 Wear resistance

Wear of bio-functional surfaces is inevitable during service and wear resistance is
important for long-lasting antibacterial composite surfaces. Previous studies indicated
that a hard S-phase layer can enhance the load bearing capacity of the composite
surface and then improve the wear resistance under dry friction conditions [21-23]. In
this study, the in-vitro study of the bio-functional composite surfaces was carried out
within Ringer’s solution to simulate the body fluid environment, and the load,
frequency and time of the tests were 5 N, 5 Hz and 10 min, respectively.

Figure 8(a) shows the friction coefficient curves, while average friction coefficients of
the three composite surfaces are 0.236 (S1), 0.242 (S2), and 0.224 (S3), respectively.
Which are clearly lower than that of the stainless-steel surface (0.332) under the same
tribological conditions. Meanwhile, the wear rate of the untreated stainless steel is
around 363.9X10® mm®Nm, which is higher compared to that of the composite
surfaces (74.7X10°® mm*Nm (S1), 34.8xX10® mm®*Nm (S2), 48.1X10® mm*Nm
(S3)), due the adhesive wear mode [43]. Wear tracks of the untreated surface (SO) and

the composite surface (S1) are shown in Figure 9, and the EDS results of the selected
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positions are shown in Table 2. Considering the ratio between Ag and Fe, the
percentage of Ag was increasing in the damaged region (point 5). However, due to the
reactions between the surface and oxygen, the decrease of the Ag content in the wear
track area may reduce its antibacterial activity compared to that of the pristine coating.
Rough surfaces with deeply scratched grooves and peeled-off craters were generated
on the untreated stainless-steel surface due to the adhesive wear process even under
the lubricant condition (See Figure 9(a)), while the wear tracks on the composite
surface are more uniform and shallow scratched grooves indicate light abrasive mode
of wear on the composite surfaces. The composite coating layer is formed by hard
nitride stainless steel nanoparticles and soft Ag particles, which can reduce the
generation of abrasives and prevent material transfer between the friction pair.
Besides, the hard S-phase sublayer provides high load bearing capacity for the
composite surface which also plays a key role in the improvement of wear resistance.
On the other hand, Ringer’s solution also acted as a corrosive agent during the friction
tests. However, no corrosion happened on the composite surface after the friction tests
due to the low temperature nitriding process, which avoids precipitation of chromium

nitrides [26].
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Figure 8 Friction coefficients and wear rates of the untreated surface and the composite surface under
the lubrication of Ringer’s solution (5 N, 5 Hz, 10 min). The composite surfaces exhibit low friction
coefficients and excellent wear resistance.
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Figure 9 Morphologies of the wear tracks of (a) untreated SS surface and (b) Ag impregnated
composite surface (S1), carried out within the Ringer’s solution. Scratching grooves can be viewed on
both untreated stainless-steel surface and the composite surface. However, peeling off areas are
observed on the untreated stainless-steel surface, which implies its adhesive wear mechanism.

Table 2 EDS results for the analysed points in Figure 9 (at. %).

Point Fe% Ni% Cr% Ag% Si% O%

1 66.59 8.36 19.14 0 087 1.79
28.22 4.08 8.04 0 13 45.17
50.77 712 14.33 0 131 236
56.89 6.43 136 1836 076 1.92
2962 295 526 1361 5.66 4246

a b W N

3.8 Antibacterial properties

The antibacterial activities of as-deposited functionally grade composite surfaces and
controls against Gram-negative bacteria (E. coli) were investigated using a spread
plate method. Colonies formed from viable E. coli after 5 h contact with the surfaces

are shown in Figure 10. The numbers of colonies were counted to evaluate the
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antibacterial activities of the surfaces while fewer colonies indicates better
antibacterial performance. Figure 11 shows the counted colony forming units of E.
coli while the stainless-steel control surfaces exhibits a low inactivation rate of E. coli
with a high CFU number of 293.3. Besides, it was found that the antibacterial activity
of the composite surfaces is related to the concentration of the impregnated Ag, while
composite surface with 8 wt.% (S1) of Ag presents an average CFU of 69.5, which
has a relatively lower antibacterial performance compared to the composite surfaces
with more silver (15 wt.% (S2) and 25 wt.% (S3)). However, the S2 and S3 exhibit
similar antibacterial performance with surviving average CFUs of 4.3 and 3, and the
corresponding killing rates are 98.6% and 99%, respectively. Indicating that 5h is

long enough for the contacts between the bacteria and the composite surfaces.

Figure 10 Colony forming units on the tryptone soya agar plates after 5 h contact with the control and
functionally graded composite surfaces, the fewer colonies, the better antibacterial activity. (a) SO; (b)
S1; (c) S2; (d) S3.
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Figure 11 Average surviving number of colony forming unit dcey (E. coli NCTC 10418) after 5 h
contact with Ag impregnated composite surface and control surface.

Actually, the antibacterial process is influenced by various factors such as the content
of antibacterial agents, contact time, surface roughness and so on [23]. A schematic
cross-sectional image of the functionally graded surface is presented in Figure 12. The
bio-functional composite surface layer is formed by sputtered Ag and stainless-steel
particles, while both large and small Ag particles are generated due to the high
sputtering rate of silver. Nitrogen is interacted with the stainless-steel particles and the
diffusion process is caused by the concentration gradient of nitrogen. To our
knowledge, the SS nanoparticles do not have antibacterial activity. Thus, the
antibacterial activity of the composite surface should be attributed to the impregnated
Ag particles, while the Ag particles are inert and therefore keep their antibacterial
property. There are different possibilities for Ag ions to distract the biological
processes of the bacteria. It was reported that Ag ions can inactivate the thiol group in
enzymes to inhibit the growth of cells [44]. Besides, Choi considered that reactive
oxygen species can be generated due to the existence of Ag which will damage
cellular constituents and affect cell functions [45]. It is known that the antibacterial
efficacy is related with the amount of Ag and the equivalent contact area [14]. As Ag

is a noble metal, it is significant to design a composite surface with economical
23



amount of Ag which has equivalent antibacterial efficacy.
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Figure 12 Schematic cross-sectional view of the functionally graded composite surface, which is
formed by the bio-functional surface layer and the hard S-phase layer. The Ag ions released from the
Ag particles will inhibit the growth of bacteria through the contact process.

As seen from the Figure 10 that the Ag impregnated composite surfaces present much
better antibacterial activity compare to the stainless-steel surface, while composite
surfaces with high percentage of Ag show higher antibacterial efficacy. To determine
the statistically significant difference between these samples, a one-way analysis of
variance (ANOVA) was used to understand the antibacterial performances and the
multiple comparison table is shown in Table 3. The significance values between the
control sample (SO) and the silver impregnated samples (S1, S2 and S3) are 0.047,
0.003 and 0.007, which are all below 0.05, indicating there are statistically significant
differences of antibacterial activity between the Ag impregnated surfaces and the
control surface. Besides, the results indicate there were no statistical differences of
antibacterial activity between these composite surfaces after 5h contact, even though
the S1 composite surface has lower antibacterial activity compares to that of the other
two surfaces.

Surface roughness not only has influence on bacteria adherence, but also directly
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affects the contact angle of the surface[1]. However, surface roughness plays a
marginal role in these antibacterial tests. Firstly, the size of the E. coli NCTC 10418 is
about 2 um, which is much larger than the scale of the surface roughness. Thus, the
surface roughness difference between the composite surfaces has limited effect on
bacterial adherence. Besides, previous studies pointed out that typically 3-6 hour is
sufficient for the fully contact between bacteria and the composite surfaces [22, 46],
while 5h contact in this study is sufficient for the fully contact, which makes surface
roughness a minor factor to influence the antibacterial performances of the composite

surfaces.

Table 3 One-way analysis of the variance (ANOVA) of antibacterial results.

95% Confidence interval

() Mean Difference Std.
Sig. Lower
Group (1:) Error Upper Bound
Bound
SO S1 289.000 73.398 .007 67.78 510.22
S2 289.611" 67.003 .003 87.67 491.56
S3 223.667" 73.398 .047 2.45 444.89
S1 SO -289.000" 73.398 .007 -510.22 -67.78
S2 611 67.003 1.0 -201.33 202.56
S3 -65.333 73.398 .851 -286.55 155.89
S2 S0 -289.611" 67.003 .003 -491.56 -87.67
s1 -.611 67.003 1.0 -202.56 201.33
S3 -65.944 67.003 .809 -267.89 136.00
S3 S0 -223.667 73398 047 -444.89 -2.45
s1 65.333 73.398 .851 -155.89 286.55
S2 65.944 67.003 .809 -136.00 267.89

*. The mean difference is significant at the 0.05 level

The aim of this study was to develop long lasting functional surface with excellent
antibacterial efficacy and durability. The novel duplex plasma deposition technique
has obvious advantages compared to some conventional coating deposition techniques,

which can fabricate a relatively thick Ag impregnated composite layer with a nitrogen
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diffused hard S-phase sublayer in one step, while the percentage of Ag can be easily
controlled to meet the requirements in different situation. On the other hand, the
nitride stainless steel particles can act as hard reinforcements which can improve the
durability of the bio-functional surface. At last, the hard S-phase sublayer provides
high load bearing capacity for the composite surface which can avoid the failure

caused by the soft substrate.

4. CONCLUSIONS

Functionally grade composite surfaces were developed by a novel duplex plasma
alloying technique which is a synergy of double glow plasma (DGP) and active screen
plasma (ASP) technologies. It has been confirmed that the Ag impregnated
bio-functional surface layer combined with a hardened S-phase layer is a promising
composite surface, which has excellent scratch and wear resistance, and antibacterial
activity. It has been found that the applied voltages and the working distance were
responsible for the microstructures of the composite surfaces, which led to the
variation of the Ag particles, thickness of the S-phase layer, and surface roughness.
The XRD results verified that Ag was inert during the nitriding process, and there was
no reduction in antibacterial activity. The XPS peak for neutral nitrogen was detected,
which indicates the S-phase stainless steel particles were formed during the nitriding
process. The bottom S-phase layer improves hardness of the surface and provides
high load bearing capacity, which enhanced the wear resistance of the composite
surface under Ringer’s solution lubricated condition. There is no statistical difference

for antibacterial between the composite surfaces with different amount of Ag, and low
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surviving number of Gram-negative E. coli remained after 5 h contact. For practical
applications, the deposition parameters could be used to control the microstructures of
the composite surface, and a broader spectrum of bacteria need to be further
investigated to determine the optimum amount of Ag for high efficacy, long lasting

bio-functional surfaces.
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