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INTRODUCTION

The losses caused by friction and wear often exceed 2% of GDP,
therefore the aim is to create surfaces that are resistant to abrasion and usage
of lubricants will be minimal. Friction between moving surfaces depends on
many parameters: load, sliding velocity, roughness, hardness, elasticity, the
viscosity of a lubricant and so on. However, one of the most important is
chemical transformation, especially for wear. Tribology deals with a
combination of all these parameters and processes. Therefore detailed
research on the chemical aspects has great importance not only in the
transport and other technical sectors but also in biomedicine. Teeth, bone,
joint damage become one of the increasing problems in the world. Over two
million bone tissue surgery procedures are performed every year [1] and the
worldwide market for dental implants is estimated at 12—-18 million [2]. Up
to 10% of implants are rejected within the first days or several years, but
depending on conditions this number can reach 20% or more [3, 4].

Bioceramic materials (Al.Os, ZrOy) are often used in medicine for dental,
bone and joint implants due to their chemical inertness, biocompatibility,
high hardness and mechanical resistance. However, despite its widespread
usage, bioceramics are bioinert. Therefore cell adhesion and interaction with
biological tissues might be insufficient. It is useful to use porous and rough
surfaces to enhance cell-biomaterial interaction.

One of the most commonly used methods for the formation of porous
Al;Oz-based coating is aluminum anodizing (electrochemical oxidation),
which increases surface hardness, corrosion resistance, provides better
dyeing, adhesion and other characteristics. The use of titanium, zirconium,
steel and other alloys in medicine is limited not only by the high cost but
also by the complicated mechanical treatment. The density of Al is much
lower than Ti or Zr and equal to 2.70 g/cm3, 4.51 g/cm3 and 6.52 g/cm?,
respectively, therefore the lightness and lower weight of Al might be more in
demand for both medical devices, e.g. implants and other details. High purity
Al (> 99.999%) is expensive and has poor mechanical properties because its
hardness 2-3 times lower than Al alloys. Anodized coatings with porous
structure increase cell adhesion and biocompatibility [5, 6]. In addition, the
porous surface of the anodized coating can lead to the ingrowth of damaged
bone tissues, which increases mechanical stability and load distribution.

In this investigation, the term “anodized coatings” is retained due to its
widespread colloquial usage. However, those are cathodic processes, which
lead to deposition of additional layers on metals, while anodic processes
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result in surface etching and dissolution. In fact, the surface of anodized Al
is partially dissolved and oxidized, so electrochemically it does not represent
a true coating. However, during Al anodizing oxidation is so intense that it
usually results in some growth of the surface. So topographically this
resembles coating formation quite closely. Hence the term “anodized
coating” is controversial electrochemically, but seems acceptable
topographically. This is why it is used further in the text. Hard anodization is
usually performed in sulfuric/oxalic acid electrolyte at low temperatures
such as 0 °C. In this study, the term “hard anodization” was also used for Al
anodization at 15 °C.

Hard (Type IlI) anodization, which is carried out in sulfuric/oxalic a.
electrolytes at low temperatures allow to form solid Al,O3 coatings with a
thickness exceeding 100 um [7]. Despite its hardness, wear of anodized
coatings remains one of the major problems in many industrial areas. In
biological systems, wear must be avoided. Relative movement between the
implant and surrounding tissues can lead to poor adhesion and rejection
reactions. Cracks formed during friction and abrasion increase ion release
and migration to surrounding tissues and organs, causing inflammation, bone
erosion, and might be the reason for implant removal. AI** ions are toxic to
the human body at high concentrations [8, 9], therefore the concentration of
AlI** ions should not exceed 1 mg/kg per day [10]. In addition, high levels of
alloying additives (Mn, Cu, Fe, Zn, etc.) in industrial Al alloys might have a
negative effect on cell adhesion and proliferation.

One of the most commonly used way to improve the wear resistance of
anodized coatings is based on the formation of polytetrafluoroethylene
(PTFE) barrier coatings, which reduce the Coefficient of Friction (COF)
below 0.2. However, several major issues prohibit usage of PTFE coatings in
biomedicine. The porous and rough anodized coatings are transformed into a
flat layer, which is not favorable to cell adhesion due to the non-wetting
nature of PTFE molecules. The deposition of biocompatible Ti layers on
anodized coatings can be considered as an alternative.

Ti oxides and nitrides showed some effectiveness as protective, anti-
frictional and anti-wear layers for various substrates [11, 12], including
anodized coatings [13]. Several research groups have found that Ti-based
layers effectively inhibit wear and reduce COF to 0.15 [12, 14]. The
effectiveness of Ti/TiO- layers was showed on implants [15], fasteners [16],
aerospace and marine applications [17], turbine engines [18]. For various
technological purposes, their layers were deposited on anodized Al

substrates when produced by sol-gel [19], magnetron sputtering [20], atomic
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layer deposition (ALD) [21], hydrothermal [22] and other methods. Titanium
dioxide (TiOy) is chemically stable, insoluble, non-toxic and does not react
with most acids, alkalis and organic compounds. Because of chemical
stability [23], corrosion resistance [24] and biocompatibility [25] Ti layers
commonly used in sensors, implants and other biomedical applications. The
formation of Ti oxide layers enhances the direct implant-bone tissue
interaction (osseointegration), prevents immune response and provides
protection from the body medium. Although the wear resistance of
biocompatible coatings has not yet been well studied and the friction and
wear regimes in organisms have not yet been clearly identified, it is evident
that biomedical products may come into contact with moving surfaces within
the body as well as during transport and installation. It is important to
investigate the most important tribological properties of biocompatible
coatings. The synergistic effect of anodized coatings and Ti layers providing
low surface friction and high biocompatibility is promising for the
development of biomedical devices of a new generation. Nanostructured
alloys could be employed as a cost-effective replacement for currently used
expensive Ti osteosynthesis systems in dentistry and orthopedics.

In order to get closer to the friction conditions in biological systems, it is
appropriate to investigate surfaces coated with lipids and other organic
compounds since most of the compounds present in blood plasma and in the
cellular composition can interact with nanostructured coatings [26]. The
adsorption and migration of organic compounds into the pores of the
anodized coating leads to tribofilm formation through chemical reactions
providing low surface friction and wear. The migration of these compounds
in various coatings is often studied by non-destructive Raman spectroscopy,
which provides information not only on the structure and quantities of
molecules but also on interaction with the coating.

Main goal

The aim of this work is to evaluate the most relevant chemical, physical,
tribological and biocompatibility properties of nanostructured anodized
coatings on industrial aluminum alloys and their interaction with the most
important biolubricants.

Objectives

e To evaluate the influence of electrolyte and anodizing parameters on the
topography and friction of the formed anodized Al,Os coatings.
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To select the most appropriate cell lines for testing and to evaluate the
biocompatibility properties of anodized and nanostructured coatings.

To evaluate influence of Ti/TiO, surface layer on static and dynamic
friction of anodized coatings.

To compare the tribological properties of IVB group elements and
nanothin layers of other transition metals on anodized coatings.
Evaluate the suitability of Raman spectroscopy for migration of organic
compounds into the pores of anodized coating.

To evaluate the influence of the most important biolubricants on the
tribological properties of anodized and nanostructured coatings.

Scientific novelty

The biocompatibility of both Ti alloys and Al.Os has already been
extensively studied. However, the fact that industrial Al alloys contain
alloying additives (Cu, Mn, Si, etc.) is not properly taken into account,
while significant amounts of electrolyte remain in the coatings after
anodization. The dissertation thesis demonstrates that nanothin layers of
chemically inert Ti/TiO, improve the biocompatibility of anodized
coatings by forming a barrier layer.

Several groups have investigated the influence of Ti and TiO- layers on
tribological properties, but these layers were almost unexplored on
anodized Al coatings. So far it was detected only a slight improvement
in tribological properties.

Independent of the deposition method, e.g. ALD or sputtering, nanothin
layers of Ti/TiO; significantly improve the tribological properties of the
anodized coatings and reduce the COF to 0.2. Considering the layers of
other elements, it was found that metals of VB group have significantly
better tribological properties than other transition metals, but Ti
efficiency is incomparably higher.

It has not yet been suggested that nanostructured coatings deposited on
anodized Al with good biocompatibility and friction resistance can be
successfully applied in biomedical applications to replace the currently
used titanium alloys.

The migration of organic compounds into the pores of anodized coating
has not yet been monitored by Raman spectroscopy. This methodology
has been successfully applied to investigate the penetration of dyes into
the anodized foil as well as to select the tribologically most effective
fillers for coating.
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Statements presented for defense

Nanothin layers of Ti and its oxides improve the biocompatibility of
anodized Al not only due to Ti bioinertness, but also because a barrier
against the residual electrolyte inside the pores is formed. Low thickness
of the layers helps in retaining rough surface topography which is
favorable for cell adhesion.

Tribological properties of anodized coatings produced in sulfuric/oxalic
a. electrolyte can be significantly improved by depositing nanothin
layers of group 1VB elements or their oxides. Layers of Ti or its oxides
with the thickness from 10 to 100 nm demonstrate lower coefficients of
friction than those on Al, anodized coatings or Ti substrates. The layers
thinner than 10 nm or thicker than 0.5 um show friction, which is similar
or worse than that of the substrates. Friction reduction can also be
observed with nanothin layers of Zr and Hf oxides. Those metals, which
do not belong to IVB, such as Cr, Cu or Nb, do not demonstrate
similarly beneficial effect on tribological properties.

Dry and severely starved lubrication on hard-anodized alumina can be
significantly improved by capitalizing on the reactions between
impregnated filler and the residual electrolyte within pores. Tribological
properties of the filler itself have little influence, because new
compounds are produced in the pores and eventually within the friction
zone, which lead to tribofilm formation. Barrier layer on the top of the
anodized coating is not essential for wear resistance, while deeper
penetration of the filler, which can be monitored by Raman
spectroscopy, is very important for better tribological properties.

Contribution of the author

The procedures for preparation of Al alloys and electrolytes, anodizing
and impregnation with lubricants as well as friction and wear tests were
made by the author.

The author contributed significantly to the surface analysis of anodized
and nanostructured coatings and their preparation for publication using
optical microscopy (part by L. StaiSitnas), scanning electron
microscopy (by G. Stalnionis and A. Selskis), profilometry (part by L.
StaiSitinas), X-ray energy dispersion spectroscopy (by G. Stalnionis), X-
ray diffraction (by V. Pakstas), hardness measurements (by G.
Bikul¢ius), X-ray photoelectron spectroscopy (by V. Jasulaitiené). Also
directly contributed to the analysis and processing of the results of
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biocompatibility studies (performed by A. Stirké, J. Kavaliauskaité and
IMC researchers G. Pivoritinas and A. Cebataritiniené).

Measurements of penetration of fillers into the pores of anodized
coating of Al foil by Raman spectroscopy were performed by the author
and I. Ignatiev. The text and graphic part of the dissertation and its
summary were prepared by the author.
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1. LITERATURE REVIEW

High friction leads to surface wear, damage, deformation, increases
energy loss. This is related not only to technological but also to economic
aspects reducing the lifetime and increasing the cost of the materials and
equipment. Friction problems include industrial applications as well as
medical devices which leads to the inflammatory process, implant loosening,
and rejection. Various coatings are often applied to protect surfaces from
friction, increases materials durability, physical, mechanical and chemical
properties. In this study, anodized coatings were obtained by electrochemical
oxidation (anodization) using industrial Al alloys.

1.1 Tribology and biotribology

Tribology is the multidisciplinary science on wear, friction and
lubrication of interacting surfaces in relative motion, which includes many
fields: materials science, chemistry, engineering, biomedical science,
physics, etc. Friction is the force resisting the relative motion between
systems in contact when solid surfaces or fluids sliding against each other.
The friction force is linearly dependent on the applied (normal) load.
Therefore, the ratio between friction force and normal force (i.e. load) gives
COF, which value mostly varies from 0.1 to 1.0. Since tribology involves
interacting surfaces of artificial systems, biotribology deals with biological
systems. Friction objects in the human body include articular cartilage,
synovial joints, dental implants, braces, blood vessels, heart pumps,
catheters, bio-probes, skin, contact lenses, tendons, muscles, and many other
biological objects.

High friction problems in biotribology related to dental implants and
articular cartilage. Tooth enamel, which is made mostly of hydroxyapatite
(crystalline calcium phosphate, Cai0(PO4)s(OH)2), can reach from 10-20 N
to 50-150 N loads during a normal chewing cycle [27]. The initial COF of
enamel reaches 0.11 under 20 N load [28]. The most common materials for
dental implants include Ti and bioceramic surfaces (i.e. Al.Os, ZrO,) which
are non-toxic, chemically stable and provide good biocompatibility with
living tissues. Biocompatible materials do not produce a toxic or
immunological response when exposed to the body or bodily fluids.
Moreover, these biomaterials increase osseointegration processes after
fusion them into the jawbone. Much higher compressive loads from at least
300 N are present in articular cartilage when contact pressure reaches over 4

MPa [29]. Hyaline cartilage, which is present in joint surfaces able to reduce
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COF to 0.002-0.02 [30, 31]. The composition of cartilage includes type Il
collagen, glycosaminoglycans and water. Aggrecan molecules of chondroitin
sulfate and keratan sulfate glycosaminoglycan chains attached to hyaluronic
a. due to high negative charge are forming hydrogels, which increases
compressibility. Such low friction is based not only on cartilage structure but
also on synovial fluid. It is a viscous, non-Newtonian fluid mostly based on
hyaluronic a and lubricin present in the cavities of synovial joints.
Biomaterials should provide good mechanical and antifrictional properties to
reduce wear debris formation and osteolysis due to inflammation problems.
Various combinations of materials are applied today: metal with metal,
ceramic with ceramic, polymer with metal, polymer with ceramic. It was
shown that ultra-high molecular weight polyethylene reduced COF to 0.09
under dry friction and 0.03 under lubricated friction conditions against ZnO;
ceramic [32].

Soft tissues are also influenced by friction in contact with bone or implant
materials. As shown by previous studies COF value between muscle and
bone tissue can increase to 0.29-0.36 [33]. Much lower COF was estimated
between stents and endothelial cells that form the interior surface of blood
vessels. Studies showed that the endothelial layer was stable when COF
reached 0.03, while COF values over 0.06 showed surface damage using 0.4
mN load and 300 um/s velocity [34]. Other implants, i.e. contact lenses,
which is based on silicone hydrogel have COF from 0.025 to 0.075 using 3—
20 mN loads and 63-6280 um/s velocities [35]. Friction is influenced not
only on physical and chemical surface properties of biomaterials but also on
tribological conditions and environment: load, velocity, motion trajectory
(linear, rotary, oscillatory), temperature, friction regime (dry or lubricated),
etc.

1.2 Dry and lubricated friction

There are no perfectly frictionless surfaces exists when two surfaces are
in contact. Friction forces will always develop when surfaces are moving or
attempting to move against each other. Two types of friction static or
dynamic (kinetic) can occur under dry or lubricated friction conditions.

Static friction acts between two surfaces when there is no relative motion
to each other, while dynamic friction acts between objects in motion.
Dynamic friction is proportional to the normal force applied on the surfaces
and is directed opposite to the relative motion of the surfaces. In general,
dynamic friction is lower than static friction. This is explained by surface
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asperities (i.e. roughness) and electrical charges between two surfaces
requiring much higher energy to move the static object than the energy
required to keep it in motion. Static friction is very important for dry
surfaces especially in the industrial field when friction becomes intermittent.
This includes transport (brake disks, engine, etc.) or industrial (fasteners,
railings, etc.) applications as well as high-tech, e.g. robotics (casings, frame,
etc.), medical (dental braces, crowns, etc.) and many other areas. According
to literature, static friction depends on the mechanical properties of the
material, surface roughness, a mutual dissolution of materials, contact time
and presence of the extraneous bodies in the contact zone [36]. Surface
elasticity is also an important factor for static COF. Elastic deformation
occurs when the internal molecular structure of the material is self-reversing
after removing the force or load, while plastic deformation shows an
irreversible change in the internal molecular structure.

When two surfaces of different radii are in contact together some elastic
deformation occurs and a small contact area is formed when the load is
applied, Fig. 1.

Fig. 1. Elastic deformation using the sphere-on-flat geometry, adapted from [37]

The surfaces experience high stresses, which are known as Hertz
(Hertzian) contact stresses first studied by Hertz in 1881. He focused on non-
adhesive contact where no tension force is allowed to occur within the
contact area [38]. Hertzian contact stresses relies on four primary
assumptions: 1) The surfaces are continuous and non-conforming; 1) The
bodies are in frictionless contact; I1l) The strains are small and within the
elastic limit; 1V) Each body can be considered an elastic half-space, i.e. the
contact area is small relative to the sizes of the bodies in contact. Non-
adhesive elastic contact can occur between a sphere and a half-space, two
spheres, two cylinders with parallel axes, a rigid cylinder and an elastic half-
space, a rigid conical indenter and an elastic half-space. For Pin-on-Disc
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(e.g. ball on plate) tribosystem, the theory of spherical/hemispherical
deformation is most reasonable. According to Hertz contact modulus (Pa) for
the spherical/hemispherical system is [39]:

1—v2 1—y2\ "
E*=< iy 2) )

E, E,
where E is the elastic modulus, in Pa; v is Poisson's ratio. The subscripts
1 and 2 refer to the sphere and half-space respectively.

Therefore the diameter (d) of the contact area is:
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where P is the indentation load, in Pa; R is the radius of the indenter, in
m; E* is a contact modulus, in Pa.

Elastic modulus also known as Young’s modulus shows the stiffness of
material under compression or tension and expressed as the ratio of stress
and strain. Stress is the compression or tension per unit area when the force
is applied while strain defines as the deformation or displacement of
material. Poisson's ratio is the ratio of transverse contraction strain to
longitudinal extension strain in the direction of stretching force, which
values for most materials ranging between 0 and 0.5. Tensile deformation is
considered positive and compressive deformation is considered negative.

According to Amontons' first and second laws friction force which is
opposite to applied force is directly proportional to the applied load, but is
independent of the apparent area of contact under dry friction conditions. A
normal force (i.e. load) that is perpendicular to the surface depends on the
mass of the object and the gravitational field strength, which is about 9.81
m/s? on Earth. When applied force is greater than the friction force, the
object begins to slide represent the dynamic friction. Coulomb's law of
friction state that dynamic friction is independent of the magnitude of the
velocity (i.e. speed) when two surfaces slide against each other under dry
friction conditions.

While static COF is an important parameter of dry friction, dynamic COF
especially relevant to lubricated friction conditions. Lubricated friction
occurs between two solid surfaces sliding against each other in the presence
of lubricant fluid. Lubricants reduce surface friction and wear, dissipate the
heat, transmitting forces or transporting foreign particles which are
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generated when surfaces are moving. Stribeck curve represents three
lubrication regimes: 1) Boundary lubrication; 1I) Mixed or
elastohydrodynamic lubrication; 111) Hydrodynamic lubrication. Richard
Stribeck and Mayo D. Hersey showed that lubricated friction is a non-linear
function of the lubricant viscosity, sliding velocity and the contact load, see
Fig. 2.
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Fig. 2. Stribeck curve model, where the friction coefficient () and the fluid film

thickness (h) are plotted as a function of velocity (V), lubricant viscosity (1) and

load (P) for the boundary, mixed and hydrodynamic lubrication regimes; adapted
from [40]

Boundary lubrication defined the conditions then solid surfaces come into
direct contact, load supported mainly by surface asperities rather than by the
lubricant. The highly resistant film is formed between the moving solid
surfaces and lubricant, which is capable of support the load and avoid major
wear or breakdown. Boundary lubrication obtained under high loads, low
velocities and/or low lubricant viscosities, then film thickness is thinner than
surface roughness (h < Ra). Low thickness of the lubricant and high surface
contact area leads to increased friction. Surface chemistry is especially
important for boundary lubrication. In mixed or elastohydrodynamic
lubrication conditions load is supported by both asperities and the liquid
lubricant, when the film thickness is approximately equal to surface
roughness (h ~ Ra). The surfaces undergo elastic deformation due to elastic
strains at the contact at higher velocities. Such strain creates a load-bearing
area, which provides an almost parallel gap for the fluid to flow through. The
motion of the contacting surfaces generates a flow induced pressure, which

21



acts as the bearing force over the contact area. A viscosity of the fluid may
rise considerably due to the high contact pressure. Hydrodynamic lubrication
also known as full film lubrication regime occurs when the lubricant
completely separates the surfaces with the film thickness much higher than
surface roughness (h >> Ra), nearly 1 um or even more [41]. Low friction
obtained at high velocities without no surface wear. Any friction remaining
comes from the cohesiveness of the oil molecules as they slide past each
other. Applied load, velocity, and lubricant viscosity are the most important
factors for film thickness. A lubricant with too high viscosity increases the
oil’s molecular friction, leading to higher operating temperatures and energy
loss.

1.3 Lubricants

Lubricants are often used to reduce surface friction, wear, transfer
generated heat or wear debris formation when surfaces are in mutual contact
by providing a continuous fluid film. In general, lubricants could be
classified as liquids, semisolids (greases) and solids. Although other
classification methods based on the composition of the base oil or their
application are also appreciable [42]. Liquid lubricants include mineral oils,
synthetic oils and vegetable, and animal oils. Liquid lubricants, i.e. mineral
oils, which are obtained by fractional distillation of petroleum and semisolid
lubricants produced by emulsifying oils or fats with metallic soap (Li, Na,
Al, Ca, etc.) are widespread in the industry, where thick lubricating film is
required. This includes roller bearings, steam turbines, engine, gear, piston
parts, and other applications. Lubricants contain up to 10% additives which
act as antioxidants, anti-corrosive, anti-wear, anti-foaming, emulsifying or
demulsifying agents [43]. Vegetable oils (i.e. soybean, rapeseed (canola),
sunflower, corn) are an environmentally friendly alternative to mineral oils
since they are not toxic to the environment and biodegradable. Lubrication
properties of vegetable base oils are similar to those of mineral oils. As
showed by previous studies, vegetable oils reduced COF to 0.1 or below
depending on used additives and/or lubricating materials [44, 45]. However,
the main disadvantages of vegetable lubricants include poor hydrolytic,
thermal and oxidation stability. Lubricant type, viscosity, thermal (thermal
stability, freezing point, boiling point, etc.) and protective (resistance to
oxidation, corrosion, pressure, etc.) properties are the main characteristics
for selecting an oil.
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Solid lubricants are often applied in applications where contamination by
lubricating oils or greases must be avoided. This includes powders and thin
layers which reduces friction and wear of contacting surfaces and provides
protection from damage [46]. Solid lubricants can be classified as inorganic
lubricants (graphite, MoS,, WS,, BN, etc.), organic lubricants (i.e. polymers
like PTFE), soaps (Ca stearate, Na stearate, etc.)), metals and its oxides
including composites (Cu, Ag, Ti, TiO,, B203, M0O, ZnO, etc.). Materials
like graphite, molybdenum disulfide (MoS;) and tungsten disulfide (WSy)
which have lamellar structures, can maintain low friction due to the
anisotropic layered structure, covalent bonding within the adjacent lamellae
and weak Van der Waals forces between them. Among the lamellar solids,
MoS; and WS; have the best load-carrying capacity and low shear strength
as thin layers on solid substrates. Sputtered MoS, layers showed COF
reduction of 0.005—0.05 in vacuum conditions. In the native environment,
where humid air is present, COF was increased from 0.15 to 0.30 suggesting
that unsaturated bonds or other groups react with water and oxygen
molecules leading to much higher friction [47]. WS is used instead of MoS;
when applications involve relatively higher temperatures due to higher
resistivity to oxidation and better lubrication at elevated temperatures. MoS;
oxidizes and decomposes into MoO3z and SO, above 500 °C temperature
[48].

Currently, treatment with fluoropolymers, such as PTFE become the most
commonly used method to reduce friction and improve wear resistance of
metallic (Al, stainless steel, steel alloys, brass, etc.) and non-metallic (glass,
plastics, etc.) surfaces. Studies showed that PTFE reduces COF to less than
0.2 by functioning as a barrier lubricant [49, 50]. PTFE remains effective at
temperatures from -200 °C for up to 260 °C [51], provides low friction and
high chemical resistance which makes them suitable for aerospace,
automotive, food and other industrial applications. However, several major
issues prohibit usage of PTFE coatings in industry, because heating over
300 °C and manual rubbing are usually required to coat the polymer. Due to
smooth and hydrophobic nature, PTFE is not the optimal substrate for cell
adhesion, therefore several additional treatments are required to increase the
wettability of the surface. Reactive surface groups such as hydroxyl, amino
or carbonate can be formed on inert PTFE surfaces by using dry-chemical
treatment (i.e. plasma etching [52]) and wet-chemical treatment (i.e.
H20,/H,S04 [53]) methods to increase cell adhesion. Therefore, deposition
of chemically inert metals like Ti or its oxides can be considered as an

alternative.
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Ti oxides and nitrides provides anti-frictional properties on various
substrates, including stainless steel, Ti and anodized Al. Studies showed that
Ti/TiO; layers of ~200 nm thickness sputtered on Ti6Al4V substrate reduced
COF to 0.5 and assured stable friction for 10,000 cycles [15]. Ti-based
multilayer coatings including TiN, TiSiN, TiSiCN, Ti/Cu/N have
demonstrated much better wear resistance and low friction with COF 0.15—
0.25 [12, 14]. Friction reduction to COF ~0.2 is significant for dry coatings
which able to protect surfaces from incidental friction, wear, and abrasion.
Anti-frictional properties of Ti/TiO, layers was already demonstrated in
fasteners [16], gears [54] turbine engines [18], biomedical devices [15],
aerospace or marine applications [17], robotic equipment [55] and etc.

Recently, Ti/TiO; layers gain recognition in medicine for dental implants
[56], bone implants [57], stents [58] and other applications. The deposition
of Ti/TiO, layers promotes osseointegration processes and a direct bonding
between an implant surface and bone tissue interface [59, 60]. However, the
new bone formation on the plain, native oxide layer of Ti is complicated in
the early stage of osseointegration. Therefore, modification of surface
chemistry and/or surface topography are required to increase
biocompatibility and other desirable properties. Methods such as blasting
[61], plasma spraying [62], etching [63] and anodic oxidation [64] were
shown some effectiveness. Recent studies have demonstrated that porous
anodized Al;Os coatings exhibits good biocompatibility towards blood,
epithelial, neuronal, muscle and connective tissues (i.e. fibroblasts,
osteoblasts) [6, 65]. These nanostructures remarkably increase surface
topography (i.e. roughness) and reinforce interactions between implant
material and cells. Surface properties with desirable pore diameter and
porosity can be adjusted by controlling anodization factors, such as a type of
electrolyte, electrolyte concentration, temperature, voltage or current density.
For various technological purposes, Ti layers have also been produced on
anodized Al by sol-gel [19], magnetron sputtering [20], ALD [21] and other
methods. Manipulation with nanopore sizes, their density, roughness,
application of fillers or deposited layers and other parameters gives an
opportunity to control wettability, permeability, biocompatibility, adhesion,
friction resistance and other properties of anodized surfaces.

1.4 Formation of titanium and its oxides

Ti is group IVB transition metal, which is known for its high strength,
lightweight and anticorrosive properties. When Ti is exposed to air, a passive
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oxide film is spontaneously formed on its surface. The amorphous film is 5-
10 nm thickness and contain three layers: TiO next to metallic Ti, Ti2Os in
the middle and anatase TiO, on the outer part [59]. The characteristics of the
oxide film depend on the chemical composition, structure, morphology and
mechanical properties of the material. TiO, is most stable, insoluble, non-
toxic and chemically inert, resistant to most acids, alkalis and organic
compounds [66]. It has three different polymorphs: rutile with tetragonal
crystal lattice, anatase with tetragonal crystal lattice and brookite with
orthorhombic crystal lattice, see Fig. 3.

Fig. 3. Three different polymorphs of TiOz: rutile (A), anatase (B) and brookite (C).
The small red spheres represent the oxygen atoms, the big blue spheres are the Ti
atoms and the light blue polyhedral shapes show the orientation in space of the TiOs
octahedra, adapted from [67]

In general, the polymorphs of TiO, are composed of TiOg octahedra.
Thermodynamically, rutile is the most stable polymorph of TiO, exhibiting
lower total free energy than metastable phases of anatase or brookite. After
heating, both anatase and brookite irreversibly transform to rutile. TiO>
amorphous phase usually crystallized in anatase phase at temperatures above
400 °C, while transformation from anatase to rutile required temperatures
over 600 °C [68]. Transformation to rutile is not instantaneous, it is time-
dependent due to reconstruction processes. Transformation values ranging
from 400 to 1200 °C can also be found and depends on deposition method,
deposition conditions, precursors, materials used, the presence of impurities,
crystallite size, surface contact area, heating rate [69-71]. The phase
transformation process involves particle agglomeration and grain growth,
which led to a change of polymorphs of TiO; [72]. During annealing, two
grains of anatase attached to each other following by nucleation of rutile
phase. After that, the growth of rutile begins resulting in phase
transformation, which is related to a change of surface energy.
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Agglomeration of small needle-like grains to a larger coarse grain
significantly decreases surface energy of TiO- [73].

1.5 Titanium properties in biological fluids

When extracellular body fluids including blood and interstitial fluids
come into contact with Ti, it attracts many water molecules, carboxylates as
well as nitrates, phosphates or sulfates, which are often present in trace
amounts. Such compounds easily adsorb or are reactively formed at the Ti
surface as a consequence of many dangling bonds. The dangling bonds also
referred to “immobilized free radicals” are very similar to free radicals,
except since they are immobilized in a solid. Due to its reactivity they able to
form new chemical bonds between Ti moieties and functional groups of
other molecules. The formation of hydroxide ions (OH™) on Ti surfaces can
be induced by hydration processes due to chemisorption when OH" groups
are coordinately bound to the surface Ti cations or physisorption when water
molecules are bound by weak hydrogen bonds at the oxide/hydroxide
surface due to van der Waals forces. Hydroxide ions attached to metal
cations possess acid or base properties depending on the type of the metal
cations and the coordinate bonds with the cations. The interaction of
multivalent Ti* ions with hydroxides provides amphoteric properties.
Therefore, TiO; exhibiting both acid and base (alkaline) properties in water
solution as well as under physiological conditions. Reaction (1) show the
formation of negative charges on the surface and reaction (2) yields positive
charges [74]:

Ti-OH + H.0 2 [Ti-O] + H:O" 3)

Ti-OH + H20 2 [Ti-OHz]" + OH™ 4)

The surface charge of Ti depends on the pH of the aqueous solution. It is
known that the isoelectric point of TiO; varies from 3.9 to 8.2 [75]. Small
negative charge forms due to deprotonation of the acidic hydroxides at
neutral pH while the basic and a large part of the acidic groups are still
present in the neutral form. The alkaline solution provides more negative
charges on the Ti surface by increasing pH.

Due to high chloride ion concentration in blood plasma of 113 mEq/L
and in interstitial fluid of 117 mEg/L metallic materials starts to corrode
much faster leading to pits and cracks formation on the surface. Corrosion
reduces strength, increases permeability to liquids and gases which initiate
relaxation of metal ions into the body fluid. Moreover, wear debris formation
and microparticles accumulation often lead to cytotoxic and inflammatory
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effects, mechanical instability, which end up by implant loosening and even
rejection [76, 77]. The pH of extracellular body fluids is also an important
parameter for biomaterials which varies from 7.35 to 7.45 [78]. Studies
showed that pH decreases to about 5.2 after implantation and recovers to 7.4
within two weeks [74]. These changes are based on the isoelectric points of
the biomolecules, such as proteins. It is commonly accepted that Ti exhibits
high stability and corrosion resistance in vitro due to the ability of passive
TiO; film formation. However, previous studies revealed that accumulation
of Ti can occur in adjacent tissues near the implant indicating the relaxation
of Ti ions and corrosion in vivo. Ti degradation is related to: (I)
electrochemical factors due to high local acidity; (I1) bacterial colonization;
(1) mechanical factors which can lead to fretting and excessive wear of the
surface and (IV) tribocorrosion as a result of a synergistic mechanism
between chemical attack and mechanically-induced degradation [79-81].
Instead of pure Ti, the electrochemical reaction of Ti alloys such as Ti-6Al-
4V, Ti-6Al-7Nb, NiTi also resulting of relaxation of metal ions (Al, V, Ni,
etc.) which are toxic to the human body and able to accumulate in tissues
and organs [82]. Corrosion resistance, physiological conditions (pH, chloride
ion concentration, temperature, etc.), mechanical factors (cracks, surface
abrasion, film adhesion), electrochemical effects (galvanic, pitting, crevice)
and the cell concentration around biomaterials are the main factors which
influence metal ions release [83].

1.6 Surface properties for cell interaction

The interactions between cells and their environment proceed through
integrins (transmembrane glycoproteins) and extracellular matrix (ECM)
proteins (vitronectin, fibrinogen, collagen, laminin, osteopontin, etc.) which
provides Arg-Gly-Asp (RGD) tripeptide sites of arginine, glycine and
aspartic a. required for cell attachment. Meanwhile, cell interaction with
biomaterials is possible through the adsorbed protein layer. After
implantation of biomaterials into a human body, the first stage of the
reaction is non- a fibrous capsule around implant material [84]. The
composition and structure of the protein layer depend on surface properties
which play a critical role in determining cell behavior including adhesion,
spreading and protein secretion. To promote cell -biomaterial interaction it is
important to take into account the surface properties including chemical
composition, wettability, surface charge, and roughness which allow
maintaining normal conformation and bioactivity of adsorbed proteins.
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Surface free energy shows the excess energy present at the surface of a
material when compared to bulk. Therefore, surface energy will be higher if
the bulk interactions are stronger, or if the surface exposure is greater. The
material surface energy can be calculated from the contact angle
measurements using a water drop test. Generally, a surface with high surface
energy will cause good wetting and therefore result in a low contact angle.
Moderate hydrophilic surfaces with water contact angle of 20° to 40°
promote the highest levels of cell attachment when compared to hydrophobic
surfaces with a contact angle over 90° [85]. Proteins spontaneously adsorbed
on very hydrophobic surfaces acquire a denatured and rigid state, which is
inappropriate for cell binding. In addition, very hydrophilic surfaces have
limited cell adhesion, because proteins bind to surface with weak forces
which lead to easy detachment. Surface charges showed the ability to control
cellular response. Human umbilical vein endothelial cells had good adhesion
to negative (COOH) or positive (NHz) charged functional groups whereas
cells adhered poorly on neutral molecules either hydrophilic (OH) or
hydrophobic (CHs) [86]. Other studies revealed that COOH and OH
functional groups increase osteoblast adhesion and differentiation, NH;
group promotes myoblast and endothelial cell proliferation and osteoblast
differentiation, while CHs; group promotes leukocyte adhesion and
phagocyte migration [87].

Surface roughness is an important parameter on both tribological and
biological properties. It can be divided into three levels: macro-roughness
(Ra > 100 um) also known as waviness, micro-roughness (Ra = 0.1-100 pm)
and nano-roughness (Ra < 100 nm). The macro-roughness is directly related
to implant geometry, which provides initial fixation and long-term
mechanical stability. Surface roughness at the micro-scale promotes cell
adhesion, local factor production (e.g. fibroblast growth factor, vascular
endothelial growth factor) osteoblast differentiation and eventually leads to
osseointegration and bone growth [88]. Micro-roughness in the range of 1-
10 um often selected for biomedical devices, e.g. implants, rather than
smooth surfaces. When compared roughness of natural surfaces like a tooth
and articular cartilage with Ra values of ~0.12 um [89] and ~0.22 um [90]
respectively, roughness values for implants is much higher. Nanoroughness
stimulates the adhesion, proliferation, and differentiation of cells. Various
methods were developed to create micro- and nano-featured surfaces
including acid etching, blasting, plasma spraying, anodization, etc.

Other techniques are related to surface modification and direct

immobilization of biomolecules for a specific cellular response. Surfaces
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functionalized with peptides containing RGD sequence promote cell
attachment. ECM adhesion proteins including vitronectin, fibronectin,
fibrinogen, laminin, collagen, osteopontin and bone sialoprotein can promote
cell adhesion and enhance cell attachment via ligand—acceptor interaction
[91]. Peptides showed some advantages over larger proteins since they are
cost-effective and exhibit higher stability towards sterilization, heat
treatment and pH. Growth factors like bone morphogenetic protein,
fibroblast growth factor and etc. able to modulate cell behavior, in particular,
proliferation and differentiation. Alternatively, surface modification with
various layers including TiO. showed increased cell spreading, improved
osseointegration and reduced migration of alloying additives from the
substrate [92].

The material surface is important not only for cell attachment but also for
better adhesion to the substrate. Since the “native” metallic surfaces usually
are oxidized, contaminated, plastically deformed and non-uniform after the
manufacturing process, surface treatment must be performed. In this study,
Ti and TiO; and additional layers were deposited on bioceramic Al,Os3
coatings obtained by anodic oxidation.

1.7 Anodization of Al alloys

Al is the most produced non-ferrous metal. Due to its reactivity, Al metal
rapidly reacts with the oxygen present in the atmosphere at ambient
temperatures by creating thin Al,O3 layer of 1-10 nm thickness. However,
protective properties of Al is poor leading to rapid surface damage.
Anodization is the most commonly used surface treatment method for Al
alloys, which increase surface hardness, paintability, corrosion resistance
and other technical features [93, 94]. Industrially, anodization is often
carried out in sulfuric acid-based aqueous electrolytes, although anodization
in oxalic a., chromic a., phosphoric a. and their mixtures are also quite
widespread. When positively charged Al is attacked by anions (HSO4~, OH",
RCOO", etc.), the metal electrochemically oxidizes mostly into Al,Oz by
forming anodized coatings of various thickness, sometimes 100 um or more.
However, it is unable to obtain thicker than 200 um anodized coatings due to
the high resistivity of anodic Al;Os. Highly porous anodized Al,O3 coatings
with vertical nanopores of uniform size and distribution are produced after
anodization [56].

According to the standard specification for anodization (MIL-A-8625)
there are three types for Al anodization. Type | anodization requires chromic
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a. to produce coatings with 0.5 um to 2.5 um thicknesses. The electrolyte of
H>CrO4 is often favored for aircraft applications due to the effective anti-
corrosive properties of chromates. However, very high toxicity of Cr(VI)
compounds [95] currently limit their applications by suggesting other
potential alternatives, i.e. trivalent chromium (Cr(l11)) plating [96]. Coatings
obtained in sulfuric a. electrolyte at room temperature with a thickness
between 1.8 um to 25 pum is known as Type II anodization. While hard
(Type 11) anodization requires much lower temperatures to produce coatings
from 25 to 150 pum thickness [97]. Hard anodization not only increase
surface hardness, corrosion resistance, wear or abrasion resistance but also
improve paintability and lubrication properties. Despite wide applications of
hard coatings, currently, investigation also includes other anodization
methods such as plasma electrolytic oxidation also known as micro-arc
oxidation or spark anodization [98, 99], which requires at least 200 V to
create thick coatings of 1700 HV hardness that is close to crystalline phase
corundum [100].

1.7.1 Formation and structure of anodized coatings

Depending on the type of electrolyte, two types of anodized coatings can
be produced. Non-porous barrier type oxide is formed in slightly acidic or
neutral aqueous electrolytes of pH 5-7, i. e. boric a., ammonium borate or
ammonium tartrate. Porous type oxide obtained in acidic and oxide
dissolving electrolytes, such as sulfuric a., phosphoric a., oxalic a., chromic
a., tartaric a., citric a. and etc. [101, 102]. Typical electrolytes used to
produce porous type oxide coating have a pH<5.

The formation mechanism of porous type Al,Oz - xH*[Anion] - yH.0
(further AlLO3) was discussed further. At the beginning of the anodization,
potential increases linearly while current density decreases due to the
formation of the barrier type oxide (barrier layer), Fig. 4(a).

The high relaxation rate of AI** ions in the electrolyte with pH<5 leads to
instability of the applied electrical field by forming many hemispherical pits,
Fig. 4(b). At the maximum of potential, the breakdown of the tight barrier
film occurs leading to the porous structure formation. Moreover, the shape of
the pits even increases the dissolution rate of Al. This leads to field-
enhanced or/and temperature-enhanced dissolution in the formed oxide, Fig.
4(c). Fig. 4(d) shows the steady-state growth of porous Al.Os although at the
end of anodization the current might decrease due to diffusion limits in the
long pore channels. Differently, from deposition techniques, anodized
coatings build-up from Al metal by letting to avoid delamination processes.
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Fig. 4. The kinetics of anodized porous Al,O3 growth in galvanostatic (A) and
potentiostatic (B) regimes with the mechanism of the pore formation (C), adapted
from [103]

Before anodization Al surface must be cleaned usually using alkaline
etching in hot NaOH solution to remove the natural oxide layer on the Al
surface. Produced sodium aluminates are washed with deionized (DI) water:

2Al + 2NaOH + H,0O — 2NaAlO- + 4H, (5)

NaAlO; + 2H,0 — NaOH + Al(OH)3 (6)
Following by cleaning and etching of aluminates in the nitric a. aqueous
solution and rinsing in DI water again:

NaAlO; + HNO; — NaNOs + HAIO, (7)
HAIO; + 3HNO; — AI(NO3)s + 2H20 (8)
Al(OH); + 3HNO; — AI(NO3)s + 3H20 9)

When current is applied anodization process begins. After decomposition
of acid (i.e. H.S0O.), hydrogen ions starts moving to the negatively charged
cathode where they are reduced to hydrogen gas:

2H* + 2" — H» (10)

The positively charged anode is Al which generates AI** ions and reacts
with negatively charged oxide/hydroxide ions. It is generally accepted that
the oxides simultaneously grow at both interfaces: at the metal/oxide
interface by AI®* transport and at the oxide/electrolyte interface by oxygen
ion transport:

Al — AP + 3¢ (11)
2A1* + 30 — Al,Os (12)
2AP* + 30H — ALOs + 3H* (13)

The summary for the overall reaction of anodic oxidation showed below:
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2Al + 3H,0 — Al,O03+ 6H* + 6e (14)

After anodization porous anodized coating is produced with a well
ordered hexagonal structure, each cell contains a central pore perpendicular
to the surface, Fig. 5.
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Fig. 5. The structure of anodized coating (A) and the influence of anodization
electrolyte on interpore distance (B), adapted from [104]
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The pore size and the interpore distance are mainly depending on the
concentration of electrolyte, anodization voltage and electrolyte temperature.
Next to the Al metal is a barrier layer which consists of nanocrystallites with
sizes of 2-10 nm, hydrated Al>Os, anions, and water molecules [105]. The
thickness of the barrier layer mostly depends on the anodization voltage,
although there is a small deviation depending on the electrolyte and
temperature. It is unable to exceed 1um thickness of the barrier layer in the
porous type oxides due to dielectric breakdown of the layers that occur at
500-700 V. Studies revealed that self-ordered porous Al,Os structures can
be obtained under specific conditions. Small nanopores with low interpore
distance are obtained in sulfuric a. electrolyte at 19-25 V. Phosphoric a. used
to produce wide pores with high interpore distance at 160-195 V.

According to X-ray diffraction (XRD) studies, anodized porous type
Al;O3 coatings have an amorphous structure in general, although small
amounts of crystal phases of y-Al>O3 also could be detected with a grain size
of ~20 nm if the anodization voltage reaches above 100 V [106]. y-Al.Os is
traditionally considered as a cubic defect spinel type in which the oxygen
atoms are arranged in a cubic close packing and Al atoms occupy the
octahedral and tetrahedral sites. Al,Os; can exist in many forms including
gibbsite (y-Al(OH)s) of monoclinic crystal system, boehmite (y-AIO(OH))
of orthorhombic crystal system, diaspore (a-AIO(OH)) of orthorhombic
crystal system, bayerite (a-Al(OH)s) of monoclinic crystal system and a-
Al>O3 of hexagonal structure. The porous anodized coatings obtained by only
anodization processes are amorphous in nature but on heat treatment, phase
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transformation toward the crystalline Al,Osz of vy, 3, 8, and a-phase will
occur. The transformation to o-Al,Oz phase requires temperature over
1000 °C [107]. Anodized coatings do not exclusively contain Al.Os, the
anions also are incorporated into the coating, which concentration depends
on electrolyte. Anodized coatings obtained in H,SO4 electrolyte contains the
highest amount of sulfates reaching up to 17% [108] while the ability to
incorporate of phosphates, oxalates or chromates into anodized coating is
much lower. Moreover, the purity of coatings significantly depends on the
type of Al alloy.

Previous investigations by Masuda and Fukuda showed that it is able to
obtain highly ordered anodized coatings of the hexagonal structure by self-
organized growth mechanism under specific anodizing conditions [109,
110]. Masuda and Satoh developed a two-step anodization process which
consists of first long-term anodization, followed by removal of obtained
anodized coating with etching mixture of HsPOs and H,CrO, and
reanodization [111]. The pits formed after first anodization act as the pattern
for the pore formation of a much more regular structure. Although two-step
anodization process requires relatively inexpensive laboratory equipment, it
takes more time to produce a highly ordered hexagonal pore structure.
Several approaches have been explored to modulate Al,Oz pore channels
with different architectures. The multiple branched pore structure could be
produced by multi-step anodization using different types of electrolytes,
changing electrolyte concentration or temperature, a variation of applied
voltage or current density during anodization or combining anodization and
chemical etching [112, 113]. Another method i.e. pulse anodization, which is
based on long low current pulses and short high current pulses allow to
create pores with different diameters across the anodized coating [114]. The
ability to control surface porosity with various nanopatterns are very
favorable for nanostructured materials and devices.

1.7.2 Applications for anodized coatings

Highly ordered anodized coatings are characterized by chemical, thermal
stability, hardness and high surface area. Advanced properties of porous
coatings and membranes demonstrated wide applications in many areas
including biomedicine for cell adhesion, implants and local drug delivery,
chemical/biological sensing, molecular separation, catalysis, electronics,
optics, photonics, solar cells, fuel cells and energy storage, Fig. 6.
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Fig. 6. The structure and major applications of anodized coatings, adapted from
[104]

Due to the porous structure, anodized coatings can be easily modified
using wet chemical synthesis (self-assembly processes, sol-gel coating,
electrochemical deposition, etc.) or gas-phase modification (thermal vapor
metal deposition, chemical vapor deposition (CVD), ALD, physical vapor
deposition (PVD), etc.) techniques. Gas-phase techniques are widespread
method to improve structural, physical and chemical properties of anodized
coatings by depositing metals, metal oxides, composite materials or other
compounds. Au, Pd, Pt, Ti/TiO layers showed improved catalytic properties
while magnetic properties can be improved with Ni or Co layers [104]. Ti
based layers increased biocompatibility [115], reduced friction [13] and
showed antibacterial effect [116] which is very favorable for biomedical
devices. The ability to deposit various materials into the pores of anodized
coating has many advantages. Bioactive surface layers based on TiO,
hydroxyapatite might be useful for medicine, i.e. dental and orthopedic
implants, as well as for photocatalysts and sensor applications [117].
Anodized coatings can be easily functionalized with peptides, enzymes,
antibodies, DNA, fluorescent dyes, quantum dots, nanoparticles, lipid
bilayers and other molecules. It was showed that organosilane modification
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of anodized coatings not only influences surface wettability but also
influences surface chemistry through reactive functional (i.e. amino,
carboxy, aldehyde) groups.

Porous A;Os coatings not only increases cell adhesion [6] but also acts as
reservoir for various molecules including drugs [118], Ag nanoparticles
[119] for antibacterial effect, growth factors for cell differentiation or
proliferation [120] and even lubricants for friction reduction [121]. The
importance of lubricating materials for tribology was highlighted
subsequently.

1.8 Lipids

Lipids are biomolecules that are soluble in nonpolar solvents and do not
dissolve in water. They can be classified into eight categories: fatty a.,
glycerolipids,  glycerophospholipids,  sphingolipids,  saccharolipids,
polyketides, sterols and prenols. Phospholipids are major structural elements
of biological membranes composed of hydrophilic phosphate head and a
hydrophobic tail of two fatty a. chains. Many lipids serve as a major energy
reserve and are stored in adipose tissue, 98% of them are made up of
triglycerides [122]. Other lipids serve as hormones and signaling molecules
between cells, tissues, and organs. Over 500 lipids are found in blood plasma
which includes mainly fatty a. and cholesterol. Since lipids are insoluble in
blood plasma or other extracellular fluids, therefore they bound to proteins
and form lipoproteins of various densities.

1.8.1 Lipid based biolubricants

Hydroxyl groups present on the anodized coating surface allow them to
be easily modified with organic molecules for the desired functionality.
Many lipids found in plasma and other tissues able to interact with
biomedical devices. Properties of fatty a. and triglycerides were studied.

Fatty a. is a carboxylic a. with a long aliphatic chain containing from Cs
to Ca4 atoms, but Ci6 to Cig are most common [123]. Carbon numbers are
generally restricted to even numbers because fatty a. are synthesized from
two-carbon compounds as starting materials and elongated by simultaneous
addition of two carbons. They found in animal and vegetable fats or oils. At
physiological pH most weak acids, i.e. fatty a. are anions. In water, they
form micelles due to amphipathic nature, which contains both hydrophilic
(polar head groups) and hydrophobic (the long aliphatic chain) regions.
Normal-phase (oil-in-water) micelles have the hydrophobic chains at the
centre with their head groups located outside. Fatty a. that comprise
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organisms generally have linear chains while branched fatty a. are very rare.
Fatty a. can be either saturated or unsaturated. A fatty a. with no double bond
is saturated, with a single double bond is monounsaturated and with more
than one double bond is polyunsaturated. Unsaturated fatty a. can exist in the
cis or trans configuration. The configuration is called cis when the hydrogen
atoms are on the same side of the double bond, while in trans configuration
hydrogen atoms are on opposite sides of the double bond. Despite of
thermodynamic instability and lower melting point, natural unsaturated fatty
a. often found in cis configuration.

The most common long chain saturated fatty a. are palmitic a. (16:0) and
stearic a. (18:0), while for unsaturated fatty a. is oleic a. (18:1), linoleic a.
(18:2) and linolenic a. (18:3) [124]. Saturated fatty a. of stearic a. and
unsaturated fatty a. of oleic a. were chosen for tribological studies, see Fig.
7.
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Fig. 7. Structures of fatty acids: (A) stearic a. (saturated), (B) oleic a. (unsaturated,
cis), (C) elaidic a. (unsaturated, trans); adapted from [125]

Stearic a. (octadecanoic a.) and oleic a. (cis-9-octadecenoic a.) with 18
carbon atoms are most abundant compounds found in animal fats including
triglycerides and phosphoglycerides with their concentrations up to 30%
[126] and up to 50% [127] respectively. Solid state stearic a. represent
tightly bound aliphatic chain molecules while oleic a. have a liquid state at
room temperature because of loose molecules with a double bond at C9
atom. The stereoisomer of oleic a. is known as elaidic a. (trans-9-
octadecenoic a.) obtained by partial hydrogenation or elaidinisation.

Fatty a. molecules are usually joined together in a group by forming
triglycerides (triacylglycerols), wich are esters derived from three fatty a.
and glycerol. Triglycerides are the main constituents of body fat found
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mostly in adipose tissue. They play an important role in metabolism as
energy sources and transporters of dietary fat and contain more than twice as
much energy as carbohydrates. One of the investigated material was
tristearin composed of three stearic a. molecules and glycerol. Tristearin
found in three crystalline forms (polymorphs): o, B, and B’, which differs by
their crystalline structure, melting point and thermodynamic stability, Fig. 8.
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Fig. 8. Molecular structure of tristearin (A) and its polymorphs (B), adapted from
[128]

Upon quenching (rapid cooling), tristearin forms meta-stable a-phase,
which transforms into meta-stable p’-phase and finally to the stable B-phase.
The direct path to B-phase transformation able to achieve by tempering or
slow cooling to solid state. Tristearin showed “tuning-fork” conformation of
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a (90° angle) and B’ (~70° angle) phases with random (loose) packing or
moderate order respectively while stable B-phase has “chair” conformation
(59° angle) with a tight packing and highest melting point of 73 °C. For a
and P’ phases melting temperatures reaches 54 °C and 65 °C respectively.
The B-phase crystals also are more ordered and larger when compared to
other phase crystals. In general, the more disordered crystals with lower
melting temperatures are formed by fast cooling while more organized
crystals obtained by slower cooling [129].

The properties of solid state stearic a. and tristearin and liquid state oleic
a. were shown in Table 1.

Table 1. Properties of lipids

Lipid Molar mass, Density at Melting Viscosity at
g/mol 20 °C,g/cm®  point,°C 90 °C, mPa-s
Stearic a. 284.48 0.94 69.30 6.29
Tristearin 891.48 0.92 72.50 12.79
Oleic a. 282.46 0.89 13.00 4.85

It was shown that oleic a. have the lowest density and viscosity. For
comparison, density and viscosity of oleic a. methyl ester, i.e. methyl oleate,
is 0.87 g/cm® at 20 °C and 1.64 mPa-s at 90 °C respectively. This is even
lower by comparing it with the tested lipids.

1.8.2 Friction of bio-based lubricants

Bio-based lubricants have been found to exhibit great lubricating
properties over conventional mineral oils [130]. Due to renewability,
biodegradability and non-toxicity they showed high potential for various
applications including automotive, railroad, machinery, metalworking. In
general, a lubricant should have high viscosity index, high flash point, low
pour point, high oxidation stability and good corrosion resistance. Although
vegetable oils have low chemical and oxidative stability, chemical
modification such as hydrogenation or the use of antioxidants could solve
those problems. Vegetable oils used for lubricants are mostly based on fatty
a. and their esters. The narrow range of viscosity, low volatility and good
friction properties make a vegetable oil a perfect candidate as lubricating
material. It was shown that bio-based lubricants reduced friction on both
steel [130] or Al;Os [131] substrates with COF ~0.1. High polarity and fatty
a. unsaturation with long and linear chains could increase better lubricity.
The non-polar end of the fatty a. chain sticks away from the metal surface
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while polar head attaches to the metal surface. Such arrangement results in
the formation of a high strength monolayer film which reduces surface
friction and wear [132]. However, studies showed that unsaturated fatty a. in
the cis form have a lower ability to pack themselves close together, resulting
in a weak protective film [133].

The ability to reduce surface friction and wear is based on tribofilm
formation. Unlike the adsorbed film, which is formed by intermolecular
forces between lipid and metal surface, tribofilm formation is influenced by
tribochemical reactions and has different chemical composition, structure
and tribological behavior [134, 135]. The lubricated friction depends not
only on the chemical composition, structure and physical properties of the
substrate and counterface but also on the tribological parameters including
applied load, sliding speed, sliding distance, temperature and the chemical
species in an environment. This suggests that the composition of anodized
coatings ant electrolyte compounds might play an important role for
tribofilm formation.

In general, tribofilms can be classified in four types: 1) Tribofilms
generated from the wear of the sliding surfaces; Il) Tribofilms generated
from the wear of the soft or lubricious constituents of a multi-phase or
composite material; 111) Tribofilms with different chemical composition
and/or crystalline structure as a result of sliding contact; 1V) Tribofilms
generated due to tribochemical reactions between the wear products and the
environmental species [135]. Tribofilms of the first type forms strong
adhesive bonding to the worn substrate surface, which triggers high COF as
detected on nitride coatings at the “run-in” friction stage [136]. For second
type tribofilms, soft inclusions in the alloy structure act as lubricious films,
which are transferred during sliding. Low friction was demonstrated with
graphite particles [137] as well as MoS; particles [138] by forming a transfer
film. In the third type, the tribofilm is formed depending on chemical
reactions or phase transformation of the surface. The typical example is
diamond-like carbon (DLC) coatings widely used in industrial, aerospace,
medical and other applications due to low friction, wear and abrasion
resistance. Sliding induced transformation from sp® diamond structure to sp?
graphite structure significantly reduces friction with COF from 0.05 to 0.2
[139]. Tribofilm formation of the fourth type related not only to chemically
reactive species such as oxygen or moisture but also includes lubrication. In
lubricated sliding, fillers chemically adsorb and react with a surface by
producing new compounds in the friction zone, which reduces friction and

wear.
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1.8.3 Migration of bio-based lubricants

The penetration of the lubricant into the pores of anodized coating might
influence tribofilm formation and ability to sustain low friction. However,
the detection of lubricant penetration is quite difficult and required specific
methods. X-ray spectroscopy is not a very useful detection method for
anodized coatings in cross-section area since organic molecules mostly
consist of C, H and O atoms, which are widespread in any surroundings and
able to contaminate the specimens. In previous study, penetration of methyl
oleate in anodized coating of 6082 alloy was detected by confocal
fluorescence microscopy using rhodamine B as a fluorophore. It was
observed that impregnation possibly increases the penetration rate of methyl
oleate for about two times using sonicated conditions rather than submersive
procedure with depth of ~36 um and ~15 pum respectively according to the
fluorophore distribution [140]. However, some observations must be taken
into account since the distribution of rhodamine B in the methyl oleate might
be unequal due to different flowing rates. The sulfates or oxalates left in
pores of anodized coating also might influence degradation, reduce the
stability and fluorescent activity of fluorophore rhodamine B. Topografical
features including pore size and surface porosity also very important for
lubricant penetration rates into the anodized coating. Therefore, additional
analytical methods are required to verify the measurements of the confocal
fluorescence microscopy.

Raman spectroscopy is a non-destructive analytical method discovered by
C. V. Raman in 1928. used to determine vibrational, rotational and other
low-frequency modes of analytes. Raman provides detail information about
chemical structure, crystallinity, phase, polymorphy and molecular
interactions. When monochromatic light such as a laser is incident upon a
sample it can be absorbed, reflected or scattered. Raman is based on inelastic
scattering. Elastic scattered light at the wavelength corresponding to the laser
line does not provide useful information about the material. As shown from
the Jablonski diagram excited molecule can relax back down to the ground
state and emit a photon of equal energy to that of the incident photon, which
is known as Rayleigh scattering, Fig. 9.
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Fig. 9. Jablonski diagram of quantum energy transitions for Rayleigh and Raman
scattering, adapted from [141]

However, a small amount of inelastic light (typically 0.0000001%) is
scattered at different wavelengths known as Raman Scatter, which depends
on the chemical structure of the analyte. Stokes Raman scattering occur
when a molecule is relaxed to vibrational state and emit a photon with less
energy (longer wavelength) than the incident photon. When a molecule from
higher vibrational state is excited to a higher virtual state it can emit a
photon with more energy (shorter wavelength) than the incident photon after
relaxation. This effect is known as anti-Stokes Raman scattering. Only about
1 in 10" photons undergo Stokes Raman scattering while amount of anti-
Stokes scattering is even lower. Although, the latter has the advantage to be
less affected by the luminescence background. Most Raman measurements
are performed considering only the Stokes shifted light because most
molecules are found in the ground state at room temperature and have
greater intensity. Raman scattering requires a change in polarizability, which
describes the ability to respond to an electric field and acquire an electric
dipole moment. The polarizability of a molecule increases with decreasing
electron density, decreasing bond strength, and increasing bond length.
Nonpolar bonds (e.g. C-C , C-H , C=C, N=N) are Raman active and polar
bonds decrease in Raman activity as the electronegativity difference in the
atoms in the bond increases. IR spectra provide complementary information
about molecular vibrations due to active polar bonds (e.g. C-O, N-O , O-H).
The choice of laser wavelength is very important for Raman spectroscopy
because near infrared wavelengths decrease scattering coefficient. It is kown

that wavelengths of 785 nm or 830 nm increase penetration depth and reduce
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background fluorescence [142]. After disersion of the scattered light by
diffraction grating Raman signal is collected using silicon based
multichannel array charge-coupled device (CCD) detector. Raman spectrum
give qualitative and quantitative information about the sample. The position
of the peak correspond to the vibration of the functional groups and structure
while its intensity correspond to concentration of the chemical species. The
full width at half maximum (FWHM) of the peak show the structural
disorder, defects and ctystallinity. In addition, the shift of band position is
related to physico-chemical parameters such as phase or stress/strain as well
as external parameters, i.e. temperature or pressure [143].

No sample preparation for solids, liquids and gases with ability using
visible light are very favorable over other analysis techniques. However, the
Raman signal is very weak, which leads to low sensitivity, making it
difficult to measure low concentrations of the analyte. Surface-enhanced
Raman spectroscopy (SERS) can significantly enhance Raman signals up to
10%-10% times [144]. SERS requires nanoscale roughened metal surfaces
cover with or without nanoparticles typically made of gold [145], silver
[146] or copper [147]. Laser excitation of these roughened metal
nanostructures resonantly drives the surface charges creating a highly
localized (plasmonic) light field. Resonance Raman scattering occurs when
laser light is matched to the absorption maximum of the molecule. Previous
studies showed that anodized coatings covered with gold, silver or copper
can be manufactured into highly sensitive and low cost substrates for SERS
[148, 149].

Raman spectroscopy could be used to evaluate the penetration of
impregnated fillers into the anodized coating. Although the deposition of a
metal layer could have a negative effect on penetration due to the pore
closure, coatings with various pore sizes and patterns could be applied for
evaluating the suitability of newly developed organic compounds.
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Most of the specimens were prepared by anodizing Al alloys and
depositing nanothin layers of Ti/TiO. and other elements. Oxide layers were
formed by ALD method. Magnetron sputtering device employed for
Cu, Cr, Hf and Nb layers. Afterward, they were tested
tribotesting. The biocompatibility of anodized and
nanostructured coatings was evaluated by testing cell adhesion. The general
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concept of the experiments is presented in Fig. 10.
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Fig. 10. Schematic representation and the flow of specimens for nanostructuring,
tribotesting and biocompatibility experiments performed during the study
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Many detailed explanations about materials, experiments and methods
had already been presented in previous reports [131, 150-152].

2.1 Materials and cells

Industrial Al alloys, 1050 of 99.67% purity (0.25 wt.% Fe; 0.08 wt.% Si),
6082 of 96.72% purity (1.10 wt.% Si; 1.02 wt.% Mg; 0.61 wt.% Mn; 0.54
wt.% Fe), 7075 of 87.39% purity (7.74 wt.% Zn; 2.80 wt.% Mg; 2.08 wt.%
Cu) with a sheet thickness of 2 mm and 16 mm OD from FXB-Niemet UAB
(Lithuania) and 3003 of 98.51% purity (1.06 wt.% Mn; 0.30 wt.% Fe; 0.19
wt.% Si), 5005 of 97.59% purity (1.05 wt.% Mg; 0.86 wt.% Si; 0.38 wt.%
Mn; 0.12 wt.% Fe) with a sheet thickness of 1 mm and 15 mm OD from Q-
Lab Corporation (USA) were used as substrates. Polished Ti alloy BT1
(ASTM B 265; grade 37) of 96.32% purity (1.76 wt.% Mn; 1.75 wt.% Al
0.11 wt.% Fe; 0.06 wt.% Si) and 1,5 mm thickness from SP MET UAB
(Lithuania) was used as a control substrate for friction and biocompatibility
tests. Al foil of 99.95% purity (0.03wt.% Fe; 0.02 wt.% Si) and 50 pm
thickness (Russia) was used for penetration studies of impregnated
compounds. Reagent grade salts and electrolytes were employed for the
anodization and laboratory grade solvents were used for cleaning and
degreasing of Al alloys.

Commercially available 99.99% Ti (Testbourne Ltd, UK), 99.20% Zr
(Alfa Aesar, Germany), 99.90% Hf (Testbourne Ltd, UK), 99.95% Cr (Alfa
Aesar, Germany), 99.99% Cu (Kurt J. Lesker, USA) and 99.80% Nb (Alfa
Aesar, Germany) were used as sputtering targets for deposition. In ALD,
compressed gas phase precursors 99% Tetrakis (dimethylamino) titanium
(TDMAT) from Merck (USA) and 99.99% Tetrakis (dimethylamino)
hafnium (TDMAMH) from Strem Chemicals were used for TiO, or HfO;
formation respectively.

The dyeing process was carried out with commercially available Sanodal
Deep Black MLW and Sanodure Green LWN (Clariant, Switzerland)
anionic dyes, hereafter referred as the “black dye” and “green dye”,
respectively. Both dyes were dissolved in DI water with a concentration of
2 g/L. They represent widespread organic dyestuff compounds bearing the
chromium-complexed azo moiety Cr(R-N=N-R”),, typically with derivatized
ortho-phenol substituents, in order to assemble color-producing conjugated
chains and one or more anionic functional groups (-SOsH, —Cl, —-COOH,
etc.) for better hydrophilicity, adsorption, and other properties.
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Hanks balanced salt solution (0.185 g/L CaCl;-2H,O + 0.09767 g/L
MgSO4 + 0.4 g/L KCI + 0.06 g/L KH2PO4; + 0.35 g/L NaHCO3; 8.0 g/L
NaCl + 0.04788 g/L Na;HPO4; 1.0 g/L D-Glucose + 0.011 g/L phenol red -
Na) of pH 7.2-7.6 from Carl Roth GmbH (Germany) was used for friction
tests. Fluoropolymer-based DryFilm RA/IPA dispersion of 25% solids
(DuPont) was reported to contain surfactants (CAS N° 65530-85-0, 24938-
91-8 and 9002-84-0). The dispersion was agitated well before each use to
achieve full homogeneity and applied as is or diluted with reagent grade
isopropanol (Chempur, Czech) on volumetric basis of 25% to 2.5% solids.
Technical grade oleic a. of 70% purity acquired from StanChem (Poland),
stearic a. of 95% purity from Sigma (USA), tristearin of 80% purity from
TCI (Japan) and fatty acid methyl ester (FAME) with ~60% methyl oleate
(including ~20% methyl linoleate, ~9% methyl palmitate, ~5% methyl
stearate, ~2% methyl linolenate, ~2% methyl laurate, <1% others) donated
by Mestilla (Lithuania) were used for lubricated friction tests. Their
structures are presented in Fig. 11.
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Fig. 11. Chemical structures of investigated materials including lipids, esters and
polymers

Murine fibroblast cell line L929, human cervix carcinoma cell line Hep-
2C (HelLa derivative) and Chinese hamster ovary cell line CHO-K1 were
cultured in Dulbecco’s Modified Eagle’s medium (DMEM) (Corning, USA)
supplemented with 10% fetal bovine serum (GE, USA). The cells were
grown as a monolayer in plastic flasks (25 cm?; Thermo Fisher Scientific,
USA) at 37 °C in a humidified atmosphere containing 5% CO; until a
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confluence of approximately 90% was reached. After that, the cells were
washed with phosphate-buffered saline (PBS) and harvested by
trypsinization (0.025% trypsin and 0.02% EDTA).

Primary periodontal ligament stromal (PDLS) cells were isolated from
healthy periodontal tissues of 2 donors using explant outgrowth method
[153]. The material was collected under the approval of the Lithuanian
Bioethics Committee. The intact premolars of eighteen years old Caucasian
woman were extracted because of orthodontic reasons. Periodontal ligament
tissue was obtained from the middle third of the tooth root using surgical
blades, minced, placed to the 35 mm diameter culture dishes and cultured in
a low glucose DMEM supplemented with 10% fetal calf serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 2 mmol/L L-glutamine (all from
Biochrom, Germany). Hereinafter, this formulation will be referred as basal
medium. Explant cultures were maintained at 37 °C in a humidified
atmosphere containing 5% CO; with medium change routinely twice a week.
For passaging cells were washed 3 times with PBS, harvested with 0.25%
trypsin and 1 mmol/L EDTA solution (Gibco, Life technologies),
resuspended in culture medium and plated onto cell culture flasks for
expansion.

2.2 Anodization

Anodization was performed in aqueous H>SOs/oxalic a. or HsPO4
electrolytes. The H,SOJ/oxalic a. electrolyte was used to produce relatively
thick anodized coatings using Type III “hard” anodization procedure [93],
while anodization in phosphoric a. electrolyte produces much thinner
coatings. Beforehand Al discs were etched in an alkaline solution of 30 g/L
NaOH + 25 g/L NasPO4 + 75 g/L Na,COs for 45 s at 60 °C. After rinsing in
DI water they were cleaned for 1-2 min in 30% HNO3z and rinsed in DI
water again. Then the discs were placed into the continuously mixed
H.SOu/oxalic a. electrolyte (175 g/L H.SO4 + 30 g/L (COOH);-2H,0 + 55.5
g/L Aly(SO4)s-18H,0) for 70 min at 2 A/dm? anodic current density.
Anodization in 40 g/L HsPO, electrolyte with or without additives (i.e.
methanol, glycerol, citric a., tartaric a.) performed for 150 min at 120 V or
150 V at 15 °C. For optimal anodization conditions, current density was set
at 1-3 A/dm?, electrolyte temperature at 5-30 °C and anodization time from
30 min to 150 min. For surface treatment, Al alloys were etched in
alkali/HNOs solution, Ar plasma using plasma surface treatment device
(Diener electronic GmbH, Germany) at full power 50 W for 10 min or using
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a combined treatment method with alkali/HNO; and Ar plasma. Some
specimens were polished with 80 or 2500 grit papers before anodization.

Anodized coatings were periodically checked with CM-8825FN device
(Guangzhou Landtek Instruments Co., China) to obtain up to 10 £ 5 pm
thickness for phospho-anodization and 60 + 10 pm thickness for hard
anodization. After anodization, the discs were immersed into 170 W
ultrasonic bath VTUSC3 (Velleman, Belgium) and sonicated at full power
for 10 to 20 min in DI water without heat for rinsing. Then the discs were
dried at 50 °C for 30 min and stored in a desiccator for 1 to 7 days for further
experiments.

Al foil of 50 um thickness was mounted in a special holder and anodized
in sulfuric/oxalic a. electrolyte for 30 min. (partial anodization) or until the
anodization current dropped to 0 (full anodization). A barrier layer with a
growth rate of ~1.1 nm/V [154] formed during anodization assures
mechanical integrity of the fully anodized Al foil. A vertical optimeter with a
* 1 um measurement error was used to determine the thickness of the
anodized coating. After anodization Al foil was dried at 60 °C for 60 min
and stored in a desiccator for 1 to 7 days for further experiments.

2.3 Titration

The concentration of electrolytes was periodically checked by titration
every three to six months to ensure concentration limits. The recommended
concentration for HSO, is 15-20% [155], ~2-3% for oxalic a. [156] and
~4% for H3PO, [157].

Concentrations of sulfuric and phosphoric a. were determined by
colorimetric titration of 3 mol/L NaOH solution into H.SO./oxalic a. or
H3PO, electrolytes in the presence of phenolphthalein. An indicator that is
colorless in acid solution gives pink color in basic solution and remains for
at least 15 s at the equivalence point. This shows that acid is completely
neutralized with NaOH solution.

Determination of concentration of oxalic a. is based on oxidation and
reduction reaction with potassium permanganate, which occurs in acidic
medium. KMnO; is a powerful oxidizing agent, which turns oxalic a. into
CO; gas and MnOy4 is reduced to colorless Mn?*. Self-indicator of 0.02
mol/L KMnO; gives a light pink color on the endpoint in the presence of
H,SO, at 60—70 °C temperature.

0.1 wt% aqueous solution of aluminon (aurintricarboxylic a.
triammonium salt) was used for detection of AI** ions in the electrolyte. As
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the AI(OH); precipitates, it absorbs the aluminon reagent and assumes a red
coloration known as a “lake,” Fig. 12.

HO

NHS O
A% (ag) + 3 NH3 (ag) + 3 Hp0 (1) AI(OH); (s) + 3 NH} (aq)
red lake

Fig. 12. The reaction of aluminon for detection of AI** ions, adapted from [158]

The test was made more specific by buffering the electrolyte to pH 4.5—
5.5 with 3 mol/L CH3;COONHj4 to avoid interfere of uncommon metals (Pb,
Zn, Co, Mn, Fe, Cr). The electrolyte was gently heated and pH was raised to
7.1-7.3 with 6 mol/L NH4OH and (NH.).CQOs solutions [159, 160].

2.4 Atomic Layer Deposition

For TiO, layers, Al alloys were loaded into ALD system Fiji F200
(Cambridge NanoTech). Before deposition the discs of untreated alloys
were etched in an alkaline solution for 45 s at 60 °C, neutralized for 1-2
min in 10% HNO; and rinsed in DI water to remove all impurities off the
surface. Nanothin TiO; layers of 5 nm, 10 nm and 15 nm thicknesses were
formed by a two-pulse process based on TDMAT chemisorption and its
oxidation into TiO, Fig. 13.
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Fig. 13. The scheme of the 2-pulse sequence of TiO; layer deposition, employed in
ALD. Purging between the pulses is shown as removal of 2 moles of dimethyl amine.
Pulse 1: TDMAT chemisorption with the release of two dimethyl amine molecules.
Pulse 2: humid purge to hydrolyze chemisorbed monolayer into TiO, with the
release of another two dimethyl amine molecules. Repeated pulses generate
additional monolayers of TiO>,
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Gas phase TDMAT served as a precursor of Ti-containing monolayer and
water vapor as its oxidant. During Pulse 1, TDMAT was injected into the
ALD chamber for 0.1 s, followed by purging with Ar gas. Then vapor of DI
water was injected as Pulse 2 for 0.12 s and purged with Ar gas again, as
itemized in Table 2.

Table 2. Durations of pulses and injections with other parameters, selected for ALD
deposition of investigated nanothin TiO; layers
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5nm 010 45 55 012 45 55 200.22 100 5h33°42”
10nm 010 15 20 012 15 20 70.22 250 4h52’35”
15nm 0.10 13 15 012 13 15 56.22 375 5h51°22.5”

The deposition conditions for HfO, of 15 nm thickness were identical to
TiO; deposition by using TDMAH as a precursor. The substrate temperature
for the deposition of TiO, and HfO, was 250 °C under 30-35 Pa deep
vacuum. The thicknesses of TiO2 and HfO: layers were inferred from
theoretical calculations, X-ray photoelectron spectroscopy (XPS)
measurements and non-calibrated measurements using grazing incidence X-
ray diffraction (GIXRD), so they should be considered approximate.

2.5 Sputtering

Deposition of Ti, Zr, Hf, Cr, Cu and Nb layers was performed by
DC/RF magnetron sputtering device Univex 350 (Leybold Vacuum
Systems, Germany). Before deposition the discs of untreated alloys were
etched in an alkaline solution for 45 s at 60 °C, neutralized for 1-2 min in
30% HNO3 and rinsed in DI water to remove all impurities off the surface.
The specimens were placed into the rotary holder of the magnetron
apparatus, the lid was closed and the chamber was vacuumized for at least
16 h before actual sputtering. The base pressure of the system was 250 uPa
and the working pressure of Ar gas was kept constant at 250 mPa
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maintaining substrate temperature at 12 °C. Thermal regime was balanced
using two controls: 1) cooling by circulating cold water through the
magnetrons and the specimen holder; 2) heating with integrated quartz
halogen lamps, interfaced via programmable “SHQ15A TC/PID” controller
(AJA International, USA). The distance of 20-25 cm between the target and
specimens was too large to significantly affect the temperature of the
substrate. Sputtering time, current and voltage were adapted to obtain a
necessary thickness of Ti layers: 16 nm (t = 15 min, | = 100 mA, U = 421
V), 75 nm (t = 30 min, 1 = 200 mA, U = 420 V), 515 nm (t = 50 min, | =
1421 mA, U = 422 V) and 2.3 pum (t = 30 min, I = 400 mA, U = 375 V).
Sputtering parameters of nanothin layers of other metals were listed next: 16
nm Zr (t =7 min, I = 156 mA, U = 321 V), 75 nm Zr (t = 30 min, | = 154
mA, U =323 V), 16 nm Hf (t = 13 min, | = 60 mA, U = 265 V), 75 nm Hf (t
=40 min, 1 =105 mA, U =285 V), 75 nm Cr (t = 40 min, | = 164 mA, U =
302 V), 75 nm Cu (t = 50 min, I =70 mA, U =367 V), 75 nm Nb (t = 25
min, 1 = 81 mA, U = 314 V). The target was cleaned with Ar* ions for 5-10
min at 100 W before sputtering to remove surface oxides, nitrides and other
contaminants. The rotary sample holder with 6 specimens was turning during
the sputtering process at 20 rpm to assure uniform patterns of deposited
layers.

16 nm Ti layer was deposited in order to determine its weight by quartz
crystal microgravimetry via resonator frequency change according to
Sauerbrey ratio [161]. The resonator mass changes were translated into Ti
layer thickness of 16 nm. Cross-sections of several discs were made and
scanning electron microscopy (SEM) showed that 75 nm thickness was
obtained, as described in 8§3. The deposition of the thickest Ti layer was
performed by moving the specimens three times closer to the Ti target.
Profilometry of the discs showed that 2.3 pum thickness was obtained, as
described in 83. The average thickness of other metal layers (Zr, Hf, Cr,
etc.) sputtered on Si plate was estimated from SEM or GIXRD
measurements.

2.6 Biocompatibility studies

Before biocompatibility tests, untreated and anodized alloys were
sterilized by steam autoclaving at 121°C for 15 min. Sterile Ti BT1 alloy
samples were assembled into a custom-made sealed 6-well manifold (Center
for Physical Sciences and Technology, Lithuania) for evaluation of most
suitable cell line. The construct was sterilized by steam autoclaving (121°C
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for 15 min) prior to every experiment. Ti BT1 alloy was used as a control
specimen for biocompatibility studies. Ti BT1 alloy samples were embedded
in the bottom panel of a construct, sealed with an O-ring and topped with an
upper panel which formed a 6-well culture plate. Samples were prepared in
duplicates. Suspension of 0.53 x 10%cm? cells was added on the metallic Ti
BT1 alloys and samples were kept for incubation at 37 °C in a humidified
atmosphere containing 5% CO; for 48 hours. The viability was determined
using trypan blue staining and hemocytometry. The number of viable cells
was counted by trypan blue exclusion in four quadrants of a hemocytometer.
Trypan blue azo dye selectively colors dead cells blue due to high membrane
permeability. The general scheme for cell preparation, adhesion and viability
studies were showed in Fig. 14.
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Fig. 14. The procedure for cell preparation and evaluation of cell adhesion and
viability
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Sterile Al and Ti alloy samples were placed into tissue culture plates (35
mm; Thermo Fisher Scientific, USA) for direct cell suspension interaction
using cell line L929 ATCC CCL-1 (American Type Culture Collection,
USA). Suspension of 0.075 x 10%cm? cells was added into culture plates and
incubated at 37 °C in a humidified atmosphere containing 5% CO, for 48
hours. Incubated cells were further analyzed for morphology using Eclipse
Ti-E microscope (Nikon, Japan) under 10x magnification.

For PDLS cells prepared alloy specimens were placed in the separate
wells of 24 cell culture plates (Multiwell™, Falcon® Plates, Becton
Dickinson Labware, USA) and 200 pl of the basal medium was added into
each well. After 10 minutes, 300 pl of PDLS cell suspension was added onto
each specimen. Growth kinetics of PDLS cells was measured by plating 4th
passage cells at densities of 15000, 10000 and 8000 cells/1.9 cm? in replicate
wells and counting the increase in cell number with time (after 24 h, 72 h,
and 120 h respectively). Viable cells were counted by the hemocytometer
(Fast-Read 102, Biosigma) using trypan blue (Sigma, USA) exclusion test.

For fluorescence imaging, after 48 h incubation, the specimens were
stained with 1 umol/L CellTrace™ Calcein Green (Invitrogen, USA).
Fluorescent images of stained cultures were acquired with TCS SP8
DMI6000B microscope (Leica Microsystems) using DFC550 camera.

Statistical analysis for biocompatibility was performed using a one-way
ANOVA analysis of variance followed by Bonferroni test using MaxStat Pro
Statistics Software (Version 3.6). The statistical significance level was set at
p < 0.05. Three independent experiments on 2 or 4 specimens obtained for
cell adhesion to get statistically meaningful results indicated as significant
(*p < 0.05), highly significant (**p < 0.01) and extremely significant
(***p < 0.001) values.

2.7 Tribological tests

For tribological measurements, a Pin-on-Disc Tribometer (Anton Paar
TriTec SA, Switzerland) was employed by utilizing a ball-on-plate linearly
reciprocal configuration. As a stationary part, two types of 6 mm OD balls
were used: 1) bearing steel 100Cr6 (96.5% purity, grade G100, hardness
~800 HV and roughness Ra 0.100 pm) and 2) corundum Al:Os; (99.8%
purity, grade G16, hardness ~2900 HV and roughness Ra 0.025 um) from
RGP International Srl (Italy). The moving part was the Al disc, mounted on
a pre-installed tribometer module. The linear reciprocal motion of 2 mm
amplitude was maintained resulting in a track length of 4 mm and a total
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distance of 8 mm for one reciprocal friction cycle. At 2 cm/s velocity each
friction cycle produced approx. 100 data points of ‘instantaneous’ friction
force, whose values remained sufficiently similar throughout the selected
range of the reciprocal motion, i.e. the middle 80% segment [131]. The
average dynamic COF value was calculated automatically by taking an
arithmetical average of modular friction values for the central 80% segment
of the path. COF was calculated from the ratio between friction force and
normal force that is perpendicular to the surface (i.e. load). The results were
presented as COF changes with progressing friction in terms of number of
cycles. Corundum balls almost always have been used to measure the COF,
therefore those conditions are not further mentioned in the results. In the
case of steel balls were used, this is indicated in the description of the
results.

Static COF was measured using 100 Hz data collection rate for improved
sensitivity. COF data at such a high collection rate is strongly affected by
surface roughness and debris particles [162, 163]. Therefore, fluctuations of
COF curve were smoothened by averaging every 15 data points to get a
representative segment of initial 10 friction cycles, Fig. 15.

Tribotesting
1or10N
load
8 mm range
of linear .~ Ball holder . . . i ,
reciprocating 6 mm corundum ° 2 4 ; ® 8 10
friction cycle / or steel ball Friction cycles
;| 2cm/s
1= 1.5 1 1.5 1 Static COF

Reciprocating 11 )
tribotester 05 A averaging
module w

CO

0 1 2
Friction cycles Friction cycles

Fig. 15. Scheme for tribotesting (left) and determination of static COF (right),
adapted from [151]
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In the segment, the line of COF=0 was established with equal aggregates
of ‘negative’ and ‘positive’ areas under the peaks. Static COF was
determined at the maximum of initial value of the frictional force.

To ensure good reproducibility, each sample was tested 2 or more times
at given conditions and the most representative runs were selected for the
comparison between samples. The tribotesting parameters of 1 or 10 N
loads, 2 mm amplitude and 2 cm/s velocity were held constant against a steel
or corundum ball. Tribotest duration was either automatically limited due to
excessive friction force because of an increase in COF, or stopped after a
specified number of friction cycles, such as 10, 30, 500, 1000, etc.

Corundum balls have almost always been used to measure the COF,
therefore these conditions are not mentioned further in the results. In the case
of steel balls were used, this was indicated in the description of the results.

2.8 Microscopy studies

For optical microscopy analysis, a B-353 MET model with Optikam B2.0
digital camera was used (Optika SRL, Italy). Topographical changes were
evaluated under 200x and 400x magnifications. No polarization or color
filters were used.

SEM images were obtained using dual beam system Helios NanoLab 650
(FEI, Netherlands) with a Schottky type field emission electron source and a
gallium (Ga) ion source at various magnifications from 1 500% to 350 000x.
Thin layers of Cr were applied on all specimens in order to obtain the
necessary electrical conductivity on the surface by using a magnetron
sputtering device Quorum Q150T ES (Judges Scientific Plc, UK), which led
to the Cr coating thickness of 2 to 3 nm. SEM images were used to
determine the pore diameter, distribution and surface porosity. A number of
pores were established by calculating the pores in 0.2 x 0.2 um segments of
the surface in 3—4 random areas to get the average pore density.

Porosity (%) was calculated using the following equation [157]:

p=2pore ™ 609, (15)

SOX

where: Spore is the average area of a pore opening, see eq (2), in pm?;

Sox 1S the area of surface oxide, obtained as the 2D area selected for the
calculation minus Spore N (i.e. minus the area of pore openings), in um?; n is
a number of pores in the selected Sox area.
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The average area of a pore opening, Spore, Was calculated assuming a
circular shape of the opening:

Sx=m-1D?/4 (16)

where ID represented an average Internal Diameter (ID) of the pore from
SEM measurements, in um.

Quantitative Energy-dispersive X-Ray Spectroscopy (EDS) was
employed for elemental analysis using an INCA spectrometer with X-Max
20 mm? Silicon-drift detector (Oxford Instruments, UK). Elemental
composition was reported as atomic weight percentage among investigated
atoms (at.%) of Al, O, S, P, Si and Ti by excluding all other elements. EDS
X-ray maps were recorded at 10 or 20 kV until a sufficient number of counts
were collected to distinguish the most evident non-uniformities on the
surface.

2.9 X-ray photoelectron spectroscopy

Elemental analysis of anodized coatings with Ti layers and its oxides was
performed by XPS using an ESCALAB-MKII spectrometer (VG Scientific,
UK). Non-monochromated Mg K (1253.6 eV) anode was used as an
excitation source of photoelectrons, which was powered at 15 kV and 20
mA. The pressure in the analysis chamber was lower than 3-107 Pa during
spectral acquisition. The XPS core-level spectra of Ti 2p, O 1s and Al 2p
were acquired at an analyzer pass energy of 20 eV with a 0.05 eV step and at
a 90° take-off angle. The energy scale of the spectrometer was calibrated
from the hydrocarbon contamination using the C 1s peak at 284.8 eV. The
accuracy of the binding energy evolution was + 0.1 eV. The sensitivity of the
method used was 0.1 at.%. Ar* ion treatment for the surface cleaning was
performed in the UHV preparation chamber at a pressure of ~5-10* Pa
using a 3 kV Ar* beam energy at an angle of ~60°. Nanostructured coatings
were etched at 20 pA/cm? current density with a rate of ~3 nm/min, while
20 pA/ecm? and 50 pA/cm? current densities were used for etching of
anodized coatings. The spectra calibration, processing, and fitting routines
were done using Avantage software (5.962) provided by Thermo VG
Scientific. Core level peaks of Ti 2p, O 1s, and Al 2p were analyzed using a
nonlinear Shirley-type background. The spectra were then fitted with
Gaussian-Lorentzian type functions.
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2.10 Hardness measurements

Vickers microhardness of untreated Al alloys and anodized coatings,
obtained at 5-30 °C temperatures in the sulfuric/oxalic a. electrolyte were
measured using an indenter PMT-3 (Russia). Beforehand, the cross-section
was done over disc-shaped anodized Al specimens. No cross-section was
made for untreated alloys. HV was measured from the top side of the
specimen. For anodized alloys, the side for HV evaluation was polished by
320-2500 grade emery paper using vertical and lateral movements to
achieve a smooth surface. After cleaning in acetone, untreated and anodized
1050 and 6082 alloys, were placed into indenter for testing using a square-
based diamond pyramid with an angle of 136°. High purity Al (99.99%) foil
was used for HV calibration at 20 °C. The indenter load of 5 or 20 gf was
maintained for 10 s to calculate HV (kgf/mm?) using the following formula
[164]:

HV = 2sin(6/2) - P/ d? a7

where 6 is apex angle of diamond prism; P is load, kgf; d is diagonal of
surface indentation mark, mm.

The average value of HV was calculated from 7 or more measurements of
cleaned Al surfaces and anodized coatings.

2.11 Roughness measurements

The surface roughness (Ra) and depth of wear track were evaluated with
a contact profilometer Surftest SJ-210 (Mitutoyo, USA) using a diamond
needle of 2 um tip radius, which was scanning the surfaces horizontally
within 1.5 mm of the path. Image Plus™ software was used for data
acquisition. The Ra was calculated from at least 5 measurements on different
locations within the same specimen. Four specimens were used to determine
average Ra on untreated and anodized samples without Ti layers, while 2
specimens were used to determine Ra of samples with Ti layers. For
measuring the average elevation, the median planes were projected by
equating the peak volumes above the planes with the void volumes
underneath them.

2.12 Penetration studies of organic fillers

The Raman spectroscopy method was used to evaluate the penetration of
methyl oleate through fully anodized Al foil. A small droplet of methyl
oleate (~10 pL) was deposited on anodized foil and kept for one hour at
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room temperature. After that excessive layer of methyl oleate was removed
from a surface by microfiber paper. Raman spectrometer with confocal
microscope inVia (Renishaw, UK) was used for spectra registration by using
a diode laser of 785 nm beam as an excitation source. The system utilizes a
backscattering configuration to collect the Raman signal through a
microscope vertically. The beam was focused into a ~1 um diameter spot on
the surface of anodized Al foil with laser power of 4.5 mW. The laser beam
was directed downwards by focusing the beam from the surface up to 54 um
in depth with a step size of 6 pm. A 50% microscope objective with short
working distance of 0.3 mm and long working distance of 8 mm was used
for signal collection at room temperature. Raman signal directed onto a
grating (1200 I/mm) and dispersed on thermoelectrically cooled CCD
detector. The migration of methyl oleate was detected on two anodized foils
by testing three different places under the same spot. Each spectrum
accumulated 10 scans with an integration time of 30 s, which were divided
by the total accumulation time followed by subtraction of background.
Raman peak positions were calibrated using a silicon wafer sample
measured at 520-521 cm™,

For penetration studies of anionic dyes through fully anodized Al foil the
near-IR diode laser operating at 785 nm was initially focused into a ~200 pm
diameter spot of the anodized foil with laser power of 30 mW and the
working distance of 7 mm, Fig. 16.

Spread out  Fully anodized
drops Al foil

(a) Holder

Fig. 16. (a) Real image of the template (i.e. fully anodized Al foil) in the holder after

dye was dropped onto it and Raman spectroscopy measurements were carried out;
and (b) principal scheme of Raman spectroscopy measurements: A = fibre optic

cable for working distance of 7 mm; B = holder, which shifts along the Z axis; C =
785 nm laser beam; D = holder with fixed position; E = the template, i.e. fully

anodised aluminium foil of 70 um thickness; F = approximate focus position of the

laser beam; G = dye drop, with arrows showing overspread directions; H = barrier
layer (~10—-20 nm) of anodised part of Al foil. Not to scale, adapted from [152]
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Raman spectra were recorded with an Echelle type spectrometer
RamanFlex 400 (PerkinElmer, Inc., USA) with a thermoelectrically cooled
CCD detector and a fibre optic cable for excitation and collection of the
spectra at room temperature. For all specimens, photoluminescence (PL)
scans were recorded to establish the feasibility of Raman spectra collection.
Before dye deposition the beam was advanced into the inside of anodized Al
pores from the bottom until the intensity of background PL achieved the
maximum value. The maximum PL was attained at the point of highest
Al>O3 abundance, indicating that the beam’s focus included the entire barrier
layer. Periodically, Raman spectra were collected within 1 hour or less after
dye deposition with a volume of 5 pL from 5 different spots. Each spectrum
accumulated 3 scans with an integration time of 10 s and divided by the total
accumulation time followed by subtraction of background fluorescence. The
polystyrene standard (ASTM E1840) spectrum was used for calibration.
Spectral analysis was obtained with Grams/Al 8 software (Galactic
Industries Co, USA).

2.13 Impregnation of organic fillers

Raman spectra of bare lubricants including lipids, esters and polymers
were obtained after deposition a droplet of 1 pL on a stainless steel plate.

Lipids (stearic a., oleic a. and tristearin), methyl oleate, lipid filler and
187 filler were melted and the specimens were immersed for 1 hour at
90 °C. Afterward, the coated discs were suspended in the oven for at least 1
hour to ensure homogeneous distribution of the film on the surface. Visually
only completely transparent layer of liquid or solidified (for stearic a. and
tristearin only) film could be observed on the specimens without any
agglomerations of white color.

Oleic a. films of 15 pm, 30 pm, 50 um, 100 pm and 200 pm thicknesses
were deposited on anodized alloys using analytical balances MXA 5/1
(Radwag, Poland). The required amount of oleic a. (g) was calculated using
the formula:

m=S-V-p (18)

where S is surface area, cm?; V is layer thickness, cm; o is the density of
oleic a., g /cm®,

Coated discs were placed for 1 hour at 90 °C and stored in a desiccator
for 24 hours before tribotesting.
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2.14 Deposition of PTFE coatings

PTFE was applied with dilution from 2.5% to 25% solids in IPA.
The anodized alloys were immersed for 15 minutes then removed and
suspended vertically in air for 30 min. Per manufacturer’s recommendation
the dried specimens were placed into the tube furnace RS 80/500/11
(Nabertherm GmbH, Germany) at 310 °C for 10 min curing, then cooled in a
furnace to ambient temperature.
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3. RESULTS AND DISCUSSION

This chapter consists of four parts. The results outlined in the three parts
support the appropriate defensive statement. The first part is dedicated to the
selection and characterization of research objects.

3.1 Development of nanostructured anodized coatings on
aluminum alloys and their characterization

During the investigation of chemical, tribological, biomedical and many
other processes on anodized coatings, it is important to evaluate the
structural, morphological and topographical properties of surfaces. Although
the anodization of chemically pure Al and its surfaces are widely described,
the anodized coatings using industrial Al alloys are much less studied in
scientific research. Anodization of industrial Al alloys increases surface
hardness, corrosion resistance by forming thick Al.Os; coating which has
great potential not only for high-tech (robotics, aerospace, etc.) but also for
biomedical applications. However, despite its hardness, protective properties
of anodized coatings are poor leading to rapid surface wear under high loads.
Some researchers [13] tried to incorporate TiO2 nanoparticles into phospho-
anodized coatings of just 6 um thickness. In nanopores of 125 nm ID they
were able to achieve nearly complete filling. The obtained coating had COF
within 0.1-0.2 and much better resistance to wear. The tribological
performance was just slightly better than that of a pre-compressed TiO;
slab. This agreed with the expectations quite well, because the composite
coating contained large amounts of TiO,. In addition, the use of
nanostructured coatings in biomedical applications is still very little studied.
It is also important that the mechanisms of wear on porous coatings are
significantly different from those occurring in the classical friction zones,
therefore, the methods for the formation of tribofilms and wear reduction
have not yet been clearly identified. Therefore, it is necessary to examine in
detail various anodizing conditions and the morphology of nanostructured
coatings.

3.1.1 Influence of alloy on anodized coatings

Low cost, easy workability and lightness of Al alloys offer many
advantages in the industrial and medical field. High purity Al (>99.999%)
has insufficient mechanical properties, while tensile strength and hardness
are two times lower compared to commercially pure 1xxx series Al alloys
(>99.5%) [165]. Al alloys can be grouped into 8 major categories depending
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on alloying additives, but only the most suitable wrought Al alloys for
anodization was chosen in this study are listed in Table 3.

Table 3. Properties of Al alloys

Surface Vickers
Al Al, Fe, Si, Mg, Mn, Cu, Zn, roughness microhardness
alloy wt.% wt.% wt.% wt.% wt.% wt.% wt.% HVo.02,

Ra, um K )

g/mm

foil 99.95 0.03 0.02 - - - - 0.68+0.09 38+4
1050 99.67 0.25 0.08 - - - - 0.99+0.09 31+4
3003 98.51 0.30 0.19 - 106 - - 0.83+0.13 28+2
5005 97.59 0.12 0.86 1.05 0.38 - - 081+0.14 335
6082 96.72 0.54 1.10 1.02 0.61 - - 1.28+0.08 139+10
7075 87.39 - - 280 - 208 7.74086+0.08 99+10

Optical microscopy images revealed different topography of higher and
lower purity Al alloys. It must be pointed out that the Al alloys used in this
study were not mechanically pre-treated, i.e. they were not polished or
abraded. The microscopy showed that surfaces contained high levels of
various imperfections and grain-like inclusions appeared during the rolling
process in alloy manufacture, Fig. 17.

Higher purity Al alloys Lower purity Al alloys
Before Anodized Before Anodized

Al foil

1050 6082

i bt
‘

Fig. 17. Optical microscopy images of higher purity (left) and lower purity (right)
Al alloys before and after anodization in sulfuric/oxalic a. electrolyte
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Al foil, 1050 and 5005 Al alloys have more plain structure when
compared to 3003 and 6082 alloys before and after anodization. Many
cracks observed on 6082 alloy suggests that the content of alloying additives
i.e. Si, Mg, Fe, Mn significantly affects the surface structure. Surface
cracking of 6082 alloy remains even after anodization.

The surface roughness of untreated and anodized Al alloys was evaluated
by a profilometer. Among all Al alloys, 6082 have the highest surface
roughness reaching Ra value of 1.3 um while mostly alloys have roughness
about 1 um or less, annex Fig. S1. Anodization has almost no influence on
roughness despite some variations within the margin of errors.

Out of a variety of tested alloys, 1050, 6082 and Al foil were selected for
detailed investigations. Al foil of 99.95% purity and 1050 alloy of 99.67%
purity have the lowest content of additives as well as low surface hardness.
For comparison, 6082 alloy has low purity and highest surface hardness.
1050 and 6082 Al alloys represent distinctly different materials, widely used
in the metalworking industry. Commercially pure 1050 alloy is often used in
the food and chemical industry, while 6082 alloys are applied to technical
facilities where surfaces are exposed to high stresses and loads [166]. Both
1050 and 6082 alloys offer good anti-corrosive properties, but 1050 provides
better plasticity and formability. Heat treatable 6082 alloys have higher
strength and mechanical resistance primarily due to Mn, Mg and Si alloying
additives. Vickers microhardness studies confirmed that 6082 is 4.5 times
harder than 1050 alloy. Alloys 1050 and 6082 are more technologically
applicable not only for the lower price, accessibility but also for the
physical-mechanical properties.

Al discs and foil were anodized in a technologically widespread
electrolyte of sulfuric and oxalic a. for Type III “hard” anodization. In this
study, the target thickness for hard anodized Al alloys was 60 = 10 um. For
comparison, phospho-anodized coatings obtained in HsPO, electrolyte with
or without additives were used since phosphates act as anti-wear compounds
[167] and their anions are biocompatible to the human body [168].

Non-conductive anodized coatings were sputtered with 2-3 nm Cr layer
for better electrical conductivity in order to obtain SEM images. As
expected, SEM images revealed a porous structure of anodized coatings
obtained after hard anodization, Fig. 18.
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1050 at 15 °C

alds

6082 at 15 °C Al foil at 15 °C

Partial
anodization

anodization

Fig. 18 SEM images of surfaces of partially and fully anodized Al specimens in
sulfuric/oxalic a. electrolyte. Partial anodization at 15 °C: (a) 1050 disc, (b) 6082
disc, and (c) foil. Fully anodized foils at (d) 15 °C and (e) 30 °C, adapted from
[152]

Size of the pores and distribution was clearly different, with their main
characteristics given in Table 4.

Table 4. Characteristics of surface pores obtained after partial and full anodization
in sulfuric/oxalic a. electrolyte, adapted from [152]
Alloy; anodization Thlckn_e ss of Pore Pore density, Porosity,
. anodized . 5
conditions . diameter, nm pores/um %
coating, pm

1050; partialat 15°C 60+ 1.0 6.5+1.3 1560110 55

6082; partial at 15°C 60+ 1.4 150+22 1040121 22.5
Al foil; partialat 15°C 20+ 1.1 76%29 1207 + 39 5.8

Al foil; full at 15 °C 70+1.0 13.2+21 530+ 34 7.8

Al foil; full at 30 °C 68+ 1.0 159+25 770 + 39 18.0

SEM data showed that pores in 6082 are at least twice as wide as those in
1050, with the porosity nearly four times higher in H.SO.oxalic a.
electrolyte. This shows that porosity not only depends on anodization
conditions i.e. temperature, electrolyte concentration, current density,
voltage, but also on substrate properties. When compared Al alloys to Al foil
of partial anodization, pore diameters of 1050 alloy and Al foil was similar
6.5 nm and 7.6 nm respectively. This agrees well with the relatively high
purity (>99.5%) of both Al foil and 1050 alloy in contrast to 6082 of only
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96.72% purity with a pore diameter of 15 nm. In contrast to partial
anodization of Al foil, full anodization has shown increased pore diameter
(7.6 vs 13.2 nm). When anodization approaches nearly hollow pores in the
Al foil, its ohmic resistance begins to increase rapidly and leads to higher
spot temperatures within the pores. This accelerates the dissolution of AlOs,
resulting in larger pore diameters. Much wider pores and surface porosity
can be obtained at higher temperatures due to the intensive chemical
dissolution of Al,Osin the anodization electrolyte [169].

After full anodization thickness of Al foil increased from 50 um to 70 um
by suggesting that Al,Os coating able to builds up on the top of Al surface,
annex Fig. S2. The balance of two competing processes: formation and
chemical dissolution of Al.Os is crucial for the growth of porous anodized
coating in the entire anodization process [170]. The theoretical volume
expansion factor of the anodized coating is 1.6 when the formation current
efficiency is 100%. However, the experimental values can range from 0.8 to
1.6 [111]. The volumetric growth of the anodized coating depends not only
on anodization conditions but also on electrolyte and its concentration. SEM
images of fully anodized Al foil confirms the expectation that pores are
distributed equally without significant differences in pore distribution,
density or thickness when comparing three different segments from the top,
centre and bottom of cross-sectional analysis.

3.1.2 Influence of electrolyte on anodized coatings

Studies showed that the structure of anodized coatings significantly
depends on the composition of Al alloys. However, electrolyte and
anodization conditions also affect surface properties. SEM revealed that
topography of Al surface was irregular and contained many grain-like
inclusions formed after Al rolling process with surface roughness of 0.99 um
for 1050 alloy and 1.28 um for 6082 alloy respectively. Alloying additives of
Fe and Mn elements forming an intermetallic second phase that reduces the
size of grain boundaries due to low solubility, which is 0.05% for Fe and
0.30% for Mn [171]. Grain boundaries (crystallites) generally accepted as
2D defects in a polycrystalline material. On 1050 and 6082 alloys grain
boundaries of various sizes could be observed mostly less than 10 pum in
size, Fig. 19. According to previous studies, the size of grain boundaries can
exceed 100 um which is common in 6000 series alloys [172]. Anodization in
H>SO4/oxalic a. and HsPO. electrolytes reduced the size of grains on both
1050 and 6082 alloys suggesting the formation of anodized coatings with
randomly oriented crystallites.
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Fig. 19. Topography of Al surfaces under low (left) and high (right) magnifications,
evaluated by SEM, before and after anodization

Surface nanotopography revealed significant changes in the structure of
anodized coatings at high magnification using a different type of
electrolytes. Anodized surfaces contain many pores, while untreated surfaces
showed similar plain structure with grain-like inclusions of unretained
alloying additives. According to results thick coatings with small pores (<20
nm) are produced in H.SOJ/oxalic a. electrolyte, while thin coatings with
large pores (>100 nm) are formed in HsPO, electrolyte, see Table 5.

Table 5. Characteristics of surface pores, obtained after anodization at 15 °C,
adapted from [151]

Coating Pore Pore Porosity

Electrolyte thickness, diameter, density, ’
alloy %

pm nm pores/pm?

. 1050 59+2 7x1 1560 + 110 6
HSOJoxalic  cher  s6x2 152  1040:121 23
HsPO4 1050 71 110 £ 23 22+ 2 27
(120 V) 6082  6+1 119 +14 25+ 2 39
HsPO4 1050 152 144 + 11 19+2 44
(150 V) 6082 11+1  203+19  14+2 83
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Much wider pores can be obtained by increasing anodization voltage.
When voltage was raised to 150 V in HsPO, electrolyte surface porosity
increased two times especially on 6082 alloys with average pore diameter
over 200 nm. Such differences could have significant influence not only on
adhesion of various layers including Ti or TiO, but also on tribological
tendencies. Studies showed that independently of the type of electrolyte,
voltage or anodization time surface roughness Ra values vary between 0.8
pum to 1.0 pm for 1050 alloy and 1.3 um to 1.5 um for 6082 alloy, annex Fig.
S3. Despite somewhat higher roughness of 6082 alloy, Ra values were quite
similar suggesting that effect of surface roughness on tribological and
biological characterization should be negligible.

Additives in HsPO, electrolyte was added to increase the coating
thickness of anodized Al. According to studies, the optimal additive
concentration is 1% [173]. The thickness of anodized coating increased 1.5
times after anodization in H3PO, electrolyte with 1 wt.% glycerol at 150 V,
see Fig. 20.
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CH;0H glycerol Additive content in
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Fig. 20. Influence of additives in phosphoric a. electrolyte (150 min at 120 V or
150 V) on anodized coating thickness of 1050 alloy

However, thickness remains similar by increasing glycerol content even
to 30 wt.%. It must be mentioned that coating thickness significantly
depends not only on the type of electrolyte, bus also no anodization voltage.
150 V increased thickness about 2 times when compared to 120 V. Other
additives including methanol, tartaric a., citric a. were less effective. Higher
thickness of anodized coating related to the high viscosity of glycerol when
compared to water (1500 cP vs 1.0087 cP at 20 °C), which reduces the
dissolution rate of AlOs; [174]. Methanol, which also showed a positive
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effect maintains temperature changes at Al.Os/electrolyte contact area more
efficiency due to a lower evaporating temperature than water [175].

3.1.3 Influence of anodization parameters on anodized coatings

As mentioned before, anodization conditions significantly influence the
structure of anodized coating. Optimal conditions of porous coating
formation for hard anodization at 15 °C temperature is showed in Fig. 21. An
anodic current density of 2 A/dm? is suitable for both 1050 and 6082 alloys.
No porosity with severe surface damage was observed on 6082 alloys at
3 A/dm? while the formation of irregularly shaped pores found after
anodization at 1 A/dm? anodic current density.

A/dm?

A/dm?

Fig. 21. Influence of current density on anodized coating formation in
sulfuric/oxalic a. electrolyte at 15 °C

The thickness of anodized coatings is important for tribology and mostly
depends on the type of electrolyte, alloy properties and anodization
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conditions i.e. time, current density or applied voltage. The influence of
anodization time and voltage on anodized coating thickness were shown in
Fig. 22.

120 1 1050 6082
= -~ & H>,S04/0xalic a.
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Anodization time, min
Fig. 22. Influence of anodization time and voltage on the thickness of anodized

coating at 15 °C. Values assigned for (*) are below the detection limit, measured by
coating thickness meter and optical microscopy

The thickness of porous Al;Os increases in time by forming 90-110 pum
and 10-15 pum anodized coatings in H,SOJ/oxalic a. (~20 V) and Hs;PO,
(150 V) electrolytes after 150 min of anodization respectively. The thickness
of phospho-anodized coatings was too low for its determination after 70 min
of anodization by using a coating thickness gauge device and optical
microscopy. When changing anodizing potential between 120 V and 150 V
it was observed that higher thickness of the phospho-anodized coating can be
much easier achieved with the latter, which also resulted in shorter durations.
Two times thicker coatings were obtained by raising anodization voltage
from 120 V to 150 V using HsPO, electrolyte. The target thickness was set
to 10 £ 5 um for phospho-anodized coatings and 60 + 10 um for hard
coatings produced in HsPO4 and H,SOs/oxalic a. electrolytes respectively.
Anodized coatings with 60 £ 10 pm thickness are optimal for ‘“hard”
anodization showing much better reproducibility than thicker coatings.
Despite that coating thickness is slightly lower on 6082 the differences are
not significant for tribological circumstances.
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Electrolyte temperature almost has no influence on the thickness of
anodized coating by changing the temperature from 5 °C to 30 °C, despite
higher variations at 30 °C, see Fig. 23.
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Fig. 23. Influence of temperature in sulfuric/oxalic a. electrolyte on characteristics
of anodized coating thickness (left) and surface pores (right) of 6082 alloy

However, the surface structure of anodized coatings changes
dramatically. Higher temperature increases dissolution rate of anodized
coating leading to wider pore diameter and surface porosity. SEM images
confirmed that pore diameter depends on electrolyte temperature. Small
pores with less than 10 nm are obtained at 10 °C, while wider pores are
produced at 30 °C of anodized 6082 alloys, Fig. 24.
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Fig. 24. Influence of temperature on surface nanotopography of hard anodized 6082
alloys, evaluated by SEM

Higher dissolution of hard anodized coatings often leads to pore merging
and irregular pore structure.

The surface roughness of anodized coatings showed only slight variation
against electrolyte temperature on both 1050 and 6082 alloys, Table 6.
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Table 6. Influence of anodization temperature in sulfuric/oxalic a. electrolyte on
surface roughness (Ra) and hardness (HV)

Surface roughness Ra, um

Surface hardness, HV

Al alloy 1050 6082 1050 6082
Before anodization 0.99+0.09 1.28 +0.08 31+4 139+ 10
Anodizedat5°C 0.75+0.09 148+0.16 668+51 579+73
Anodizedat 10°C  0.79+0.05 154+0.08 541+83 32044
Anodizedat15°C 0.86+0.09 149+0.14 436+22 279+39
Anodizedat20°C 0.71+£0.10 152+0.09 358+20 282+28
Anodizedat30°C 0.85+0.06 1.13+0.07 290+28 253+48

However, electrolyte temperature significantly influences the surface
hardness. Wider pores obtained at higher temperatures gradually decrease
the hardness of Al alloys.

3.1.4 Influence of surface preparation on anodized coatings

Surface preparation of Al alloys might influence the properties of
anodized coatings, therefore surfaces were treated with alkali/HNO3
solution, Ar plasma or using a combined treatment. Optical microscopy
revealed that surface structure remains similar after different treatment
methods, despite less homogeneity and higher surface roughness of 6082
alloys, Fig. 25.

1050 alloy
degreasing only

6082 alloy
degreasing only

before
anodization

befoe

anodization anodized anodized

Alkali/HNO §

Ar plasma

Alkali/HNO 3
+

Ar plasma

Fig. 25. Optical microscopy images of 1050 (left) and 6082 (right) alloys before and
after hard anodization using different surface treatment methods

70



The surface structure of anodized coatings became smoother on 1050
alloys while rough surfaces with unretained alloying additives present as
white spots obtained on 6082 alloys. Surface roughness measurements also
confirm that anodization reduces roughness Ra value on 1050, but increases
Ra on 6082 alloys, Table 7.

Table 7. Influence of surface treatment of Al alloys on surface roughness (Ra)
before and after hard anodization

Alloy
Before
treatment
Alkali/HNO3
Ar plasma
Alkali/HNO; +
Ar plasma

Before 1050 0.99+0.09 0.92+0.05 0.83+0.10 0.87+0.06
anodization 6082 1.28+0.08 1.02+0.09 0.92+0.08 1.20+0.11
1050 - 0.86+0.09 0.73+0.07 0.82+0.09

Anodized g0 - 1494014 140+0.18 1.55+0.14

Despite different treatment methods surface cracking of 6082 alloys
remains before and after anodization in H,SO4/oxalic a. electrolyte.

Al alloys before anodization were polished with 80 or 2500 grit paper to
evaluate surface changes. Surface roughness with less than 0.5 pm was
named as “low Ra”, about 1 pm — “medium Ra” and about 7 pm — “high
Ra”, Table 8.

Table 8. Influence of polished specimens on surface roughness (Ra) before and after
hard anodization

Surface roughness Before anodization Anodized
Ra, um 1050 6082 1050 6082
LowRa (2500grit 55 . 503 0.39+0.03 0.49+0.04 0.38 +0.03
paper)
Medium Ra

. 0.99+0.09 1.28+0.08 0.86+0.09 1.49+0.14
(non-polished)

High Ra (80 grit paper) 7.18 +1.09 6.89+1.27 7.28+0.89 7.05+ 1.22

Results showed that anodization did not affect Ra values significantly for
both polished or non-polished specimens.
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3.1.5 Deposition of thin layers by ALD and sputtering

Deposition of Ti/TiO; layers gains recognition in many areas including
aerospace, marine and medical applications due to its chemical stability,
biocompatibility, non-toxicity and antifrictional properties. Surface
characteristics of deposited layers were described below.

TiO; layers of 5 nm, 10 nm and 15 nm thicknesses and Ti layers of 16 nm
and 75 nm thicknesses were deposited either by ALD or sputtering. The term
“nanothin layers of Ti/TiO,;” includes all possible oxides e.g. TiO, TiO,
Ti»0s, etc., as well as Ti nitrides due to oxidation in a humid atmosphere.
TDMAT precursor was used to produce TiO, monolayers via chemisorption
and humidity purge. Despite that ALD process is much slower than
sputtering and required from 100 to 375 alternating pulses for deposition of
TiO, layers with 5 nm to 15 nm thicknesses, it has an advantage of
depositing TiO, more deeper into the pores of anodized coating while
sputtering builds Ti layers mostly on the surface. According to studies TiO;
layers can penetrate into the pores with the aspect ratio of 1:2000 using ALD
[176]. EDS study was carried out to compare Ti contents in ALD specimens
those of sputtered ones, Table 9.

Table 9. Elemental analysis of deposited Ti/TiO, layers before and after hard
anodization

Anodization and _Layer Elemental composition at.%
deposition Alloy thickness, _ _
nm Al @) Ti Si S
only ALD 1050 10 9658 336 0 0.03 0.02
(no anodization) 6082 10 95,52 378 0.01 0.68 0.01
only anodization 1050 0 26.89 69.33 0 0 378
(no deposition) 6082 0 3213 6340 0 041 4.06
. 1050 5 30.53 64.47 1.16 0.04 3.80
Anodized + ALD  ¢nq, 5 3032 6375 169 032 3.92

1050 10 31.87 62.65 128 0.03 4.17
6082 10 31.17 62.73 1.84 0.36 3.90
1050 15 31.93 6253 1.41 0.05 4.08
6082 15 31.61 6217 197 034 391
Anodized + 1050 16 3151 6466 035 0 3.47

Anodized + ALD

Anodized + ALD

sputtered 6082 16 31.09 64.39 0.38 0.38 3.77
Anodized + 1050 75 30.69 63.48 1.77 0.01 4.05
sputtered 6082 75 31.26 6254 189 0.39 3.92
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On the surfaces before anodization EDS could not quantify Ti
concentration with reasonable accuracy, because this analytical method
mostly measures the elements from a 1-2 um interval of depth into the
substrate. Consequently, not many atoms from the Ti layer on the top could
be registered by EDS. In the case of anodized coatings, EDS of
nanostructured surfaces showed a substantial presence of Ti both in
sputtered and ALD specimens.

Although, TDMAT penetration into the pores is not likely to be linear, Ti
content increases by increasing the thickness of TiO; layer. Content of Ti is
at least 1.5 times higher on anodized 6082 alloy than 1050 due to two times
wider pores obtained in H,SO4/0oxalic a. electrolyte. Theoretical values of Ti
contents on a flat surface of 1 um thickness can be calculated, assuming that
EDS sampling depth is 1 um. Then the nanothin layers with 5, 10 and 15 nm
thicknesses should contain 0.17, 0.34 and 0.51 at.% Ti respectively. This is
several times lower than the values, recorded by EDS. TiO; layers of 15 nm
thickness, obtained by ALD, are quite comparable to Ti layers of 16 nm
thickness, obtained by sputtering. However, EDS analysis showed at least
four times lower content of sputtered Ti. This suggests that TDMAT
penetration into the pores of anodized coating was much more intensive than
that of Ti clusters in case of sputtering. After deposition of 75 nm Ti layers,
Ti content increased over 4.5 times, which is well correspond to layer
thickness.

In addition, Ti distribution also was obtained on anodized Al as shown by
EDS mapping, Fig. 26.

anodizing + 5 nm TiO2  anodizing + 10 nm TiO2

1050

6082

Fig. 26. Distribution of Ti (light color) on the surfaces of hard anodized coatings
after ALD, using TDMAT precursor
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Deposited Ti layers were quite uniform despite some grain-like inclusion
of alloying additives. Zones with different Ti concentrations are more
evident on 1050 than 6082, which suggests that various porosity patterns
could be produced during anodization. However, the fluctuations in
uniformity of Ti distribution are not dramatic, with the exception of 5 nm Ti
layer on 1050, which has some spots of high Ti contents. Nevertheless, even
the latter specimen shows that at least some Ti is present in all surface areas
on micro-scale. EDS mapping confirms the expectation that pores with the
diameters of 7 nm (1050) and 15 nm (6082) were most likely overfilled
during deposition of 10 nm or thicker layers, leading to continuous coverage
of TiO; on the surface.

Since industrial Al alloys were employed, the anodized coating should
not be expected to contain exclusively Al,Os. In addition, EDS shows high
amounts of sulfur in the anodized coatings exceeding 4%. The walls of
nanopore are coated with hydrated hydroxy sulfates and hydroxy oxalates of
various structures. This layer mostly contains complexes and soaps of Al,
Mg and other alloy elements with many variations of hydration and ligand
arrangements. It could be assumed for simplicity that all the complexes and
soaps are represented just by Alx(SO4)s3-18H,0, although the presence of this
particular soap is extremely unlikely in the actual nanopore. In such case the
layer thickness can be calculated to approach 9 nm and the nanopore cross-
section can be depicted as shown in Fig 27.

6 nm
TiO» }27 nm 3 nm TiOs I27 nm T 9 nm
sulfates
< Al0; <= A,O;
<= ?:Tréerr <@ barrier
Al y Al layer

Fig. 27. Theoretically expected layer of TiO2 (left) on anodized 1050 and suggested
effect of various sulfates (and oxalates) assuming negligible void volumes (right)

However, such an amount of the octadecahydrate is unlikely, because the
pore ID is too small for its accommodation. Residual sulfates and other salts
might have an impact on cell adhesion and tribology, but industrially it
would be hard to eliminate them from the anodized coatings by washing out
with pores as narrow as 15 nm ID or less. Nevertheless, the continuous layer
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of TiO; on the surface is likely to prevent hydroxides, salts and alloy
elements from direct exposure to the surrounding medium.

SEM images complement EDS findings by showing the disappearance of
pore openings with deposition of just 5 nm of TiO; layer by ALD, Fig. 28. It
must be noted that all specimens were sputtered with 2-3 nm Cr for
electrical conductivity in order to obtain SEM images. This could also
contribute to the disappearance of the pore openings, so it cannot be stated
with certainty that the pores were completely overfilled during 5 nm
deposition by ALD. However, it is very likely that deposition of 10 nm and
15 nm TiO; layers are forming a continuous film on the surface.
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Fig. 28. SEM images of hard anodized 1050 and 6082 alloys with and without
nanothin TiO, layers, deposited by ALD

Interestingly, the surfaces appear relatively uniform and homogeneous on
nanostructured 1050 without significant nanoscale segmentation. Some
microscale patterns are visible, most likely due to the grain boundaries. On
anodized 6082 the segmentation proceeds on a much lower scale with
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elongated patterns about 50 nm wide and hundreds of nanometers in length.
This suggests that anodized 6082 alloy has lower homogeneity on nanoscale
level than anodized 1050, possibly a result of more abundant and diverse
alloy components. Occasional anodization defects up to 300 nm in size were
visible on 6082 as dark voids, which were most likely produced during
anodization as a result of unevenly dissolved alloying elements. These
anodization non-homogeneities eventually generated voids in TiO; layers as
well. However, on micro-level these defects were less significant, as evident
from elemental mapping, Fig. 26. Although surface homogeneity was not
perfect on nanoscale, microscale factors have much higher importance for
friction zone interactions and cell adhesion mechanisms.

The surface roughness of nanostructured coatings was evaluated further.
Despite that anodized 6082 was somewhat rougher than 1050, yielding Ra
values of ~1.5 um and ~0.85 um respectively, the deposition of Ti/TiO,
layers did not affect surface roughness dramatically, Table 10.

Table 10. Influence of Ti/TiO- layer thickness on surface roughness (Ra)
Surface roughness Ra, um

Al alloy
1050 6082

Before anodization 0.99 £0.09 1.28 £0.08
Anodized 0.86 £ 0.09 149+£0.14
5nm TiO; (ALD) 0.80 +0.08 1.52 +0.22
10 nm TiO; (ALD) 0.87+0.14 1.41+£0.25
15 nm TiO; (ALD) 0.99 +0.16 1.28 +0.20
16 nm Ti (sputtering) 0.82 £ 0.08 1.39+0.14

When compared roughness of TiO, and Ti layers with similar thicknesses
deposited either by ALD or sputtering, Ra values appear quite similar by
adding error values. Therefore surface roughness should not be a major
factor with respect to friction or cell adhesion presented in later paragraphs.

Nanostructured coatings were studied in detail by optical microscopy and
SEM at microscale and nanoscale levels. Surface cracking of anodized
coatings with TiO; layers was shown on both 1050 and 6082 alloys after
ALD deposition, annex Fig. S4 and Fig. S5. The cracks with hundreds of
nanometers to few microns of width was might appear due to high
temperature of 250 °C in ALD deposition chamber. The sputtered anodized
coatings did not show surface cracking, except 1050 alloy, which might have
higher surface tension. As discussed above, surface homogeneity is much
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lower on 6082 alloy rather than 1050 by showing visible grain boundaries
present at the nanoscale level by SEM.

The effectiveness of Ti layers was investigated using wide range
thickness scale. The influence of 16 nm, 75 nm and 2.3 um Ti layers were
evaluated on 1050 and 6082 Al surfaces before anodization using a
magnetron sputtering device. Alloys were not mechanically grinded, except
surface pre-treatment in an alkaline solution to remove surface oxides and
impurities. The differences in surface characteristics before and after
sputtering were not significant, see annex Fig. S6. The irregular surface
topography was showed on both alloys with grain boundaries exceeding 100
pm on 6082 alloy. On 6082 grain boundaries remained visible even after
depositing the 2.3 um Ti layer. However, surface topography of both alloys
could still be considered sufficiently similar.

For a better understanding of the Ti layer topography, anodized coatings
with 75 nm Ti layer were thoroughly inspected by SEM, in some cases using
cross-sections obtained by focused Ga ion beaming after pre-depositing a Pt
overcoat, Fig. 29.

anodized 1050 with 75 nm Ti
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Fig. 29. SEM images of surfaces (A, B) and cross-sections (C—F) of anodized 1050
and 6082 alloys with 75 nm Ti layers. Cross-sections obtained with focused Ga ion
beaming after pre-depositing a Pt overcoat, copied from [150]
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At 350 000 x magnification 75 nm Ti layer differences between the
alloys became more evident when compared to SEM images at lower
magnification. 6082 alloy appeared much less homogeneous than 1050 by
forming aggregates and elongated segments with 30-50 nm wide and
hundreds of nanometers in length, Fig. 29 (A, B). This might suggest that
sputtered 6082 had much higher roughness on the nano-scale level than
1050. However, on macroscale, as measured by contact profilometry, the
increase in surface roughness was not so dramatic, see annex Fig. S7.
Compared to anodized coatings before sputtering, the roughness changed
only marginally. So it could not be stated that Ti layer deposition resulted in
a substantial increase of roughness on 6082 compared to that on 1050.
However, homogeneity of the Ti layer on 6082 appeared much lower than
that on 1050 only on nano-scale.

In order to study the quality and thickness of Ti layers on anodized 1050
and 6082 alloys, Ga-ion beaming was used to form cross-sections of surfaces
with a protective Pt overcoat. SEM images, also showed that Ti layer has
higher uniformity on 1050 alloy than 6082, Fig. 29 (E, F). The layer
thickness on 1050 fluctuated around 75 nm by less than = 3nm error,
whereas the thickness variations on 6082 alloy were much greater. In fact, Ti
layer thickness on 6082 was calculated to average at 65 nm, rather than 75
nm, as determined by cross-sectional measurements. The amounts of Ti,
deposited onto the surfaces, should be very similar since 1050 and 6082
specimens were coated in a rotary holder during the same runs of sputtering.
Therefore, the lower measured thickness in 6082 could be an outcome of
more Ti penetrating into the pores. In addition, significant roughness and
surface irregularities could also lower the measured thickness of Ti layers.

While nanothin Ti layers of 16 nm and 75 nm thicknesses were
determined by quartz crystal microgravimetry or cross-section of discs using
Ga-ion beaming, the thickness of 2.3 pm Ti layers was confirmed using
contact profilometry, see annex Fig. S8. Calculations of the average
elevation corresponded well to changes in height, with an average thickness
of 2.3 um. The surface roughness of the specimens was too high for the
GIXRD method to be effective for 75 nm and 2.3 um Ti layers, so the
presence of Ti and possibly its partial oxides was evident only with some
uncertainty. The low intensity peaks of TiO were assessed on nanostructured
coatings with 2.3 um Ti layers, annex Fig. S9. It must also be pointed out
that several peaks of Al and Ti have similar 2-theta values, so a good
spectral resolution is necessary. Traces of air, present in the instrument

chamber as well as within the anodized coating, made the formation of non-
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stoichiometric oxides (and possibly nitrides) of Ti very likely, which further
impeded the resolution and peak identification. Overall GIXRD method was
effective only on smooth surfaces i.e. silicon plate for determining the
thickness of nanothin layers.

Deposition quality and thickness of Ti/TiO- layers also were evaluated by
XPS. Ti peaks which were found by XPS on nanostructured surfaces of 6082
alloy, confirm that Ti and TiO- layers were deposited on anodized coatings,
Fig. 30. The notations of titanium LsM23Mj3 and oxygen KVV indicates
electron transitions of different core levels, V indicates valence band
electrons.
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Fig. 30. XPS survey spectrum of 6082 alloys with or without Ti/TiO; layers

The deposition of Ti/TiO layers was determined by XPS using etching
time of ~3 nm/min by Ar* ions. The thickness of Ti/TiO; layers corresponds
to the highest content of Ti measured after 360 s of etching (~18 nm in
depth) and when beginning to decrease by increasing of Al content, Fig. 31.
This shows that sputtering and ALD produces uniform Ti/TiO. layers on
both 1050 and 6082 alloys. The decrease of Ti is much lower by ALD
deposition suggesting that TDMAT penetration into the pores is higher than
sputtering, as shown previously by EDS studies. It must be mentioned, that
XPS also showed a high content of C at the surface due to the adsorption of
CO2 molecules from air atmosphere. Some traces of C found after etching
suggests the formation of oxalates in hard anodized coatings which came
from the electrolyte. Moreover, XPS also detected traces of nitrogen on ALD
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deposited specimens of 6082 alloys, most likely due to unreacted TDMAT
precursor left inside the pores.
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Fig. 31. Elemental composition of anodized 1050 and 6082 alloys with 15 nm TiO,
(left) and 16 nm Ti (right) layers by XPS using etching time of approximately 3
nm/min by Ar* ions. The Ti layers were deposited by sputtering, while those of TiO;
were produced by ALD

The chemical states of Ti 2p, O 1s, and Al 2p were showed by XPS after
the deposition of TiO- layers on anodized coatings. High intensity peaks of
458.4 eV [177] and 458.7 = 0.1 eV [178] are associated with TiO,, annex
Fig. S10. Ti 2p consists of two main peaks of 2ps, with higher peak intensity
and 2p1» with lower peak intensity core levels. Each peak is accompanied by
a satellite ~13 eV above the main peak, which is caused by the charge
transfer effect due to the strong covalency hybridization. Peak intensity
corresponds to a TiO content deposited on the surface by showing a gradual
decrease of intensity on both 1050 and 6082 alloys after surface etching.
XPS spectra of O 1s revealed that oxygen could be related to TiO; or Al,O3
depending on binding energy. O 1s peak of 530.0 + 0.1 eV was assigned to
TiO2 [179], while peak shifts of 530.6 eV and 531.1-531.6 eV were
corresponding to Al,O; [180] and y-Al,O3 [177] respectively. No peaks of Al
were observed at the surface suggesting that uniform layers of TiO, were
effectively deposited on porous anodized coatings. Surface etching for 360 s
and 1320 s showed a gradual increase of Al content with high intensity XPS
peaks. The peaks of 74.3-74.6 eV and 74.3-75.9 eV were assigned to vy-
Al,O3 or AI(OH); according to previous studies [177, 181] and suggest that
pores possibly are filled with hydroxides.

XPS spectra of sputtered specimens revealed that nanothin Ti layers are
completely oxidized into TiO,, annex Fig. S11. Moreover, the peak intensity
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of Ti was decreased more rapidly when compared to Ti peak by ALD
deposition. Gradual etching of the surfaces showed the phase of y-Al,Os or
Al(OH); by O 1s and Al 2p scans. Curve-fitting analysis of the Ti 2p and O
1s spectra on sputtered 6082 alloys also revealed the presence of TiO, and
the possibility of formation of Ti oxysulfides (i.e. TiOg3S15) according to
peak of 456.3 eV [182], annex Fig. S12. Additionally, the analysis of O 1s
spectra revealed three peaks of different intensities. The most intensive peak
of 530.4 eV was ascribed to O% species of the TiO, [183], whereas peaks of
531.6 eV and 532.6 eV were assigned to y-Al,O3 and hydroxyl groups [177,
184].

Some attempts were made to analyze the structural features of nanothin
Ti layers. However, GIXRD, XPS or Raman spectroscopy did not lead to
any conclusive characterization of crystalline arrangements. Significant
roughness, presence of alloying elements and compounds from anodization
made the analysis overly complex, in addition, there was no reason to reject
an assumption that nanothin Ti layers could be amorphous or polycrystalline.

The effect of Ti/TiO, layers also was showed on phospho-anodized
coatings. SEM images revealed that Ti/TiO, layers slightly reduce pore
openings although pores are still visible with a diameter over 100 nm, see
Fig. 32.

3,0 -
anodized bsEssige®ls
Al SOROXEORS
1 g aite e 8
jefe b e slE T [ 3
OOX‘O‘OG‘)OO(AV &b ot )
oi s Ty

Fig. 32. SEM images of phospho-anodized coatings produced in phosphoric a.
electrolyte with nanothin TiO, or Ti layers, deposited by ALD or sputtering
respectively
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EDS studies confirmed the presence of Ti with a much higher
concentration after ALD deposition of TiO; layers, especially on 6082 alloys
with pores over 200 nm diameter, Table 11.

Table 11. Elemental analysis of deposited Ti/TiO, layers before and after
anodization in phosphoric a. electrolyte

Anodization Layer Elemental composition at.%
dd . Alloy thickness,
and deposition o Al o Ti Si 5
1050 0 32.16 66.03 0 0.05 1.76
Anodized
6082 0 32.84 65.69 0 0.62 0.85
Anodized + 1050 15 30.59 63.99 3.52 0 1.89
ALD 6082 15 2430 63.62 10.77 0.40 0.92
Anodized + 1050 16 3472 62.64 0.44 0 2.20
sputtered 6082 16 35.12 6253 045 047 143

This was not surprising since similar results were obtained with hard
anodized coatings produced in H,SOJ/oxalic a. electrolyte. The content of
phosphorus in phospho-anodized coatings is slightly lower when compared
to the content of sulfur mostly due to wider pores which leads to faster
washing off processes.

For comparison nanothin layers of group IVB transitional metals
including ~15 nm HfO; and ~16 nm Zr were deposited on hard anodized
coatings by ALD or sputtering respectively, Fig. 33.

ALD sputtering
15 nm HfO, 15 nm TiO2

16 nm Ti 16 nm Zr

Fig. 33. SEM images of hard anodized coatings with nanothin layers of group 1VB
transitional metals, deposited by ALD or sputtering
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The surface structure of HfO, and Zr layers were quite similar to Ti and
its oxides with higher homogeneity on 1050 alloy. Many grain boundaries
were observed on 6082 alloys of various sizes mostly from a few hundred
nanometers.

Detail studies of nanothin layers of group VB transitional metals (Ti, Zr,
Hf) and other metals including Cr, Cu and Nb were showed in Fig. 34.
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Fig. 34. SEM images of hard anodized 6082 alloys with nanothin layers of 75 nm
thickness at low and high magnifications, deposited by sputtering

Surface defects or cracks were present on all sputtered specimens of
anodized 6082 alloys at low magnification. High magnification revealed
surface structure with visible grain boundaries after deposition of Ti, Hf, Cr
and Nb layers, while plain surfaces obtained with Zr and Nb layers of 75 nm
thicknesses. However, morphological differences are not very pronounced
and the influence of these differences on both tribological and biomedical
processes is much smaller than the chemical effect of coatings.

Overall, nanothin layers completely cover pore openings of hard
anodized coatings while the pores of phospho-anodized coatings are still
remained open. Such differences might affect surface tribology including the
chemistry of different metallic layers.

3.1.6 Post-treatment of anodized coatings

It is expected that anodized Al should have a long service life in respect
of anodization quality requirements. However, environmental conditions (i.e.
humidity, temperature, etc.) and atmospheric pollution (i.e. CO2, CO, NOg,
etc.) might shorten the life of anodized coatings by changing surface
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properties, increasing degradation, cracking and corrosion. Previous studies
showed that the aging of anodized Al specimens affects surface roughness
and wettability [185].

In this study, the influence of aging of anodized coatings obtained in
H,SO4/oxalic a. electrolyte was tested tribologically. Both static friction
between initially stagnant surfaces and dynamic friction between
continuously moving surfaces are important parameters of tribology. The
friction was tested against chemically inert corundum (i.e. Al.Os3) ball to
eliminate the influence of unnecessary reactions. Results showed that the
aging of anodized Al does not appear to affect dynamic friction or
appearance significantly under dry conditions or humid atmosphere, Fig. 35.
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Fig. 35. Influence on temperature (top) and humidity (bottom) of dynamic friction of
anodized 1050 and 6082 alloys on aging time, tribotests against an Al,Os ball
under 10 N load
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Moreover, optical microscopy also could not confirm any structural
changes of anodized coatings after heating at 25 °C or 40 °C with or without
80% RH humidity. Aging of anodized Al slightly reduced the mass of
specimens mostly due to evaporation of bound water present in the pores of
anodized coating at 40 °C, Fig. 36.
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Fig. 36. Influence on temperature and humidity of mass change and static friction of
anodized 1050 and 6082 alloys on aging time, tribotests against an Al,Os ball
under 10 N load

Meanwhile, aging in a humid atmosphere led to slight weight gain due to
formation of Al hydroxides, Al hydrates, oxalate hydrates and possibly other
compounds. Formation of new compounds due to reactions with humidity
seems to slightly reduce static COF but bears a little effect on dynamic COF.
Nevertheless, any tribological benefits of reactions with humidity seem to
disappear after 20 to 30 days of aging.

The adsorption of water molecules on anodized coating leads to a surface
hydroxylation and the formation of Al hydroxides in a humid atmosphere.
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According to studies, high humidity (RH>70%) showed disordered
adsorption of water molecules with the formation of a liquid-like water layer
[186]. In atmospheric conditions which contain ~0.25wt.% water vapor
anodized coating immediately forms hydroxyl groups due to chemisorbed
water layer, see Fig. 37.
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Fig. 37. Adsorption of water on anodized Al (left) and reactions inside the pores of
hard anodized coating (right)

Physisorbed water, which interacts with the surface due to van der Waals
forces has very low bonding energy than chemisorbed water (10-100 meV
vs 1-10 eV) and contain three layers: ) stabilized water, removable at 100—
160 °C; Il) relative mobile water, removable at 80-100 °C; IlI) mobile
water, removable at 50 °C [187]. Moreover, water molecules can interact
with H,SO./oxalic a. electrolyte leading to complexes and soaps with
various hydration and ligand arrangements in the pores of the anodized
coatings. Formation of various levels of hydrated salts also is possible.
Adsorption of water molecules and high amount of hydrates might close off
the surface pores which influence the reduction of static COF.

After anodization, it is often necessary to apply subsequent sealing. A
hydrothermal sealing not only retains dyes and lubricants if any are applied
but also increase the corrosion resistance. The hydrothermal method of
sealing blocks the pores of anodized coating by dipping anodized Al in
boiling water. Hydrothermal sealing of anodized coatings at 90 °C or similar
temperatures led to significant COF reduction during early stages of friction,
Fig. 38. COF reduced to 0.2 and sustained for at least 30 friction cycles
under 10 N load. The formation of Al hydroxides, hydrated Al salts and
various other structures of lower density blocks the pores and make an
impermeable layer that is stable under various environmental conditions
[188].
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Fig. 38. Influence of friction of 6082 alloy on the hydrothermal sealing, tribotests
against an Al,O3 ball under 10 N load

As mentioned before, the hydrothermal sealing also improves corrosion
resistance. The corrosion rate of the anodized coating was 3 times lower
after pore sealing, as established in previous studies [189]. Much higher
corrosion resistance can be obtained on impregnated anodized coatings [189,
190]. However, this study mostly focuses on tribological as well as
biological aspects of anodized coatings. Therefore, corrosion effects
expected to be negligible by using chemically inert corundum balls for
friction studies.

3.1.7 Selection of most promising nanostructured coatings

Preliminary tribological screening of hard anodized coatings, which
were produced in H,SOa/oxalic a. electrolyte by varying current density,
anodizing duration, temperature and other parameters, demonstrated that
anodized coatings of 60 + 10 um thickness, obtained at 15 °C after 70 min
under 2 A/dm2 (~20 V) generally had better overall properties, including
resistance to friction, see Fig. 39. Despite possible performance
improvements under other anodizing parameters, further experiments with
hard anodized coatings focused on the former set of anodizing conditions.
Phospho-anodized coatings showed significant variation in morphology
and thickness, depending on methanol, glycerol and other electrolyte
additives. However, none of them led to appreciably better tribological
properties, therefore plain aqueous 4% HsPO. solution was selected for
further phospho-anodization studies using a constant voltage of 120 V
(~0,5 A/dm?) or 150 V (~1,5 A/dm?). Moreover, higher anodization
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potential (150 V vs 120 V) led to a higher thickness of phospho-anodized
coating and much shorter durations.
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Fig. 39. Friction tendencies of anodized 1050 alloys without or with solid fillers,
tribotests against an Al,Os ball under 10 N load

For nanostructured coatings deposition by ALD was limited to 15 nm
due to excessively long durations, required for thicker layers while
deposition using sputtering was prioritized for nanothin layers of 16 nm
and 75 nm thicknesses. The actual thickness of 16 nm sputtered layer was
similar to a layer of 15 nm thickness of ALD specimens. In order to
differentiate ALD specimens from the sputtered ones, the layer thickness
was denominated as 15 nm and 16 nm respectively. Sputtering to form the
layers of 75 nm thickness was prioritized, because preliminary tribological
screening showed dramatic improvements after the deposition of layers of
similar thickness. Preliminary screening showed that nanothin Ti layers
appear more effective tribologically than Zr or other elements, therefore,
detailed evaluations were performed only on nanostructured coatings with
Ti layers of 75 nm thickness.

Antifrictional properties of anodized coatings significantly increase
using barrier type lubricants, PTFE in particular. Low friction sustains at
least 30 000 cycles with COF of 0.1 value. Therefore, PTFE coating was
selected as a basis for tribological comparison among impregnated
coatings.

3.2 Interactions between biological media and developed coatings

The inertness, porosity and relatively high roughness of nanostructured
coatings can be useful in developing biocompatible surfaces. The ability of
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nanothin Ti/TiO, layers ability to form a barrier layer can have a positive
impact on cell adhesion and proliferation by protecting from impurities and
residual electrolyte left in the pores of anodized coating.

3.2.1 Influence of cell type of developed coatings

Different cell types showed distinct cellular responses to biomaterials,
which can affect cell adhesion, spreading, migration and differentiation [65,
111, 191]. Therefore, four cell lines of adherent growth mode including
human cervix carcinoma Hep-2C (HeLa derivative) cells, murine fibroblast
L929 cells, Chinese hamster ovary CHO-K1 cells and human PDLS cells
were tested for adhesion on Ti alloy BT1 of 96.32% purity, which was
chosen as the control specimen. Wide accessibility and high proliferation
rate of epithelial cancer Hep-2C and CHO-K1 cells allow to use them for
scientific research. L929 and PDLS cells of connective tissue synthesize the
extracellular matrix components (i.e. collagen, glycoproteins) and play a
critical role in wound healing that is especially important after implantation
and surgery. Moreover, their preparation and high growth rate also resulted
in a choice of selected cells, which was tested under laboratory conditions.

The optical study revealed different morphology of four cell lines. L929
and PDLS cells showed bipolar or multipolar structure with elongated shape,
while Hep-2C and CHO-K1 cells had a more flattened structure in a
polygonal shape, Fig. 40.
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Fig. 40. Morphology of L929 [192], Hep-2C [193], CHO-K1 [194], PDLS [195]
cells and their adhesion on Ti alloy BT1
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The size of the cells is quite similar and has a length of ~50-100 pum.
After testing four adherent cell lines, L929 and PDLS cells showed the best
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growth results and the highest viability after seeding on Ti alloy BT1. L929
and PDLS cells which are isolated from connective tissue were chosen for
further experiments.

The morphology of L929 cells was evaluated to identify the cell
suspension interaction with control substrates and anodized coatings. No
differences were observed on Ti BT1 or 1050 and 6082 alloys used for
positive or negative controls respectively, Fig. 41.
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Fig. 41. Morphological appearance of L929 cells on the plate and near the control
specimens (left) and anodized coatings (right) after 48 h under 10x magnification

The cells were growing on all plates with control specimens. Cell growth
was similar either in culture plates with hard anodized coatings with pores of
~15 nm or phospho-anodized coatings with pores of ~200 nm of low purity
6082 alloy. However, cell density in culture plates with phospho-anodized
coatings was higher on high purity 1050 alloy. This suggests that the purity
of Al alloy might play a more important role rather than sulfates or
phosphates. However, more detailed studies are required to confirm this
hypothesis.

3.2.2 Adhesion of periodontal ligament cells

Since both biological and tribological aspects are important for dental
implants and dental braces, PDLS cells were selected for biocompatibility
studies. Fibroblasts of connective tissue producing extracellular matrix
components and collagen are the main cells found in the periodontal
ligament, which are widespread in all human organism tissues and organs.

In this study, PDLS cells adhesion and proliferation was demonstrated
on hard anodized and phospho-anodized coatings of 6082 alloy. Results
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showed a significant reduction of adherent cells on phospho-anodized
coatings after 24 h and 72 h of incubation, Fig. 42.
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Fig. 42. Adhesion and prollferatlon of PDLS cells on anodized and untreated 6082
alloys after 24 h, 72 h and 120 h (top) and nanotopograpghy of Al surfaces before
and after anodization, evaluated by SEM (bottom)

However, cell proliferation on phospho-anodized coatings became similar
to those of hard anodized specimens after 120 h of incubation. As presented
in the previous study, cell adhesion and proliferation were significantly
faster on anodized coatings with higher pore densities than that on porous
coatings of larger sizes due to enhanced cell-surface interaction through the
integrin mediated focal adhesions [5]. Overall, porous coatings showed
improved biocompatibility of PDLS cells when compared to flat Al surfaces
after 120 h of incubation.

For a detailed investigation of biocompatibility studies, cell adhesion and
proliferation was shown on both anodized 1050 and 6082 Al alloys. After 24
hours of incubation, anodized 6082 alloys of low purity demonstrated better
adhesion properties than anodized 1050 alloy, Fig. 43. This effect could be
related to a higher surface roughness of anodized 6082 alloys required for
cell attachment and adaptation. The submicro-scale and micro-scale features
promote cell adhesion, spreading and growth behavior by increasing surface
area [87, 196]. Moreover, the response of cells to roughness and
topographical features (i.e. grooves, ridges, pores, wells) is different
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depending on the cell type and could be used for the selectivity of cells
[197].
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Fig. 43. Adhesion and proliferation of PDLS cells on hard anodized and untreated
alloys after 24 h, 72 h and 120 h. Data from three runs: ns - p>0.05 (not
significant), *** p<0.001 (extremely significant)
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After 72 and 120 hours, cells proliferated faster on the 1050 alloy
surfaces. This could be related to the lower purity of 6082 alloys, especially
because of the toxicity of Fe and Mn alloying elements [198]. However, the
statistical analysis showed there was no significant difference between the
number of PDLS cells on untreated 1050 alloys in comparison to anodized
alloys. Other researchers also had observed slight increase in
biocompatibility of periodontal ligament progenitor cells on anodized 1050A
alloy with coating thicknesses of 10 um and 20 pm [199]. Anodization of
6082 alloys significantly increased cell adhesion by 36% after 120 hours (p
< 0.001) by suggesting that the composition of alloys is important for cell
growth. In summary, anodization has a positive effect on biocompatibility
especially of anodized 6082 alloys.

Biocompatibility of nanostructured coatings also was evaluated by PDLS
cells. Nanothin TiO; layers of 10 nm and 15 nm thicknesses inhibited cell
adhesion by ~20% on nanostructured 6082 alloys when compared to
anodized 6082 before ALD after 24 hours of incubation (p<0.05), Fig. 44.

In contrast, the deposition of TiO, layers of 10 nm and 15 nm
thicknesses only slightly inhibited PDLS adhesion or showed a positive
effect on anodized 1050 alloys respectively. Incubation for 120 h only
slightly increased PDLS cell adhesion only on anodized 6082 with 15 nm
TiO, layers. These results demonstrate that alloy composition and thickness
of TiO- layers are important for adhesion and proliferation of PDLS cells. It
can be hypothesized that observed differences may be due to the partially
reacted TDMAT precursor or its hydrolysis products left inside the pores of
anodized 6082 alloy. Importantly, diameters of pores in anodized 6082 alloy
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are two times larger than those of 1050 alloy. This factor may be important
for the retention of unreacted TDMAT precursors.
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Fig. 44. Adhesion and proliferation of PDLS cells on Ti alloy (BT1) and anodized
1050 and 6082 alloys with or without nanothin layers of Ti or its oxides. Left: TiO
layers of 10 nm and 15 nm thickness, produced by ALD. Right: BT1 alloy (96% Ti)
and anodized Al alloys with nanothin Ti layers, produced by sputtering. Data from
three runs: ns - p>0.05 (not significant), *p<0.05 (significant), ***p<0.001
(extremely significant)

Anodized coatings with nanothin Ti layers of 16 nm and 75 nm
thicknesses were studied for biocompatibility with PDLS cells as well. Initial
cell adhesion decreased by 23% and 26% on anodized 6082 with nanothin
layers of 16 nm and 75 nm thicknesses respectively after 24 hours of
incubation. Nanothin layers of Ti completely cover the pores of anodized
coating therefore cell adhesion to the surface might be more complicated
especially during the initial incubation. In contrast, the adhesion of PDLS
cells on anodized 1050 alloy with 16 nm Ti layer increased by 48% but did
not change on 75 nm Ti layer when compared to anodized 1050 alloy before
sputtering. Such differences might influence the purity of Al alloys. After 72
and 120 hours, cell adhesion improved on all sputtered specimens, especially
on anodized 1050 alloys. At the same time, only a slight increase was
registered in the case of nanostructured coatings of 6082 alloys. Ti layers of
16 nm and 75 nm thicknesses increased cell adhesion by 15% and 55%
respectively on sputtered 1050 alloys after 120 hours of incubation. Higher
thickness of nanothin Ti layers are beneficial for biocompatibility but it is
important to maintain a rough surface topography during their formation.
The adhesion on nanostructured coatings was quite comparable to Ti alloy
BT1.
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A comparison of morphological appearance by fluorescence imaging
revealed some differences between PDLS cells on anodized 1050 and 6082
alloys, Fig. 45.

6082

Fig. 45. Morphological appearance of PDLS cells on the anodized 1050 and 6082
alloys with or without Ti layers of 16 nm and 75 nm thicknesses, deposited by
sputtering. Fluorescence imaging performed after 48 h incubation, staining with 1
uM CellTrace™ Calcein Green

Cells growing on the anodized 1050 alloy displayed more flattened
morphology than those growing on 6082. Quite oppositely, PDLS cells on
the anodized 6082 alloys were reduced in size and had long thin longitudinal
profiles. Importantly, sputtered 16 nm and 75 nm Ti layers did not
significantly affect the morphological appearance of PDLS cells.

Overall, nanostructured coatings with nanothin layers of Ti and its oxides
are biocompatible with human PDLS cells. However, several important
factors that must be taken into account. First, the composition of Al alloy can
affect adhesion, morphology and growth of PDLS cells. Anodization
increased cell adhesion only on lower purity 6082 alloys, while higher purity
anodized 1050 alloys had similar adhesion when compared to untreated
alloys. Second, the thickness Ti/TiO. layers is also an important factor,
because thicker layers demonstrated better biocompatibility to PDLS cells.
16 nm and 75 nm Ti layers sputtered with magnetron significantly increased
cell adhesion and proliferation, especially on 1050 alloys. TiO: layers of 10
nm and 15 nm thicknesses (deposited by ALD) did not show any significant
improvement on cell adhesion. Additional parameters (i.e. surface
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roughness) were not considered since nanothin Ti/TiO, layers should not
affect surface roughness dramatically. However, anodized 6082 alloys are
not as smooth as 1050 with Ra values of 1.5 um and 0.85 pum respectively.
Although, higher surface roughness might improve cell attachment, the
release of metal ions and wear particles might intensify, if materials are not
chemically pure [62].

3.3 Tribology of anodized coatings with or without deposited
nanothin layers

It is important to consider the tribological properties when designing
different products, especially for better durability. The importance of
tribological research in biomedical products such as dental braces [200, 201]
and mandibular implants [202] had been highlighted by using loads of 1 N to
10 N. The latter load was selected for friction tests on anodized and
nanostructured coatings. Despite the importance of dynamic friction which
acts between moving surfaces, static friction also should be considered.
Static friction is relevant not only in industry but also for biomedical devices
where surfaces might undergo intermittent movements. Only freshly
anodized Al discs were tested for a better understanding of friction
phenomena.

3.3.1 Tribology of anodized alumina coatings

The influence of Al alloys on friction firstly was demonstrated on
specimens before anodization. As showed in Fig. 46, COF depends on alloy
type very significantly.
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Fig. 46. Influence of Al alloys on friction under 1 N (left) and 10 N (right) loads,
against a steel ball
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Lower COF of 5005 alloy under 1N load might be caused by the
involvement of Mg and other alloy elements into friction zone reactions.
Despite low COF of 5005 alloy, wear rate was four times faster than wear of
7075 alloy, see Table 12.

Table 12. Wear of Al alloys after 500 friction cycles under 2 cm/s and 1 N load

Alloy Wear track  Cross-section area Wear rate, Scar diameter
depth, um  of wear track, um? um?*/(N-mmwesr)  on ball, um
1050 46+1 16 800 + 600 16 800 = 600 2910
3003 44 +4 11800 + 1 300 11800 + 1 300 2430
5005 55+ 1 24200 + 1 000 24200 + 1 000 2600
6082 54 + 3 23300+ 1700 23300+ 1700 2230
7075 17+1 6 200 + 200 6 200 + 200 1590

This suggests that high contents of Mg unable to withstand even low
loads and lead to initial surface damage. Low wear of 7075 alloy might be
related to the servovitic film formation influenced by Cu additives [203,
204]. Higher loads had a positive effect only for 6082 and 7075 alloys which
led to COF reduction below 0.8 most likely due to increased surface
hardness. The rest of the specimens resulted in COF above 1.0 under 10 N
load.

The testing of anodized coatings showed quite similar COF curves
independently on alloy type, Fig. 47.
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Fig. 47. Influence of Al alloys after anodization in sulfuric/oxalic a. electrolyte on

friction under 1 N (left) and 10 N (right) loads, against a steel ball

However, friction significantly depends on the load. Increasing the load
from 1 N to 10 N led to COF reduction from 1.2 to 0.8 due to increased
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surface contact area. It must be mentioned that the wear of anodized alloys
was 100-1000 times slower when compared to untreated alloys, Table 13.

Table 13. Wear of hard anodized Al alloys after 500 friction cycles under 2 cm/s and
10 N load

Alloy Wear track Cross-section area Wear rate, Scar diameter
depth, um  of wear track, um? um?(N-mmwesr)  on ball, um
1050 3.2+0.2 555 + 39 56 + 4 1417
3003 4.9+0.2 996 + 71 100+ 7 1701
5005 25+0.2 314 +40 31+4 1055
6082 3.6+0.2 516 + 194 52 +19 1152
7075 2.2+0.3 418 + 65 42+7 1018

Lower wear rate was observed on anodized 7075 alloys possibly due to
the high content of Cu (2.1 wt%) and Zn (7.7 wt.%) intermetallic
compounds, responsible for surface hardness as well as formation of Cu
servovitic film, annex Fig. S13. Surprisingly, anodized 5005 alloys also
showed reduced wear rates. 3003 alloys had the highest wear rate suggesting
increased surface deformation and faster destruction under tribological
exposure. Fast destruction of disposed Al alloys (Al waste) from beverage
cans to transport or construction items are beneficial since they can cause
environmental problems if not disposed properly [205].

Among all Al specimens, 1050 and 6082 alloys represent distinct
materials according to their physical and mechanical properties. Therefore,
they were selected for further experiments using chemically inert corundum
balls. The friction of hard anodized and phospho-anodized coatings of 1050
and 6082 alloys was described further.

Hard anodized coatings significantly reduced static COF from nearly 1.0
to about 0.4 on 6082 alloys under 1 N load, Fig. 48. No significant
differences in static friction observed by changing the anodizing duration
from 30 min to 70 min. Phospho-anodized coatings with much higher
surface porosity resulted in static COF of 0.7, which is lower than static
friction of surfaces before anodization. It could be expected that friction
reduction of phospho-anodized coatings would be more significant, because
many phosphates act as anti-wear additives in various coatings and
lubricants. Nevertheless, surface porosity and other morphological properties
most likely play a more important role in tribology under dry friction
conditions.
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Fig. 48. Influence of hard anodization (30 —70 min at 20 V) and phospho-
anodization (150 min at 120 V) at 15 °C on static and dynamic friction under 1 N
load (left bars — 1050, right bars — 6082), adapted from [151]

The initial dynamic COF value is often lower than static COF and do not
equal to the static COF since it is calculated from ~100 data points for one
friction cycle at 2 cm/s velocity. Dynamic friction of hard anodized coatings
was lower than that of phospho-anodized coatings, in agreement with static
COF trends. Despite that anodization reduces COF, friction and wear of
anodized coatings is still quite high in general, leading to abrasion and wear
debris formation after just 100 friction cycles under 1 N load.

Friction properties of hard anodized coatings were also varied by setting
different electrolyte temperatures for anodization. Changing anodization

temperature from 10 °C to 20 °C did not significantly affect surface friction,
Fig. 49.
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Fig. 49. Influence of electrolyte temperature on static (left bars — 1050, right bars —
6082) and dynamic friction of hard anodized alloys under 10 N load, adapted from
[151]
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However, anodization at 30 °C produced coatings with much higher
friction under 10 N load. Most likely this can be explained by the fact that
coating, anodized at 30 °C, was much softer than in case of 10-20 °C due to
high surface porosity. Both static and dynamic COF exceeded over 0.7 at 30
°C under dry friction conditions. It can also be observed that static and
dynamic COF remain quite similar between the alloys under 10 N load,
while static friction differences were more pronounced under 1 N load. This
is in agreement with the expectation that surface hardness affects friction
more significantly under lower loads.

Phospho-anodized coatings obtained in the HsPOs electrolyte with
methanol and glycerol additives also were tested for friction, Fig. 50.
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Fig. 50. Influence of additives on friction after phospho-anodization for 150 min at
120 V (left) or 150 V (right) under 10 N load

Despite increased coatings thickness, additives showed no improvement
in friction either at 120 V or 150 V. Moreover, additives might have a
negative effect on the initial friction stages of phospho-anodized coatings
obtained at 120 V. The COF leap also represents that anodized coatings were
totally removed after a few hundred cycles at 120 V under 10 N load.

Since static COF depends on material and surface properties, tribological
conditions also should affect static friction as well. The influence of sliding
velocity and load were evaluated on hard anodized coatings of 6082 alloy.
Static COF decreased with increase in normal load using loads of 1 N and
10 N, Fig. 51.
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Fig. 51. Influence of sliding velocity and load on friction of hard anodization of
6082 alloy at 15 °C, adapted from [151]

In addition to the surface hardness effects, this might also be related to
increased surface contact area [206]. As the normal load increases, the
contact area changes slowly and reaches maximum, thus the friction force
remains relatively constant and the COF decreases as load increases [207].
In contrast to load, sliding velocity had no influence on static or dynamic
friction. However, under higher sliding velocity heat is dissipated less
effectively, which increases surface wear and abrasion as expressed by
fluctuations in COF curve in later friction stages.

The influence of surface roughness on static and dynamic friction also
was evaluated. Surface roughness with <0.5 um was named as “low Ra”, ~1
um - “medium Ra” and ~7 um - “high Ra.” Both static and dynamic friction
showed high COF reaching over 0.8 of untreated 1050 alloys, Fig. 52.

On 6082 alloy COF not exceeded 0.8. After hard anodization static COF
was dropped below 0.4 independently of surface roughness. This effect was
more pronounced on anodized 1050 alloys when compared to untreated ones.
According to studies static friction increases by increasing roughness values
[208]. However, this effect was observed only on alloys before anodization.
Hard anodized coatings had stable static COF below 0.4 while dynamic COF
was markedly reduced on rough surfaces probably due to low contact area. In
summary, surface roughness does not affect friction dramatically, while
mechanical and morphological properties of porous Al.Oz; coating is much
more important for friction tendencies.

100



—
(2]
N
[e2]
)

1 1050 ~ ] 6082

N
N
L
-
N
L

L s
Q 0
@] O
£0.8 A o
I ©
0] n
04 4
0 n
LowRa MediumRa HighRa LowRa MediumRa HighRa
before before
anodization anodized anodization anodized
- — LowRa -=- — LowRa
- — MediumRa --- — MediumRa

--- — HighRa - — HighRa

N
(=)

N

o
)

6082

12 w12 -

Q

8 8

Q

£08 208 1

O] ©

s 5,

004 004

0 T . ) 0 T T )
1 10 100 1000 1 10 100 1000
Friction cycles Friction cycles

Fig. 52. Influence of surface roughness on static (top) and dynamic (bottom) friction
of 1050 and 6082 alloys before and after hard anodization (left bars — before
anodization, right bars — hard anodized) under 10 N load

For a more detail investigation of friction properties of Al, surfaces were
treated with alkali/HNOs solution, Ar plasma or using a combined treatment.
The combined treatment method has the most negative effect and increases
static friction for both 1050 and 6082 alloys, Fig. 53. Surface treatment in
alkali/HNOs solution significantly reduced static friction, especially on 6082
alloys despite less homogeneity and higher surface roughness. Static COF
reduced to ~0.4 with alkali/HNO; and Ar plasma while combined treatment
was less effective on hard anodized coatings. Moreover, surface treatment
had almost no influence on dynamic friction despite slightly higher friction

curves at initial stages obtained after combined treatment either on 1050 or
6082 alloys.
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Fig. 53. Static (left) and dynamic (right) friction of 1050 and 6082 alloys before and
after hard anodization using different surface treatment methods under10 N load

In summary, surface treatment and roughness are important for untreated
specimens but have little relevance to anodized coatings. Therefore 1050 and
6082 alloys were not polished or mechanically abraded, except treatment in
alkali/HNOs solution for removal of surface oxides and activation before
anodization. Anodizing conditions for hard-anodized coatings (15 °C for 70
min under 2 A/dm?) and phospho-anodized coatings (15 °C for 150 min
under 150 V) are most suitable both tribologically and morphologically.
Hard anodized coatings significantly reduced both static and dynamic
friction especially using 6082 alloys of low purity while the anti-frictional
effect of phospho-anodized coatings is less relevant. The load of 10 N was
prioritized for anodized coatings due to reduced COF. Sliding velocity has
no influence on static or dynamic friction.
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3.3.2 Effects of layer thickness of Ti and its oxides on friction and wear

From a tribological perspective, it is important to protect surface from
any damage and accidental wear. Al alloys have poor mechanical properties
producing rapid wear debris formation after just several friction cycles,
which should be avoided under dry friction conditions. Although hard
anodized coatings reduce COF to ~0.4, friction is still considered as high. In
order to improve the resistance to friction and wear in anodized coatings,
deposition of several metals and their oxides was performed. Reports by
other researchers suggest that various metal-mediated mechanisms might be
activated to improve tribological performance. First of all, the deposition of
soft metals might induce a barrier effect, where a softer top layer acts
sacrificially until it wears down to protect the anodized coating. Metal
cladding effects might also be induced from the deposited oxides, possibly
leading to wear reduction. In case of Cu, Sn, Pb, Ag and several other metals
so called servovitic effect might be achieved. It might be expected that these
metals tend to remain in the friction zone, while other metals wear down,
which might eventually lead to low wear regime [203]. Other mechanisms
might also be available. In this study, the best tribological effectiveness was
demonstrated by Ti/TiO, nanolayers. However, the role of Ti in friction
reduction remain unclear. No further study to investigate the causes of the
tribological improvement was made available.

Several metals and their oxide layers have been tested to protect the
anodized coatings against friction and abrasion by producing the barrier,
metal cladding, servovitic or other tribological effects described in the
literature. Nanothin layers of Ti/TiO, were most distinguished by
considering their effect of layer thickness on surface friction. Nanothin TiO;
layers of 5-15 nm thicknesses were formed by ALD method, while
thicknesses of Ti layers varied from 16 nm to 2.3 um using sputtering.

At first, Ti layers of 16 nm, 75 nm and 2.3 um thicknesses were sputtered
on untreated alloys using wide range thickness scale. Their friction was
tested against chemically inert corundum ball, which is more applicable to
studying biomaterials than other counter-bodies [209, 2010] using 10 N load.
Friction was so severe on 1050 specimens that COF even exceeded 1.0,
forming clearly visible wear tracks after few friction cycles, Fig. 54.
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Fig. 54. Influence of Ti layer thickness on friction tendencies of untreated 1050 (left)

and 6082 (right) alloys under 10 N load, adapted from [150]

6082 alloys had lower friction with COF ~0.8 primary due to mechanical
properties. HV of 6082 alloy was more than 4 times higher than 1050 alloy,
139 HV for 6082 and 31 HV for 1050 respectively. The differences in other
substrate properties, such as elasticity, compressibility, etc., might also be
important, rather than any effects of Ti layers or surface topography. Ti
layers of 16 and 75 nm thickness were not able to reduce dry friction on Al
alloys, while thickest Ti layer of 2.3 um reduced COF only to ~0.4. The
hardness of Ti layers was expected to be much higher than that of Al
substrate and this would not be beneficial to tribological properties. Ti is
~1.7 denser than Al with their densities of 4.51 g/cm?® for Ti and 2.70 g/cm?3
for Al. As discussed by other researchers [211-213], hard top layers could
easily fracture due to rapid deformation of the softer substrate, which
instantly produce abrasion. Although thick Ti layers of 2.3 um could
withstand higher interfacial pressure and resist fracture or delamination,
COF was still higher than 0.4, indicating rapid wear. This suggests that the
arrangement of “hard layer/soft substrate” could not be considered favorable
tribologically to any technological application due to high wear and surface
delamination.

TiO; layers of 10 nm thickness also were deposited on Al alloys by ALD.
As expected both 1050 and 6082 alloys showed high friction from the
beginning with initial COF ~1.0, annex Fig. S14. Poor adhesion of TiO;
layers led to rapid delamination and deformation of the softer Al substrate
when engaged into mechanical contact even at 1 N load. COF values also
demonstrated large fluctuations during friction tests.

Surface porosity and higher roughness of anodized coatings might
increase surface contact area by allowing Ti to penetrate more deeply into
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substrate and to disseminate delamination related stresses. Therefore, ALD
was used to deposit 5, 10 and 15 nm TiO; layers on hard anodized coatings,
Fig. 55.
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Fig. 55. Influence of TiO- layer thickness on friction tendencies of hard anodized
1050 (left) and 6082 (right) alloys under 10 N load. Nanothin TiO layers were
produced by ALD

The deposition of 5 nm TiO; layer did not have much influence on
friction trends of anodized coatings, COF reaches 0.4 within just several
friction cycles, similar to surfaces obtained after anodization. Anodization
gives some slight tribological advantages with respect to untreated alloys,
because anodizing increases surface hardness and therefore reduces wear
rates. Although, anodized coatings with or without 5 nm TiO- layers never
reached COF of 1.0 and never showed as much friction fluctuations as did
1050 or 6082 specimens without anodization, COF values were high,
exceeding 0.4 within just several friction cycles. Gradual increase of COF
showed higher surface friction and wear, which should generally be avoided,
especially for in-vivo applications.

Differently than 5 nm TiO; layer, layers of 10 nm and 15 nm showed
dramatic changes in tribology by reducing COF below to 0.2 for more than
10 initial friction cycles under 10 N load. Low COF values during initial
stages of friction are important, since many organism functions are subjected
to intermittent rather than continuous friction after engaging into mechanical
contact with moving surfaces within an organism or during transportation
and implantation. It should be noted that in both anodized alloys the
difference in tribological performance between 10 nm and 15 nm TiO- layers
is very minor, while that between 5 nm and 10 nm is much more dramatic.
Comparing 1050 alloy with 6082, which has at least twice as wide pore
diameter (7 nm vs 15 nm), both alloys show notable tribological
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improvements after deposition of 10 or 15 nm layers, in contrast to 5 nm
layers, which are not effective in that regard at all.

TiO; layers of 15 nm thickness, obtained by ALD, are quite comparable
to Ti layers of 16 nm thickness, obtained by sputtering since error bars can
exceed up to £ 2 nm. A good tribological performance of nanothin TiO;
layers had been reported on both anodized 1050 and 6082 alloys, therefore
their friction curves were compared with sputtered specimens. The same
conditions: 10 N load and 2 cm/s reciprocal motion along 4 mm wear track
were selected for friction tests. As mentioned above, deposition of Ti layers
had no positive effect on 1050 and 6082 alloys without anodization. On hard
anodized coatings, Ti layers led to a significant reduction of friction. The
similarity of friction trends between 15 nm TiO2 and 16 nm Ti layers (ALD
and sputtering respectively) was remarkable, see Fig. 56.
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Fig. 56. Influence of nanothin layers of Ti and its oxides on friction tendencies of
hard anodized 1050 (left) and 6082 (right) alloys under 10 N load. The Ti layers
were deposited by sputtering, while those of TiO, were produced by ALD

Ti layers of 75 nm thickness and maybe a little thicker showed even
higher effectiveness, maintaining COF below 0.2 for 20 and 60 friction
cycles on anodized 1050 and 6082 alloys respectively. Since these
specimens were exposed to ambient conditions for several days before
tribotesting, large portion of nanothin Ti layers, which were obtained by
magnetron sputtering, oxidized into TiO in the presence of atmospheric
oxygen and humidity as showed by XPS. Therefore, similarities of friction
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trends between ALD and sputtered specimens should not be overly
surprising.

Agueous environment which predominates around biomaterials under
biological conditions should also eventually lead to conversion of Ti into
TiO2. It would be reasonable to assume that layers of Ti and its oxides with
thicknesses between 10 nm to 75 nm, obtained by ALD or sputtering, should
demonstrate improved tribological performance under in vivo environment.
Following this trend it might appear that thicker layers should demonstrate
similar tribological performance as Ti layers of 75 nm or similar thickness,
obtained by sputtering. Surprisingly, Ti layer of 515 nm thickness were
much less effective, while layer of 2.3 pum thickness were not effective
tribologically at all, succumbing to high friction in a very similar manner as
the anodized coatings before sputtering, Fig. 57.
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Fig. 57. Influence of Ti layer thickness on dynamic friction tendencies of hard
anodized 1050 (left) and 6082 (right) alloys under 10 N load, adapted from [150]

In contrast to thick Ti layers, nanothin Ti layers were showed positive
effect on friction reduction of anodized coatings by reducing COF below 0.2
for more than 20 friction cycles. The effectiveness of nanothin Ti or TiO;
layers was independent of deposition method, ALD or sputtering. Although,
Ti layer of 75 nm thickness was more effective and sustained more friction
cycles on anodized 6082 alloys.

Nanothin Ti/TiO, layers have a positive effect on static friction as well.
Fig. 58 shows that static COF was reduced below 0.2 using nanothin Ti/TiO>
layers on both 1050 and 6082 anodized Al alloys. Thinner than 10 nm and
thicker than 0.5 pum layers were less beneficial tribologically. Moreover, Ti
layer of 2.3 um thickness has much higher static friction when compared to
anodized coatings before sputtering, especially of 6082 alloy. In contrast to

107



anodized coatings with thick Ti layers, nanostructured coatings are much
more durable.
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Fig. 58. Influence of Ti/TiO; layer thickness on static friction (left) and after 10
friction cycles (right) of hard anodized 1050 and 6082 alloys under 10 N load,
adapted from [150, 151]

For a more detailed investigation of Ti/TiO, layers COF values were
demonstrated after 10 friction cycles. The ability of nanostructured coatings
to sustain low COF for at least several friction cycles would be beneficial in
many cases including transportation or installation of anodized Al items to
prevent surfaces from any incedintal damage or wear. Progressively higher
thickness of Ti/TiO, layers almost had no possitive impact on untreated Al
alloys. It is clearly evident from the graph that 6082 has much lower COF
than 1050 alloy due to much higher surface hardness. The anodized alloys
showed significant friction reduction with COF ~0.2 after deposition of
nanothin Ti/TiO; layers with thickness from 10 nm to 75 nm. Surprisingly,
very thin and very thick (5 nm TiO; and 2.3 um Ti) layers were unable
protect anodized coatings from friction and wear maintaining COF over 0.4.

For comparison the tests were performed using a steel ball, since friction
against steel surfaces is quite widespread technologically. The whole
sequence of untreated, anodized and sputtered specimens was screened using
the same load, wear track length and velocity, i.e. 10 N, 4 mm and 2 cm/s
respectively. However, no dramatical friction changes were observed on
specimens against a steel or corrundum balls, despite that the difference
between nanothin and 2.3 pm Ti layers was not as extreme as in case of a
corundum ball [150].
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When friction of Ti alloy BT1 was tested, the first 20 cycles showed very
similar friction to that of 2.3 pm layers of sputtered Ti on both anodized Al
alloys, Fig. 59.
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Fig. 59. Comparison of friction tendencies of BT1 alloy (96% Ti) and anodized
1050 (left) and 6082 (right) Al alloys without or with Ti layers of 2.3 um thickness
under 10 N load

BT1 approached steady-state COF ~0.5, while friction continued
intensifying for anodized coatings without or with thick Ti layer under 10 N
load. The friction stability of Ti alloys might be related to its mechanical
properties including higher tensile strength and Brinell hardness when
compared to Al alloys. Per technical specifications, tensile strength and
Brinell hardness approximately compare as 150 MPa and 30 HB for 1050
alloy to 310 MPa and 95 HB for 6082 alloy respectively [214, 215]. Ti alloy
BT1 was expected to have a tensile strength of 400-550 MPa and Brinell
hardness of 380-467 HB [216]. Intensive friction of anodized coatings might
be related to their disintegration, but more accurate explanation might be
complex due to their nanostructured nature. In the current investigation no
attempt was made to obtain much thicker layers of TiO, by ALD, because
such approach would be impractical. Much longer durations are needed to
produce ALD layers of the same thickness as those by sputtering.

Phospho-anodized coatings showed high surface friction with initial COF
over 0.4 suggesting rapid surface deformation and damage after few friction
cycles under 10 N load, Fig. 60. Nanothin Ti/TiO, layers of similar
thicknesses produced either by ALD or sputtering even increased initial COF
to ~0.7. However, friction was decreased to the primary value after 10
cycles. According to studies, effect of Ti and its oxides were less beneficial
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on phospho-anodized coatings. Therefore, the friction and wear of nanothin
Ti layers were studied in detail only on hard anodized coatings.

S anodized 6082 A ,
5 038 4 ;
: ;'
“5 06 T ”, Ir
= ! >
é 04 v/ —noTi
T 02 4 15 nm TiO, (ALD)
O ---16 nm Ti (sputtering)

0 T T )

1 10 100 1000

Friction cycles

Fig. 60. Influence of nanothin layers of Ti and its oxides on friction tendencies of
phospho-anodized coatings of 6082 alloy against an Al,O3 ball under 10 N load

Many applications are required long service time and durability,
therefore any surface damage such as abrasion, pitting, scuffing, etc.,
should be avoided especially for biomedical applications. The surface wear
of nanostructured coatings were evaluated using several methods, which
includes optical microscopy, SEM and profilometry. Available AFM
techniques could not be used because of excessive surface roughness.

The first 10 friction cycles were selected to show wear tendencies of 75
nm Ti layers before the significant abrasion were started. When Ti layers
were deposited on hard anodized 1050, their wear was clearly noticeable
visually just after 10 friction cycles. Before friction, the appearance of Ti
layers of 75 nm thickness was bluish without significant discolorations, but
after 10 friction cycles the surface with grey tones were observed, Fig. 61.
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Fig. 61. Optical microscope images of tribotest wear scars of 75 nm Ti layers on
hard anodized coatings of 1050 alloy before and after 10 and 500 friction cycles
under 10 N load, copied from [150]
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The grey color might be related to anodized coatings without any Ti on
the top. Nevertheless, it could not be stated that the 75 nm Ti layer was
completely removed from the discolored segments, because the grey
protrusions might also appear as a consequence of optical effects at lower
Ti layer thickness. However, at least partial delamination of the Ti layer
seemed likely. The cracks were seen along the both sides of trace
suggesting that the load of 10 N is sufficient for surface damage of
anodized coating on a relatively soft substrate of 1050 alloy.

When the tribotester stopped automatically due to excessive friction
force after 500 friction cycles, much more damage to the surface could be
observed. The sharp color change from the original image implies that Ti
layer is totally destroyed after 500 cycles. The black zones indicate surface
decomposition and break down producing many wear debris. Very similar
trends were observed on 6082 alloy as well.

The comparison between highly worn specimens is too complicated,
because many specimens could not even last 500 friction cycles due to
excessive friction force, which leads to an automatic tribotester shutdown.
Moreover, after attaining high COF the whole Ti layer of 75 nm thickness
could be removed within just several friction cycles, making it
unreasonable to look for any influence of Ti on wear rates. Therefore, wear
tracks was evaluated after 10 and 30 friction cycles indicating COF values
below 0.2 or ~0.4 on anodized 1050 alloy, Fig. 62.
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Fig. 62. SEM images of wear tracks on hard anodized coatings of 1050 alloy with
75 nm Ti layers after 10 and 30 friction cycles under 10 N load, copied from [150]
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SEM was employed for better understanding of friction-induced Ti
layer transformations on micro- and nanoscale. After 10 friction cycles the
trace was barely visible despite of surface cracks formed along wear zone
on anodized 1050 alloy, in agreement with optical photomicrographs. The
formed trace of the friction zone still cannot be considered as a wear track
after 10 cycles. According to contact mechanics theory, deformation occurs
in elastic bodies under the load. For this tribotest, the theory of
spherical/nhemispherical deformation is most appropriate, which states that
the indentation diameter is determined by the geometry, hardness, and
elasticity of the interacting bodies [39]. However, the latter two parameters
have not been determined for anodized coatings. Therefore, it is impossible
to assess if the trace of the friction zone is greater than Hertzian elastic
indentation, which would indicate that the wear had already begun. In
addition, a relatively thin and porous anodized coating of ~60 pm in
thickness when compared to the Al substrate might complicate the
calculation.

After further impact on friction, wear resistance of nanostructured
coatings was poor on 1050 alloy. A clearly visible pit was formed in the
middle of the wear track after 30 friction cycles. Many smaller scars were
also produced around the central part and near the edges of the track,
where interfacial pressures were expected to be the highest. A large pit
appeared after 30 friction cycles suggest that 75 nm Ti layer was removed
with whole anodized coating of ~60 um thickness. Calculation shows that
under 10 N load the interfacial pressure exceeds 150 MPa when the contact
zone diameter is less than 0.4 mm, which is the case in most tests, at least
during the initial friction stages. If the high interfacial pressure is not
compensated by favorable surface topography and tribofilm formation, it
gradually destroys not only the Ti layers but also damages the anodized
coating. It appears that such pressure is already sufficient to crack the
anodized coating of ~60 pum thickness on 1050. Deterioration of the whole
anodized coating gave a proof that the abrasion began sooner than 30
friction cycles producing large amounts of wear debris. Sizes of the
abrasive debris particles might vary over a broad range both on microscale
and nanoscale level as shown in magnified area. It might be pointed out
that no cracks could be observed after 10 or 30 friction cycles on 6082,
whose COF was still below 0.4 after that much of tribotesting.

Although, SEM images did not showed any surface changes on 1050
after 10 friction cycles at high magnification, surface flattening with a
larger number of dark protrusions were present at microscale level when
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compared to those before tribotesting, annex Fig. S15. After 30 friction
cycles the surface underwent significant transformation. Different surface
texture suggests that most of the 75 nm Ti layer was removed with original
roughness. The abundance of small particles of ~ 0.1 um in diameter was
much higher, implying the presence of fine debris particles. The shapes
and sizes of those particles showed some uniformity, which suggested that
they might actually represent the remains of the delaminated Ti layer of 75
um thickness with some tendency to aggregate.

Ti elemental mapping was performed on the zone without cracking after
30 friction cycles. EDS measurements without tribotesting showed that 75
nm Ti layers were effectively deposited on anodized 1050 and 6082 alloys,
recording the average values of 1.77 at.% and 1.89 at.% of Ti respectively.
Since EDS consumed the material from about 1 pm depth of the anodized
coating, the contribution of Al,Os coatings was much higher than that of 75
nm Ti layers which can give some error distribution then compared two
different specimens. EDS showed different elemental distribution of Ti
concentrations on anodized 1050 after 30 friction cycles, Fig. 63.

Fig. 63. Wear track SEM (left) and EDS with elemental distribution (right) of Ti
(light color) on anodized 1050 after 30 friction cycles under 10 N load. Filled and
empty circles in SEM (left) represent lowest and highest Ti contents within the
area, with 0.77 wt.% and 8.73 wt.% respectively, copied from [150]

Ti concentration gradient was very high ranging from 0.77 wt.% to
8.73 wt.%, but no visible pits or major surface damage could be observed. It
could be considered that Ti concentration might change more than 10 times
within different areas of wear track. This suggested that Ti layer might
undergo a quasi-fluid type of material transfer [162, 217, 218] from one
location to another within the wear track, assuring significantly lower
friction and wear, but losing the ability to withstand high interfacial

pressures when friction is continuing. More complex tribological
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mechanisms, such as selective transfer [203, 219] as in Cu on steel or
possibly others might also be involved, but a much more extensive study
would be needed to identify the most probable pathways.

Four stages of the friction curve could be excluded according to surface
wear under dry friction conditions. In most cases, COF starts rising due to
high interfacial pressures when the load is applied in “run-in” stage.
However, COF also might decrease during surface polishing if the rough
surfaces are used. The formation of quasi-fluid film using Ti layers lead to
constant COF in steady state regime where no wear is present as shown by
SEM after 10 friction cycles. Once Ti layer breaks down COF start rising
leading to a change in interfacial pressures and a wear scar. The COF of
anodized coatings also gradually increases until it reaches a plateau by
suggesting the removal of adsorbed layers including hydroxides, sulfates,
carbonates and other molecules. In the latest stage, many wear particles were
generated and entrapped in the wear track zone during sliding leading to
surface abrasion, major wear increase and COF fluctuations which are
related to stick-slip phenomenon. It represents the movement of two surfaces
that proceeds a series of jerks caused by alternate sticking and sliding. Stick-
slip behavior could occur with both unlubricated and lubricated surfaces
under high normal loads depending on the surface finish [220].

According to SEM images with noticeable surface damage of
nanostructured coatings, profilometry was used to identify surface changes
with or without Ti layers of 75 nm thickness. Contact profilometer showed
that nanothin Ti layers did not increase wear resistance either on anodized
1050 or 6082 alloys after 30 friction cycles, annex Fig. S16. Nevertheless,
COF of nanostructured coatings remains much lower when compared to
anodized coatings. It must be mentioned that wear track depth was
overlapped with surface roughness after 10 friction cycles by confirm the
fact that Ti layers will resist to abrasion and incidental friction at least 10
friction cycles using 10 N load or less under dry friction conditions.

In conclusion, Ti/TiO, layers are beneficial only on hard anodized
coatings while antifrictional effect of Ti on phospho-anodized coatings and
specimens without anodization are less effective. Independently of the
deposition method ALD or sputtering, Ti/TiO; layers of 10 nm to 75 nm in
thicknesses or maybe a little thicker layers significantly reduce COF below
0.2 while layers thinner than 10 nm or thicker than 0.5 pm have much
lower effect on friction reduction of hard anodized coatings. Despite low
friction, wear of nanostructured coatings is still high in general.
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As with dynamic friction, very thin or thick Ti/TiO, layers were less
effective in reducing static friction. Such behavior is not consistent with the
metal deposition hypothesis since both ALD and sputtered nanothin layers
exhibit nearly identical trends. This is not consistent with the barrier layer
hypothesis since thicker layers increase friction. Servovitic effects with Ti
have not yet been described and due to its hardness are unlikely. Therefore,
it was intended to evaluate the relationship with other metal oxides.

3.3.3 Tribological benefits of nanothin layers of group VB elements and
their oxides

Materials like ZrO, gain recognition in many areas including medicine
for dental implants and prosthetic devices due to its biocompatibility, good
mechanical stability, hardness and high resistance to scratching and
corrosion [221, 222]. The potential of Hf based layers for biomedical
applications also was studied earlier [223, 224]. Therefore, the friction of
group IVB metals including Ti, Zr and Hf also were tested on anodized
coatings. Results showed that nanothin layers of IVB group metals and its
oxides reduced static friction mostly below 0.2, but dynamic friction was
less effective when compared to Ti/TiO, layers of similar thicknesses
deposited either by ALD or sputtering, Fig. 64.
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Fig. 64. Influence of nanothin layers of group 1VB transitional metals on static (top)
and dynamic (bottom) friction of hard anodized alloys under 10 N load
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In contrast to HfO- layers deposited by ALD, sputtered layers of Hf static
increased friction and wear leading to surface abrasion and damage after few
friction cycles under 10 N load. The friction of Hf nanothin layers was much
higher than of the other two IVB elements Ti and Zr. Such tribological
differences might be influenced by the incomplete conversion of Hf layers to
HfO, under a humid atmosphere. Another explanation might be related to the
hardness of nanothin layers. HfO, is much harder and denser than ZrO, or
TiO,. Their hardness and density are 8.3-14.4 GPa and 9.68 g/cm?® [225],
6.4-10.5 GPa and 5.68 g/cm3 [226], 2-13 GPa and 3.78-4.23 g/cm? for TiO,
[227] respectively. High hardness of Hf layers led to wear debris formation
and abrasion of softer porous Al,Os3 coatings. Overall, sputtered Hf layers
have a negative effect only on dynamic friction while static COF reduced
two times when compared to anodized coatings. ALD deposited HfO, layers
reduce initial friction, especially on anodized 6082 alloys mostly due to
higher TDMAH penetration into pores. Nanothin Ti/TiO. layers are most
effective on friction reduction and reduce both static and dynamic friction
below 0.2 for at least 10 friction cycles. Sputtered Zr layers reduce static
COF, bus unable to assure low friction in later friction stages. It is
expected that hardness of oxidized Zr might act as abrasive and initiate
surface abrasion in later friction stages.

For comparison, other metal layers including Cr, Nb and Cu which do not
belong to the group IVB also were tested for the friction. Although
electrochemical coatings of Cr can have a positive effect on friction and
wear on steel substrate [96, 228], nanothin Cr and Hf layers of 75 nm
thicknesses showed rapid decomposition of anodized coatings under 10 N
load, Fig. 65.
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Fig. 65. Influence of nanothin layers of 75 nm thickness on static (left) and dynamic
(right) friction of hard anodized coatings of 6082 alloy under 10 N load
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A similar effect of nanothin layers was shown on untreated alloys leading
to the high static and dynamic COF of ~0.8 with clearly visible surface
damage after a few cycles, annex Fig. S17. The low friction of Cu was
demonstrated on steel and a copper alloy i.e. bronze due to formation of a
servovitic film created by the selective transfer mechanism. Servovitic film
is porous and forms a microisland pattern with a size of 1 um rather than a
uniform film of constant thickness, which protects the surfaces in the contact
zone by regenerating itself constantly [203, 204, 229]. However, nanothin
layers of Cu or Nb do not showed a significant effect on friction reduction,
although the static friction was lower compared to anodized coatings without
nanostructurization. The elements of group IVB including Zr and Ti had the
best tribological performance. Despite the higher dynamic COF of Zr layers,
static COF reduced below 0.2 for both Zr and Ti.

The antifrictional effect of nanothin layers on phopsho-anodized coatings
was less relevant. Although, Ti layers of 75 nm thickness reduced static
friction for at least two times, see Fig. 66.

—nolayer —-75nmCr ---75nmCu
19 —75nmHf ---75nm Nb - 75 nm Ti
08 | —-75nmZr
o]
o 06
2
B 04
® 02
0 0 T T )
5nm75nm 75 nm no 75nm75nm75nm 1 10 100 1000
Hf Zr Cr layer Nb Cu Ti Friction cycles

Fig. 66. Influence of nanothin layers of 75 nm thickness on static (left) and dynamic
(right) friction of phospho-anodized coatings of 6082 alloy under 10 N load

Cu layers also showed some effectiveness on static friction reduction but
in general not able to sustain friction and led to surface destruction after few
cycles. Other layers showed no improvement on friction when compared to
phopsho-anodized coatings before sputtering.

To sum up, nanothin layers of Zr and Ti provide the best anti-frictional
effect, especially using hard anodized coatings. Although, the reasons for
their remarkably high tribological efficiency has not been clarified yet, it is

likely that Ti acquires quasi-fluid type of material transfer within the
friction zone by assuring low friction [162, 217]. For technical, biomedical
and other applications of anodized coatings, the findings of this study

117



provide that nanothin layers reduce static friction below 0.2, and in the case
of Ti, decrease dynamic friction during initial cycles of dry friction.

According to the best tribological performance of sputtered Ti layers of
75 nm thickness, their stability also was evaluated on hard anodized and
phospho-anodized coatings. Results showed that nanostructured coatings
have more stable static friction rather than hard anodized coatings after 100
days of aging especially of 6082 alloys, Fig. 67.
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Fig. 67. Stability of static (top) and dynamic(bottom) friction of hard anodized
coatings of 1050 and 6082 alloys on aging time under 10 N load

Oppositely of static friction evaluations, dynamic friction revealed poor
sustainability of nanostructured coatings after surface aging. The highest
deterioration of nanothin Ti layers was observed on 1050 alloy after 100
days of aging maintaining low COF for less than 10 friction cycles.
Nevertheless, nanostructured coatings should be effective for incidental
friction when surfaces are influenced by intermittent rather than continuous
movements.

Similar findings were observed on phospho-anodized coatings of 6082
alloy. Surface aging had no influence on static friction of nanostructured
coatings when compared to phospho-anodized coatings without Ti layer,
Fig. 68.
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Fig. 68. Stability of static (left) and dynamic(right) friction of phospho-anodized
coatings of 6082 alloy on aging time under 10 N load

In contrast to nanostructured coatings of hard anodization, phospho-
anodized coatings with nanothin layers of Ti did not show any negative
tribological effect on aging time. Although, friction reduction of Ti layers
were less relevant on phospho-anodized coatings under 10 N load.

3.4 Migration of impregnated compounds into anodized coating

Lubricants, dyes, anti-corrosive fillers and other functional materials are
often used to improve various properties of porous coatings. Therefore, it is
important to monitor their migration into the coating in order to reduce
surface friction and wear, transmitting forces, reducing heat generation, wear
debris formation and ensuring control of other processes. The migration of
organic compounds into the pores of anodized coating is also important in
biological systems when coatings are in contact with body fluids. Therefore,
friction occurs not under dry conditions but under lubricated conditions.
Korean tribologists [230] tried to lubricate anodized coating with
pentadecane paraffinic oil. Their anodization, impregnation and tribotesting
approach was very similar to this investigation. They produced 60 pm thick
coatings with 1D pores in oxalic a. electrolyte saturated them with oil and
performed ball-on-plate reciprocal tribotests. Only limited improvement in
friction reduction and wear resistance was achieved. Significant wear was
detected under 0.5 N load already with significant increase in friction just
after 15 reciprocal cycles. Major wear of steel ball was also observed. This
shows that traditional lubricants perform very poorly on anodized Al. In
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addition, oxalates are known to decompose into CO; easily. Friction zone
conditions also could facilitate CO. evolution and accelerate wear. The
penetration of the organic compounds into the pores of anodized coating are
questionable and requiring shaking, heating, long-term exposure and other
techniques to accelerate migration for better tribological performance.
Therefore migration of the most important biological compounds and
tribologically effective fillers into the pores of the anodized coating has been
investigated in detail.

In this study the term "migration" is used to describe the transfer of
azodyes, fillers and other target materials from the outside into the inner
portions of nanopores. The exact mechanism of the material transfer is often
unknown, because electrostatic, colloidal, osmotic and other forces might
take part during the process. It cannot be stated that the term "migration” is
better than "diffusion”, "impregnation”, “penetration" or other possible
terms. The term "migration” is used solely only in order to avoid confusion.

3.4.1 Penetration of hydrophobic fillers into the pores of
anodized coating

At first, investigated materials including lipids (95% stearic a., 70% and
99% oleic a.), esters (60% and 99% methyl oleate), polymers (25% PTFE in
IPA), lipid filler and biobased filler 18Z were identified by Raman
spectroscopy. Lipids and esters are very differ from PTFE fluoropolymer,
which is characterized by the highest intensity peak of CF, symmetric
stretching at ~735 cm™ and other lower vibrational modes of CFx group as
showed in Fig. 69 [231].

The high content of triglycerides (i.e. tristearin) found in adipose tissue
[232] and fatty a. in blood plasma [233] suggest that bioceramic surfaces
able to interact with lipids and components of a cell membrane, which might
determine different tribological properties of anodized coatings after
adsorption. Differently from stearic a., oleic a. is defined by C=C double
bond stretching at ~1656 cm™ in the aliphatic chain [234]. The stearic a.
showed slightly different Raman spectrum and vibrational modes mostly due
to its solid state under environmental conditions. The Raman spectra of
esters based on oleates also showed some differences. Methyl oleate ester
had low intensity peak of C=0 stretching at 1740 cm™. A single peak of
C=0 vibration related to esters rather than fatty a. those showed no peak in
the region of 1677-1711 cm™ [235]. Other peaks are mostly related to the
molecular vibrations of the aliphatic chain [236]. The concentration of fatty
a. or esters had no influence on Raman spectra and their vibrational modes.
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For lipid filler and biobased filler 18Z the Raman spectra were quite similar
to fatty a. despite of higher intensity of C=C stretching groups.

o
£
=
[3)
s
7
s o o
® b =
£ g
s £ g
2 @ :
o L o £
£ 5 £82
600017 £ g S ES
£ = [
& a 8 7
%) N
& 059
o =g 8
3 ~oo
_M\_L
25% PTFE/IPA
5000 - 2
5
wn
@
[
% 25 o
£ S o2 g
o = =
5 £ 5% 2
o g g2 2 o
B o)) o . s o
[%2] 4000 7 = £ 2 o = £
2 J225 ©5 & %
= =T S © 2w
= TOoU © = GJ_Q 2] 5 &
: 5862 % 59 ¢ @
=2 oxxT Q9 BI © ® o
® 659 0 £°2 o O
- n < - © ©
2 g - & %S 2 & g
= 52 & Z
S 3000 - ~ 99% methyl oleate
=T
= .5 £3 S 8
= 8 5 2 o =
[ - —
g ' 60% methyl oleate
o ©) o~
© A &
o 252 AN )
2000 1 18Z filler
5 &
- l.o§ = ©
2 < 6 &~
552 AN ) .
s lipid filler
o ws T b
© - Pt — [t}
35 = S N 3
1000 + i 99% oleic a.
o o« =~
s 8 & = 8
© o - A ,‘\ A .
70% oleic a.
S 8& S5
§ <S¢ o 3
[ve]
0 A 95% stearic a. (solid)

500 1000 1500 2000
Wavenumber, cm-!

Fig. 69. Raman spectra of investigated materials including lipids, esters, alcohols
and polymers

121



For the migration of organic compounds, the Raman spectroscopy
method was developed using a fully anodized Al foil of 70 um thickness
with an average pore diameter of ~13 nm obtained after anodization in
H>SO./oxalic a. electrolyte at 15 °C.

For Raman scattering, which is the basis of Raman spectroscopy,
photoluminescence (PL) is not beneficial. PL intensity of anodized coatings
depends on alloy composition, type of electrolyte, temperature, anodization
voltage, current density, pore diameter and other processing parameters
[237-239]. As showed previously, PL of anodized coatings was much higher
when prepared in the oxalic a. electrolyte rather than sulfuric a. or
phosphoric a. [237]. It this study, high PL values was observed on both
partially anodized foil and hard anodized Al alloys of 1050 and 6082 by
focusing the laser beam of 785 nm according to PL maximum for the
anodized coating, Fig. 70.
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Fig. 70. Raman spectra in “finger print” region of anodized Al: (a) partially
anodized 1050 discs; (b) partially anodized 6082 discs; (c) partially anodized foil;
(d) fully anodized foil; (e) plain Al foil before anodization, adapted from [152]

PL phenomena was negligible for fully anodized Al foil as well as for
non-anodized foil. Therefore, fully anodized Al foil was selected for further
studies since the Raman responses of migrating compounds could be
properly recorded.
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FAMEs derived from renewable lipid feedstocks, such as vegetable oils
or animal fats often used for biofuel additives and as sustainable lubricants.
They comprised of monoalkyl esters of long-chain fatty a. mostly of methyl
oleate (~60%), methyl linoleate, methyl palmitate and other esters which has
anti-wear properties on both steel and anodized Al substrates. Their ability to
reduce friction was much more effective than fatty a. [240]. These esters
hereinafter referred to methyl oleate. Higher migration of lubricants into the
pores of anodized coating might provide better resistance to friction and
wear [140].

The penetration of methyl oleate was evaluated on the fully anodized Al
foil by focusing the laser beam from the top of the surface to the coating of
54 pm in depth. Raman spectra of fully anodized Al foil with or without
methyl oleate showed two intensive peaks at 980 cm™ and 1060 cm™! which
corresponds to SO4% group [241] and C-C stretching [242] vibrational modes
respectively, Fig. 71.
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Fig. 71. Raman spectra variations on depth before (left) and after (right) deposition
of methyl oleate on the fully anodized Al foil surface

The peaks exclusively represent additives (i.e. sulfates and oxalates) of
anodized coating that appeared from H,SOJ/oxalic a. electrolyte across the
whole Al foil. Other peaks of lower intensity should be eliminated due to the
high background signal. Although, some pollution of organic compounds is
possible by not using high purity reagents for anodization electrolyte. After
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one hour of methyl oleate deposition, high intensity mode of CH; scissor
bending at 1440 cm™ [235] and low intensity mode of C=C stretching at
1656 cmt were observed indicating vibrations of the unsaturated oleyl chain.
Meanwhile, the intensities of the anodized Al foil without methyl oleate
overlap with background signal at 1440 cm™ and 1656 cm™.

Two anodized foils were selected for methyl oleate penetration by testing
three different places under the same spot for Raman spectroscopy. The
penetration depth of methyl oleate was calculated according to the area of
Raman spectra of CH, vibrational mode at 1440 cm™, Fig. 72.
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Fig. 72. The penetration depth of methyl oleate throughout fully anodized Al foil
using an objective lens with short working distance (left) and long working distance
(right). The area of Raman spectra was calculated at 980 cm™* for sulfates group

and 1440 cm for methyl oleate and fully anodized Al foil

Raman intensity and peak area is much higher on lubricated conditions
rather than anodized Al foil without lubrication. The peak of sulfates at 980
cm? is quite stable suggesting that distribution of sulfates possibly are
uniform across all anodized coating. It was observed that the intensity of
CH, peak was lower from 0 to 10 um of depth rather than inside the pores of
anodized coating. However the peak intensity might be reduced after
removing the excess of methyl oleate from the surface after 1 hour exposure
before analysis. The ability to penetrate is correlating to the highest peak
intensity observed from depth of 10-20 um with average reproducibility.
This shows that lubricant able to penetrate into the pores of anodized Al foil
due to capillary action or other related effects. The penetration of methyl
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oleate was obtained using an objective lens with a short working distance of
0.3 mm and a long working distance of 8 mm by adjusting the Z axis for
laser excitation. Although objective with a long working distance have lower
efficiency of laser illumination and collection of the Raman scattered light,
the diameter of the spot for methyl oleate detection is higher than 1 pm.
Raman intensity reduced about three times using long working distance.
Depending on the laser working distance, the measured intensity values
change, but the penetration maximum of methyl oleate remains at 10-20 pum.
Since the Raman with a lens of short working distance generates a stronger
signal, it able to separate the differences between two anodized Al foils. The
drop of Raman intensity of the second foil with methyl oleate was clearly
evident when compared to the first foil, especially of 50-60 um in depth.
This can be explained by a significant decrease in the content of methyl
oleate. Decreased pore integrity, increased content of hydrates and reduced
collection efficiency from the deeper area of anodized coating might also
contribute to the lower intensity of Raman signal.

The penetration studies of methyl oleate evaluated by Raman
spectroscopy well corresponded to the migration of fluorophore rhodamine
B dissolved in methyl oleate using confocal fluorescence microscopy. Their
penetration depth was ~15 um after impregnation into the anodized coating
under submersive conditions [140]. However, only fluorophore
concentrations were determined. Meanwhile, Raman spectroscopy detects
the methyl oleate itself. In this study, it was unable to use fluorophore
rhodamine B for penetration studies due to detector saturation and high
background fluorescence with concentrations either of 10 ppm and 1 mM.
Both methyl oleate measurements on anodized Al foil and fluorophore
measurements on anodized coating showed a similar distribution of
concentrations. This confirms the suitability of both methods and the
penetration tendencies of methyl oleate into the pores of the anodized
coating.

3.4.2 Migration of hydrophilic dyes through the anodized coating

Most dyes are designed so that the dyeing is performed by saturation of
the pores by adsorption on Al.Qs in the region closest to the coating surface.
Uniformity of coating thickness and pore structure are very important to
obtain correct color and stability. To achieve this, anodization conditions
including temperature, pH, concentration and duration must be controlled.
The newly developed methodology was used to evaluate the migration of
hydrophilic compounds into the pores of the anodized coating. Two types of
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commercially available chromium-complexed anionic azo dyes (black and
green) were chosen for the detection of penetration rates through fully
anodized Al foil using Raman spectroscopy. These dyes are widespread
commercially because they provide rich colors and hide gray irregularities
obtained after anodization.

The migration of azo dyes was evaluated by directing the laser beam to
Al foils anodized at 15 °C and 30 °C. The laser beam was focused to the
center of the anodized Al foil according to the maximum of the background
PL, although the exact position of the focused area in the 70 pm thick
anodized foil is not known. In the case of methyl oleate, Raman intensity
was recorded after 1 h of sample application. Raman spectra were recorded
at various depths of foil by changing working distance of objective for laser
illumination.

For the penetration studies, 5 puL of black and green azo dyes were
deposited onto the fully anodized Al foil to avoid excessive overfilling of the
pores of Al,Os coating. After detection with Raman spectroscopy, the most
intensive vibrational modes of each dye were selected for detail investigation
to reduce the error values in spectra analysis. Vibrational modes of 1285
cm® for black dye and 1264 cm™ for green dye were assigned to endocyclic
or exocyclic C-N functional groups respectively [243]. It was observed that
after 25 min the most intensive vibrational modes of each dye showed a
small but distinct shift to lower frequencies. For black dye the shift
registered was from 1285 to 1282 cm and for the green dye it was from
1265 to 1263.6 cm™, Fig. 73.
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Fig. 73. Raman spectra variations in time after 5 pL of each dye were dropped onto
the fully anodized at 15 °C temperature Al foil surface: (a) black dye; (b) green dye,
adapted from [152]
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Larger shifts suggest stronger interactions indicating that the interaction
of the black dye with the anodized Al foil is much stronger than that of the
green dye. Both dyes achieved the maximum Raman peak intensity within
25 minutes of drop deposition at 15 °C, Fig. 74.
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[152]

The green dye curve has a sharper growth with some delay period at the
beginning. This indicates that the initial migration of the azo dyes was
uneven and migration of the green dye was slightly slower when compared
to the black dye. However, both dyes later equalized and reached a uniform
depth after 25 min of penetration. Once green dye reaches its maximum
value after 25 min it shows a slight tendency to decline, although this is not
statistically significant. The decrease of intensity might be related to the dye
degradation processes or its interaction with residual electrolyte in the
anodized foil. In addition, the green dye was partly washed out from the
pores of anodized Al during the dyeing procedure. Raman intensity is related
to the amount and nature of the functional groups and their ability to interact
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with anodized Al foil. Results showed that the intensity of black dye was
about two times higher than a green dye indicating stronger interaction with
Al,O3. Migration of azo dyes depends on capillary action, diffusion,
adsorption, colloidal and other effects. In the case of capillary action, dye
penetration occurs when the adhesion to the pore walls is stronger than the
cohesive forces between the dye molecules. When comparing dye migration
studies with methyl oleate, it is likely that penetration of the dye into the
pores of anodized Al foil is faster than methyl oleate. According to Raman
intensity, the penetration depth of methyl oleate was 10-20 pum after 1 h of
application, while the maximum intensity of the azo dye was reached just
after 25 min probably of depth greater than 10 pm. In addition, dye
molecules with hydrophilic properties may interact with hydrates more
easily, which are remained in the anodized Al foil. When Al foil was
anodized at 30 °C, larger pore sizes were obtained. It was showed that the
temperature from 15 °C to 30 °C increases surface porosity (7.8% vs 18.0%)
which led to 2.8 times higher dye penetration rates. The migration trends of
both dyes were similar using anodized Al foil with higher porosity.

The utilization of Raman spectroscopy with anodized Al foil can be a
valuable tool for assessing dye or lubricant behavior and its efficiency. A
method based on Raman spectroscopy can be applied for evaluating the
suitability of newly synthesized or formulated organic dyes and lubricants
for porous Al,O3 surfaces. For a better understanding of the migration
processes, dye structure and possible interaction with anodized Al foil were
studied in detail.

3.4.3 Interactions with residual electrolyte

The composition of commercially available chromium-complexed
anionic azo dyes is confidential. However, it might be reasonable to assume
that they contain chromium-complexed azo moiety in commercial dyestuffs,
Fig. 75.

Spectroscopic studies [244] detected that vibrations of Cr organometallic
bonds and aromatic rings are dominated in dye molecules. As is evident
from the molecular structure, anionic azo dyes contain a lot of aromatic rings
and some double bonds, which result in vibrational modes of high intensity
in Raman spectra. Far-field Raman spectra from 2000 cm were not exposed
any relevant information about the chemical structure of anionic azo dyes,
annex Fig. S18. Therefore, only near-field Raman spectra were studied in
detail.
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Fig. 75. Molecular structure of the one of the most prevalent chromium-complexed
azo moieties in commercial dyestuffs after adsorption within the pore of anodized
Al. Ry to R4 represent a variety of substituents, ranging from anionic functional
groups (-CI, -COOr, -SOg3), alkyls and other types of hydrophobic or hydrophilic
chains, adapted from [152]

Although C-N group of most intensive vibrational modes also could
belong to amides, in this case, no signal was detected at 1646 cm™ indicating
that C-N functional groups are not amidic [243]. Other vibrational modes are
mostly related to moieties of aromatic ring compounds, which are
predominant in Raman spectra. The abundance of = electrons is very
favorable for Raman spectroscopy due to the sensitivity of such compounds.
Most relevant peaks also should be pointed out by revealing the possible
structure of the most prevalent chromium-complexed azo compounds in
commercial dyestuffs. It was shown that the phenyl group at ~1000 cm™ are
most intensive in Raman spectra [245]. However, the intensity of vibrational
mode at 1001 cm™ was very low for green dye while no band was found for
black dye. This suggests that aromatic ring has at least 2-3 substituents for
green dye or more substituents for black dye, which disassemble its
symmetry and breathing mode. Low intensity vibrational modes of 408 cm™
and 423 cm® might represent Cr-O and ring out of plane bending [246].
Fourier-transform infrared spectroscopy (FTIR) analysis confirmed that dye
molecules are characterized by vibrations of aromatic rings of which the
diazenil functional group N=N at 1541 cm™, the deformation vibration of
C-N group at 1271 cm™, vibration of C-O stretching at 1120 cm™ and the
vibrations of sulfo functional group at 1026 cm™ were found. XPS results
also revealed sulfonate R-SO3™ (sulfonic acid salts and esters, 168.2 eV) and
a twice lower concentration of sulfate SO,* (169.4 eV) in the structure of

azo dyes. Organometallic bonds of Cr with oxidation state +3 (576.4 eV)
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were also detected. Tridentate ligands form complexes with Cr (111) through
1:2 metal and ligand ratio, where lone pairs of electrons are donated by two
oxygen atoms and one nitrogen atom of the diazo linkage [247, 248].

The substituents in the moiety are crucial for defining the color,
adsorption, hydrophilicity, degradation stability and the variety of other
properties, which are important for commercial dyes. They define not only
the molecular structure but also packing shape and size which are different
of various dyes. Furthermore, additives often include in dye formulations to
enhance their lightfastness, glossiness, adsorption, penetration properties,
degradation stability, curing durations, wetting, spreading, shelf life,
antibacterial and antifungal performance and possibly other characteristics.
Therefore, the exact chemical mechanisms describing the dye adsorption on
anodized Al might be complex and diverse.

During impregnation of anodized coatings on substrates it is important to
account for the influence of the residual electrolyte. Interaction between
azodyes and anodized foil, which was described in the previous subchapter,
was not affected by the residual electrolyte to any appreciable extent.
Essentially all electrolyte was washed out from the foil after anodization due
to near-hollow nature of the anodized foil. However, when anodized
coatings are formed on the top portion of Al substrates, the electrolyte
cannot be washed out easily at all. Therefore, the interaction with
impregnated fillers becomes more complex and the importance of the
residual electrolyte must be taken into consideration. Sulfuric, oxalic,
phosphoric and other acids, which might be used during anodization, have
low volatility. Furthermore, they form sulfates, oxalates, phosphates and
other salts, when residing in the pores. Consequently, impregnated fillers
might react not only with Al>O3 or Al hydroxides, but also with various salts
and even free acids.

In case of azo dye impregnation into anodized coatings on Al substrates,
the residual electrolyte will have additional effect. If water is still present in
the pores, cations can be released from the impregnated molecules, which
have ammonium or azo-moieties. Partial Al hydroxides can also act as
cations. Anions can be generated from sulfonic, carboxylic and other
functional groups within azo dye molecules as well as from sulfuric, oxalic,
phosphoric and other acids in the residual electrolyte. In the pores water
might be eventually consumed during formation of hydroxides and hydrates.
But these processes might be slower than ionic reactions between the
residual electrolyte and impregnated fillers. Molecules of chromium-

complexed anionic azo dyes with an expected size of 3 nm easily migrate
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into the pores of anodized coating. Through electrostatic interactions
between oppositely charged ions, dye molecules can form ionic bonds into
the pores of the anodized coating at acidic pH [249]. By streaming potential
measurements, the zero point of charge (zpc) of or-Al,Os; having a fully
hydroxylated surface was found to occur at pH 9.2 £ 0.2. It is able to reduce
zpc by calcining the alumina at temperatures above 1000 °C [250]. In case of
azo dyes pH values is lower to zpc, 4.5 and 5-6 for black dye and green dye
respectively.

Anodized coatings may contain a considerable number of impurities,
whose quantity depends on the nature of the electrolyte. For example, hard
anodized coatings formed in H,SO, contain up to 17% sulfates [108].
Phospho-anodized coatings might contain 6% phosphates, while those
formed in oxalic a. electrolyte might contain up to 3% oxalates [251]. By
contrast, the content of chromate in the coating obtained in chromic a.
constitutes only 0.2%. In case of anodized foil produced in H.SOs4/0xalic a.
electrolyte the sulfate concentration was ~4%. The behavior of the Raman
spectra may be explained by the dye interactions with the sulfates and
oxalates remaining in the pores of anodized coating. However, a high
concentration of electrolyte compounds present inside the pores might have
a negative effect and reduce the penetration rates of the dyes. The reactivity
of anionic functional groups within the dye molecule towards the cations can
be too high, which would result in blockage of the pore openings.
Furthermore, the abundance of residual electrolyte and its acidic media, UV
exposure, biocontamination and possibly other factors may affect stability
and induce chemical degradation of anionic azo dyes. In the case of azo
dyes, these processes have not been studied in detail since their exact
chemical composition is unknown.

The reactions between hydrophobic fillers (i.e. fatty a.) and anodized Al
were explained in detail. Deprotonation of carboxylic a. (i.e. fatty a.) gives
carboxylate anions when a proton is removed according to Brgnsted-Lowry
acid-base theory. The carboxylate anions have the resonance structure
because the negative charge is delocalized over the two oxygen atoms,
which allows making various types of interaction. Amphiphilic molecules of
fatty a. which provide hydrophobic hydrocarbon tail and hydrophilic (polar)
head group form a chemical bond with anodized coating. The deprotonation
of fatty a. leads to coordinative adsorption of carboxylate group on the
porous anodized coating, which can be either monodentate, bidentate or
chelating [252], Fig. 76(a).
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Reactions on anodized Al surface
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Fig. 76. Possible reactions of fatty acids or esters at anodized Al surface (a) and
inside the pores of anodized coating (b-f)

A chemical reaction with the anodized coating and cohesive interactions

between the alkyl chains able

to maintain stable monolayer. With

chemisorption, which can be either symmetric (through the two oxygens) or

asymmetric (through one oxygen),

the binding energy is much higher than

for physisorption. For multilayer films, the first layer is chemisorbed and
other layers are physisorbed by weak intermolecular forces like Van der
Waals. It has been shown that the chemisorbed amount of matter on the
surface is not influenced by the saturated or unsaturated alkyl chain of the
fatty a. but is only dependent on the interactions between the head group of
fatty a. and the substrate. While the physisorbed amount of matter increases
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with the number of unsaturation in fatty a. [253]. Acid-base properties of
anodized coatings play an important role in the binding mechanism of fatty
a. As shown previously, y-Al,Os exhibits a variety of surface OH groups
some of which are strongly acidic, while boehmite (AIOOH) has mostly
basic reactivity [254]. In addition, the binding geometry and strength,
number of adsorption sites and other possible factors determine binding
affinity, which might influence the penetration of hydrophobic lubricants.

It is reasonable to assume that pores of anodized coating are filled with
hydroxides that able to react with fatty a. The saponification reaction of fatty
a. and Al(OH); produces Al soaps (i.e. Al stearate, Al oleate), which have
good oxidation and water resistance, Fig. 76(b). Such compounds play an
important role as additives in lubricating greases, thickeners and protective
films due to the ability to sustain low friction and reduce wear [255]. Long-
chain fatty a. and metal soaps have the ability to reduce friction not only by
adsorption of multimolecular films under boundary or near boundary friction
conditions but also by reaction of residual electrolyte compounds entrapped
inside the pores of anodized coating. It is able to obtain mono-, di- and tri-
functional Al soaps. The stability of Al soaps are inversely proportional to
the swelling ability, i.e. low-swelling tri-functional Al soaps are more stable
than those of the high-swelling mono-functional Al soaps [256]. However,
the formation of tri-functional Al soaps is hardly possible and requires much
higher durations or utilization of catalysts for the reaction to occur.

The residual electrolyte compounds including H,SO,4 and oxalic a. left in
the pores of the anodized coating can significantly influence the migration
and tribological properties of fatty a. and other lubricants, Fig. 76(c, d). It is
expected that the reaction between H,SO, and Al hydroxides is incomplete
and not all the reactants are converted into hydroxy sulfates. H,SO4 might
react with fatty a. by producing sulfonic a. or sulfonates and carbonic a.
(H2CO3) at elevated temperatures. Decomposition mechanism of oxalic a.
depends on temperature. Oxalic a. decomposes to formic a. (HCOOH) and
CO- while upon further heating it transforms into CO and H,O at ~130—
160 °C. The formation of CO,, CO, and H,O from oxalic a. was detected in
the pyrolysis process, which typically occurs at temperatures above 430 °C.
However, none of these reactions of decomposition of oxalic a. are possible
since the temperature was never reacher over 100 °C in this study. This
suggests that oxalic a. might decompose to formic a. by generating
dihydroxylcarbene as an intermediate species after decarboxylation
mechanism [257]. According to scientists, the reaction is obtained at lower

temperatures using H.SO. and AI(OH)s as a catalyst in the presence of
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water. Furthermore, the carbonic a. also might react with Al(OH); producing
carboxylic salts. However, the formation of these compounds in the pores of
the anodized coating has not yet been proven. It could be stated that the
formation of Al carbonates are hypothetical and not well characterized. Due
to their basic nature and instability, Al carbonates can decompose to
A|(OH)3 and COz.

Esters (i.e. methyl oleate) are not very stable compounds in the agqueous
environment. Therefore, part of the molecules is hydrolyzed to fatty a. and
alcohol in the acidic medium, Fig. 76(e). The hydrolysis reaction is
catalyzed by both acids and bases. This reaction is reversible and does not go
to completion. Fatty a. obtained after hydrolysis able to react with AI(OH);
and residual electrolyte compounds as discussed previously.

The stability of unsaturated esters and lipids is also significantly
influenced by peroxidation (autoxidation) reactions. It is a free radical
initiated oxygen binding to the double bonds of unsaturated fatty a. and in
case of increased oxygen concentration, autoxidation of saturated fatty a.
occurs. By the way, not only in anodic coatings but also in biological
systems oxidative stress results in irreversible cellular changes that damage
cell membranes in the presence of free radicals. A free radical chain process
often affects mono- or polyunsaturated fatty a. because they contain double
bonds and methylene bridges (-CH.-) that possess especially reactive
hydrogen atoms. Free radicals have a tendency to gain or lose electrons
(reduction or oxidation) and obtain a more stable state when electrons are
paired due to extremely high chemical reactivity and instability. Most
radicals have very short half-life 10 s or less [258]. One of the most
important parameters that influence the mechanism of the radical reaction is
redox potential, which describes the ability to acquire electrons and therefore
to be reduced. Hydroxyl radical (*OH) have the highest electron reduction
potential of 2310 mV and is considered the strongest oxidizing radical in
biological systems [259]. It affects all types of biological molecules and
contributes to a major part of oxidative damage. Free radical mediated chain
reaction mechanism consists of three major steps: initiation, propagation
and termination. At the initiation reaction, reactive oxygen species (hydroxyl
radical, peroxides, superoxide) combines with a H atom to form water and a
fatty a. radical. Once the free radical has formed, it react with O; to give a
peroxyl radical (ROO¢) intermediate. Since the radical is unstable it reacts
with another free fatty a. by removing an H atom from a weak C-H bond and
producing another fatty a. radical and lipid hydroperoxide (ROOH). When a

radical reacts with a free fatty a., it always produces another radical and the
134



cycle continues by chain reaction mechanism. Oleic a. which has 18 carbon
atoms and one double bond in the 9 C position can be oxidized with
hydroperoxyl radical at 8 C and 11 C atoms directly or at 9 C and 10 C
atoms after double bond displacement, see Fig. 76(f). The peroxidation
reaction stops when two radicals react and their odd electrons form a new
bond. Primary oxidation products, i.e. hydroperoxides, are formed through
different chemical mechanisms. In the next step the hydroperoxides break
down into secondary oxidation products including aldehydes, ketones,
alkenals, short chain fatty a. and other compounds. Several of them possess
toxic properties [260]. Peroxidation reaction of lipids also may be
accelerated by the presence of metals and by exposure to heat and light.

Therefore, the penetration of organic fillers depends not only on the
properties of the anodized coatings and residual electrolyte but also on the
hydrolysis, autoxidation and other chemical transformations of the migrating
compounds. During impregnation, new compounds with novel
characteristics might be formed in the pores of anodized coating including
different color, anti-friction properties, etc.

3.5 Severely starved or lubricated friction on developed coatings

In contrast to dry friction, in biological systems, surface friction occurs
in the presence of body fluids (lymph, water, blood, saliva, etc.) and the
substances they contain, including lipids [233]. Saturated stearic a. and
monounsaturated oleic a. is found in human and animal adipose tissue as
well as included in phospholipids and triglycerides composition with
concentrations up to 30% [126] and up to 50%, respectively [127].
Because it is one of the most common types of lipids both free acids (oleic
a., stearic a.) and triglycerides (tristearin) can interact with anodized and
nanostructured coatings.

When lubricants are applied on the anodized coating it is able to obtain
severely starved or lubricated friction which depends on the thickness of
lubricant film. In lubricated friction conditions, fluid completely separates
two solid surfaces and ensures that the contact zone is fully flooded with
lubricant. Differently from lubricated friction, severely starved friction is
attributed to the insufficiency of fluid replenishment on the friction zone.
The onset of starvation depends on lubrication parameters (i.e. viscosity),
amount of oil and operating conditions (i.e. load, speed). In this study
tribological properties of lubricants were tested mostly on severely starved
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conditions with greater regard to the properties of the coatings rather than
of lubricant itself.

3.5.1 Friction in physiological media

Both lipophilic and hydrophilic environments were considered in order
to approach frictional conditions in the body. For the latter, Hanks
balanced salt solution was used, which is similar to blood plasma by its
osmotic pressure, the content of salts and buffering properties required to
maintain optimal pH by the acid-base homeostatic mechanism. The friction
was tested with chemically inert corundum balls in order to avoid
corrosion and other chemical or electrochemical reactions, which could
have a negative effect on friction results. As showed in Fig. 77 the
antifrictional properties of salt solution were poor leading to an initial COF
of ~0.4 on hard anodized coatings.
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Fig. 77. Influence of load and velocity on friction of hard anodized 1050 alloy in
Hanks solution

Tribological parameters i.e. sliding velocity and load also were analyzed
in simulated biological fluids. The load of 10 N led to COF reduction from
1.0 to 0.8 while sliding velocity had no influence on friction on later
friction stages.

Hanks solution was applied on nanostructured coatings with Ti layers of
75 nm thicknesses to simulate the conditions of the biological
environment. The lubricating properties of Hanks solution was poor by
showing the gradual COF increase on both 1050 and 6082 anodized Al
alloys, Fig. 78.
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Friction cycles

For nanostructured coatings, COF showed friction stabilization after 10
(for 6082 alloy) or 20 (for 1050 alloy) friction cycles. According to
previous studies Ti/TiO; layers able to promote the formation of apatite
including hydroxyapatite when it is immersed in simulated biological fluids
[261]. Precipitates of calcium phosphate have positive effect on friction
reduction by stabilizing COF for about 1000 friction cycles. Nevertheless,
the initial COF values are about two times higher when compared to
nanostructured coatings under dry friction conditions. Additionally, surface
wear measurements were evaluated by profilometry. Anodized and
nanostructured coatings with Ti layers of 75 nm thickness showed high wear
rates after 100 friction cycles under dry friction conditions, Fig. 79.
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Fig. 79. Wear profiles of hard anodized and nanostructured coatings before and
after lubrication after 100 friction cycles under 10 N load
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In dry friction, wear rate was at least two times higher on the
nanostructured coating when compared to hard anodized coating without any
layer, Table 14.

Table 14. Wear of hard anodized and nanostructured coatings of 6082 alloy before
and after lubrication after 100 friction cycles under 10 N load

Wear track  Cross-section area Wear rate,

depth, um  of wear track, pm?  um3/(N-mMMyear)
No Ti 6.5+0.7 545 + 29 273+ 14
No Ti + Hanks 20+0.2 362 + 80 181 + 40
75 nm Ti 13.3+2.1 1513 +85 757 + 42
75nm Ti+ Hanks 2.9+0.5 429 + 60 215+ 30

Anodized coatings show progressive COF growth under sliding against
inert corundum ball. This represents the removal of adsorbed layers of
hydroxides, sulfates, carbonates or other molecules from the surface. In case
of nanothin Ti layers, COF rises suddenly and reaches over 0.6 after 20 to 60
friction cycles. Once the COF reaches a plateau it might fluctuate which are
related to stick-slip phenomenon. This represents abrasive friction regime
when too much wear debris particles accumulate in the wear track zone.
Wear increases dramatically by the formation of large debris particles, which
act as abrasives. Intensive abrasion begins and the wear rate is mostly
dictated by the properties of the dry coating and the substrat. High COF
leads to anodized coating failure and major temperature increase. This
suggests that abrasive particles of Ti and Al.O; could produce more debris
accumulation in friction zone, which increases surfaces wear and
degradation more rapidly.

Surface wear of AlOs; coatings without or with Ti layers was
significantly reduced in Hanks solution. The wear rate of lubricated Ti
layers was ~3.5 times lower when compared to dry friction. Despite high
initial COF of nanostructured coatings, the friction was still lower after
100 friction cycles in simulated biological fluids. A wear rate of Al,Oz and
Ti was quite similar with respect to error values in Hanks solution. Lower
wear of nanostructured coatings might depend not only on apatite formation
but also on tribofilm reaction to sulfates, hydrates, hydroxides and other
molecules incorporated in pores. Overall, lubricated friction conditions by
using simulated biological fluids significantly reduce wear of
nanostructured coatings, but has no positive effect on friction reduction.
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Three common lipids (stearic a., oleic a. and tristearin) found in the
human organism were chosen to evaluate the possible friction conditions of
the biomaterials in the body. The substrates were coated with biolubricants
by immersive method in order to produce uniform layers across the substrate
surface and possibly reduce the influence of oxidation during impregnation.
According to gravimetric analysis, the thickness was 40-60 um for solid
lubricants (i.e. stearic a., tristearin) and 15-30 pum for oleic a. of a liquid
phase. Despite of small variations on thickness of the lubricating materials,
the lipids (i.e. stearic a.) showed good reproducibility on hard anodized
coating, Fig. 80.
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Fig. 80. Reproducibility of friction tests in the presence of stearic a. (left) and
influence of lipid layers on friction tendencies of 1050 alloys before and after hard
anodization (right). Tribotests against a steel ball under 10 N load

As expected lubricated coatings were over a hundred times effective
tribologically when compared to anodized or nanostructured coatings. It is
known that lubricants are able to improve tribological properties and reduce
surface friction. Porous anodized coatings able to increase the adsorption of
lipids, which leads to higher resistance against friction and wear after
tribofilm formation. The adsorbed film is formed by weak intermolecular
forces between lipid and metal surface, while tribofilm formation is
influenced by tribochemical reactions which are characterized by different
chemical properties and tribological behavior. Liquid phase lubricants able
to penetrate more deeply into the pores of anodized coating and provide
better lubrication rather than solid lubricants. Oleic a. reduced friction to 0.1
and sustained for at least 50 000 friction cycles (400 m), although the
friction could be continued more than 6 hours. Low friction sustained only
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for 2 000 (16 m) or 6 000 (48 m) friction cycles for stearic a. and tristearin
respectively.

Lubricating layers of oleic a. able to suppress friction of anodized
coatings under 10 N load. Therefore friction was tested using different
tribological conditions. It was showed that friction significantly depends on
load and velocity. Impregnated coatings are less resistant to friction by
increasing the load and reducing velocity, Fig. 81.
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Fig. 81. Influence of load and velocity on friction tendencies of hard anodized 1050
alloys with oleic a.

In contrast to severely starved friction, dry friction mostly influences on
load rather than velocity, especially at initial friction stages. The wear of
anodized coatings is not beneficial either tribologically or biologically. High
loads and cyclical rubbing influence plastic deformation and detachment of
wear particles which leads to surface cracking, wear debris formation and
increased damage. Therefore wear of anodized coatings must be avoided in
the organism.

According to the tendencies of the friction curve, four distinct stages can
be identified in regard to progressing wear: “run-in”, steady state, fatigue
and abrasion [140]. During initial “run-in” stage, COF starts rising due to
high interfacial pressures and temperature at asperities after the exerted load
is applied. Oppositely, rough surfaces might decrease COF during surface
polishing at initial friction stages. Steady state regime begins when COF
stabilizes and lubricating materials from the pores of anodized coating
ensure a partial surface separation by formation of tribofilm or interfacial
layer. In this stage COF mostly decreases to ~0.1 either on severely starved
or lubricated conditions. Once lubricant starvation starts, the film thickness
decreases and interfacial pressures are change, leading to transformations of
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the wear scar and increase of COF. Lubricant depletion and other factors
including oxidation, hydrolysis, tribofilm breakdown increase friction
fluctuations and accumulation of wear debris suggesting to more pronounced
surface damage. Severe plastic deformation and crack propagation show
visible changes in surface topography and morphology in fatigue wear
regime. Eventually, too much of the wear debris accumulates in the friction
zone which acts as abrasives. The abrasion leads to sharp COF and wear
increase due to lubrication failure and high temperature in the friction zone.
In this case, wear rate is mostly dictated not by the lubricant availability, but
by the properties of the dry coating and the substrate.

Wear of impregnated coatings was tested initially after 1000 friction
cycles using profilometry and optical microscopy. As expected stearic a.
showed the highest wear rate of the anodized coating and a steel ball while
wear rate of oleic a. was 1.7 times slower under 10 N load, Table 15.

Table 15. Wear of anodized 1050 alloys after 1000 friction cycles

Wear  Cross-section Steel ball
. oad, Wear rate, wear
Lipid track area of wear .
um3/(N-mmyesr)  diameter,
depth, um  track, um?
pm
Stearica. 10 2.5 800 40 235
Tristearin 10 2.5 635 32 198
Oleica. 10 2 465 23 178
Oleica. 20 5 2175 54 320
Oleica. 30 45 27470 458 432

Solid phase stearic a. and tristearin have limited ability to penetrate into
pores and mostly adsorb on the surface of the anodized coating, while the
penetration of oleic a. is deeper leading to the formation of new compounds.
Higher loads significantly increased wear rate and depth of wear track with
almost total destruction of anodized coating with oleic a. lubricant using 30
N load. Both stearic and oleic a. likely react with Al hydroxides in the
friction zone, forming soaps. These soaps could also participate in the
formation of tribofilm, along with fatty acids. In addition, the reaction of
fatty a. and residual electrolyte compounds including H.SO. is also possible
by formation of sulfonates or similar compounds. Unlike the penetration
studies of anodized foil, anodized coatings with lubricants were heated to 90
°C in order to accelerate the chemical reactions before tribotesting. Despite
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higher melting point and frequently impressive solitary tribological
performance, stearic acid was not as effective as oleic acid. The latter is
more reactive due to unsaturation. Apparently, double-bond driven reactions
could lead to formation of tribologically effective compounds, such as
oxidized matter and oxypolymers. Oxygen is able to react with C=C double
bond groups in the fatty a. chain to initiate the formation
of peroxides (RCOOH). The newly formed peroxides degrade through a free
radical process and form hydroperoxides, which able to form high molecular
weight polymers through a condensation polymerization process. The
presence of metal salts acts as a catalyst to further increase the rate of this
reaction. After a significant degree of oxy-polymerization the fatty a. will
have a substantial increase of viscosity. Therefore, tribofilms produced by
oleic a. and oleate soaps were more effective than those of stearic a. or
tristearin. Free fatty acids were not likely to interact much with the residual
electrolyte. Tristearin could undergo hydrolysis or transesterification,
producing glyceryl derivatives with sulfate and oxalate. The chemical
reaction between glycerol and oxalic a. occurs at 100-110 °C by producing
glyceryl mono-oxalate. In the next step, it could transform into the glycerol
and formic a. after decarboxylation and hydrolysis. The formation of
glyceryl dioxalate requires higher temperatures from 260 °C to 280 °C [262].
The ability to form fatty a. monoglyceride sulfates might also possible
through sulfation and transesterification reactions [263]. However, these
reactions did not appear to contribute to major tribological effectiveness,
although tristearin performed a bit better than stearic a.

Nanostructured coatings with Ti layers of 75 nm thicknesses which
showed high tribological resistance under dry friction conditions were
selected for testing of lubricated friction. However, solid lubricants of stearic
a. and tristearin had no positive effect on friction reduction and disintegrated
more rapidly on nanostructured coatings under 10 N load, Fig. 82.

Higher loads from 20 N and 30 N were selected for oleic a. to reduce the
duration of friction tests. Results showed that oleic a. reduce COF to 0.1 and
sustain up to 10 000 (80 m) friction cycles under 20 N load. The wear rates
of hard anodized coatings before and after nanostructurization was similar
54 um3/(N-mmMyear) and 52 pum3/(N-mmuwear) respectively using oleic a.
lubricant. However, the load of 30 N did not led to any tribological
improvements. It is expected that sputtered Ti layers of 75 nm thickness
completely fills pore openings and block lubricant penetration. Although,
oleic a. able to maintain low friction under 20 N load, a synergistic effect

between Ti layer and oleic a. was not observed.
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Fig. 82. Influence of lipid layers of stearic a., tristearin (left) and oleic a. (right) on
friction tendencies of anodized 1050 alloys without or with 75 nm Ti layer

Dip coating is not a very effective method to control the thickness of lipid
layer since the pores with less than 20 nm in diameter might be blocked
using Ti layers of 75 nm thicknesses. To solve this problem, the gravimetric
method was applied for oleic a. films that allow controlling its thickness
directly. At initial friction cycles, COF went down until it reached a plateau
at ~0.1 by suggesting that asperities of coating surface became polished in
contact with extremely hard corundum balls under 20 N load. Relatively thin
layers of oleic a. with thicknesses of ~15 um and ~30 um showed very
similar friction results with the ability to sustain low friction up to 10 000
cycles, Fig. 83.
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Fig. 83. Influence of friction tendencies on thickness of oleic a. of nanostructured
1050 alloy with 75 nm Ti layer (left) and friction tendencies of oleic a. of 15 um
thickness coated on nanostructured 1050 and 6082 alloys (right) under 20 N load
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In addition, thicker layers of oleic a. has an only small advantage on
friction sustainability. Nevertheless, thick layers of 200 pm thickness
increased friction resistance up to 2.5 times and maintained low COF for
about 25 000 friction cycles. The friction showed dependence not only on
layer thickness, but also on properties of Al alloys. Two times wider pores
and up to four times higher surface porosity of 6082 alloy improved
lubrication properties and led to COF reduction of ~0.08. Nanostructured
coatings of 6082 alloy increase friction resistance more than twice when
compared to 1050 alloys.

Biological lubricants based on oleic a. significantly reduce surface
friction and wear with COF ~0.1 and protect anodized and nanostructured
coatings from severe damage in biological systems. Al alloy properties and
tribological conditions, as well as the content of lubricating materials, affect
friction by simulating biological environment conditions.

3.5.2 Tribological performance in fuels and lubricants

Lubricated systems are very favorable for various applications when
surfaces undergo high stresses under tribological exposure. In the case of
anodized coatings, the most widespread method for lubrication is still based
on PTFE coatings. It is expected that solid lubricants form a barrier layer
because PTFE molecules are usually too large to penetrate inside the pores
of hard anodized coating of less than 20 nm in diameter. The pores of hard
anodized coatings are too narrow for a linear molecule of 300 carbon atoms,
while PTFE polymers are often as large as 10 000 C atoms. In addition, the
low wetting capability of PTFE molecules even reduces the penetration into
the pores of anodized coating. In the case of organic fillers the ability to
migrate in the pores should be more pronounced since the lubricants i.e.
methyl oleate able to penetrate for ~15 um in depth as detected by Raman
spectroscopy. The better penetration of organic lubricants are beneficial for
both biomedical and industrial applications where low friction is required.

Isopropanol-based PTFE coatings showed high tribological resistance and
ability to maintain low friction of 0.1 for at least 30 000 cycles that make
PTFE coatings useful for various industrial and commercial applications,
Fig. 84.
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Fig. 84. Influence of PTFE concentration on friction of anodized 1050 alloy against
a steel ball under 10 N load

The anti-frictional properties of PTFE fillers depend not only on
deposition conditions but also on additives and its concentration. Only
dispersion of 25% PTFE in IPA improved tribological performance, while
concentrations of 2.5% to 10% showed high friction and surface damage
after just 100 friction cycles under 10 N load. Nevertheless, even the low
concentrations of PTFE able to reduce initial COF when compared to
anodized coating without PTFE.

The tribological performance of PTFE and organic fillers were tested
under 30 N loads. PTFE polymers form barrier coatings on anodized Al
which reduce COF to ~0.1 and sustain up to 10 000 cycles under 30 N load,
Fig. 85.
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Fig. 85. Influence of solid and organic fillers on friction of hard anodized 6082
alloys, under 30 N load
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Although oleic a. and methyl oleate were not as effective as PTFE they
showed positive tribological effect at lower loads. Biobased lipid and 18Z
fillers exhibited lower COF and sustained over 10 000 friction cycles at 30 N
load. These fillers were more effective tribologically than fatty a., esters or
barrier coatings. PTFE coatings work as a mechanical barrier and perform
well only until the anodized coating is exposed. It has a limited ability to
penetrate into the pores of less than 20 nm in diameter due to high molecular
weight. Liquid fillers, i.e. fatty a. or esters have the ability to penetrate inside
the pores and provide better lubrication, see Fig. 86. Moreover, tribofilm
formation initiated by the tribochemical reaction between lubricant and
electrolyte compounds left inside the pores of the anodized coating could
lead to a large improvement in tribological properties.
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Fig. 86. The penetration of solid (left) and organic(right) tribofillers into the pores
of anodized coating

Lipid and 18Z fillers could have more interaction with the residual
electrolyte. Despite their lower viscosity, they were able to produce more
durable tribofilms in the friction zone. Low COF was retained many times
longer than in the case of free fatty a. and significantly longer than PTFE.
Being a widespread lubricant for anodic coatings, PTFE is nevertheless just
a barrier lubricant, which gradually wears out. In contrast, 18Z and lipid
fillers can rely on the residual electrolyte, which contributes to the tribofilm
formation and such synergy leads to better anti-wear performance. This
suggests that ability to produce tribofilm depends not only on the chemical
and physical properties of lubricating materials but also on interaction with
residual electrolyte.

The structure of anodized coating is very important for better tribological
performance. The friction of hard anodized coatings obtained at different
temperatures was tested before and after methyl oleate deposition, Fig. 87.
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Fig. 87. Influence of anodization temperature on friction tendencies of anodized
1050 (left) and 6082 (right) alloys with or without methyl oleate under 10 and 30 N
loads
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It is known that higher temperature leads to faster dissolution rate and
increase porosity of the anodized coating. Porous coatings produced at 30 °C
showed the fastest surface destruction under 10 N load using dry friction
conditions. However, the deposition of methyl oleate significantly improved
friction maintaining low COF over 1 000 or 10 000 friction cycles for 1050
or 6082 alloys respectively under 30 N load. The penetration of methyl
oleate in the pores was much noticeable when porosity increased to ~40%
for 6082 alloy at 30 °C.

In addition, the antifriction effect of hard anodized coatings with or
without methyl oleate was showed by changing anodizing duration from 30
min to 150 min. As expected, non-lubricated friction of hard anodized
coatings unable to withstand elevated loads either on thin or thick porous
Al,O3 coatings, Fig. 88.

When methyl oleate was applied on the surface, COF was quite similar
for anodization duration of 30 min or 70 min under 30 N load. However, the
ability to sustain low friction was dramatically improved more than ten times
after hard anodization for 150 min at 15 °C. This could be explained by
higher surface tension which led to crack formation on anodized coatings.
The cracks of several hundreds of width might increase penetration of
methyl oleate by allowing sustain low friction more than 10 000 cycles
under 30 N load, annex Fig. S19. Anodized coatings with methyl oleate
undergo mild surface destruction at some level as expressed by fluctuations
in the friction curve.
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Fig. 88. Influence of anodizing duration on friction tendencies of anodized 1050
(left) and 6082 (right) alloys with or without methyl oleate under 10 and 30 N loads

Evidently, tribological performance of anodized coatings on industrial Al
alloys can be dramatically improved by capitalizing on the synergistic
interaction between the residual electrolyte and impregnated fillers. Both the
structure of anodized coatings and the chemical and physical properties of
the lubricants are important to ensure low surface friction and wear.
Fundamental studies that allow to evaluate the relationship between
electrolyte and lubricants provide a better understanding of friction
mechanisms that occur on the surface of the anodized coating and its pores.
These studies provide yet another avenue to commercial advancement and
various applications of anodized Al in biomedicine, high-tech industry and
many other scientific fields.
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CONCLUSIONS

The layers of Ti and its oxides significantly improve the
biocompatibility of anodized coatings. Nanostructured coatings with a
Ti layer of about 75 nm thickness are most appropriate.

Anodization in sulfuric/oxalic a. electrolyte significantly reduces not
only dynamic but also static friction. Anodization in phosphoric a.
electrolyte produce much softer and more porous coatings which have
much lower resistance to friction and wear.

Independently of the method (ALD or magnetron) used to form
nanothin layers of Ti or its oxides on a solid anodized coating, nanothin
Ti/TiO; layers of 10 to 75 nm thickness reduce COF below 0.2 which
remain from 20 to 60 friction cycles under 1-10 N. The COF exceed
0.5for both Ti alloys and anodized coatings without Ti layers just after
several friction cycles.

Nanothin layers of Zr and Hf oxides reduce static COF below 0.2,
although they were less effective tribologically than Ti and its oxides.
Nanothin layers of other transition metals do not have a positive effect
on the tribological properties of anodized coatings.

Raman spectroscopy is able to quantify the penetration of hydrophilic
azo compounds into the pores of the anodized coating. It is also possible
to determine the intensity of interaction of azo compounds with the
pores of the anodized coating.

The penetration of monofunctional esters and other hydrophobic
compounds to the anodized coating is determined not only by the
geometric parameters of the pores but also by the residual electrolyte.
Significant amounts of material accumulate deeper into the pores, e.g.
coatings with a thickness of 60—70 um, the average penetration depth of
methyl oleate is 10-20 pm.

The formation of tribofilms on the anodized coating is determined not
only due to tribochemical reactions of the lubricants in the friction zone
but also due to their chemical interaction with compounds left in pores
of anodized coating.

COF of the anodized coatings can be reduced to ~0.1 and wear rate can
be suppressed by more than 3 orders of dry friction conditions by
combining the lubricant and the anodizing electrolyte.

149



SUMMARY / SANTRAUKA
1.JVADAS

Trinties ir dilimo problemy sukelti nuostoliai daznai virSija 2 % BVP,
tod¢l siekiama kurti pavirSius, kurie biity atspartis dilimui, o tepamyjy
medziagy panaudojimas bty minimalus. Trintis tarp judanciy pavirSiy
priklauso nuo daugybés parametry: apkrovos, grei¢io, Siurkstumo, kietumo,
elastiskumo, tepalo klampos ir pan. Taciau vieni svarbiausiy yra cheminiai
virsmai, ypa¢ dilimo procesams. Tribologija nagrinéja visy §iy parametry ir
procesy visuma, tod¢l detallis cheminiy aspekty tyrimai yra itin svarbls ne
tik transporto ir kituose techniniuose sektoriuose, bet ir biomedicinoje.
Danty, kauly, sanariy pazeidimai ir ligos tampa vis labiau aktualia problema
pasaulyje. Kasmet pasaulyje atlickama vir§ 2 min. kaulinio audinio gydymo
operacijy [1], o danty implantavimo rinka pasaulyje sudaro 12—18 milijony
[2]. Iki 10 % implanty yra atmetami per pirmasias dienas ar kelis metus,
ta¢iau priklausomai nuo sglygy $is skaicius gali siekti 20 % ir daugiau [3, 4].

Biokeraminés medziagos (Al;O3, ZrO) daznai naudojamos medicinoje,
danty, kauly bei sanariy implantams, nes yra chemiskai inertiskos,
biosuderinamos, pasizymi dideliu kietumu bei mechaniniu atsparumu. Visgi,
nepaisant plataus panaudojimo biokeramika pasizymi bioinertiSkumu, todél
lasteliy adhezija ir sgveika su biologiniais audiniais gali biiti nepakankama.
Siekiant padidinti lgsteliy ir biomedZiagy saveika naudinga naudoti poringus
bei Siurkscius pavirsius.

Vienas i§ dazniausiai naudojamy budy siekiant suformuoti poringa
biokeraming Al,Os dangag yra aliuminio anodavimas (elektrocheminis
oksidavimas), kuris padidina pavirSiaus kietuma, korozinj atsparumg,
uztikrina dazy adsorbcija, adhezija bei kitas savybes. Titano, cirkonio, plieno
ir kity lydiniy panaudojimg medicinoje riboja ne tik auksta kaina, bet ir
sudétingas mechaninis apdorojimas. Al tankis yra daug maZesnis negu Ti ar
Zr ir sudaro atitinkamai 2,70 g/cm?, 4,51 g/cm?® ir 6,52 g/cm?, todél Al
lengvumas ir mazesnis svoris gali turéti didesne paklausa kuriant tiek
medicininius jtaisus, pvz. implantus, tiek kitas detales. Itin grynas Al
(>99,999 %) yra brangus ir turi prastesnes mechanines savybes, nes jo
kietumas 2-3 kartus mazesnis uz Al lydinius. Poringos struktiiros anodinés
dangos, turinCios didelj pavirSiaus plota padidina lasteliy adhezijg ir
biosuderinamumg [5, 6]. Be to, | pavirSines anodinés dangos skylutes gali
jaugti pazeisto kaulo audiniai, kuriy metu padidinamas mechaninis
stabilumas bei apkrovimo pasiskirstymas.
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Kietasis (Il tipo) anodavimas, kuris atlieckamas sieros/oksalo r.
elektrolituose esant Zemoms temperatiroms leidzia suformuoti kietas
anodines dangas, kuriy storis siekia vir§ 100 pm [7]. Terminas ,,anodinés
dangos® néra tikslus elektrochemine prasme. Kadangi Al pavirsius pakyla po
anodavimo, todé¢l topografine prasme tai gali biti vadinama danga. Sis
terminas palickamas tekste ir dél jo populiarumo. Kietasis anodavimas
iprastai atlickamas sieros/oksalo r. elektrolite Zemose temperatiirose,
pavyzdziui, 0 °C, taciau Siame darbe terminas ,.kietasis anodavimas* buvo
naudojamas ir Al anodavimui prie 15 °C. Nepaisant didelio kietumo,
anodiniy dangy dilimas islicka viena i§ pagrindiniy problemy daugelyje
pramonés sri¢iy. Biologinése sistemose dilimo turi biti i§vengta. Santykinis
judéjimas tarp implanto ir aplinkiniy audiniy gali lemti sankabumo
problemas ir organizmo atmetimo reakcijas. Jony migracija j aplinkinius
audinius ir organus gali sukelti uzdegima implantacijos vietoje, kaulo
erozijag. A" jonai didelémis koncentracijomis yra toksiski Zmogaus
organizmui [8, 9], todél AP* jony koncentracija neturi virSyti 1 mg/kg kiino
svorio per dieng [10]. Be to, didelis legiruojanéiy priedy (Mn, Cu, Fe, Zn,
kt.) kiekis, esantis pramoniniuose Al lydiniuose gali turéti neigiamg poveikij
lasteliy adhezijai ir proliferacijai.

Vienas labiausiai paplitusiy metody anoduoty pavir§iy apsaugai nuo
dilimo remiasi politetrafluoretileno (PTFE) barjeriniy dangy susidarymu,
kuris sumazina trinties koeficienta Zzemiau 0,2. Visgi, PTFE dangy
panaudojimg biomedicinoje riboja keletas faktoriy. Poringi ir Siurkstts
anoduoti pavirSiai tampa lygiis ir nepasizymi drékinimu dél PTFE molekuliy
prigimties, todél lasteliy adhezija dar labiau apsunkinama. Viena i§
alternatyvy yra biosuderinamy Ti sluoksniy formavimas ant anodiniy dangy.

Ti oksidai ir nitridai pasizymi apsauginémis, trintj ir dilimg
slopinan¢iomis savybéms ant jvairiy pavirSiy [11, 12], tarp jy ir anodiniy
dangy [13]. Kelios tyréjy grupés nustaté, kad Ti pagrindu suformuoti
sluoksniai efektyviai slopina dilimg ir sumazina trinties koeficienta iki 0,15
[12, 14]. Ti ir TiO2 sluoksniy efektyvumas uzfiksuotas implantuose [15],
tvirtinimo detalése [16], aviacijos bei laivyno pramonéje [17], turbiny
varikliuose [18]. Ivairiems technologiniams tikslams $ie sluoksniai buvo
suformuoti ant anoduoto Al, naudojant zoliy-geliy [19], magnetroninio
nusodinimo [20], atominio sluoksnio nusodinimo (ALD) [21], hidroterminio
apdorojimo [22] bei kitus metodus. TiO. yra chemiskai stabilus, netirpus,
netoksiskas, todél nereaguoja su dauguma rig$ciy, Sarmy ir organiniy
junginiy. Ti pavirSiai pasizymi cheminiu inertiSkumu [23], koroziniu
atsparumu [24] ir biosuderinamumu [25], todél daznai naudojami jutiklivose,
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implantuose bei kituose biomedicininiuose gaminiuose. Ti oksidy sluoksniy
formavimas padidina tiesioging implanto-kaulinio audinio sgveika
(osteointegracija), padeda iSvengti imuniniy atmetimo reakcijy ir sudaro
apsauga nuo organizmo terpés poveikio. Nors trinties bei dilimo rezimai
organizmuose dar néra aiSkiai identifikuoti, taCiau akivaizdu, jog
organizme, o taip pat transportavimo bei jdiegimo j organizmg metu.
Aktualu istirti biosuderinamy dangy svarbiausias tribologines savybes.
Anodiniy dangy ir Ti sluoksniy sinerginis poveikis, uztikrinantis zema
pavirsiy trintj ir auks$tg biosuderinamumg yra perspektyvus kuriant naujos
kartos biomedicininius jrenginius. Nanostruktiriniy dangy panaudojimas
gali biiti naudingas ekonomiskai keiciant §iuo metu paplitusias ir brangias Ti
osteosintezes sistemas odontologijoje bei ortopedijoje.

Siekiant priartéti prie trinties salygy biologinése sistemose tikslinga tirti
lipidais ir kitais organiniais junginiais padengtus pavirsius, kadangi didzioji
dalis junginiy esanciy kraujo plazmoje bei jeinanciy i lastelés sudét] gali
sgveikauti su nanostruktirinémis dangomis [26]. Organiniy junginiy
adsorbcija ir migracija j anodinés dangos skylutes cheminiy reakcijy déka
lemia tribopléveliy formavimasi, kurios gali uztikrinti Zema pavirsiy trintj
bei dilima. Siy junginiy migracija jvairiose dangose daZnai tiriama
nedestrukcine Ramano spektroskopija, kuri teikia informacija ne tik apie
molekuliy struktiirg bei kiekius, bet ir sgveika su danga.

Darbo tikslas

Darbo tikslas yra jvertinti nanostruktiiriniy anodiniy dangy ant
pramoniniy aliuminio lydiniy aktualiausias chemines, fizines, tribologines ir
biosuderinamumo savybes bei jy sgveika su svarbiausiomis biologinémis
tepamosiomis medziagomis.

Uzdaviniai

e Jvertinti elektrolito ir anodavimo parametry poveikj formuojamy
anodiniy Al>O3 dangy topografijai ir trinciai.

e Atrinkti tyrimams tinkamiausias lgsteliy linijas bei jvertinti anodiniy ir
nanostrukttiriniy dangy biosuderinamumo savybes.

e [vertinti pavirSinio Ti/TiO; sluoksnio poveikj anodiniy dangy statinei ir
dinaminei trinciai.

e Palyginti IVB grupés elementy bei kity pereinamyjy metaly
nanosluoksniy ant anodiniy dangy tribologines savybes.
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Ivertinti Ramano spektroskopijos tinkamumg organiniy junginiy
migracijai | anodinés dangos skylutes tirti.

Ivertinti svarbiausiy biologiniy tepamyjy medziagy poveikj anodiniy bei
nanostruktiiriniy dangy tribologinéms savybéms.

Mokslinis naujumas

Tiek Ti lydiniy, tieck Al,Os; biosuderinamumas jau yra placiai istirtas.
Taciau néra tinkamai atsizvelgiama j tai, jog pramoniniai Al lydiniai turi
legiruojancius priedus (Cu, Mn, Si ir pan.), o juos anodavus dangose
liecka Zenklas kiekiai elektrolito komponenty. Disertacijoje parodoma,
jog cheminiu inertiskumu pasizymintys Ti/TiO. nanosluoksniai pagerina
anodiniy dangy biosuderinamuma suformuojant barjering apsauga.
Kelios tyréjy grupés yra nagrinéje Ti ir TiO2 sluoksniy jtaka
tribologinéms savybéms, taCiau Sie sluoksniai ant anodiniy Al dangy
beveik nebuvo tirti. Kol kas buvo uzfiksuotas tik nezymus tribologiniy
savybiy pageréjimas. Nepriklausomai nuo dengimo metodo, pvz. ALD
ar magnetroninio nusodinimo, Ti/TiO. nanosluoksniai itin reikSmingai
pagerina anodiniy dangy tribologines savybes ir sumazina trinties
koeficienta iki 0,2. Ivertinus ir kity elementy sluoksnius, paaiskéjo, jog
IVB grupés metalai suteikia geresnes tribologines savybes uz kitus
pereinamuosius metalus, taciau Ti efektyvumas yra nepalyginamai
aukstesnis.

Dar nebuvo pasiilyta, jog nanostruktirinés dangos suformuotos ant
anoduoto Al bei pasizymincios geru biosuderinamumu ir atsparumu
trinciai gali buiti sékmingai panaudotos biomedicininiuose gaminiuose
siekiant pakeisti Siuo metu naudojamus titano lydinius.

Organiniy junginiy migracija i anodinés dangos skylutes dar nebuvo
stebima Ramano spektroskopijos metodu. Si metodika buvo sékmingai
pritaikyta nagrinéjant dazy skverbimasi j anoduotg sluoksnj, o taip pat
siekiant atrinkti tribologiskai efektyviausius dangos uzpildus.

Ginamieji teiginiai

Ti nanosluoksniai ir jy oksidai pagerina anoduoto Al biosuderinamuma
ne tik dél Ti bioinertiskumo, bet ir dél barjerinio sluoksnio, apsaugancio
nuo elektrolito komponenty, esanéiy skylutése. Mazas sluoksnio storis
leidzia iSlaikyti Siurks¢ig pavirSiaus topografija, kuri naudinga lasteliy
adhezijai.
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Anodavimo sieros/oksalo r. metu suformuoty anodiniy dangy
tribologinés savybés gali biiti zenkliai pagerintos nusodinant IVB grupés
elementy nanosluoksnius arba jy oksidus. Mazdaug 10-100 nm storio Ti
nanosluoksniai ir jy oksidai zenkliai sumazina trintj lyginant su Al,
anodinémis dangomis ar Ti substratais. Sluoksniai plonesni nei 10 nm ir
storesni nei 0,5 um turi panasia arba prastesne trintj lyginant su minétais
substratais. Trinties sumazé&jimas yra budingas Zr ir Hf oksido
nanosluoksniams. Metaly, nepriklausan¢iy IVB grupei, pavyzdziui, Cr,
Cu ar Nb nanosluoksniai neturi teigiamo poveikio tribologinéms
savybéms.

Sausoji ir i§ dalies tepamoji trintis gali biiti reikSmingai pagerinta
vykstant reakcijoms tarp impregnuojamo uzpildo ir elektrolito
komponenty, esanciy dangos skylutése. Uzpildo trinties charakteristikos
turi mazai reik§més tribologinéms savybéms, nes skylutése ir trinties
zonoje susidaro nauji junginiai, kurie lemia tribopléveliy formavimasi.
Barjerinis sluoksnis, esantis anodinés dangos pavirSiuje, néra bitinas
dilimo mazinimui, kadangi tribologines savybes nulemia gilesnis uzpildo
isiskverbimas, kuris gali biiti stebimas Ramano spektroskopija.

Autoriaus indélis

Al lydiniy ir elektrolito paruoSimo, anodavimo bei impregnavimo
tepamosiomis medziagomis procediiras, taip pat trinties ir dilimo testus
atliko autorius.

Autorius didzigja dalimi prisidéjo prie anodiniy ir nanostruktiiriniy
dangy pavir$iy analizés bei jy paruoSimo publikacijoms, naudojant
opting mikroskopija (dalj atliko L. StaiSitinas), skenuojancig elektronine
mikroskopija (atliko G. Stalnionis ir A. Selskis), profilometrija (dalj
atliko L. StaiSitinas), rentgeno spinduliy energijos dispersijos
spektroskopija (atliko G. Stalnionis), rentgeno spinduliy difrakcija
(atliko V. Pakstas), kietumo matavimus (atliko G. Bikul¢ius), rentgeno
fotoelektrony spektroskopija (atliko V. Jasulaitiené). Taip pat tiesiogiai
prisidéjo prie biosuderinamumo tyrimy (atliko A. Stirké, J.
Kavaliauskait¢ bei IMC tyréjai G. Pivoritinas ir A. Cebataritiniené)
rezultaty analizés ir apdorojimo.

Uzpildy jsiskverbimo | anodinés dangos skylutes matavimus,
panaudojant Ramano spektroskopija, atliko autorius ir I. Ignatiev.
Disertacijos ir jos santraukos tekstus bei grafine dalj suruo§é autorius.
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2. EKSPERIMENTINE DALIS

Dauguma bandiniy buvo suruosti anoduojant Al lydinius ir ant jy
nusodinant  Ti/TiO, bei kity elementy nanosluoksnius. Oksidy
nanosluoksniai buvo formuojami ALD metodu, o Ti, Zr, Cu, Cr ir Nb
nanosluoksniai — magnetroniniu dulkinimu. Bendra eksperimenty koncepcija
pateikta 1 pav.

Anodavimas *
Al diskai (1050 V]

ir 6082 lydiniai)

1A l

| —S l  —
i
1 _—
Katodas Anodas

’
Ti diskai
(BT1 lydinys)

Ti ar TiOz nanosluoksniy nusodinimas

ALD Magnetronas

Ar

Magnetal dujos

T
ToMATHO (] 1BKIYS

I Anoduotas

s Al _—
Vakuumine 0 Anoduotas
pompa

Vakuuming pompa Al

v ¥ v

Trinties ir biosuderinamumeo tyrimai

Apkrova
Tiriamasis
bandinys Korundo
\ ~ rutuliukas
e
—
fmm—

1 pav. A/ anodavimo, nanostruktiirizavimo Ti sluoksniais bei pavirsiy trinties ir

biosuderinamumo tyrimy schema

Anodiniy ir nanostruktiiriniy dangy statiné ir dinaminé trintis iStirta
tribotesteriu bei jvertintas $iy pavir§iy biosuderinamumas.

2.1Medziagos ir lgstelés

Diskeliai (16 mm OD) i§ pramoniniy Al lydiniy: 99,67 % 1050 (0,25 %
Fe; 0,08 % Si) ir 96,72 % 6082 (1,10 % Si; 1,02 % Mg; 0,61 % Mn; 0,54 %
Fe) i§ UAB ,FXB-Niemet“ (Lietuva) buvo naudojami kaip substratai.
96,32 % Ti lydinys BT1 (1,76 % Mn; 1,75 % Al; 0,11 % Fe; 0,06 % Si) i$
UAB ,,SP MET* (Lietuva) buvo naudojamas biosuderinamumo ir trinties
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tyrimams. 50 um storio ir 99,95 % Al folija (Rusija) buvo naudojama
organiniy junginiy migracijos tyrimams.

99,99 % Ti, 99,20 % Zr, 99,90 % Hf, 99,95 % Cr, 99,99 % Cu ir
99,80 % Nb taikinai buvo naudojami nanosluoksniy nusodinimui
magnetronu. Tetrakis (dimetilamino) titano (TDMAT) ir Tetrakis
(dimetilamino) hafnio (TDMAH) dujos buvo atitinkamai naudojamos TiO;
or HfO2 nanosluoksniy formavimui ALD metodu.

Dazymui buvo naudojami komerciniai Sanodal Deep Black MLW ir
Sanodure Green LWN (Clariant, Sveicarija) anijoniniai Cr-kompleksy azo
dazai atitinkamai pavadinti ,juodas dazas® ir ,Zalias dazas.“ Dazai buvo
iStirpinti dejonizuotame (DI) vandenyje, pasiekiant koncentracija 2 g/L.

Hankso subalansuotas drusky tirpalas (0,185 g/L CaCl,-2H,0 + 0,09767
o/L MgSO. + 0,4 g/L KCI + 0,06 g/L KH,PO, + 0,35 g/L NaHCO3; 8,0 g/L
NaCl + 0,04788 g/L Na;HPO.; 1,0 g/L D-gliukozé + 0,011 g/L fenolio
raudonoji Na druska; pH 7,2-7,6) i§ Carl Roth GmbH (Vokietija) bei
tepamosios medziagos: 70 % oleino r. (StanChem, Lenkija), 95 % stearino r.
(Sigma, JAV), 80 % tristearinas (TCI, Japonija) buvo naudojamos trinties
tyrimams. 25 % PTFE (DuPont, JAV) dispersija praskiesta izopropanolyje.

Zmogaus gimdos kaklelio véZio Hep-2C lgstelés, pelés fibroblasty 1929
lastelés ir kiny ziurkéno kiausidziy vézio CHO-K1 lastelés buvo augintos
Dulbecco modifikuotoje Eagle terpeéje (DMEM) su 10 % jaucio vaisiaus
serumu, 0 PDLS lastelés — DMEM terpéje su 10 % fetaliniu verseliy serumu
ir antibiotikais prie 37 °C, esant 5% CO.. Plaunama fosfatiniu buferiniu
tirpalu (PBS) ir surenkama, naudojant tripsino ir EDTA tirpala.

2.2Pavir§iy paruoSimas ir nanosluoksniy formavimas

Al anodavimas. Al disky anodavimo metodika detaliai aprasyta [150,
151] ir kt. Apibendrinant trumpai, diskai buvo ésdinami $arminiame tirpale,
plaunami ir patalpinami ] elektrolita3. Kietasis anodavimas atliktas
H.SO4/oksalo r. elektrolite (175 g/L H2SO4 + 30 g/L (COOH),-2H,0 + 55.5
g/L Aly(SO4)3-18H:0) esant 2 A/dm? anodiniam srovés tankiui prie 15 °C,
70 min., siekiant suformuoti 60 + 10 um storio dangas. Anodavimas 40 g/L
H3PO, elektrolite atliktas prie 15 °C, esant 120 V ar 150 V jtampai ir 150
min. trukmei. Al folija buvo anoduota H,SOa/0ksalo r. elektrolite, paliekant
tik barjerinj sluoksnj vientisumui islaikyti. Anodinés dangos storis buvo
jvertintas dangos storio matuokliu CM-8825FN (Guangzhou Landtek
Instruments Co., Kinija). Anoduoti lydiniai buvo dziovinami 30-60 min. prie
50-60 °C.
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Atominio sluoksnio nusodinimas (ALD). TiO, bei HfO, nanosluoksniai
buvo formuojami ALD metodu, naudojant ,Fiji F200“ (Cambridge
NanoTech) jrenginj, vykstant THMAT/THMAH pirmtako chemisorbcijai
bei jo oksidacijai H,O garais prie 250 °C ir 30-35 Pa darbinio slégio.

Magnetroninis nusodinimas. Ti, Zr, Hf, Cr, Cu ir Nb sluoksniai buvo
formuojami magnetronu naudojant ,,Univex 350“ (Leybold Vacuum
Systems, Vokietija) jrenginj, esant 12 °C ir 250 mPa darbiniam slégiui.

2.3Biosuderinamumo tyrimai

Ti BT1 ir Al lydiniai (pries ir po anodavimo bei nanostruktiirizavimo)
buvo autoklavuojami 15 min. prie 121 °C. L929, Hep-2C, CHO-K1 lasteliy
adhezijos ir gyvybingumo tyrimams buvo uzséta 0,53 x 108/cm? Igsteliy
suspensijos ir inkubuota 48 val. (37 °C; 5 % CO,). PDLS lastelés uzsétos
prie skirtingy tankiy 15000/1,9 c¢m? 10000/1,9 cm? ir 8000/1,9 cm? ir
inkubuotos atitinkamai 24 val., 72 val. ir 120 val. (37 °C; 5 % COy). Lastelés
atkabintos ir hemocitometru suskaiCiuotas gyvybingy lasteliy skaicius,
naudojant tripano mélio testa. Fluorescenciniam vaizdavimui PDLS Iastelés
dazytos 1 uM kalceino fluorescentiniais dazais (Invitrogen, JAV) po 48 val.
ir jvertintos TCS SP8 DMI6000B mikroskopu (Leica Microsystems).

Statistiné analiz¢ atlikta naudojant vienpus¢ ANOVA dispersijos analize
ir Bonferroni testa su ,MaxStat Pro Statistics programine jranga (3.6
versija). Statistinis reikSmingumo lygmuo buvo p < 0,05. Atlikti trys
nepriklausomi eksperimentai su 2—4 bandiniais, siekiant gauti statistiSkai
patikimus rezultatus.

2.4Tribologiniai tyrimai

Anodiniy ir nanostruktiiriniy dangy tribologinés charakteristikos buvo
tiriamos tribotesteriu (Anton Paar TriTec SA, Sveicarija), kaip detaliai
aprasyta [150, 151] ir kt. Apibendrinant trumpai, buvo taikoma ,,rutulys ant
plokstumos® konfigtracija, naudojant 6 mm skersmens 99,8 % korundo
(G16; ~2900 HV; Ra 0,025 um) rutuliukus (RGP International Srl, Italija),
jtvirtintus laikiklyje ir judancius tiesine griztamaja trajektorija bandinio
pavirSiumi stacionarioje fazéje. Matavimams pasirinkta 1 N arba 10 N
apkrova bei 2 cm/s judesio greitis. Trinties koeficiento matavimams beveik
visada buvo naudojami korundo rutuliukai, todél aprasant rezultatus Sios
sglygos néra papildomai paminimos. Tais atvejais, kai buvo naudojami
plieno rutuliukai, tai yra nurodoma aprasant rezultatus.

157



2.5 PavirS§iy analizé

Skenuojanti elektroniné mikroskopija (SEM). SEM atlikta naudojant
,»Helios NanoLab 650 (FEI, Olandija) jrangg. Prie§ analiz¢ ant pavirsiy
buvo uzgarintas 2-3 nm Cr sluoksnis, naudojat magnetrong Quorum Q150T
ES (Judges Scientific Plc, JK) dél didesnio elektrinio laidumo.

Rentgeno spinduliy energijos dispersijos spektroskopija (EDS). INCA
spektrometru (Oxford Instruments, JK) jvertinta anodiniy ir nanostruktiriniy
dangy elementiné sudétis bei Ti elementinis pasiskirstymas.

Rentgeno  fotoelektrony  spektroskopija (XPS). ESCALAB-MKII
spektrometras (VG Scientific, JK) pritaikytas nanostruktiiriniy dangy
tyrimams, esant ~3 nm/min ésdinimo greiciui su Ar* jonais.

2.6 Organiniy junginiy migracija

Metiloleato ir dazy migracija j visiSkai anoduota Al folijg iStirta Ramano
spektroskopijos metodu. ~10 pL metiloleato buvo uzlaSinta ant anoduotos
folijos ir po 1 val. buvo uzrasyti Ramano spektrai paSalinus pertekliy nuo
pavirSiaus mikropluosto popieriumi. Spektry registravimui panaudotas
spektrometras su konfokaliniu mikroskopu inVia (Renishaw, JK),
sufokusavus 785 nm bangos ilgio lazerio spindulj j anoduotos folijos
pavirSiy. Metiloleato jsiskverbimo gylis jvertintas, keiciant lazerio
fokusavimo atstumg nuo 0 pum iki 54 um, esant 6 um intervalo zingsniui.

Dazy migracijos tyrimams panaudotas spektrometras ,,RamanFlex 400
(PerkinElmer, Inc.). 785 nm lazerio spindulys i$§ apacios buvo sufokusuotas
1 anoduotos folijos vidy, naudojant 30 mW lazerio galig ir 7 mm darbinj
atstuma pagal anodinés dangos fotoliuminescencijos maksimumga. 5 pL. dazo
uzlasinta ant anoduotos Al folijos ir 1 val. bégyje buvo registruojami
Ramano spektrai.

2.7 Tepamyjy medziagy impregnavimas

Kietos fazés lipidai (stearino r. ir tristearinas) buvo formuojami ant
anodiniy dangy pamerkus substratus j i§lydytus lipidus 1 val. prie 90 °C.
Po valandos substratai buvo istraukti i§ lydaly ir laikomi krosnyje maziausiai
1 val., siekiant uztikrinti tolygy lipido pasiskirstymg. 15 um storio skystos
fazés oleino r., metiloleato, lipidinio uzpildo ir 18 Z uzpildo sluoksniai buvo
formuojami gravimetriniu badu ir laikomi krosnyje 1 val., esant 90°C
temperattrai. PTFE dangy formavimui anoduoti lydiniai buvo laikomi 25 %
PTFE/IPA dispersijoje 15 min., dziovinami ore 30 min. ir kaitinami 10 min.
prie 310 °C, atvésinama iki kambario temperatiiros.
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3.REZULTATAI IR JU APTARIMAS

Sis skyrius sudarytas i§ keturiy daliy. Trijose dalyse i§déstyti rezultatai
pagrindzia atitinkamg ginamajj teigini. Pirmoji dalis skirta tyrimo objekty
parinkimui ir apibiidinimui.

3.1Nanostruktiiriniy anodiniy dangy formavimas ir jy
charakterizavimas

Tiriant cheminius, tribologinius, biomedicininius ir daugelj kity procesy
ant anodiniy dangy yra svarbu nuodugniai jvertinti struktiirines,
morfologines ir topografines pavirSiy savybes. Nors chemiSkai gryno Al
anodavimas bei gaunami pavirSiai yra gana placiai aprasyti, anodinés dangos
ant pramoniniy Al lydiniy moksliniais principais nagriné¢jamos
nepalyginamai reciau. Pramoninio Al anodavimo metu suformuojamos
kietos, korozijai atsparios oksidy dangos, turin¢ios didelj potencialg ne tik
aukstyjy technologijy (robotikos, aviacijos ir kt.), bet ir biomedicinos
taikymuose. Visgi, nepaisant jy kietumo, apsauginés anodiniy dangy savybés
yra nepakankamos ir veikiant dideléms apkrovoms sparéiai dyla. Kiti tyréjai
[13] bandé jterpti TiO, nanodaleles j anodines dangas suformuotas HsPO.
elektrolite, kuriy storis sieké 6 pm. TiO2 gal¢jo visiSkai uzpildyti 125 nm ID
skylutes. Gauty dangy trinties koeficientas sudar¢ 0,1-0,2 bei pasizyméjo
geru atsparumu dilimui. Nors tribologinés savybés buvo tik Siek tiek
geresnés nei supresuoto TiO., tai gana gerai atitiko lukesCius, nes
kompozicingje dangoje buvo daug TiO.. Be to pabréztina, jog
nanostrukttriniy dangy panaudojimas biomedicinoje dar yra mazai istirtas.
Svarbu ir tai, jog dilimo procesy mechanizmai, vykstantys ant poringy
dangy, zenkliai skiriasi nuo vykstanciy klasikinése trinties zonose, todél
tribopléveliy formavimo ir dilimo slopinimo metodai dar néra aiSkiai
identifikuoti. Todél butina detaliai iSnagrinéti jvairias anodavimo sglygas ir
nanostruktiiriniy dangy morfologija.

3.1.1 Anodavimo parametry poveikis anodinéms dangoms

Kadangi pramoniniai Al lydiniai yra labai jvairiis, juos apibendrinti yra
sudétinga ir tyrimams buvo parinkti du lydiniai 1050 ir 6082 bei Al folija,
kadangi aukSto grynumo Al (>99,999 %) pasizymi nepakankamomis
mechaninémis savybémis ir turi du kartus mazesnj kietuma bei atsparuma
tempimui [165]. Komerciné 99,95 % grynumo Al folija ir 99,67 % grynumo
1050 lydinys daznai naudojami maisto ir chemijos pramonéje, o 96,72 %
grynumo 6082 lydinys taikomas techniniuose jrenginiuose, kur pavir§ius

159



veikia dideli jtempimai bei didelés apkrovos [166]. Abu lydiniai pasizymi
antikorozinémis savybémis, tac¢iau 1050 lydiniams btdingas didesnis
plastiskumas ir lengvesnis apdirbimas, o 6082 lydiniams — tvirtumas ir
mechaninis atsparumas dél Mn, Mg bei Si priemaiSy. Morfologiniai tyrimai
parodé, kad 1050 lydiniai turi lygia, vienodg pavirSiaus struktiira, tuo tarpu
6082 lydiniy pavirSiuje stebimi mikrojtrikimai, kurie lemia didesn;j
Siurk$tumg (1,28 pm pries 0,99 pum). Be to 6082 lydiniy kietumas pagal
Vikersa yra 4,5 karto didesnis lyginant su 1050.

Anodinés dangos formavimui buvo pasirinktas placiai paplitgs Kietasis
(I tipo) anodavimas sieros/oksalo r. elektrolite [93], kurio metu galima
gauti vir§ 100 pum storio Al.Os; dangas. Palyginimui pasirinktas anodavimas
fosforo r. elektrolite, kadangi fosfatai daznai jeina j dilimg slopinanciy
junginiy sudétj [167] ir jy anijonai yra nekenksmingi organizmui [168].

SEM parodé, kad H.SO./oksalo r. elektrolite formuojasi kietos 60 pum
storio anodinés dangos su siauromis skylutémis (<20 nm) , o plonos dangos
su plac¢iomis skylutémis (>100 nm) formuojasi HsPOs elektrolite (2 pav.).

mazas didinimas didelis didinimas
anodavimas: 1050 6082 1050 6082

pries

H,SO, ,
+ Vo
(COOH), B

2 pav. Al pavirsiy SEM topografija pries ir po anodavimo, esant mazam (kairéje) ir
dideliam (desinéje) didinimams

Sieros/oksalo r. elektrolite anoduoti 6082 lydiniai turi du kartus didesnj
skyluciy diametrg ir apie keturis kartus didesnj poringuma lyginant su 1050
(1 lentelé).
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1 lentelé. PavirSiaus skyluciy charakteristikos, gauty anoduojant 15 °C; pritaikyta
pagal [151]

Skyluciy

Dan kyluci ; i
angos  Skyluciy tankis, ~ Poringumas,

Elektrolitas lydinys storis,  diametras, skylutés/ %
pum nm )
um
H,S04/ 1050 59+ 2 7+1 1560 + 110 6
oksalor. 6082 56 + 2 15+2 1040+121 23
folija 701 13+2 530 + 34 8
HsPO, 1050 7+1 110 £ 23 22+2 27
(120 V) 6082 6+1 119 +14 25+2 39
HsPO4 1050 15+2 144 +11 19+2 44
(150 V) 6082 11+1 203+19 14+2 83

Visiskai anoduotos Al folijjos poringumas yra panasus i 1050 lydin;j.
Buvo pastebéta, kad skylu¢iy diametras ir dangos storis priklauso nuo
anodavimo jtampos. Keliant jtampa iki 150 V skyluciy diametras siekia apie
200 nm, o poringumas ir dangos storis padidéja apie du kartus, naudojant
HsPOs elektrolita.

SEM pavir§iy analizé taip pat atskleidé, kad Al lydiniai formuoja
kristalitus (grudeliy ribas), kuriy dydis siekia iki 10 pwm, nors 6082 lydiniams
budingi kristalitai virSijantys net 100 um [172]. Po anodavimo kristality
dydis zenkliai sumazéja, taciau iSlieka jzvelgiamas. Anodavimas mazai
keicia pavirSiaus Siurk§tumo savybes, taCiau kietumas yra apie 1,5 kartus
didesnis 1050 lydinyje lyginant su 6082 po anodavimo H,SO./oksalo r.
elektrolite.

Optimalios anodavimo sglygos buvo atrinktos, kei¢iant srovés tankj,
anodavimo trukme, elektrolito temperatira bei kitus parametrus.
Morfologiniais bei tribologiniais tyrimais nustatyta, kad 60 + 10 um storio
anodinés dangos, suformuotos H.SO./oksalo r. elektrolite prie 15 °C
temperatiros, 2 A/dm? srovés tankio (~20 V), esant 70 min. anodavimo
trukmei pasizymi geriausiu atsparumu sausajai trinciai ir tolygia pavirSiaus
struktira. Anodavimas HsPO, priklausomai nuo elektrolite esanciy priedy,
pavyzdziui, metanolio, glicerolio, padidino anodinés dangos storj iki 1,5
karto, taciau geresnio tribologinio efekto nebuvo pasiekta. Todél tyrimams
buvo naudojamos dangos, suformuotos 4 % HsPO. elektrolite esant pastoviai
120 V (~0,5 A/dm?) arba 150 V (~1,5 A/dm?) jtampoms be papildomy
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priedy. Didesné jtampa (150 V vietoje 120 V) leido suformuoti storesnes
anodines dangas per trumpesnj laika.

3.1.2 Nanosluoksniy formavimas ALD ir magnetronu

Ti ir kity metaly bei jy oksidy nanosluoksniy formavimui ant anodiniy
dangy atitinkamai buvo panaudoti magnetroninio nusodinimo ir ALD
metodai. 5 nm, 10 nm ir 15 nm TiO- nanosluoksniai buvo formuojami ALD
vykstant TDMAT chemisorbcijai ir jo oksidacijai j TiO, vandens garais.
SEM parodé, kad 5 nm TiO- sluoksniai visiskai uzdengia anodinés dangos
skylutes, todél storesniy sluoksniy formavimas vyksta susidarant istisinei
plévelei ant pavirSiaus anoduoto H.SO./oksalo r. elektrolite (3 pav.). TiO-
sluoksniams ant anoduoto 1050 lydinio badinga smulkiadispersiné ir tolygi
struktiira, 0 6082 lydiniy pavir§iuje TiO2 sluoksniai iSsidésto maziau
tolygiomis sankaupomis ir sudaro skirtingo dydzio saleles, kuriy ilgis siekia
kelis Simtus nanometry ir daugiau. Nanostruktiriniy 6082 dangy pavirSiuje
taip pat uzfiksuoti defektai pavaizduoti kaip tamsios tustumos galimai dél
netolygiai pasiskirsCiusiy legiruojanciy priedy.

6082
1000 - - 707 15 nm TiO, (ALD)
X "
+ 60
©
Anoduotas ¢ 50¢
T 40
[
o 304°
£
E 20 %
5nm ulj 10 b g
TiO, R L i iy o
0 500 1000 1500 2000
Esdinimo laikas, s
< 7071 16 nm Ti (magnetronas)
10 w Of
Tigm @ 50 anoduotas
2 ;‘g 1050 6082
R -Ti ©oTi
® 30 =0 00
= -+ Al o Al
g 20 ~C C
15 nm 10
Tio, = 6

0 500 1000 1500 2000
Esdinimo laikas, s

3 pav. Sieros/oksalo r. elektrolite anoduoty 1050 ir 6082 lydiniy SEM vaizdai pries
ir po TiOy nanosiuoksniy nusodinimo su ALD (kairéje) bei 15 nm TiO; (ALD) ir 16
nm Ti (magnetronu) nanosluoksniy elementiné sudétis, nustatyta XPS metodu
(desinéje)
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PanaSaus storio 15 nm TiO, (ALD) ir 16 nm Ti (magnetroninis)
nanosluoksniai ant anodiniy dangy buvo istirti XPS metodu, naudojant 3
nm/min. ésdinimo greitj su Ar* jonais. DidZiausias Ti kiekis uzfiksuotas po
360 s ésdinimo (pasiekiant ~18 nm gylj) tiek su magnetronu, tiek su ALD.
Nustatyta, kad TiO; nanosluoksniai daug giliau jsiskverbia j skylutes
naudojant ALD, negu Ti nusodinta magnetronu. Sie tyrimai taip pat
patvirtina EDS rezultatus, kuriy metu buvo gautas virs keturiy karty didesnis
Ti kiekis ALD metodu. XPS tyrimy metu taip pat nustatyta, kad Ti
sluoksniai nusodinti magnetronu yra visiskai oksidavesi j TiO, Terminas
,» T1/TiO2 nanosluoksniai®“ Siame tyrime apima visus galimus oksidus pvz.
TiOy, TiO, Ti,0s ir kt., o taip pat ir Ti nitridus dél sgveikos su atmosferine
aplinka. Néra zinoma ar Ti/TiO2 nanosluoksniai formuoja amorfines ar
polikristalines dangas, kadangi GIXRD, XPS ir Ramano spektroskopijos
tyrimai nerodé metalams buidingos kristalinés tvarkos signaly.

Nepaisant nevienodo priemaisy i$sidéstymo anoduotuose lydiniuose, Ti
pasiskirstymas buvo pakankamai tolygus po ALD nusodinimo (4 pav.).

1050 6082
anoduotas + anoduotas + anoduotas + anoduotas +
5 nm TiO, 10 nm TiO» 5 nm TiO, 10 nm TiO»

= L oo ]
4 pav. Ti (sviesi spalva) pasiskirstymas ant anodiniy dangy po ALD nanosluoksniy
nusodinimo, jvertintas EDS analize

Iki 1,5 karto didesnis Ti kiekis EDS metodu buvo uzfiksuotas ant
anoduoto 6082 lydinio dél du kartus platesniy skyluciy, lemianciy geresnj
TiO2 nanosluoksniy jsiskverbimg lyginant su anoduotu 1050 lydiniu.
Anodinése dangose taip pat buvo rasta vir§ 4 % sieros. Sulfatai gali Zenkliai
slopinti Ti migracija i anodinés dangos skylutes, kadangi Al2(SO4)3 surisa iki
18 moliy H>O molekuliy ir sudaro oktadekahidratus. Nors oktadekahidraty
formavimasis yra mazai tikétinas del mazo skyluciy diametro, taciau sulfatai
gali turéti jtakos tribologijai bei lgsteliy adhezijai. Nepaisant to, tikétina jog
Ti nanosluoksniai gali apsaugoti nuo neigiamo elektrolito ir drusky poveikio
likusio anodinés dangos skylutése.

Siekiant palyginti Ti/TiO2 nanosluoksniy efektyvumg, buvo istirtos IVB
grupés pereinamyjy metaly sluoksniy, tarp jy Zr ir HfO,, savybés. 15 nm
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HfO, ir 16 nm Zr sluoksniai suformuoti atitinkamai ALD ir magnetronu ant
anodiniy dangy turéjo pakankamai panasig morfologija i Ti ir jo oksidus.
SEM tyrimai parodé, kad 1050 pavirSiams biidinga kiek lygesné struktiira,
tuo tarpu 6082 pavirSiuje stebimi jvairaus dydzio kristalitai (5 pav.).

ALD magnetronas
15 nm HfO, 15 nm TiO; 16 nm Ti 16 nm Zr

s o

IVB grupés metalai
mazas didinimas didelis didinimas

75 nm
Ti

75 nm
Zr

75 nm &

5 pav. Sieros/oksalo r. elektrolite suformuoty anodiniy dangy su metaly
nanosluoksniais, nusodintais ALD arba magnetronu, SEM vaizdai

Detalesni pavir§iy morfologiniai tyrimai buvo iSnagrinéti naudojant 1VB
ir kity B grupés (Cr, Cu, Nb) metaly 75 nm storio nanosluoksnius,
suformuotus magnetronu. Nanostruktiiriniy 6082 dangy pavirSiuje buvo
aptikta defekty bei jtrikimy, o SEM nanotopografiniai tyrimai parodé, kad Zr
ir Nb nanosluoksniams biidinga lygi struktiira.

Kiti nanosluoksniai turi netolygia struktiira su aiSkiai iSsidésCiusiais
kristalitais, kaip ir Ti atveju. Visgi, uzfiksuoti pavirS§iy morfologiniai
skirtumai néra itin rysSkiis ir Siy skirtumy jtaka tiek tribologiniams, tiek
biomedicininiams procesams yra daug mazesné uz cheminiy dangy savybiy
poveik].
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3.2 Biologinés terpés ir nanostruktiiriniy dangy saveika

Nanostruktiiriniy dangy inertiSkumas, poringumas ir gana didelis
SiurkStumas gali buti naudingi kuriant biosuderinamus pavirSius. Ti/TiO;
nanosluoksniy geb&jimas formuoti barjerinius sluoksnius gali turéti teigiama
itaka lgsteliy adhezijai ir proliferacijai, apsaugant nuo neigiamo priemaisy
poveikio bei elektrolito komponenty, esanciy anodinés dangos skylutése.

Apzvalginiams tyrimams pasirinktos keturios adhezinio tipo lastelés:
zmogaus gimdos kaklelio vézio Hep-2C lasteliy linija, pelés fibroblasty
L929 Iasteliy linija, kiny ziurkéno kiausidziy vézio CHO-K1 lasteliy linija ir
7mogaus periodonto rais¢io stromos PDLS Igsteliy linija. Sios Iastelés yra
lengvai prieinamos, paruoSiamos bei pasizymi aukstu proliferacijos greiciu.
Jungiamojo audinio L929 ir PDLS lastelés pasizymi bipoline ir daugiapole
morfologija, tuo tarpu epitelinéms Hep-2C ir CHO-K1 lasteléms buidinga
plokstesné daugiapolé struktura (6 pav.). Nustatyta, kad L929 ir PDLS
lastelés pasizymi didziausiu proliferacijos grei¢iu ir gyvybingumu ant BT1
lydinio (96,32 % Ti). Atsizvelgus ] rezultaty atsikartojamuma, detaliems
tyrimams buvo naudojamos PDLS lastelés, gaminancios tarplastelinio
uzpildo komponentus (kolagena, glikoproteinus, kt.) ir atlickancios svarby
vaidmenj zZaizdy gijime.

PDLS

Lasteliy adhezija, %

1929 Hep-2C CHO-K1 PDLS
6 pav. L929 [192], Hep-2C [193], CHO-K1 [194], PDLS [195] lgsteliy morfologija
ir jy adhezija ant Ti lydinio BT1

Istirtas anodiniy dangy, suformuoty skirtinguose elektrolituose, poveikis
biosuderinamumui ant 6082 lydinio. Nustatyta, kad anodavimas padidina
PDLS lasteliy adhezija ir proliferacija po 120 val. inkubacijos (7 pav.).

Visgi, lasteliy adhezija ir gyvybingumas yra kiek mazesnis ant H3PO4
elektrolite suformuoty anodiniy dangy pirmosiomis auginimo dienomis
galimai dél placiy skyluciy, siekian¢iy ~200 nm. Ankstesni tyrimai
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patvirtina, kad didesniu skyluéiy tankiu pasizymintys pavirSiai uztikrina
geresne lasteliy adhezija bei sgveika su anodinémis dangomis [5].

-
(4]

(4]

Lasteliy adhezija
102 Iasteliy/Sulinelyje
=)

o

24 val.

prie$ H2SO4/ H3POg4
anodavimg oksalor. (150 V)

Lasteliy adhezija
10° lasteliu/Sulinelyje
)

Lasteliy adhezija,
10° Iasteliu/Sulinelyje
>

2 72 val. 120 val.

5
o
-
(]

(&)
o

o
o

prie$ H2S04/ H3PO4 prie§ H2S04/ H3PO4
anodavima oksalor. (150 V) anodavima oksalor. (150 V)

7 pav. PDLS lgsteliy adhezija ir proliferacija ant anoduoty ir neanoduoty 6082
lydinio pavirsiy po 24 val., 72 val. ir 120 val. inkubacijos

Taip pat buvo iStirtas anodiniy dangy, suformuoty kietojo anodavimo
metodu, biosuderinamumas po TiO; ir Ti nanosluoksniy nusodinimo
atitinkamai ALD ir magnetronu. Tyrimai parodé¢, kad 10 nm ir 15 nm TiO»
nanosluoksniai 20 % slopino PDLS lasteliy adhezija ant anoduoto 6082
lydinio po 24 val. inkubacijos (8 pav.).

8 pav.

Lasteliy adhezija,
10° lasteliu/sulinélyje

Lasteliy adhezija,
10 Iasteliu/sulinélyje

N
(=]

] |anoduotas 6082 o

inkubacijos 24 72 120
trukmé, val. val. val. val.
anoduotas 1050 -= -= -=- 1050

SRS

15
10 5
5
0
0 10 15 nm
TiO, storis
inkubacijos 24 72 120
trukmeé, val. val. val. val.
BT1 2 a &
anoduotas 1050 -= -=- -m-
30 anoduotas 6082 o o o
25 o 4
20 -k
15
10 +
5
0 f—
0 16 75 nm BT1
Ti storis

PDLS lgsteliy adhezija ir proliferacija ant Ti BT bei kietojo anodavimo
dangy su skirtingo storio Ti nanosluoksniais po 24 val., 72 val. ir 120 val.
inkubacijos (kairéje). Lgsteliy morfologija su skirtingo storio Ti nanosluoksniais po
48 val. inkubacijos (desinéje). Virsuje: TiO2 nanosluoksniai suformuoti ALD
metodu. Apacioje: Ti nanosluoksniai suformuoti magnetronu ir Ti BT1 lydinys. Trijy
tyrimy duomenys: ns - p> 0,05 (nereiksmingas), *p <0,05 (reiksmingas), ***p

<0,001 (labai reiksmingas)
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Taciau net po 120 val. inkubacijos nebuvo pasiekta rySkaus teigiamo
efekto nei ant 1050, nei ant 6082 lydiniy po pavirS§iy nanostrukttrizavimo.
Tikeétina, kad i§ dalies sureagaves TDMAT pirmtakas ar jo produktai like
anodinés dangos skylutése galéjo slopinti PDLS Iasteliy adhezijg ir
proliferacija, ypa¢ 6082 lydiniuose dél platesniy skyluciy.

Pradinés inkubacijos metu 16 nm ir 75 nm Ti nanosluoksniai suformuoti
ant anoduoto 6082 lydinio magnetronu turé¢jo neigiamg poveiki PDLS
lasteléms ir slopino pradine adhezija atitinkamai 23 % ir 26 %. PrieSingai,
anoduoti 1050 lydiniai su 16 nm Ti sluoksniu padidino lasteliy adhezija,
taciau nerode¢ teigiamo poveikio su 75 nm Ti po 24 val. inkubacijos. Kadangi
Ti nanosluoksniai visiSskai uzdengia anodiniy dangy skylutes, lasteliy
sukibimas su pavirSiumi gali buti dar labiau apsunkinamas ypa¢ pradinés
inkubacijos metu. Nepaisant to, nanostruktiirinés dangos zenkliai pagerino
pavirS$iy biosuderinamuma, ypatingai naudojant didesnio grynumo 1050
lydinius po 72 val. ir 120 val. inkubacijos. Didesnis Ti storis yra naudingas
PDLS lagsteléms ir padidina lgsteliy adhezija 15 % ir 55 %, naudojant
atitinkamai 16 nm ir 75 nm Ti sluoksnius po 120 val. inkubacijos.

Mikroskopijos tyrimai atskleidé, kad PDLS lIastelés yra didesnés ir
pasizymi plokstesne morfologija ant anoduoto 1050 lydinio lyginant su
6082, taciau Ti nanosluoksniai neturi didelés reikSmés lasteliy morfologijai.

Apibendrinus, nanostruktiirinés dangos pasizymi geru biosuderinamumu
su zmogaus PDLS lastelémis, taciau butina atsizvelgti i keleta faktoriy: Al
grynuma, Ti/TiO: sluoksnio storj, nusodinimo metodg. 10 nm ir 15 nm TiO-
nanosluoksniai, suformuoti ALD metodu, neturéjo teigiamo poveikio lasteliy
adhezijai. Visgi, panasaus storio 16 nm ir storesni 75 nm Ti nanosluoksniai
reikSmingai pagerino PDLS Iasteliy adhezija, ypa¢ ant anoduoty 1050
lydiniy. Mazesnio grynumo anoduoti 6082 lydiniai galéjo slopinti Igsteliy
adhezijg dél jame esanciy Fe ir Mn priemaisy, turiniy neigiama poveikj
lasteliy gyvybingumui [198], nors ir pasizymi didesniu pavirSiaus
Siurk§tumu nei 1050 (1,5 pm ir 0,85 um). Didesniu SiurkStumu pasizymintys
pavirsiai yra naudingi lasteliy adhezijai, taCiau biitina atsizvelgti i lydiniy
grynumg, kadangi vyksta intensyvesnis metalo jony iSsilaisvinimas bei
dilimo nuolauzy formavimasis trinties metu [62].

3.3 Tribologinés anodiniy ir nanostruktiiriniy dangy savybés

Kuriant jvairius gaminius svarbu atsizvelgti j tribologines pavirsiy
savybes, ypac siekiant ilgaamziskumo. Tribologiniy tyrimy svarba naudojant
1-10 N apkrovas buvo nagrinéta ir biomedicininiuose gaminiuose, jskaitant
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breketus [200, 201], danty bei Zandikaulio implantus [202]. 10 N apkrova
pasirinkta tiriant anodines ir nanostruktiirines dangas. Dinaminé trintis,
vykstanti tarp dviejy judanciy pavirSiy ir statiné trintis, kuri apibiidinama
kaip didZiausia pasiprieSinimo (trinties) jéga, kurig reikia jveikti paviriy
judéjimo pradzioje, buvo iSnagrinéta detaliau. Statinés trinties nustatymas
svarbus ne tik pramongje, bet ir medicinoje, nes santykinis judéjimas tarp
pavirSiy néra nuolatinis ir daznai vyksta su pertraukiamais judesiais. Trintis
buvo tiriama, naudojant chemiskai inertiSkus korundo (Al»Os) rutuliukus,
sieckiant iSvengti Salutiniy reakcijy trinties zonoje. Matavimams buvo
naudojami tik §vieziai anoduoti Al lydiniai.

3.3.1Ti ir jo oksidy nanosluoksniy poveikis trin¢iai ir dilimui

Daugeliui gaminiy reikalingas ilgas ecksploatavimo laikas ir
ilgaamziSkumas, todél dilimo, jbrézimy bei kity pazeidimy turi bati iSvengta,
ypa¢ biomedicininiuose pritaikymuose. Anodiniy dangy su 75 nm Ti
sluoksniu dilimo tyrimai buvo jvertinti SEM. Po 10 trinties cikly trinties
zonos paliktas pédsakas buvo vos matomas, taciau iSilgai judéjimo krypciai
buvo stebimi jtrikimai ant anoduoto 1050 lydinio (9 pav.)

Ti pasiskirstymas

po 10 @ visas kelias

trinties
cikly

dilimo nuolauzos

po 30
trinties |8
cikly

9 pav. Kietojo anodavimo dangy su 75 nm Ti nanosluoksniu, suformuoty ant 1050
lydinio, SEM vaizdai po 10 ir 30 trinties cikly (kairéje) ir Ti elementinis
pasiskirstymas (desSinéje) esant 10 N apkrovai. Uzpildyti ir tusti apskritimai
atitinka Ti kiekj 0,77 masés% ir 8,73 masés%, pritaikyta pagal [150]

Suformuoto trinties zonos pédsako po 10 cikly dar negalima traktuoti
kaip dilimo zymés. Pagal kontaktinés mechanikos teorija, elastiSkuose
kiinuose dél apkrovos atsiranda deformacijos. Sio tribotesto atveju labiausiai
tinka sferos/pusploks$tumés deformacijos teorija, nurodanti jog indentacijos
skersmen] apsprendzia sgveikaujanCiy kiiny geometrija, kietumas ir
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elastiSkumas. Taciau pastarieji du parametrai anodinéms dangoms nebuvo
nustatyti. Tod¢l nejmanoma jvertinti, ar uzfiksuotas trinties zonos pédsakas
didesnis uz Herco elasting indentacija, kas jrodyty, jog dilimas jau buvo
prasidéjes.

Nanostruktiirinés dangos ant 1050 lydinio nepasizyméjo dideliu
atsparumu dilimui. Jau po 30 cikly buvo uzfiksuotas aiSkiai matomas dilimo
griovelis, o dalis anodinés dangos, kurios storis sieké apie 60 um, buvo
atskilusi, atsirandant giliai duobei centringje dalyje. PrieSingai, ant 6082
lydinio jtrukimy nebuvo pastebéta nei po 10, nei po 30 trinties cikly. [vairaus
dydzio dilimo nuolauzos stebimos griovelio centre ir krastuose, Kkur
tarpfazinis slégis yra didziausias. Nustatyta, kad esant 10 N apkrovai
tarpfazinis slégis vir§ija 150 MPa, kai kontaktinés zonos diametras yra
mazesnis negu 0,4 mm. Tai biidinga daugumai trinties testy, ypac
pradinése stadijose. Jeigu aukstas tarpfazinis slégis néra kompensuojamas
palankios pavirSiaus topografijos ir triboplévelés poveikiu, jis palaipsniui
suardo ne tik Ti sluoksnius, bet ir pazeidzia anoding dangg.

Ti elementinis pasiskirstymas parodé, kad po 30 trinties cikly Ti kiekis
skiriasi daugiau nei 10 karty skirtingose trinties zonose. Ti koncentracijos
gradientas varijuoja nuo 0,77 masés% iki 8,73 masés%. Tai rodo, kad gali
vykti kvazi-skysto Ti pernesimas [162, 217, 218] i$ vienos trinties zonos j
kita, uztikrinant Zema pavirsiy trintj ir dilima pradiniuose trinties cikluose,
taiau prarandant gebéjimag prieSintis aukstiems tarpfaziniams slégiams
trinciai tgsiantis.

Visy pirma buvo jvertintos anodiniy dangy trinties savybés. Pastebéta,
kad kietasis anodavimas H.SOa/oksalo r. elektrolite Zenkliai sumazino
pavirsiy statings trinties koeficienta nuo ~1,0 iki ~0,4, ypac¢ naudojant 6082
lydinius (10 pav.).

Anodavimo trukmé nuo 30 min. iki 70 min. neturéjo didelés reikSmés
statinei  trin¢iai. Anodinés dangos, suformuotos HsPOs elektrolite,
pasizyméjo aukstu trinties koeficientu, kuris sieké 0,7. Nors fosfatai daznai
naudojami dangose ir tepaluose kaip dilimg slopinantys priedai, taciau
pavirSiy morfologija ir mechaninés savybés atlicka svarbesnj vaidmenj
sausosios trinties sglygomis. Dinaminés trinties koeficientas taip pat buvo
aukstesnis ir virsijo 1,2 po anodavimo H3PO, elektrolite. Nepaisant teigiamo
anodavimo poveikio statinés trinties mazinimui, anodiniy dangy dilimas
buvo aiSkiai matomas, stebint pavirSiy abrazijg ir nuolauzy susidaryma jau
po 100 trinties cikly prie 1 N apkrovos. Atsizvelgus j aukSta H3zPOa
elektrolite suformuoty anodiniy dangy trintj, daugiausia démesio buvo

skiriama anodinéms dangoms, gautoms kietojo anodavimo metu.
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10 pav. Sieros/oksalo r. (30—70 min. prie 20 V) ir fosforo r. (150 min. prie 120
V) elektrolituose suformuoty anodiniy dangy poveikis statinei (kairéje) ir dinaminei
(desinéje) trinciai, esant 1 N apkrovai (stulpelinés diagramos kairéje — 1050,
desinéje — 6082), pritaikyta pagal [151]

Anodiniy dangy apsaugai nuo trinties ir dilimo buvo iSbandyti keleto
metaly ir jy oksidy sluoksniai, tikintis barjerinio, metalg iSsluoksniuojancio,
servovitinio [203] ar kity literatiroje aprasyty tribologiniy efekty. Tuo
labiausiai i$siskyré Ti/TiO. nanosluoksniai, ypa¢ jvertinus jy sluoksnio
storio poveikj dangy trin¢iai. ALD metodu buvo suformuoti 5-15 nm TiO;
nanosluoksniai, 0 Ti sluoksniy storis varijavo nuo 16 nm iki 2,3 um,
suformavimui naudojant magnetrona (11 pav.).

1 1
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= s I} 5
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11 pav. Ti sluoksnio storio poveikis anodiniy dangy, suformuoty sieros/oksalo r.
elektrolite, dinaminei trinciai esant 10N apkrovai ant 1050 (kairéje) ir 6082
(desinéje) lydiniy, pritaikyta pagal [150]

Nepriklausomai nuo nusodinimo metodo 1075 nm ir galbiit kiek storesni
Ti/TiO2 nanosluoksniai uztikrina zemg anodiniy dangy trintj ir sumazina
trinties koeficienta Zzemiau 0,2. Efektyviausiai trintj slopina 75 nm Ti
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nanosluoksniai, kurie i$silaiko nuo 20 iki 60 trinties cikly atitinkamai ant
1050 ir 6082 lydiniy. Priesingai, ploni 5 nm TiO. ir stori 2,3 pm Ti
sluoksniai néra efektyviis tribologiskai ir pasiZzymi auksta trintimi, panasia |
anodines dangas be Ti sluoksnio. 515 nm Ti sluoksniai turéjo teigiama
poveikj trinciai, tac¢iau ne tokj rySky lyginant su 75 nm nanosluoksniais, be
to, jie neiSlaiké savo vientisumo ir jy atsparumas buvo daug prastesnis
trin¢iai tesiantis. Tuo tarpu 10—75 nm Ti/TiO, nanosluoksniai sumazino
stating trintj ir iSlaiké bent 10 trinties cikly, esant zemesniam nei 0,2 trinties
koeficientui (12 pav.).
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12 pav. Ti sluoksnio storio poveikis anodiniy dangy, suformuoty sieros/oksalo r.
elektrolite, statinei zrinciai bei trinties koef. po 10 cikly esant 10 N apkrovai,
pritaikyta pagal [150, 151]

Kaip ir dinaminés trinties metu, plonesniy arba storesniy Ti/TiO;
sluoksniy efektyvumas mazinant stating trintj buvo prastesnis. Tokia elgsena
neatitinka metalo i$sodinimo hipotezés, nes tiek magnetroniniai
nanosluoksniai, tiek ALD nanosluoksniai demonstruoja beveik vienodas
tendencijas. Tai neatitinka ir barjerinio sluoksnio hipotezés, nes storesni
sluoksniai didina trintj. Servovitiniai efektai su Ti dar nebuvo aprasyti ir dél
jo kietumo yra mazai tikétini. Todél buvo siekiama jvertinti sasaja su kity
metaly oksidais.

3.3.2 IVB grupés elementy bei kity pereinamyjy metaly nanosluoksniy tribologinés
savybés

Istirtos IVB grupés elementy, tarp jy Ti, Zr ir Hf, nanosluoksniy
tribologinés savybés. ZrO; keramika dél biosuderinamumo ir mechaniniy
savybiy placiai naudojama medicinoje, pavyzdziui, danty implantams [221,
222], tuo tarpu Hf taip pat parodé teigiama poveikj biomedicininiuose
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gaminiuose [223, 224]. IVB grupés metaly nanosluoksniai daugumoje atvejy
sumazino statinés trinties koeficientg zemiau 0,2, taciau dinaminé trintis
buvo kiek prastesné lyginant su Ti/TiO. nanosluoksniais (2 lentelé ir 13

pav.).

2 lentele. IVB grupés metaly nanosluoksniy poveikis statinei trinciai, ant anoduoty
lydiniy, esant 10 N apkrovai

Statinis Be 15 nm 15 nm 16 nm 16 nm 16 nm
COF sluoksnio  HfO; TiO; Hf Zr Ti
1050 0,50+0,03 0,16+0,02 0,18+0,01 0,26+0,01 0,17+0,01 0,16+0,01
6082 0,41+0,05 0,16+0,03 0,19+0,01 0,24+0,02 0,17+0,01 0,17+0,02

Skirtingai negu HfO, po ALD nusodinimo, Hf nanosluoksniai suformuoti
magnetronu padidino trintj ir dilimg jau pirmyjy cikly metu. Taip pat Hf
nanosluoksniy trintis buvo daug didesné nei kity dviejy IVB elementy Ti ir
Zr atveju. Auksta trintj galéjo lemti nepilna Hf oksidacija. Be to, HfO, yra
tankesnis negu ZrO, ar TiO,, jy tankiai atitinkamai sudaro 9,68 g/cm?®,
5,68 g/cm? ir 3,78-4,23 g/cm? ir galimai veikia kaip abrazyvas bei salygoja
minkstesniy poringy anodiniy dangy irima.
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13 pav. IVB grupés metaly nanosluoksniy poveikis dinaminei trinciai ant anoduoty
lydiniy, esant 10 N apkrovai

Istirtos kity B grupés pereinamyjy metaly (Cr, Cu, Nb) nanosluoksniy
tribologinés savybés. Nors elektrocheminés Cr dangos gali turéti teigiamg
poveikj triniai ir dilimui ant plieno [96, 228], ta¢iau magnetronu suformuoti
75 nm Cr ir Hf nanosluoksniai skatino sparty anodiniy dangy irimg prie 10 N
apkrovos (14 pav.).
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14 pav. 75 nm storio sluoksniy poveikis statinei (kairéje) ir dinaminei (desinéje)
trinciai ant sieros/oksalo r. elektrolite anoduoto 6082 lydinio, esant 10 N apkrovai

Servovitinius sluoksnius galintis formuoti varis ant plieno ir bronzos
kartais zenkliai slopina pavirSiy dilima, veikiant selektyvios pernasos
mechanizmui [203, 204, 229]. Visgi, nei Cu, nei Nb nanosluoksniai nerodé
zenklaus teigiamo poveikio trinciai, nors statinis trinties koeficientas buvo
mazesnis lyginant su anodinémis dangomis be nanostruktiirinio sluoksnio.
Geriausiomis tribologinémis savybémis pasizyméjo IVB grupés elementai —
Zr ir Ti. Jy nejtikétinai Zzenklaus tribologinio efektyvumo priezasCiy visgi
nepavyko iSsiaiSkinti nors galima spéti, kad trinties metu Ti/TiO. jgauna
kvazi-skys¢io savybiy ir yra perneSamas i$ vienos trinties zonos vietos j kita
taip salygodamas Zemg pavir§iy trintj [162, 217]. Techniniams,
biomedicininiams ir kitiems anodiniy dangy pritaikymams gali biiti placiai
panaudotos §io tyrimo iSvados, jog nanosluoksniai sumazina stating trintj
Zemiau 0,2, o Ti atveju stebimas ir dinaminés trinties sumazéjimas
pradiniuose sausosios trinties cikluose.

3.4 Organiniy junginiy migracija anodinése dangose

Tepalai, dazai, antikoroziniai uzpildai ir kitos funkcinés medZziagos
daznai naudojamos pagerinti jvairias poringy dangy savybes. Todél yra
svarbu stebéti jy migracija i dangos gylj siekiant sumazinti pavirsiy trintj bei
dilimg, paskirstant jégas, mazinant Silumos susidaryma, nuolauzy
formavimasi trinties metu ir uZtikrinant kity procesy kontrolg. Organiniy
junginiy migracija j dangos skylutes svarbi ir biologinése sistemose, kai
dangos kontaktuoja su organizmo skysciais, todél trintis vyksta ne
sausosiomis, o tepamosiomis sglygomis. Kitos grupés [230] tyré
pentadekano parafininés alyvos trintj ant anodiniy dangy suformuoty oksalo
r. elektrolite, kuriy dangos storis sieké 60 pm, o skyluciy ID 45 nm. Visgi,
zenkli anodiniy dangy trintis ir didelis plieno rutuliuko nusidévéjimas buvo
uzfiksuotas jau po 15 trinties cikly prie 0,5 N apkrovos. Tai rodo, kad
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tradiciniai tepalai pasizymi prastomis tepamosiomis savybémis ant anoduoto
Al. Be to, tribologinés salygos gali palengvinti oksalaty skilimg ir CO>
i8siskyrima trinties zonoje bei pagreitinti dévéjimasi. Uzpildy migracija yra
reikSminga trinties slopinimui, todél svarbiausiy biologiniy junginiy ir
tribologiskai efektyviy uzpildy migracija i anodinés dangos skylutes buvo
iSnagrinéta detaliau.

3.4.1 Hidrofobiniy medziagy migracija j anodinés dangos skylutes

Organiniy junginiy migracijos tyrimams buvo sukurta Ramano
spektroskopija pagrjstas metodas, panaudojant 70 pm storio visiskai
anoduotg Al folija, kurios vidutinis skyluc¢iy diametras sudaro ~13 nm po
anodavimo H,SO4/oksalo r. elektrolite esant 15 °C (15 pav.).

Pasklide  Visi$kai anoduota
dazai Al folija

(a) Laikiklis (b)

15 pav. Visiskai anoduota Al folija po organiniy junginiy uzlasinimo (a) ir Ramano
spektroskopijos matavimy tyrimo schema (b): A = optinis kabelis 7 mm darbiniam
atstumui; B = laikiklis Z-asies reguliavimui; C = 785 nm bangos ilgio lazerio
spindulys; D = bandinio laikiklis; E = 70 pum storio visiSkai anoduota Al folija; F =
apytikslé lazerio spindulio fokusavimo padétis; G = bandinio laSas ir jo sklidimo
kryptys; H = anodinés dangos barjerinis sluoksnis (~10-20 nm). Neatitinka
mastelio, pritaikyta pagal [152]

Anodinés dangos ant Al lydiniy substraty negaléjo biiti tiriamos dél
fotoliuminescencijos trukdziy. Jie smarkiai sumazéjo anoduotoje Al folijoje,
todél buvo galima fiksuoti migruojanciy junginiy Ramano atsakus.
Metodikos kiirimas detaliai apraSytas [152].

Toliau tobulinant metodika, buvo tiriami riebaly rigs¢iy metilo esteriai.
Jie sudaryti i§ metiloleato, kuris yra gausiausias komponentas (apie 60 %),
metillinoleato, metilpalmitato ir kity esteriy bei pasizymi dilimg
slopinanc¢iomis savybémis tiek ant plieno, tiek ant anoduoto Al. Jy gebéjimas
mazinti trintj buvo daug efektyvesnis lyginant su riebaly r. [240]. Sie esteriai
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toliau vadinami metiloleatu. Intensyvesné tepamyjy medziagy migracija j
anodinés dangos skylutes gali uztikrinti efektyvesnes tribologines savybes
[140].

Tyrimy metu buvo jvertintas Ramano spinduliuotés intensyvumas pries ir
po metiloleato uzlasinimo ant visiskai anoduotuos Al folijos 0-54 um gylyje
naudojant du skirtingus objektyvo darbinius atstumus lazeriniam
suzadinimui (16 pav.).
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16 pav. Ramano spektrai pries ir po metiloleato uzlasinimo ant anoduotuos Al
folijos (virsuje) ir metiloleato jsiskverbimo gylis, esant mazam ir dideliam
darbiniams atstumams (apacioje)

Anoduotos Al folijos Ramano spektre stebimos intensyvios 980 cm ! ir
1060 cm ! smailés, kurios atitinka SO4* grupes ir C-C valentinius virpesius
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dél anodinés dangos skylutése esanciy sulfaty ir oksalaty. Pragjus 1 valandai
po metiloleato uzlaSinimo buvo stebima auksto intensyvumo CH» grupés
zirkliniy virpesiy moda prie 1440 cm™! ir Zemo intensyvumo C=C valentiniy
virpesiy moda prie 1656 ¢cm?, kurios susijusios su mononesociosios oleato
anglies grandinés vibracijomis. Tuo tarpu anoduotos Al folijos be
metiloleato smailiy intensyvumai prie 1440 cm™! ir 1656 cm ! sutampa su
fono signalu.

Metiloleato migracijos tyrimams buvo apskaiciuotas smailés plotas prie
1440 cm!, atitinkantis CH, grupés virpesiy modg. DidZziausias virpesiy
intensyvumas buvo uzfiksuotas 10-20 pum gylyje, Kkuris patenkinamai
atsikartojo naudojant abu darbinius atstumus lazeriniam suzadinimui. Tai
rodo, kad metiloleatas linkgs migruoti j anodinés dangos skyluciy vidy, o ne
likti jy iSoréje prie pavirSiaus. Anoduotos folijos smailiy intensyvumas prie
980 cm! ir 1440 cm'! buvo pakankamai stabilus visame dangos gylyje.
Priklausomai nuo lazerio darbinio atstumo kinta i$matuotos intensyvumo
vertés, tac¢iau metiloteato jsiskverbimo maksimumas islieka ties 10—-20 pm.
Esant mazam darbiniam atstumui yra generuojamas stipresnis Ramano
signalas, todél galima uzfiksuoti skirtumus tarp anoduoty Al folijy. 50-60
pm anodinés dangos gylyje stebimas zenklus Ramano intensyvumo kritimas,
greiCiausiai dél Zenkliai sumazéjusio metiloleato kiekio. I§ dalies signalo
silpn¢jima galéjo lemti ir mazéjantis skyluciy vientisumas, did¢jantis hidraty
kiekis ir prastéjanti signalo detekcija i§ gilesnés anodinés dangos zonos.

Gauti rezultatai gerai koreliuoja su metiloleate iStirpinto fluoroforo
rodamino B migracijos tyrimais naudojant fluorescencing konfokaling
mikroskopija. Jy jsiskverbimo gylis po impregnavimo j anodine dangg sieké
~15 pm [140], taciau buvo nustatoma tik fluoroforo koncentracija. Tuo
tarpu Ramano spektroskopija fiksuoja patj metiloleata. Tiek metiloleato
matavimai anoduotoje Al folijoje, tiek fluoroforo matavimai anodingje
dangoje nustaté panaSius koncentracijy pasiskirstymus. Tai patvirtina ir
abiejy metody tinkamuma, ir metiloleato migracijos tendencijas anodinés
dangos skylutése.

3.4.2 Hidrofiliniy dazy migracija j anodinés dangos skylutes

Naujai sukurta metodika taip pat buvo naudojama siekiant jvertinti
hidrofiliniy junginiy migracija | anodinés dangos skylutes. Tam buvo
pasirinkti komerciniai chromo kompleksiniai anijoniniai azo dazai (juodi ir
zali), kurie yra paplit¢ pramongje, nes suteikia sodrias spalvas ir maskuoja
po anodavimo susidariusiy pilky atspalviy netolygumus.
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Tiksli 8iy komerciniy azo dazy sudétis néra zinoma, tadiau
spektroskopiniais tyrimais [244] buvo nustatyta, kad dazy molekulése
dominuoja Cr organometaliniy jung€iy ir aromatiniy ziedy virpesiai.
Junginiai greiciausiai turi jvairiy pakaity: halogeny, anijoniniy funkciniy
grupiy, alkilo grupiy bei kity hidrofiliniy ar hidrofobiniy grandiniy, kurie
nulemia daZzo spalva, adsorbcija, stabiluma, vilguma bei kitas savybes.
Pacios intensyviausios 1285 cm™ (juodas dazas) ir 1264 cm™ (zalias dazas)
Ramano vibracinés modos buvo atitinkamai priskirtos endociklinei arba
egzociklinei C-N jungtims [243]. Ramano spektuose vyrauja aromatiniy
ziedy vibracinés modos, turin¢ios maziausiai 2—3 (zalias dazas) ir daugiau
(juodas dazas) pakaity. MaZo intensyvumo juostos prie 408 cm? ir 423 cm*
bidingos Cr-O bei aromatiniy ziedy vibracijoms. FTIR spektrometrija
atskleidé, kad dazy molekuléms biidingi aromatiniy ziedy virpesiai i$ jy
diazenil N=N funkciné grupé prie 1541 cm™, deformaciniy virpesiy C-N
grupé prie 1271 cm?, C-O grupés virpesiai prie 1120 cm? bei sulfo
funkciniy grupiy virpesiai prie 1026 cm™. XPS rezultatai taip pat patvirtino
sulfonaty R-SOs (sulfonrfigs¢iy drusky ir esteriy, 168,2 eV) bei dvigubai
mazesng sulfato SO4* (169,4 eV) funkciniy grupiy koncentracijg azo dazy
struktiiroje. Taip pat uzfiksuotos Cr, kurio oksidacijos laipsnis yra +3 (576,4
eV), organometalinés jungtys. Tridentatiniai ligandai sudaro kompleksus su
Cr (IIT) esant 1: 2 metalo ir ligando santykiui, kai laisvoms elektrony poroms
tenka du deguonies atomai ir vienas diazo grupés azoto atomas [247, 248].

Azo dazy migracija buvo jvertinta nukreipus lazerio spindulj j Al folijas,
anoduotas esant 15 °C ir 30 °C. Lazerio spindulys buvo sufokusuotas j
anoduotos Al folijos centring dalj pagal fotoliuminescencijos maksimuma,
nors tiksli sufokusuotos zonos padétis 70 um storio anoduotoje folijoje néra
zinoma. Skirtingai nuo azodazy tyrimy, metiloleato atveju buvo fiksuojamas
Ramano intensyvumas praéjus 1 val. po bandinio uzlasinimo. Keiciant
lazerio fokusavimo atstuma buvo uzrasyti Ramano spektrai jvairiuose folijos
gyliuose.

Remiantis intensyviausiais virpesiais nustatyta, kad abu azo dazai
pasiekia didZiausig intensyvumg praéjus 25 min. po bandinio uzlaSinimo ant
anoduotos folijos (17 pav.), nors zaliam daZui budingas staigesnis
intensyvumo didéjimas ir vélavimo laikotarpis pradzioje. Tai rodo, kad
pradiné azo dazy migracija buvo netolygi ir zalias dazas pradZioje migravo
Siek tiek léCiau nei juodas, taciau véliau susilygino ir abu dazai po 25 min.
pasieké vienodg jsiskverbimo gylj. Be to, dazymo metu zalias dazas buvo
labiau pasklides ir i§ dalies iSplautas i§ anoduoto Al skyludiy. Azo dazai

migruoja veikiant kapiliarinéms jégoms, difuziniams, adsorbciniams,
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koloidiniams ir kitiems efektams. Lyginant dazy migracijos tyrimus su
metiloleatu tikétina, kad dazai skverbiasi | anoduotos Al folijos skylutes
greiCiau nei metiloleatas. Pagal Ramano intensyvuma metiloleato
isiskverbimo gylis sieké 10—20 pum praéjus 1 val. po jo uzlasinimo, o azo
dazy intensyvumo maksimumas uzfiksuotas jau po 25 min. greiciausiai
didesniame neil0 pm gylyje. Be to, hidrofilinémis savybémis pasizymincios
dazy molekulés gali lengviau sgveikauti su hidratais, likusiais anoduotoje
folijoje.
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17 pav. Dazy migracijos tendencijos j anoduotq Al folijq pagal Ramano spektry
intensyvumq: juodas (a) ir zalias (b) dazai po anodavimo prie 15 °C temperatiiros,
Jjuodas (c) ir Zalias (d) dazai po anodavimo prie 30 °C temperatiros, pritaikyta
pagal [152]

Po 25 min. uzfiksuotas intensyviausios smailés poslinkis, kuris sudaro
nuo 1285 cm? iki 1282 cm™ juodam dazui bei nuo 1265 cm™ iki 1263.6 cm?
zaliam dazui. Atsizvelgus | daznio poslinkj juodo dazo molekulés daug
stipriau sgveikauja su anodine AlOs; danga. Taip pat pastebéta, kad zalio
dazo intensyvumas Siek tiek mazéja, nors tai ir néra statistiSkai patikima.
Intensyvumo mazéjimas gali buti susijes su dazo degradacijos procesais ar jo
saveika su elektrolito komponentais anoduotoje folijoje. Taip pat palygintos
migracijos tendencijos labiau poringoje anoduotoje folijoje, kuri buvo
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suformuota elektrolito temperatiirg padidinus nuo 15 °C iki 30 °C. PavirSiaus
poringumas atitinkamai padidéjo nuo 7.8% iki 18.0%, o dazy migracija
paspartéjo 2,8 karto. Poringoje anoduotoje Al folijoje abiejy dazy migracijos
tendencijos skyrési maziau.

3.4.3 Saveika su elektrolito komponentais

Tiriant impregnavima anodinése dangose ant substraty, svarbu atsizvelgti
ne tik j uzpildy saveika ir su elektrolito komponentais. Azo dazy ir
anoduotos folijos sgveikai likutinis elektrolitas faktiskai neturéjo poveikio,
nes po anodavimo jo folijoje beveik neliko. Taciau sulfonatai bei kitos
anijoninés funkcinés grupés (-Cl, -COOH, kt.), esanCios azo dazo
molekulése gali sgveikauti su Al katijonais hidroksidy formoje. Taip pat
impregnuotos molekulés gali turéti amonio, azo ir kity katijoniniy funkciniy
grupiy. Chromo kompleksiniy anijoniniy azo dazy molekulés, kuriy dydis
gali siekti iki 3 nm, lengvai migruoja j anodinés dangos skylutes. Vykstant
elektrostatinei sgveikai tarp prieSingai jkrauty jony dazo molekulés gali
formuoti joninius rySius anodinés dangos skylutése. Sulfatai esantys
anodinés dangos skylutése, nes S koncentracija siekia ~4 %, gali formuoti
kompleksinius junginius, muilus ar kitus darinius ir blokuoti dazy migracija.
Be to, elektrolito komponentai ir jo riigstiné terpé, UV poveikis, biologinis
uzterStumas bei kiti faktoriai gali turéti jtakos dazo stabilumui ir cheminei
degradacijai. Azo dazy atveju Sie procesai nebuvo detaliai tiriami, nes néra
zinoma jy cheming sudétis.

Daug detaliau buvo jvertinta hidrofobiniy tepamyjy medziagy saveika su
anodine danga. Amfifilinés riebaly r. molekulés, turinCios hidrofobine
alifatine uodegéle ir hidrofiling (poling) karboksi grupés galvute, gali
sudaryti ir cheminj ry$j su anodine danga. Vykstant riebaly r.
deprotonizacijai karboksigrupés adsorbuojasi ant anodinés dangos pavirsiaus
susidarant koordinacinei sgveikai, kuri gali biiti monodentatiné, bidentatiné
arba chelatiné [252] (18 pav.).

Reakcijos anodinés dangos pavirsiuje Reakcijos anodinés dangos skylutése R
o)
R = riebaly rigs¢iy grandiné 0. -R Y
b) o RYO“AI/O
a) R R R R\[(O“AI”OH RWO\AI/O )
R% + Al(OH)3 ) EEPTYP | O o_o
- “H0 O o4 -H0 O oW -HO
o o o7 To o7 o OH
| |

| N/

poringa ) Al(OH)5
Al Al Al Al - AL e} (o} H2S04 (o] Al(OH)3

danga H HO% Aly{CO3)3+ H0
Monodentatine Bidentatine ~ Chelating

HO oH -HCOOH OH
18 pav. Galimos riebaly riugsciy reakcijos anodinés dangos pavirsiuje (a) bei
skylutése (b, ¢ remiantis [257])
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Chemisorbcija, kuri gali buti simetriné (sgveika per du deguonies atomus)
arba asimetriné (sgveika per vieng deguonies atomg), turi daug didesn¢
riSanCigja energija nei fizisorbcija. Formuojant daugiasluoksnes pléveles,
pirmas sluoksnis sudaro chemisorbcing saveika, o kitiems sluoksniams
budinga fizisorbciné saveika, veikiant silpnesnéms tarpmolekulinéms
jégoms, pavyzdziui, Van der Valso. Taip pat svarbu atsizvelgti | dangy
rugstines-bazines savybes, rySio stiprumg ir geometrija, adsorbciniy viety
skai¢iy bei kitus faktorius, kurie gali nulemti hidrofobiniy medziagy
migracijg.

Kadangi anodinés dangos skylutés turi hidroksidy, tikétina, kad riebaly r.
gali sgveikauti su AI(OH); ir saponifikacijos metu formuoti Al muilus,
pavyzdziui, Al stearatus ar Al oleatus. Sios medziagos jeina j tepaly,
tirStikliy ir apsauginiy sluoksniy sudéti, nes pasizymi antioksidacinémis
savybémis bei gebéjimu mazinti trintj ir dilimg [255]. Sgveikos metu gali
susidaryti mono-, di- arba tri-funkciniai Al muilai. Nors pastarieji muilai yra
stabiliausi, taCiau jy formavimasis skylutése yra sunkiai tikétinas, nes
reikalingas daug ilgesnis reakcijos laikas ar katalizatoriy panaudojimas.

Elektrolito komponentai, esantys anodinés dangos skylutése, gali zenkliai
daryti jtaka ne tik riebaly r., bet ir kity tepamyjy medziagy migracijai ir
tribologinéms savybéms. Oksalo r. gali skilti j skruzdziy (metano) r. ir
anglies r., susidarant tarpiniam dihidroksikarbeno junginiui [257]. Siy
mokslininky teigimu, reakcija vyksta katalizuojant H>SOs ir Al(OH)s
vandens aplinkoje. Anglies r. taip pat gali sgveikauti su AI(OH)s; bei
formuoti karboksilo druskas, taciau $iy karbonaty susidarymas anodinés
dangos skylutése dar néra pilnai jrodytas.

Esteriai, pavyzdziui, metiloleatas, néra labai stabiliis vandens aplinkoje,
todél dalis molekuliy riig§tingje terpéje hidrolizuojasi | riebaly r. ir alkoholj.
Hidrolizés reakcijg katalizuoja tiek rigstys, tiek ir bazés (19 pav.).
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R = alkilo grupe . o H,S0,4 o
\/\/\/Va/\/\/\)ko R H:0 R% +ROH
Hidrolize OH
Peroksidacija l
N W-‘O—H 0 e ﬂ\/:\./ T
. MO YT O .
H.JOE HIOz Hlo2 Hlo2
O-OH 0-0OH
> — \/:\‘/ S
0O-OH O-0H

L 1 l 1 1

Antriniai oksidacijos predukiai (aldehidai, ketonai, alkoholiai, rigstys ir kt.)

19 pav. [ anoding dangq impregnuojamy esteriy hidrolizés ir peroksidacijos
reakcijos
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Nesoc¢iyjy esteriy ir lipidy stabilumg reikSmingai sglygoja ir
peroksidacijos (autooksidacijos) procesai. Tai laisvyjy radikaly inicijuotas
deguonies prisijungimas prie nesociyjy lipidy dvigubyjy jungciy, 0 esant
pakankamai deguonies koncentracijai vyksta ir so¢iyjy riebaly peroksidacija.
Tarp kitko, ne tik anodinése dangose, bet ir biologinése sistemose
oksidacinio streso metu vyksta negriztami lasteliy pakitimai, kuomet
pazeidziama lgstelés membrana dalyvaujant laisviesiems radikalams. Vienas
svarbiausiy parametry jtakojanc¢iy radikalo veikimo mechanizma yra jo
redokso potencialas, kuris apibudina pajéguma redukuoti kita junginj. IS
zinomy laisvyjy radikaly hidroksilo radikalas (*OH) turi teigiamiausig
standartinj redokso potencialg (2310 mV) ir yra laikomas stipriausiai
oksiduojanéiu radikalu biologinése sistemose [259]. Radikalinés grandininés
reakcijos metu, kurig sudaro pradzios, sklidimo ir baigties stadijos, laisvasis
radikalas atima H atomg i$ riebaly r. grandinés. Susidares lipidinis radikalas
reaguoja su deguonimi ir sudaro peroksilo radikala (ROOe), kuris yra
nestabilus ir lengvai gali prisijungti H atomg i$ kito lipido, 0 pats virsti
hidroperoksidu (ROOH). Oleino r. turinti dvigubg jungtj prie 9 C atomo yra
oksiduojama hidroperoksilu prie 8 C ir 11 C atomy arba prie 9 C ir 10 C
atomy po dvigubos jungties poslinkio.

Peroksidacijos reakcija nutraukiama, kai susijungia du laisvieji radikalai
ir sudaro produktus, kurie néra radikalai. Pirminiai oksidacijos produktai yra
hidroperoksidai arba peroksidai. Tolesniame peroksidacijos etape
hidroperoksidai skyla ir susidaro daug antriniy produkty: aldehidy, ketony,
alkoholiy, trumpos grandinés riigs¢iy, ketortigsciy bei kity junginiy.

Todél organiniy junginiy migracija priklauso ne tik nuo anodiniy dangy
ar elektrolito komponenty, bet ir nuo migruojanéiy junginiy hidrolizés,
peroksidacijos ir kity cheminiy virsmy. Taigi, impregnavimo metu anodinés
dangos skylutése gali susiformuoti nauji junginiai, kurie pasiZymi naujomis
charakteristikomis, pvz. kita spalva, trintj mazinanc¢iomis savybémis ir pan.

3.5 Tepamyjy medziagy poveikis anodiniy ir nanostruktiiriniy
dangy tribologinéms savybéms

Skirtingai negu sausojoje trintyje, biologinése sistemose pavirSiy trintis
vyksta dalyvaujant organizmo skys¢iams (limfa, vanduo, kraujas, seilés, kt.)
bei juose esan¢ioms medziagoms, tarp jy ir lipidams [233]. Socioji stearino
r. ir mononesoCioji oleino r. aptinkama Zmogaus ir gyviny riebaliniame
audinyje, taip pat jeina j fosfolipidy ir trigliceridy sudétj, o jy koncentracijos
atitinkamai siekia iki 30 % [126] ir iki 50 % [127]. Kadangi tai vienos
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labiausiai paplitusiy riebaly r., tiek laisvosios riigStys (oleino r., stearino r.)
tiek ir trigliceridai (tristearinas) gali sgveikauti su anodinémis ir
nanostruktirinémis dangomis. Tepamyjy medziagy tribologinés savybeés
buvo tiriamos i§ dalies tepamosios (angl. ,lubricant starvation®) trinties
salygomis daugiau atsizvelgiant j dangy savybes, nei pacio uzpildo.

Siekiant priartéti prie organizme vykstanéiy trinties salygy buvo
nagring¢jamos ir lipofilinés, ir hidrofilinés aplinkos. Pastarajai panaudotas
Hankso subalansuotas drusky tirpalas, kuris osmosiniu slégiu, drusky
sudétimi ir buferinémis savybémis panaSus | kraujo serumg. Nors
nanostrukttriniy dangy su 75 nm storio Ti sluoksniy dilimas sumazéjo apie
3,5 karto, taciau trintis buvo du kartus aukstesné lyginant su sausgja trintimi.

Taip pat istirtas gryny lipidy poveikis trin¢iai ant anodiniy dangy,
jvertinant ir 75 nm Ti sluoksnj (suformuota magnetronu). Nustatyta, kad
lipidai Zenkliai slopina anodiniy dangy trintj ir sumazina trinties koeficienta
iki 0,1 (20 pav.)

anoduotas + anoduotas +
anoduotas 75 nm Ti anoduotas 75 nm Ti
_— - - stearinor. —_— - = oleinor. 30N
- - tristearinas -- oleinor. 20 N
05 05 -
@ anoduotas 1050 ® anoduotas 1050 |
£ 04 110N | £ 04 |
@ |
£ 0.3 |
g |
£02- i
@ r
E 01§ il
04 : . : oo . . : : .
1 10 100 1000 10000 1 10 100 1000 10000 100000
Trinties ciklai Trinties ciklai

0.2

anoduotas 6082
30N

o
.
(&)}

Trinties koeficientas
o

— oleinor. .
0.05 — metiloleatas — lipidinis uZpildas
— PTFE — 18Z uZpildas
0 - T T T T )
1 10 100 1000 10000 100000
Trinties ciklai

20 pav. Tepamyjy medziagy poveikis anodiniy ir nanostruktiriniy dangy trinciai,
esant 10-30 N apkrovoms
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Tepamosios medziagos gali jsiskverbti j anodinés dangos skylutes ir
trinties metu formuoti tribopléveles, kurios mazina pavirsiy trintj bei dilima.
Skirtingai negu adsorbciné plévelé, kuri susiformuoja dél tarpmolekulinés
lipido ir metalo sgveikos, triboplévelés susidaro tribocheminiy reakcijy metu
dél trinties poveikio ir pasiZzymi skirtinga chemine sudétimi, struktira bei
tribologine elgsena [134, 135]. Tiek stearino, tiek oleino r. trinties zonoje
galéjo reaguoti su Al hidroksidais, suformuojant muilus, kurie pagerina
tepamosios plévelés efektyvuma. Oleino r. buvo daug efektyvesné uz
stearino r. bei tristearing dél dvigubosios C=C jungties reaktyvumo. Be to,
trinties zonoje esant deguonies oleino r. gali formuoti oksipolimerus
vykstant kondensacinei grandininei polimerizacijai, kurios metu labai
padidéja tepamosios medziagos klampumas. Metaly druskos Siuo atveju
veikia kaip katalizatoriai ir skatina aukS$tos molekulinés masés junginiy
formavimasi. Tristearinas hidrolizés ir transesterifikacijos metu gali formuoti
glicerilo junginius, kurie sgveikauja su sulfatais bei oksalatais. Pvz. vykstant
cheminei reakcijai tarp glicerolio ir oksalo r. formuojasi glicerilo mono
oksalatas prie 100-110 °C, o dioksalaty susidarymui reikalinga 260—280 °C
[262]. Monoglicerido sulfaty susidarymas taip pat jmanomas vykstant
sulfatinimo bei transesterifikacijos reakcijoms [263].

PavirSiy nanostruktirizavimas neturéjo teigiamo poveikio trinciai tiriant
kietos fazés lipidus (stearino r. ir tristearing) prie 10 N apkrovos, nors zZema
trintis su tristearinu issilaiké kiek ilgiau. Oleino r. tepamiesiems sluoksniams
buvo pasirinktos 20-30 N apkrovos, kadangi prie 10 N apkrovos trintis
isliko stabili net po 50 000 cikly, nors trintj buvo galima testi ir toliau. Zema
trintis skystos fazés ~15 pum storio oleino r. pléveléje ant nanostruktiriniy
dangy issilaiké apie 10 000 trinties cikly prie 20 N apkrovos. Taciau
akivaizdaus Ti nanosluoksnio sinerginio poveikio nebuvo pastebéta nei prie
20, nei 30 N apkrovos. Tikétina, jog 75 nm Ti nanosluoksniai visiSkai
uzpildo anodiniy dangy skylutes ir blokuoja oleino r. jsiskverbima. Visgi,
buvo pastebéta, kad oleino r. yra dvigubai efektyvesné ir iSsilaiko du kartus
ilgiau naudojant nanostrukttrines dangas, suformuotas ant 6082 lydinio,
galimai dél platesniy skyluéiy.

Kiety ir polimeriniy tepamyjy medziagy, pavyzdziui, PTFE,
panaudojimas anodiniy dangy apsaugai nuo trinties ir dilimo yra ribotas,
kadangi skylu¢iy diametras siekiantis iki 20 nm yra per mazas PTFE
molekuliy jsiskverbimui. PTFE polimerai formuoja barjerines dangas ant
anoduoto Al, kurie sumazina trinties koeficientg ~0,1 ir iSsilaiko iki 10 000
cikly prie 30 N apkrovos. Nors oleino r. ir metiloleato tepamieji sluoksniai
nebuvo tokie efektyvis, kaip PTFE, taciau jie parodé¢ teigiamg tribologinj
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poveikj prie mazesniy apkrovy. Lipidinis ir 187 uzpildai pasizyméjo
zemesniu trinties koeficientu ir issilaiké virs 10 000 trinties cikly prie 30 N
apkrovos. Sie uZpildai efektyviau slopino trintj nei riebaly r., esteriai ar
barjerinés dangos.

Rezultatai rodo, kad sinerginé elektrolito komponenty ir impregnuoty
uzpildy saveika zenkliai pagerina pramoniniy Al lydiniy anodiniy dangy
tribologines savybes. Siekiant geresnio tribologinio efektyvumo svarbu
atsizvelgti tiek j anodiniy dangy strukttra, tiek j chemines bei fizikines
tepamyjy medziagy savybes, kurios uztikrinty zema pavirSiy trintj bei
dilimg. Fundamentalis tyrimai, leidziantys jvertinti ry$j tarp elektrolito ir
tepamyjy medziagy, gali padéti geriau suprasti trinties mechanizmus
vykstanéius anodinés dangos pavirsiuje bei jos skylutése. Sie tyrimai sudaro
galimybe komercinei pazangai bei jvairiems anoduoto Al taikymams
biomedicinoje, aukstyjy technologijy pramonéje bei daugelyje kity mokslo
sriciy.
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ISVADOS

Ti ir jo oksidy nanosluoksniai zenkliai pagerina anodiniy dangy
biosuderinamuma, Nanostruktiirinés dangos su mazdaug 75 nm Ti
sluoksniu yra tinkamiausios.

Anodavimas sieros/oksalo r. elektrolite reikSmingai sumazina ne tik
dinaming, bet ir stating trintj. Anodavimas fosforo r. elektrolite
formuoja daug minkstesnes ir labiau poringas dangas, kuriy atsparumas
trin€iai ir dilimui yra daug prastesnis.

Nepriklausomai nuo Ti ar jo oksidy nanosluoksniy formavimo ant
kietosios anodinés dangos metodo (ALD arba magnetroninio), 10-75
nm storio Ti/TiO, nanosluoksniai esant 1-10 N apkrovoms sumaZina
trinties koeficienta zemiau 0,2, kuris iSsilaiko nuo 20 iki 60 sausosios
trinties cikly. Tiek Ti lydiniy, tiek anodiniy dangy be Ti sluoksniy
trinties koeficientas virSija 0,5 jau po keliy sausosios trinties cikly.

Zr ir Hf oksidy nanosluoksniai sumazina statinés trinties koeficienta
zemiau 0,2, taciau tribologiSskai yra maziau efektyvis nei Ti ir jo
oksidai. Kity pereinamyjy metaly nanosluoksniai neturi teigiamo
poveikio anodiniy dangy tribologinéms savybéms.

Ramano spektroskopijos metodu galima kiekybiskai jvertinti
hidrofiliniy azo-junginiy skverbimasi i anoduotos folijos skylutes. Taip
pat jmanoma nustatyti $iy junginiy sgveikos intensyvuma su anodinés
dangos aplinka.

Monofunkciniy esteriy ir kity hidrofobiniy junginiy skverbimasi i
anoding dangg nulemia ne tik skylu¢iy geometriniai parametrai, bet ir
elektrolito komponenty poveikis. Zenklis medziagy kiekiai gali
susikaupti dangos gilumoje, pvz. 60—70 um storio dangose vidutinis
metiloleato jsiskverbimo gylis siekia 10-20 pm.

Tribopléveliy formavimasis ant anodinés dangos vyksta ne tik dél
tribocheminiy tepamyjy medziagy reakcijy trinties zonoje, bet ir dél jy
cheminés sgveikos su dangos skylutése esanciais junginiais.

Suderinus tepamaja medziagg ir anodavimo elektrolita, anodiniy dangy
trinties koeficienta galima sumazinti iki ~0,1, o dilimo intensyvumag
nuslopinti daugiau kaip 3 eilémis sausosios trinties sglygomis.
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Fig. S1. Influence of Al alloys on roughness before and after anodization
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Fig. S2. Scanning electron microscopy images of the cross-section of fully anodized
foil at 15 °C: (a) the full cross-sectional view of the fully anodized foil; (b—d)
magnified images of the pores in various cross-sectional spots, copied from [152]
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Fig. S4. SEM and optical microscopy images of anodized 1050 alloys with nanothin
TiO,and Ti layers, deposited either by ALD or sputtering
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Fig. S5. SEM and optical microscopy images of anodized 6082 alloys with nanothin
TiOzand Ti layers, deposited either by ALD or sputtering
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Fig. S6. Optical images of Al alloys without anodization before and after sputtering,
copied from [150]
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Fig. S7. Average roughness Ra of untreated and anodized surfaces with and without
Ti layers, deposited by sputtering, copied from [150]
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Fig. S15. SEM images of friction-induced transformations of 75 nm Ti layer
surface after 10 and 30 friction cycles on anodized 1050 alloy under 10 N load,
copied from [150]
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layer after 30 friction cycles under 2 cm/s velocity and 10 N load
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Anodization of aluminum improves hardness, paintability or corrosion resistance but incidental friction may lead
to major surface damages of anodized parts. Industrial alloys 1050A and 6082 were anodized to produce 60 pm
coatings, then Ti layers of 16 nm, 75 nm and 2.3 um thickness were deposited by magnetron sputtering. Recipro-
cal ball-on-plate tribotests under relatively high load of 10 N was used and high friction was observed on alloys
before anodization with or without Ti layers. On anodized coatings friction was much lower but abrasion
remained rapid. Deposition of 16 and 75 nm Ti layers prevented abrasion for significant durations, especially
on anodized 6082, whose substrate was harder. Counterintuitively, deposition of 2.3 um Ti layers was much
less effective. On specimens with 75 nm Ti layers Energy-Dispersive X-ray Spectroscopy showed major delocal-
ization of Ti aggregates in the friction zone with Ti concentration gradients of 10 times within 30 pm. Such ma-
terial transfer might relate to improved tribological characteristics. Surprisingly good performance of 16 and
75 nm specimens suggests that incidental friction can be successfully inhibited by depositing nanothin Ti layers.

Keywords:
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Further studies of Ti deposition may lead to significant improvements in industrial anodization technology.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Aluminum alloys are often anodized (electrochemically oxidized) to
increase surface hardness, provide better paintability, improve corro-
sion resistance and other technical features [1-3]. Usually, highly po-
rous nanostructured coatings of alumina (Al,03) with vertical
nanopores of uniform size and distribution are produced after anodizing
[4,5]. Industrially, anodization is often carried out in sulfuric acid-based
electrolytes, where positively charged Al is attacked by anions (HSOx,
RCOO ™, etc.). This electrochemically oxidizes the metal mostly into
Al,05, forming anodized coatings of various thickness, sometimes
100 pm or more. Despite better hardness, wear rate of anodized coatings
is still high [5] presenting a major problem in many field applications.
Although expensive technologically, metal or polymer based solid lubri-
cants are often applied to reduce friction and wear of anodized surface.
Incorporation of MoS; [6], nickel composite (e.g. Co-Ni-P) [7] and other
substances might give a needed success in improving wear resistance.
Nevertheless, industrially the most widespread method is still based
on polytetrafluoroethylene, which usually reduces Coefficient of Fric-
tion (COF) to less than 0.2 [8] by functioning as a barrier lubricant.

Abbreviations: 1050A, high purity industrial aluminum alloy; 6082, industrial
aluminum alloy suitable for anodization; COF, Coefficient of Friction; EDS, Energy-
Dispersive X-ray Spectroscopy; SEM, Scanning Electron Microscopy; Ti, titanium.

* Corresponding author at: Sauletekio 3, Vilnius LT-10222, Lithuania.

E-mail address: asadauskas@chi.lt (S.J. Asadauskas).

http://dx.doi.org/10.1016/j.surfcoat.2016.09.083
0257-8972/© 2016 Elsevier B.V. Al rights reserved.

In previous studies [9,10] titanium oxides and nitrides showed some
effectiveness as protective, anti-frictional layers for various substrates,
including anodized coatings. Particularly, coatings of TiN, TiSiN, TiSiCN
demonstrated excellent wear resistance and low friction with COF
0.15-0.25 [9]. When Ti is exposed to air, a passive oxide film is sponta-
neously formed on its surface. Usually, such amorphous film is 5-10 nm
thick and contains three layers: TiO next to metallic Ti, Ti,O5 in the mid-
dle and anatase TiO, [11] on the outer part. Titanium dioxide (TiO;) is
very stable, insoluble, non-toxic and chemically inert, resistant to most
acids, alkalis and organic compounds. Because of chemical stability, cor-
rosion-resistance, biocompatibility, non-toxicity and other desirable
properties, deposition of Ti/TiO, layers is used in many applications, in-
cluding biomedical materials due to effective protective and
osseointegrative (direct bone to implant anchorage) properties [12,
13]. For various technological purposes Ti layers have also been depos-
ited on anodized alumina by magnetron sputtering [ 14], chemical vapor
deposition [15], spraying [16], plasma electrolytic oxidation [17] and
other methods. Deposition of Ti layers gains recognition in many high-
tech processes, while anodization remains a major tool in the manufac-
ture of advanced materials. Manipulation with nanopore sizes, their
density, roughness, application of fillers or deposited layers and other
parameters gives an opportunity to control wettability, permeability,
adhesion, resistance, biocompatibility, nanostructurization and other
properties of anodized surfaces. Many industrial items are exposed to
friction during field applications, however, tribological properties of Ti
layers on anodized alumina have not yet been studied in detail.
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Some other types of substrates have already been investigated to
some extent for tribological behavior of Ti or TiO, layers on fasteners
[18], implants [19], turbine engines [20], aerospace or marine applica-
tions [21]. Still, the data volume remains limited, making it difficult or
impossible to predict the effect of deposited Ti on frictional characteris-
tics. In one particular study magnetron sputtering was used to deposit
Ti/TiO, layers of ~200 nm thickness on Ti6Al4V substrate [19]. This re-
duced COF to 0.5 and assured stable friction for 10,000 cycles under
0.49 N load, 3 cm/s rotation speed with 4 mm rotation radius against
6 mm diameter SiC balls. From these and related studies it might appear
that deposited Ti layers reduced friction only marginally compared to
alloys without coating. In contrast, better achievements could be ob-
served in Ti based multilayer coatings [9,22], where COF went down
to 0.15. Such friction reduction was quite remarkable for dry coatings,
unfortunately, no further study to investigate the causes of the tribolog-
ical improvement was made available. Also, authors employed relative-
ly light loads of 0.1 kgf and less, which would not always be relevant in
field uses, where incidental friction might take place during manufac-
ture, packaging, transportation, installation etc. So it remains unknown
whether Ti-containing multilayers can provide friction reduction under
more severe tribological regimes.

In this study the effectiveness of Ti layers was investigated under
much higher load of 10 N. In addition, very few reports discuss the de-
pendence of tribological properties on the thickness of Ti layers, so
this aspect received particular attention in this investigation. Resistance
to friction and wear under higher interfacial pressures is important for
many applications, where anodized alumina is used, such as fasteners,
positioners, biomedical devices [23], sliding surfaces, aerospace, robotic
equipment, etc. Instead of pure aluminum, industrially relevant alloys
1050A and 6082 were utilized, while tribotests employed conventional
ball-on-plate methodology, typically used in friction studies of anodized
alumina and many other coatings.

2. Experimental

Two main processes were used for surface preparation: 1) anodiza-
tion and 2) magnetron sputtering, see Fig. 1. The obtained specimens
were evaluated by using optical and scanning electron microscopy.
Then their friction and wear was compared using ball-on-plate
tribotests. Most of the equipment, procedures and materials, which
were used in this study, had already been previously presented in sev-
eral proceedings articles [24-27]. Briefly, their descriptions are provided
below.

2.1. Materials
Two Al alloys, 1050A of 99.62% purity (0.34% Fe; 0.1% Si; 0.01% Mn)

and 6082 of 96.72% purity (1.1% Si; 1.02% Mg; 0.61% Mn; 0.54% Fe) with
a sheet thickness of 1 mm and 2 mm respectively, from Aleris Rolled

Electrolyte
15°C

Al discs

Cathode (anode)

Products Germany GmbH were used as substrates. Reagent grade salts
and electrolytes were employed for the anodization and laboratory
grade solvents were used for cleaning and degreasing. Commercially
available high purity Ti (99.995%) from Alfa Aesar GmbH (Germany)
was used as magnetron sputtering target, Fig. 1, for deposition of Ti
layers.

2.2. Anodization

The anodization was performed in H>SO4/0xalic acid electrolyte in
compliance with Type IIl procedures. This type of electrolyte is widely
used to produce relatively thick, hard Al,05 coatings [2,4], so the refer-
enced solutions and procedures were used as a basis for this study. Be-
fore anodization the disc-shaped specimens of 1.5 cm OD were etched
in an alkaline solution of 30 g/L NaOH + 25 g/L NasPO4 + 75 g/L
Na,COs; for 30 s at 60 °C. After rinsing in deionized water they were
cleaned for 1-2 min in 10% HNOs and rinsed in water again. Then the
discs were placed into the continuously mixed electrolyte of 175 g/L
H,S04 + 30 g/L (COOH),-2H,0 + 55.5 g/L Al>(S04)3-18H,0 at 15 °C
and 200 A/m? anodic current density for 70 min. Coatings were period-
ically checked with CM-8825FN device (Guangzhou Landtek Instru-
ments Co., China) to obtain 60 & 10 um thickness. After anodizing, the
discs were immersed into 170 W ultrasonic bath VTUSC3 (Velleman,
Belgium) and sonicated at full power for 10 to 20 min in deionized
water without heat for rinsing. Then the discs were dried at 100 °C for
30 to 60 min and stored in dry environment for 1 to 7 days for further
experiments.

2.3. Magnetron sputtering

Deposition of Ti layers of 16 nm, 75 nm and 2.3 um thickness was
performed on Al specimens with or without anodization by DC/RF mag-
netron sputtering device Univex 350 (Leybold Vacuum Systems, Ger-
many). Before sputtering the discs of untreated alloys (without
anodization) were etched in an alkaline solution for 30 s at 60 °C and
cleaned for 1-2 min in 10% HNOs to remove all impurities of the surface.
The specimens were placed into the rotary holder of the magnetron ap-
paratus, the lid was closed and the chamber was vacuumized for at least
16 h before actual sputtering. The base pressure of the system was
250 pPa and the working pressure of Ar gas was kept constant at
250 mPa maintaining substrate temperature at 12 °C. Thermal regime
was balanced using two controls: 1) cooling by circulating cold water
through the magnetrons and the specimen holder; 2) heating with inte-
grated quartz halogen lamps, interfaced via programmable “SHQ15A
TC/PID” controller (AJA International, USA). The distance of 20-25 cm
between the target and specimens was too large to significantly affect
the temperature of substrate, when coating 16 nm and 75 nm Ti layers.
Sputtering time, current and voltage were adapted to obtain a necessary
thickness of Ti layers: 16 nm (t; = 15 min, ; = 100 mA, U; = 421V),

/Load
Ball
holder

1} . Range of linear

reciprocating
Anodized friction cycle Ball
\

— Al
§| Ve Central M
panp 80% - .
! segment ° |Reciprocating

module

Fig. 1. The principal scheme of specimen preparation and investigation in three main stages (from left): anodization — magnetron sputtering — tribotesting / microscopy.
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75nm (t; = 30min, I, = 200 mA, U, = 420 V) and 2.3 um (t; = 30 min,
I3 = 400 mA, U3 = 375 V). The rotary sample holder with 6 specimens
was turning during the sputtering process at 18 rpm to assure uniform
patterns of Ti deposition.

Along with Al discs, a quartz monocrystal was also inserted into the
device when the thinnest Ti layer was deposited in order to determine
its weight by quartz crystal microgravimetry via resonator frequency
change according to Sauerbrey ratio [28]. The resonator mass changes
were translated into Ti layer thickness of 16 nm. Cross-sections of sever-
al discs were made and SEM showed that 75 nm thickness was obtain-
ed, as described in §3. Deposition of the thickest Ti layer was performed
by moving the specimens 3 times closer to Ti target. Profilometry of the
discs showed that 2.3 um thickness was obtained, as described in §3.

2.4. Tribological tests

For tribological measurements a Pin-on-Disc Tribometer (Anton
Paar TriTec SA, Switzerland) was employed by utilizing a ball-on-plate
linearly reciprocal configuration. As a stationary part, two types of
6 mm OD balls were used: 1) bearing steel 100Cr6 (96.5% purity,
grade G20, hardness 800 HV and roughness R, 0.02 um) from SKF AB
(Sweden) and corundum Al,03 (99.8% purity, grade G16, hardness
2100 HV and roughness R, 0.025 um) from Ceratec (Belgium). The mov-
ing part was the Al disc, mounted on a pre-installed tribometer module.
Linear reciprocal motion of 2 mm amplitude was maintained resulting
in a track length of 4 mm and the total distance of 8 mm for one recip-
rocal friction cycle. At 2 cm/s velocity each friction cycle produced
approx. 100 data points of ‘instantaneous’ friction force, whose values
remained sufficiently similar throughout the selected range of the recip-
rocal motion, i.e. the middle 80% segment [24]. The average COF value
was calculated automatically by taking an arithmetical average of mod-
ular friction values for the central 80% segment of the path. The results
were presented as COF changes with progressing friction in terms of
number of cycles. To ensure good reproducibility, each sample was test-
ed 2 or more times at given conditions and the most representative runs
were selected for the comparison between samples.

The tribotesting parameters of 10 N load, 2 mm amplitude and 2 cm/
s velocity were held constant against a steel or corundum ball. Tribotest
duration was either automatically limited due to excessive friction force
because of increase in COF, or stopped after a specified number of fric-
tion cycles, such as 10, 30, 500 or 1000.

2.5. Microscopy studies

For optical microscopy analysis a B-353 MET model with Optikam
B2.0 digital camera was used (Optika SRL, Italy). Topographical changes
were evaluated under 200 x and 400 x magnifications. No polarization
or color filters were used.

Scanning Electron Microscopy (SEM) images were obtained using
dual beam system Helios NanoLab 650 (FEI, Netherlands) with a
Schottky type field emission electron source and a Gallium (Ga) ion
source at 1 500x and 150 000x magnification. Thin layers of Cr were
applied on all specimens in order to obtain the necessary electrical con-
ductivity on the surface by using a magnetron sputtering device Quo-
rum Q150T ES (Judges Scientific Plc, UK), which led to the Cr coating
thickness of 1.5 to 2.0 nm. SEM images were used to determine the
nanopore diameter, distribution and surface porosity. Number of
pores was established by calculating the nanopores in 0.2 x 0.2 pm seg-
ments of the surface in 3-4 random areas to get the average pore
density.

Porosity (%) were calculated using the following equation [3]:

n:75p§e~n,100% o)

0x

where: Spore is the average area of a nanopore opening, see Eq. (2), in
wm?;
Sox is the area of surface oxide, obtained as the 2D area selected for
the calculation minus Sy n (i.e. minus the area of nanopore openings),
in um?:

pm;

n is number of nanopores in the selected Sy area.

The average area of a nanopore opening, Spore, Was calculated as-
suming a circular shape of the opening, Eq. (2):

Sox = - 1D?/4 (2)

where ID represented an average Internal Diameter (ID) of the
nanopore from SEM measurements, in pm.

2.6. Cross-sectional evaluations

Several specimens were analyzed by producing localized cross-sec-
tions by focused Ga ion beaming with Helios NanoLab 650 (see
above). Before the formation of cross-sections on the specimens (pre-
coated with 1-2 nm Cr layers to increase conductivity for SEM inspec-
tion), a protective Platinum (Pt) overcoat of ~1 pm thickness was depos-
ited by electron and ion beams. Such thick Pt overcoat helps avoiding
the Ga ion damage to the edge regions of studied coating. The overcoat
thickness was selected based on previous experimentation with this
equipment [29-31] and recommendations of other researchers [32,
33]. Then the specimen was placed under the Ga ion beam exposure
perpendicularly to the surface until the necessary depth was reached.
Afterwards the specimen was shifted laterally several times for progres-
sively shorter exposure to the Ga ion beam. In this manner a slope was
formed on one side of the cross-section, so the observations could be
made with the SEM probe, whose axis was tilted at 52° angle to the
specimen surface. SEM images of the cross-section were studied at
3 kV accelerating voltage and 6.3 pA current. Horizontal field width
was 2 um and working distance about 4 mm.

The distribution of the elements in the cross-sections and wear
tracks was also evaluated. Quantitative Energy-dispersive X-ray Spec-
trometry (EDS) was employed using a INCA spectrometer with X-Max
20 mm? Silicon-drift detector (Oxford Instruments, UK). EDS X-ray
maps were obtained at 20 kV. Elemental composition was reported as
wt.% percentage.

2.7. Surface roughness measurements

A contact profilometer Surftest SJ-210 was used to determinate
roughness (R,) of untreated, anodized and Ti coated surfaces. The con-
tact needle with 2 pm tip radius was scanning the surfaces horizontally
and transferred the data into the Image Plus software for the visualiza-
tion. The R, was calculated from at least 5 measurements on different lo-
cations within the same specimen. Four specimens were used to
determine average R, on samples before and after anodization, but
without Ti layers, while 2 specimens were used to determine R, of sam-
ples with Ti layers. For measuring the average elevation, the median
planes were projected by equating the peak volumes above the planes
with the void volumes underneath them.

2.8. Statistical analysis

Statistical analysis of tribological, surface roughness and nanopore
measurements is presented as mean + standard deviation. In case
four or more runs were made on the same sample, p-value is listed
also as “p=".In tribological experiments with samples without Ti layers
the values were determined by testing 2 to 5 specimens. Roughness (R,)
was measured using 4 (without Ti layers) or 2 (with Ti layers) speci-
mens for each sample. Nanopore density was calculated from 4 random
0.2 x 0.2 um areas to obtain the average, meanwhile the nanopore di-
ameters were determined from 10 measurements.
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3. Results and discussion

As opposed to studies of anodized coatings on high purity alumi-
num, this report focused on two Al alloys with broad industrial recogni-
tion, 1050A and 6082. Due to dependence of friction mechanisms on
inherent alloy characteristics, especially in the presence of metallurgical
additives, it would be problematic to extend tribological observations
from high purity aluminum to industrial metals. Being among the
highest purity industrial alloys, 1050A contains 99.6 wt.% Al making it
irrational to consider substrates with higher Al contents in this study.
Both 1050A and 6082 alloys offer good anti-corrosive properties, but
1050A purity provides better formability and plasticity. Heat treatable
6082 alloy with 96.7 wt.% Al has higher strength and mechanical resis-
tance primarily due to Mg and Si additives. A load of 10 N (or
1.02 kegf) was selected for comparing the tribological properties, which
is higher than typical loads used in study of anodized alumina. However,
this load is quite likely in field applications [34]. Also, 1050A and 6082
belong to different types of Al alloys. Therefore, the observations of rel-
atively high loads and severe friction on both 1050A and 6082 alloys can
be much more viable industrially than findings obtained solely from
high purity aluminum studies under mild tribological regimes.

3.1. Effects of Ti layers on tribology of untreated Al surfaces

The tribological effectiveness of Ti layers was studied on both un-
treated and anodized Al alloys. Surface roughness of 1050A and 6082
was quite significant with R, of 1.02 and 1.24 respectively. Their topog-
raphy was somewhat irregular and contained many grain-like inclu-
sions formed after Al rolling process. On 6082 grain boundaries of
various sizes could be observed, some exceeding 100 pm, which
would not be unusual in 6000 series alloys [35-36]. Although on 6082
grain boundaries remained visible even after depositing the 2.3 um Ti
layer, surface topography of both alloys could still be considered suffi-
ciently similar for the purpose of tribological comparisons. Therefore,
the alloys were not mechanically pre-treated before magnetron
sputtering, anodization or tribotesting.

Initially, the influence of Ti layers on untreated Al surfaces without
any anodization was evaluated. Magnetron sputtering was used to ob-
tain separate specimens with 16 nm, 75 nm and 2.3 um Ti layers on
the top of untreated 1050A and 6082. The differences in surface charac-
teristics before and after sputtering were not significant, as presented in
Fig. S1 (see electronic Supplementary information).

As an interesting exception, it was observed that untreated surfaces
with 75 nm Ti layers had blue color. As described by other researchers,
such effect might be obtained due to light interference phenomena [37]
of this layer thickness. Still, any changes in surface roughness were
minor and could not be expected to lead to appreciable effects on fric-
tion and wear. The tribological properties of specimens with and with-
out Ti layers (without anodization) were screened, showing high
friction, Fig. 2.

Friction was so severe on 1050A specimen that COF even exceeded
1.0. On 6082 COF was also very high. Extreme friction was a result of
abrasion, which began within just several friction cycles, forming clearly
visible wear tracks. Even the thickest Ti layers of 2.3 pm showed COF in
excess of 0.4, which should be considered high. This demonstrated that
Ti layers of 16 and 75 nm thickness were not able to reduce dry friction
on Al alloys. Hardness of Ti layers was expected to be much higher than
that of Al substrate and this would not be beneficial to tribological prop-
erties. As discussed by other researchers [38-40], hard top layers could
easily fracture due to rapid deformation of the softer substrate, which
should produce abrasion. This could be compared to a hard shell of an
egg, whose friction would increase dramatically, if cracked. Such suppo-
sition agreed with the observations of somewhat lower friction on 6082,
compared to 1050A. Most likely higher hardness of 6082 was more fa-
vorable to the ability of Ti layers to withstand breakage. The differences
in other substrate properties, such as elasticity, compressibility, etc.,
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Fig. 2. Influence of Ti layer thickness on friction tendencies of untreated 1050A (top) and
6082 (bottom) alloys. Tribotests of alloys without anodization against an Al,05 ball.

might also be important, rather than any effects of Ti layers or surface
topography. However, further exploration of these differences would
bear little significance in terms of technological viability, because COF
on 1050A and 6082 was very high, wear was rapid and the arrangement
“hard coating/soft substrate” could not be considered favorable
tribologically.

As displayed in Fig. 2, much thicker Ti layer of 2.3 um showed some
improvement in friction reduction. Better performance was not surpris-
ing, because the thicker Ti layer could withstand higher interfacial pres-
sures and resist fracture or delamination. Nevertheless, even in case of
2.3 um layer COF was still higher than 0.4, as an indication of rapid
wear. Even more, a sudden increase in friction took place within fewer
than 100 friction cycles, suggesting the layer cracking and onset of sub-
strate abrasion, as discussed below in §3.4. Consequently, the friction re-
duction alone would be a very unlikely reason to justify depositing such
a thick Ti layer on untreated aluminum in any technological application.

3.2. Anodization and magnetron sputtering

As discussed in §1 Introduction, anodization is often employed to
make Al parts mechanically harder, easily paintable, more corrosion re-
sistant and for many other purposes. In this study, Al discs were anod-
ized using a conventional Type III “hard” anodization procedure in a
technologically widespread electrolyte of sulfuric and oxalic acids [2,
41,42]. The process of electrochemical oxidation resulted in anodized
coatings of 60 pm thickness and assured major increase in hardness
compared to untreated 1050A and 6082 alloys [5,43]. The porosity and
nanotopography of obtained surfaces was inspected using Scanning
Electron Microscopy (SEM), Fig. S2 (see electronic Supplementary
information).

As expected, anodized surfaces contained many nanopores, while
untreated surfaces were quite uniform and nearly indistinguishable be-
tween 1050A and 6082. No porosity could be observed by SEM on sur-
faces before anodization. Grain boundaries of 1050A appeared much
smaller in size than those of 6082. Nanopore size and distribution was
clearly different, with their main characteristics given in Table 1.

SEM data showed that nanopores in 6082 were at least twice as wide
as those in 1050A, with the former porosity nearly four times higher.
Such differences could have significant influence not only on adhesion
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Table 1

Characteristics of surface obtained after

Alloy  Nanopore diameter, Nanopore density, Porosity, %, per Eq.

Table 2
Average roughness R,, standard deviation and p values of untreated and anodized surfaces
with and without Ti layers, deposited by magnetron sputtering.

nm pores/um? (1) Alloy w/oTi 16nmTi  750mTi 23 pmTi
1050A 65 4 1.3 1560 + 110 545 6082 w/o anodization 127 4+ 0.08 1.07 4+ 0.13 102 4+ 0.19 1.04 + 0.11

(p = 0.027) (p = 0.123) (p=0034) (p=0057) (p=0085 (p=0049)
6082 150 422 1040 + 121 22550 Anodized 6082 144 + 014 139 +£0.14 148 £ 0.11 1.71 £0.17

(p = 0.044) (p = 0.135) (p = 0060) (p=0059) (p=0049) (p=0076)

of Ti during magnetron sputtering, but also on tribological tendencies.
Therefore, the comparison of these two alloys could encompass a rela-
tively broad range of properties, which might be affected by anodization
and Ti layer deposition.

Anodized specimens were processed by magnetron sputtering to
build Ti layers of 16 nm, 75 nm and 2.3 um on their surface. Their topog-
raphy was compared to that of untreated and non-sputtered alloys
using optical microscopy and SEM. Optical images showed that anod-
ized 1050A had a smoother surface than 6082. As shown in Fig. S3
(see electronic Supplementary information), the grain boundaries of
6082 were again quite pronounced, still being visible after depositing
75 nm Ti layer, but they disappeared under 2.3 um Ti layer.

From the optical microscopy images it might appear that surfaces
become smoother after the deposition of Ti layers by magnetron
sputtering. However, contact profilometry could not confirm this sup-
position. Average surface roughness (R,) of untreated, anodized and
sputtered Al alloys showed that Ti layer deposition did not affect the
surface roughness dramatically, despite some changes in R, values,
Fig. 3. The mean R, values along with standard deviations and p-values
are listed in Table 2.

Anodization did not affect roughness excessively either and R,
values stayed in the vicinity of 1 um. Some increase or reduction in R,
was detectable, although more specimens would be necessary for better
quantification. Standard deviations showed that R, values remained
well within the same order of magnitude. This might lead to an expec-
tation that the changes in roughness alone would not affect tribological
properties significantly. For better understanding of the Ti layer topog-
raphy, the specimens were thoroughly inspected by SEM, in some
cases using cross-sections obtained by focused Ga ion beaming after
pre-depositing a Pt overcoat, Fig. 4.

At higher magnifications Ti layer differences between the alloys be-
came more evident. On 1050A the material in Ti layers appeared rela-
tively uniform and homogeneous, whereas on 6082 the sputtered
matter formed aggregates and elongated segments 30-50 nm wide
and hundreds of nanometers in length (Fig. 4A, B). This might suggest
that sputtered 6082 had much higher roughness on the nano-scale
level than 1050A. However, on macro-scale, i.e. as measured by contact
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Fig. 3. Average roughness R, of untreated and anodized surfaces with and without Ti
layers, deposited by magnetron sputtering.

1050A w/o anodization 1.01 4 0.09 0.80 + 0.13
(p=0.041) (p=0059) (p=0054) (p=0032)
0.84 + 0.08 0.82 +0.08 1.03+0.11 1.10 + 0.09
(p=0036) (p=0035) (p=0047) (p = 0041)

071 £ 012 0.78 + 0.07

Anodized 1050A

profilometry, the increase in surface roughness was not so dramatic.
Compared to anodized coatings before sputtering, the roughness
changed only marginally, see Table 2 and Fig. 3. So it could not be stated
that Ti layer deposition resulted in substantial increase of roughness on
6082 compared to that on 1050A. It might also be noted in Table 1 that
nanopores on 6082 were at least twice as wide, compared to 1050A. In
6082, the nanopore diameter of 15 nm could have a much more pro-
nounced effect on the uniformity of the 75 nm thick layer compared
to the nanopores of 6.5 nm on 1050A. Consequently, homogeneity of
the Ti layer on 6082 appeared much lower than that on 1050A only
on nano-scale.

In order to study the quality of Ti coatings on 1050A and 6082 alloys,
Ga-ion beaming was used to form cross-sections of surfaces with a pro-
tective Pt overcoat. These images, Fig. 4 E-F, also showed that the Ti
layer was more uniform on 1050A than 6082. The layer thickness on
1050A fluctuated around 75 nm by less than + 3 nm, whereas the thick-
ness variation on 6082 alloy was much greater. In fact, the Ti layer thick-
ness on 6082 was calculated to average at 65 nm, rather than 75 nm, as
determined by cross-sectional measurements. The amounts of Ti, de-
posited onto the surfaces, should be very similar, since 1050A and
6082 specimens were coated in a rotary holder during the same runs
of magnetron sputtering. Therefore, the lower measured thickness in
6082 could be an outcome of more Ti penetrating into the nanopores.
In addition, significant roughness and surface irregularities could also
lower the measured thickness of Ti layers.

The thickness of 2.3 um Ti layers was confirmed using contact
profilometry, Fig. S4 (see electronic Supplementary information). Al-
though the data showed significant scatter, the changes in height
were clearly evident. Calculations of the average elevation
corresponded well to each other, with the average thickness of 2.3 um.
An attempt was made to investigate the morphology of the thicker Ti
layers on 1050A using X-ray diffraction. Unfortunately, several reasons
made the spectra inconclusive. Roughness of the specimens was too
high for the grazing-incidence method (GIXRD) to be effective even
for 2.3 pum Ti layer, so the presence of Ti and possibly its partial oxides
was evident only with some uncertainty. Neither Ti nor its oxides
could be identified even qualitatively by GIXRD analysis of 75 nm Ti
layer specimen. It must also be pointed out that several peaks of Al
and Ti have similar 2-theta values, so a good spectral resolution is nec-
essary. Since the specimen substrates were manufactured by rolling
process, some directionality of the alloy domains and Ti layer patterns
(Fig. 4B) could also affect GIXRD readings. Traces of air, present in the
instrument chamber as well as within the anodized coating, made the
formation of non-stoichiometric oxides (and possibly nitrides) of titani-
um very likely, which further impeded the resolution and peak identifi-
cation. Consequently, no reliable findings could be obtained to learn
more about the morphology of deposited layers. In order to establish
crystallographic patterns of the Ti layers with sufficient reliability, a
dedicated study should be set up using well-polished specimens, prefer-
ably higher purity aluminum and fewer variables in sputtering
parameters.

In general, the investigations of the anodized coatings and sputtered
Ti layers showed that obtained surfaces met the target expectations of
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coating thickness and Ti layer nanotopography. Such consistency be-
tween expectations and obtained results further supported the viability
of anodization and sputtering procedures. The anodized specimens with
deposited Ti layers appeared suitable for further tribological studies.

3.3. Effects of Ti layers on tribology of anodized Al surfaces

Previous studies by other research groups described rather different
effects of Ti layers on several substrates. When 200 nm Ti layer was de-
posited on Ti6Al4V alloy, friction was maintained around COF 0.5 be-
yond 10,000 cycles [19]. Multilayer coatings with Ti were able to bring
down COF to 0.15 [9,22]. However, the role of Ti in friction reduction
remained unclear, so this study looked into the tribological effectivess
of Ti layers of several thicknesses. Just as in case of untreated alloys, fric-
tion tendencies of anodized 1050A and 6082 with or without Ti layers
were evaluated using a reciprocal motion at 2 cm/s through a wear
track of 4 mm length. Such speed and trajectory is relevant to many ap-
plications, involved in moving contacts, e.g. sliding over, fasterner open-
ing, engagement of parts during transportation, etc. The load of 10 N
was selected, because it approaches a capability of 60 um anodized coat-
ing to withstand breakage on much softer substrate [38,40]. Ball-on-

surface before
Pt overcoat

whole
cross-section

magnified
cross-section

plate tests were carried out on anodized specimens with and without
Ti layer deposition, Fig. 5.

Friction on anodized surfaces without Ti was again very high, al-
though it increased much slower than that on untreated surfaces, de-
scribed earlier in §3.1. Anodized specimens never reached COF of 1.0
and never showed as much friction fluctuations as did 1050A or 6082
specimens without anodization. This suggested that anodization of Al
surfaces alone might provide some assurance against COF reaching
1.0. Nevertheless, recorded COF values still were high, exceeding 0.4
within just several friction cycles.

Deposition of Ti layers had essentially no positive effect on 1050A
and 6082 without anodization. On anodized surfaces, however, Ti layers
led to a significant reduction of friction, Fig. 5. Before sputtering, friction
on anodized specimens exceeded COF = 0.4 almost immediately, but
after depositing just 16 nm Ti layers they were able to sustain COF
below 0.2 for 10 cycles or longer. Ti layers of 75 nm thickness showed
even higher effectiveness, maintaining COF around 0.2 for 20 and 60
friction cycles on 1050A and 6082 respectively. Even more surprisingly,
2.3 um Ti layers seemed not effective tribologically at all, succumbing to
high friction in a very similar manner as the anodized coatings before
sputtering. It was truly perplexing to find out that the 2.3 um Ti layer

anodized 6082 with 75 nm Ti

ry

Fig. 4. SEM images of surfaces (A, B) and cross-sections (C—F) of anodized 1050A and 6082 alloys with 75 nm Ti layers. Cross-sections obtained with focused Ga ion beaming after pre-

depositing a Pt overcoat.
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performed so much worse than 16 nm or 75 nm Ti layers. Anodization
and sputtering were re-run for the second time on several specimens.
The whole experimental sequence of anodization - sputtering —
tribotesting was highly reproducible and the results showed very
good repeatability. Before Ti deposition the mean COF reached
0.753 4+ 0.042 (p-value = 0.006) after 10 friction cycles on 1050A,
while 75 nm Ti layer brought COF down to 0.172 + 0.005 (p-value =
0.036). it remained uncertain, which tribological or structural phenom-
ena could result in such a paradox-like observation of nanothin Ti layers
giving a clearly very beneficial tribological effect, while much thicker
2.3 um Ti layers were not effective whatsoever.

Therefore, an additional exercise was initiated to verify the tribolog-
ical ineffectiveness of thick Ti layers by replacing the mating material in
the friction zone. Instead of ball-on-disc friction tests using a corundum
(i.e. Al,03) ball, the tests were performed using a steel ball, since friction
against steel surfaces is quite widespread technologically. The whole se-
quence of untreated, anodized and sputtered specimens was screened
using the same load, wear track length and velocity, i.e. 10 N, 4 mm
and 2 cm/s respectively, Fig. S5 (see Electronic Supplementary
information).

During tribotests with a steel ball on anodized coatings the tendency
of 2.3 pm Ti layers to perform poorer than those of 75 nm and 16 nm
was again evident, just that the difference was not as extreme as in
case of a corundum ball. The specimens essentially confirmed the
same tendency of improved tribological properties at 75 nm thickness
and friction increase on 2.3 um Ti layers, despite some changes in the
magnitude of the friction values due to the difference in mating
materials.

The influence of Ti layer thickness on friction tendencies was even
more evident when the data was reprocessed to show COF values
after 10 friction cycles, Fig. 6 (top). Such number of friction cycles was
selected to simulate conditions of incidental mechanical contacts be-
tween moving surfaces, like those incurred during the industrial anodi-
zation of aluminum items, their transportation and installation. Even if
properly manufactured and packaged, anodized items could still engage
into some incidental friction. Therefore, the ability of anodized surfaces
to sustain low COF for at least several friction cycles would be beneficial
in many of those cases, so unwanted wear or other types of surface
damage could be prevented.

The charts in Fig. 6 clearly showed that progressively higher thick-
ness of deposited Ti layers had an opposite impact on untreated alloys
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Fig. 5. Influence of Ti layer thickness on friction tendencies of anodized 1050A (top) and
6082 (bottom) alloys. Tribotests against an Al,0O5 ball.

than on anodized ones. On surfaces without anodization, thin Ti layers
of 16 and 75 nm thickness resulted in major friction increase, while
2.3 um Ti layer reduced COF somewhat. In contrast, the anodized alloys
provided better Ti layer adhesion and resulted in significant friction re-
duction at Ti layer thickness of 16 and 75 nm independently of mating
surfaces. This was even more evident for the data, extracted to show
the number of friction cycles when COF stayed below 0.4, see Fig. 6
(bottom).

As a rule of thumb in industrial tribology, incidental friction could
often be considered acceptable, if COF stayed below 0.3-0.4, assuming
that relatively low COF would only lead to gradual wear, rather than
abrasion, scuffing, pitting or other severe regimes. The latter modes of
wear would usually take place under COF significantly above 0.4. After
processing the data to display the influence of Ti layer thickness on
the maximum number of friction cycles, which could be sustained
with COF below 0.4 (Fig. 6 bottom), it appeared that 2.3 um Ti layers
performed clearly worse than those of 75 nm. Again, in case of tribotests
with a corundum ball, 16 nm Ti layers performed significantly better
than those of 2.3 um, while in case of a steel ball the difference was
not as significant. Nevertheless, it could again be claimed with certainty
that friction of 2.3 um Ti layers was higher than that of much thinner Ti
layers, in spite of COF dependence on mating materials.

3.4. Effects of Ti layers on wear of anodized coatings

In order to assure long service time and extended durability, it is de-
sirable to avoid surface wear and deterioration. Most applications re-
quire at least to assure low wear rates without inflicting severe
surface damage, such as abrasion, pitting, scuffing, etc. In this study, re-
sistance to wear of anodized coatings with and without Ti layers was
assessed using several procedures of tribotesting and surface evalua-
tion. The most attention was devoted to surface wear before the initia-
tion of any significant abrasion processes. Therefore, 10 friction cycles
were selected as the first milestone for wear measurements and analy-
sis of surface transformations. This extent of tribological interaction
could also be relevant to incidental friction in many applications, as
discussed earlier in §3.3.

When Ti layers were deposited on anodized 1050A, their wear was
clearly noticeable visually just after 10 friction cycles. Inspection with
an optical microscope revealed rapid degradation of 75 nm Ti layer,
Fig. 7. It might be noted that high rates of wear could possibly be mea-
sured by contact (mechanical) profilometry. However, any attempts to
determine wear depth after only 10 friction cycles on anodized alloys
with the mechanical profilometer were not sufficiently accurate due
to relatively small wear scars. After 30 friction cycles the scars were
deeper, approaching 2 pm, but still not enough for satisfactory quantifi-
cation. Available AFM techniques could not be used because of excessive
roughness. Therefore, in this study the evaluation of wear after 10 or 30
friction cycles could only be performed qualitatively by optical and elec-
tron microscopy.

Before friction, the appearance of Ti layers was bluish without signif-
icant discolorations. After 10 friction cycles the surface showed protru-
sions of grey tones. Grey color might be related to anodized coatings
without any Ti on the top, so these discolorations implied a high rate
of wear. Nevertheless, it could not be stated that the 75 nm Ti layer
was completely removed from the discolored segments, because the
grey protrusions might also appear as a consequence of optical effects
at lower Ti layer thickness. In spite of this precaution, at least partial de-
lamination of the Ti layer seemed likely. It could also be observed that
10 friction cycles were sufficient to produce some cracks on anodized
coating of 1050A, Fig. 7 center. These cracks should not be viewed as a
direct consequence of wear, because just the load of 10 N alone might
be sufficient for damaging hard anodized coating on a relatively soft
substrate of 1050A. This phenomenon was more evident when testing
the deposited Ti layers on untreated 1050A without anodization, see
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§3.1. Therefore, cracks could develop within the anodized coating itself
just due to high interfacial pressure independently of the 75 nm Ti layer.
When the tribotester stopped automatically due to excessive friction
force after 500 friction cycles, much more damage to the surface could
be observed, Fig. 7 right. The wear track did not show any bluish color
anymore, the absence of which implied that all original Ti layer could
be destroyed. Very similar trends were observed on 6082 alloy as well.
Surface discolorations were located in various areas of wear scars as a
consequence of relatively high (R, ~ 1 um) surface roughness.

Wear scars after prolonged tribotesting at high COF were quite deep,
however, it was too complicated to make a legitimate comparison be-
tween highly worn specimens. First of all, many specimens could not
even last 500 friction cycles due to friction force becoming excessive
and triggering an automatic tribotester shutdown. Also, after attaining
high COF the whole Ti layer could be removed within just several fric-
tion cycles, making it unreasonable to look for any influence of Ti on
wear rates. In essence, wear measurements after tribotesting at high
COF would mostly characterize the properties of the anodized coating
and substrate itself without much relation to Ti layers. Therefore, an at-
tempt was made to look into wear resistance after 30 friction cycles on
1050A just after COF exceeded 0.4. SEM was employed for better under-
standing of friction-induced Ti layer transformations on micro- and
nanoscale. Initially, the development of wear tracks was evaluated
after 10 and 30 friction cycles, Fig. 8.

Before friction

After 10 cycles

After 10 friction cycles the wear track was barely visible without di-
rect evidence of removed material. However, some surface damage was
evident in a form of cracks even after 10 friction cycles on 10504, in
agreement with optical photomicrographs, Fig. 7. It might be pointed
out that no cracks could be observed after 10 or 30 friction cycles on
6082, whose COF was still well below 0.4 after that much of tribotesting.
However, on 1050A after 30 friction cycles significant wear damage
could be observed, Fig. 8. A deep, clearly defined pit was formed in the
middle of the wear track. Many more smaller scars were also produced
around the central part and near the edges of the track, where interfacial
pressures were expected to be the highest [44]. The largest pit appeared
to remove not just the 75 nm Ti layer, but whole anodized coating of
60 pm thickness. This showed that anodized coating on 1050A was
quite fragile, at least compared to more industrially recognized 6082.
Simple calculation shows that under 10 N load the interfacial pressure
exceeds 150 MPa when the friction zone diameter is less than 0.4 mm,
which is the case in most tests, at least during the initial friction stages.
It appears that such pressure is already sufficient to crack the anodized
coating of 60 um thickness on 1050A. Deterioration of the whole anod-
ized coating gave a proof that the abrasion began sooner than 30 friction
cycles, because large amounts of wear debris were forming, resulting in
gradual replacement of the surface-to-surface contact with a surface-to-
debris regime. Sizes of the abrasive debris particles might vary over a
broad range both on microscale and nanoscale level. As an example,

After 500 cycles

Fig. 7. Optical microscope images of tribotest wear scars of 75 nm Ti layers on anodized 1050A before and after 10 and 500 friction cycles. Tribotests of anodized alloys against an Al, 05 ball.
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- whole track
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Fig. 8. SEM images of wear tracks on anodized 1050A with 75 nm Ti layers after 10 and 30 friction cycles, tribotests against an Al,O5 ball.

finer particles of cracked coating just before separating as wear debris
were magnified in Fig. 8.

Further inspection of the wear tracks before cracking began was pre-
sented in Fig. 9. Surfaces after 10 friction cycles showed some flattening
and a larger number of dark protrusions due to original roughness, but
otherwise appeared quite similar to those before tribotesting. No differ-
ence between the two could be observed at higher magnification. But
after 30 friction cycles the surface underwent significant transforma-
tion. Original roughness was essentially erased and the nanoscale tex-
ture appeared different, suggesting that most of the 75 nm Ti layer
was removed. The abundance of small particles of ~0.1 um in diameter
was much higher, implying the presence of fine debris particles. The
shapes and sizes of those particles showed some uniformity, which sug-
gested that they might actually represent the remains of the
delaminated Ti layer of 75 um thickness with some tendency to aggre-
gate. Therefore, Ti elemental mapping was performed on the zone with-
out cracking after 30 friction cycles. Major variation in Ti contents could
be observed, Fig. S6 (see Electronic Supplementary Information).

Beforehand, it might be noted that EDS measurements without
tribotesting showed that 75 nm Ti layers were effectively deposited on
Al surfaces, recording the average of 6.72 4 0.4 wt.% of Ti. Since EDS
consumed the material from about 1 um depth of the anodized coating,
the contribution of Al,O5 coatings was much higher than that of 75 nm
Ti layers. So the Ti concentration readings should be considered semi-
quantitative at best, although 6.7 wt.% might not appear very distant
from 7.5% representing 75 nm of 1 pm. Interestingly, contents of S
were very substantial at 2.9 wt.% and 4.4 wt.% in 1050A and 6082 re-
spectively, which suggested considerable residues of the electrolyte in
the nanopores. Since the electrolyte mostly contained sulfuric acid
(plus oxalic a.), eventually Al(SO4)s, other salts and various hydrates
could be formed. Residual sulfates and other salts might have a signifi-
cant impact on tribology, but industrially it would not be realistic to
eliminate S from the anodized coatings by washing out, especially
from nanopores as narrow as 15 nm ID or less. However, the residues

in the nanopores were not likely to have any significant effect on friction
before the removal of the Ti layer due to abrasion. As a matter of fact,
after 10 friction cycles at steady state regime Ti and S contents did not
change, remaining at 6.85 wt.% and 2.82 wt.% respectively, while after
30 friction cycles the averages of 5.89 wt.% and 2.79 wt.% were recorded.
This showed that most Ti still remained inside the wear scar with large
fluctuations in concentration, as shown in Fig. S6 (see Electronic Supple-
mentary information). In the wear track after 30 cycles Ti concentration
gradient was very high, such as 0.77 wt.% to 8.73 wt.% within less than
30 um, but no visible pits or major surface damage could be observed.
These numbers should not be viewed as actual Ti concentrations due
to 1 um sampling depth during EDS scanning, as cautioned above. Nev-
ertheless, it could be considered that Ti concentration might change
more than 10 times within less than 30 um on the wear track. This sug-
gested that Ti layer might undergo a quasi-fluid type of material transfer
[45-47] from one location to another within the wear track, assuring
significantly lower friction and wear. More complex tribological mech-
anisms, such as selective transfer [48,49] as in Cu on steel or possibly
others might also be involved, but a much more extensive study
would be needed to identify the most probable pathways.

The effectiveness of thin Ti layers, such as 75 nm thickness, to reduce
friction and wear on anodized alumina could not be easily explained
from the accumulated data. Relatively high COF of 2.3 um Ti layers
might suggest that observed delocalization of Ti aggregates in the fric-
tion zone would probably not take place as easily in thick Ti layers as
it would in case of 75 nm or 16 nm thickness. The latter one showed
somewhat poorer tribological characteristics than those of 75 nm,
which suggested that the 16 nm layer might simply be too thin to assure
sufficient surface separation, as shown in tribotests with a steel ball. But
COF and EDS data suggested that in case of 75 nm Ti layers a large por-
tion of friction energy could be used for delocalization of Ti aggregates,
rather than for abrasion, pitting or other modes of severe surface
damage. Such energy dissipation would beneficially affect tribological
properties. Intricacies of the Ti delocalization mechanism would need
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Fig. 9. SEM images of friction-induced transformations of 75 nm Ti layer surface after 10 and 30 friction cycles on anodized 1050A alloy, tribotests against an Al,05 ball.

more studies. Other Ti layer thicknesses should be studied along with
other loads, velocities, atmospheres, thermal regimes and other
tribotesting parameters. Different types of anodization should also be
investigated, especially considering the amount of sulfur in the anod-
ized coatings.

Nevertheless, the current study has already provided a number of in-
dications that deposition of Ti layers on anodized Al might eventually
lead to major improvements in protection of industrially anodized
items from surface damages due to incidental friction and wear. Quite
frequently some Al alloys, including 10504, are not anodized due to
the concerns of detrimental effects of friction. Deposition of nanothin
Ti layers can expand the selection of alloys for anodization and signifi-
cantly improve the versatility of anodization technology along with lon-
gevity and durability of anodized items.

4. Conclusions

Industrial aluminum alloys 1050A and 6082 were anodized by Type
1l procedures and Ti layers of 16 nm, 75 nm and 2.3 um thickness were

deposited by magnetron sputtering, as confirmed by profilometry, SEM
and EDS analysis. Incidental friction was simulated by applying 10 N
load with a corundum (Al,05) ball or a steel ball in reciprocal motion
against flat specimen discs. Although such load is significantly higher
than those typically investigated by other researchers, a number of ob-
servations agreed with their reports.

« On untreated Al alloys without anodization nanothin Ti layers showed
high Coefficient of Friction (COF) with only minor improvements in
tribological properties at 2.3 um Ti layer thickness.

« On anodized coatings without Ti friction was somewhat lower, but
nearly immediately COF exceeded 0.4 as a result of rapid abrasion.

« Since hard anodized coatings of 60 um thickness were built on a rela-
tively soft substrate of 1050A, the interfacial pressures in excess of
150 MPa resulted in cracking, generation of wear debris and abrasion
within several friction cycles.

No cracking was observed in anodized coatings on 6082 after 30 fric-
tion cycles.
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Further tests revealed a perplexing observation that deposition of

nanothin Ti layers of 16 nm and 75 nm thickness makes it possible to re-
duce friction very effectively.

« COF dropped below 0.4 on anodized 1050A for at least 10 friction cy-
cles, with even better performance on less brittle anodized 6082.

« Counterintuitively, 2.3 um Ti layers were much less effective, especial-
ly when tested against a corundum ball.

« Incidental friction and onset of abrasion of anodized alumina ap-
peared to be successfully inhibited by nanothin Ti layers, but not by
much thicker 2.3 um Ti layers.

The underlying cause of such puzzling performance of 75 nm Ti
layers might be related to major delocalizations of Ti aggregates in the
friction zone, as observed by SEM and EDS. Elemental analysis showed
that Ti concentration can change at least 10 times within less than
30 um. Further studies at various loads, velocities, atmospheres, thermal
regimes and other testing parameters as well as usage of polished sur-
faces and intermediate thicknesses of Ti layers could provide more in-
sight. Nevertheless, such tribological effectiveness of Ti layers is likely
to lead to significant improvements of anodization technology and im-
portant advancements in reducing wear and friction.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.surfcoat.2016.09.083.
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Oxidised aluminum coatings are useful in various high technology applications to protect surfaces from
negative environmental effects. In this study, aluminum discs and foils of industrial alloys were anodised in a
sulphuric acid/oxalic acid electrolyte. Scanning electron microscopy was used to determine the pore
diameter, distribution and surface porosity. The anodising procedure was adapted to produce near-hollow
templates on aluminium foil, onto which aqueous solutions of commercial chromium-complexed anionic
azodyes were dropped. Raman spectroscopy was used to detect the penetration of dye compounds based
on the most intensive vibrational modes. Each dye was successfully monitored to assess its penetration rate
and behaviour in the anodised coating. This method could be applied to characterise newly developed

Coloration
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organic dyes for aluminum colouring.

Introduction

Many high technology manufacturers utilise oxidised alu-
minum coatings for parts such as laser assemblies, robots or
information technology equipment. Electrochemical ano-
dising of aluminium is often employed to build alumini-
mum oxide coatings of a thickness of 100 pm or greater.
During electrochemical oxidation, aluminium forms self-
organised arrays of cylindrical pores. After anodisation, the
coatings are comprised of two distinct segments: (i) a barrier
layer next to the metal, and (ii) an anodic layer, in which
the pores are oriented perpendicular to the film surface [1].
Such alignment in anodic aluminium oxide takes place due
to mechanical stress associated with generation of a
repulsive force between neighbouring pores, which leads
to the self-ordering process [2]. Basically, there are two
competing processes: the formation of an oxide coating and
its chemical dissolution in the anodising electrolyte. This
balance is crucial to the formation of the anodic layer in the
entire anodisation process [3,4].

Because of the capillary action of the pores, the anodised
coating easily adsorbs the dyes. This property is very
helpful in the utilisation of organic or inorganic dyes to
colour anodised aluminium. Most dyes are designed so that
the dyeing is performed by saturation of the pore to get the
correct colour and stability. To achieve this, temperature,
pH, concentration and duration must be controlled. Dyes
need a certain depth of pore to achieve the colour, which
makes the anodising step critical. Uniformity of thickness
and pore structure are very important for consistent results.

Once the anodising is complete, fillers are applied with
the purpose of imparting colour, corrosion resistance, and
many application-related properties, such as reflectance,
UV resistance, antibacterial/antifungal performance, etc.
The anodised surface may be coloured with a dye and then

sealed by placing it in boiling water, to block the openings
of the pores [5].

Anodised aluminium can be coloured by three different
methods, which are distinguished by the nature of the
colouring material and its location within the film: adsorp-
tive dyeing, electrolytic colouring and integral colouring [6].
In the case of electrolytic colouring, inorganic pigments
accumulate at the bottom of anodised aluminium pores.
Meanwhile, in adsorptive dyeing, an organic dyestuff is
introduced into the pores and adsorbed onto the aluminium
oxide in the region closest to the coating surface.

After dyeing it is often necessary to apply subsequent
sealing, a hydrothermal process that blocks the pores,
largely prevents any leaching of the colouring material, and
greatly reduces the sorptive characteristics of the coating
along with its susceptibility to chemical attacks [7]. The
hydrothermal method of sealing is performed by dipping
anodised aluminium in boiling water. The oxide on the
surface and pores reacts to make hydroxides, hydrated
metal oxides, and various other structures of lower density.
They occupy greater volume and make an impermeable
layer that is stable under various environmental conditions
[8]. Although the dyes incorporated into pores by the
adsorptive dyeing method are closer to the anodised
aluminium oxide surface, what remains there is a risk that
has to be washed out during hydrothermal filling. This
obstacle may be encountered when dyeing anodised alu-
minium with organic dyes possessing a wider colour
choice. Unfortunately, we are unaware of any methods to
quantify dye penetration into the anodised aluminium
coating.

Itis known [9] that surface-enhanced Raman spectroscopy
(SERS) is a highly sensitive technique that allows detection of
molecules in very low concentrations and provides rich
structural information. For SERS measurements, the surface
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onto which the molecules of analytes will be adsorbed should
be rough. Silver, gold and copper electrode surfaces can be
chemically or electrochemically roughened [10-12], covered
with or free from nanoparticles [13,14]. It was found that
nearly hollow templates of anodic aluminium oxide, which
were covered with silver by the magnetron-sputtering depo-
sition, can be manufactured into highly sensitive and low-
cost substrates for SERS [15]. Fully anodised aluminium foil
can be used to estimate dye penetration rates. Therefore, we
decided not to deposit any metal layer onto anodised
aluminium to avoid the closure of the pores which were
being formed. Deposition of a metal layer would also have a
negative effect upon dye penetration into the pores.

Overall, Raman spectroscopy is a powerful and non-
destructive analytical method for observing vibrational, rota-
tional and other low-frequency modes of analytes, which
enables investigation of spectral variation in real time. Raman
spectra can target specific vibrational modes that relate to
well-defined molecular moieties. Photometric measurements
of colour reflectance or density using SpectroEye (X-rite, Inc.,
USA), GretagMacbeth (X-rite, Inc., USA), or similar tech-
niques generally characterise the overall performance of the
whole dye formulation, without segregating specific mole-
cules. Therefore, it is more difficult to explain possible
chemical transformations or kinetic pathways using conven-
tional spectrophotometric techniques. To our knowledge, to
date Raman spectroscopy has not been adapted to detect the
rate of dye penetration throughout anodised coatings. The aim
of this study was to investigate the potential of Raman
spectroscopy for detection of the dye penetration rate in fully
anodised aluminium foils.

Experimental

Materials

Sheets (0.8 mm thickness) of alloys 1050A and 6082 (Aleris
Rolled Products, Germany) were used for anodisation and
demonstrated 99.60% purity (0.34% iron, 0.1% silicon and
0.01% manganese) and 96.72% purity (0.54% iron, 1.1%
silicon, 0.61% manganese and 1.02% magnesium), respec-
tively. Aluminium foil of 50 um thickness (made in Russia)
demonstrated 99.95% purity (0.03% iron and 0.02% silicon).
Reagent grade salts and electrolytes were employed for
anodisation and laboratory grade solvents were used for
cleaning and degreasing. The dyeing process was carried out
with commercially available Sanodal Deep Black MLW and
Sanodure Green LWN (Clariant, Switzerland) anionic dyes.
Note that from now on they will be referred to as the “black
dye” and “green dye”, respectively. Both dyes were dissolved
in deionised water with a concentration of 2 g/l; they
represent widespread organic dyestuff compounds bearing
the chromium-complexed azo moiety Cr (R-N=N-R’),, typi-
cally with derivatised ortho-phenol substituents, in order to
assemble colour-producing conjugated chains and one or
more anionic functional groups (—SOs;H, —Cl, —~COOH, etc.)
for better hydrophilicity, adsorption, and other properties.

Procedure

The anodisation was performed in a sulphuric acid/oxalic
acid electrolyte. This type of electrolyte is widely used to
produce relatively thick aluminium oxide coatings [16,17],
so the previously reported solutions and procedures were

used as the basis in this study. Before anodisation, the disc-
shaped specimens of 1.5 cm diameter were etched in an
alkaline solution of 30 g/l sodium hydroxide + 25 g/l
sodium phosphate + 75 g/l sodium carbonate for 30 s at
60 °C. After rinsing in deionised water, the specimens were
cleaned for 1-2 min in 10% nitric acid then rinsed with
water again. Next, the discs were placed into a continuously
mixed electrolyte of 175 g/l sulphuric acid (H,SO,4) + 30 g/l
oxalic acid [(COOH),-2H,0] + 55.5 g/l aluminium sulphate
[Al,(SO4)3-18H,0] at 15 °C and 200 A/m? anodic current
density for 70 min. The thickness of the anodic aluminium
oxide layer was measured with a CM-8825FN device
(Guangzhou Landtek Instruments Co., China). After ano-
dising, the discs were immersed in a 170 W ultrasonic bath
(VTUSCS3, Velleman, Belgium) and sonicated at full power
for 10-20 min in deionised water below 20 °C. Then the
discs were dried at 60 °C for 60 min and stored in a dry
environment for one to seven days for further experiments.

A template of evenly distributed pores, which extend
continuously throughout anodised aluminium, may be
made in one of three ways: (i) the anodised aluminium
coating can be separated from the remaining metallic
aluminium by dissolution of the latter. After the anodisa-
tion, the remaining aluminium substrate can be dissolved
in a copper chloride-based solution [100 ml hydrochloric
acid (HCI) (38%) + 100 ml water (H,O) + 3.4 g copper
chloride (CuCl,2H,0)] at 15 °C for ca. 2 h [18]. Excess
metallic aluminium can be removed from the film using a
saturated solution of iodine in methanol [19], or after the
formation of pore arrays by anodisation then the anodised
aluminium coating can be peeled off the aluminium
substrate using a saturated mercuric chloride (HgCl,)
solution for ca. 30 min [20]; (ii) anodised aluminium
coating can be electrochemically delaminated from the
metallic substrate (known as the shock method) [21]; or (iii)
aluminium foil can be anodised until all the aluminium
turns into aluminium oxide [22]. Each of these methods has
its own disadvantages. Of the three options described
above, we have chosen the last one (iii).

Aluminium foil (99.95% pure and 50 pm thick)
mounted in a special holder was anodised until the
anodising current dropped to 0. It is apparent [23] that
an aluminium oxide template consisting of two aluminium
oxide layers (barrier and porous) was formed from the
aluminium foil. It is known [23] that the barrier layer
should comprise less than 0.08 pm, while the porous
moiety grows throughout the rest of the foil volume due to
electrochemical oxidation [24]. Caution was exercised to
avoid complete destruction of the barrier layer, because
this layer must remain intact to assure mechanical
integrity of the anodised template. Thus, having measured
the overall thickness of the aluminium oxide template by
using a vertical optimeter with a £+ 1 pm measurement
error, we determined that the thickness of our template
was equal to 70 = 1 pm and 68 = 1 pm for the foils
anodised at 15 and 30 °C, respectively.

Characterisation

Scanning electron microscopy (SEM) images were obtained
using a dual beam system (Helios NanoLab 650, FEI, The
Netherlands) with a Schottky type field emission electron
source and a gallium ion source at 1500x and 150 000x
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magnification. To obtain the necessary electrical conduc-
tivity on the surface, nano-thin layers of chromium were
applied to all specimens using a magnetron sputtering
device (Quorum Q150T ES, Judges Scientific, UK), which
resulted in a chromium layer thickness of 1.5-2.0 nm.

SEM images were used to determine the pore diameter,
distribution and surface porosity. The number of pores was
established by calculating the pores in 0.2 x 0.2 pm
segments of the surface in three to four random areas to
obtain the average pore density. Porosity was calculated
using the equation described previously [25].

The Raman spectroscopy method was used to obtain the
penetration rate of dye through anodised aluminium foil.
Raman spectra were recorded with an Echelle type spec-
trometer (RamanFlex 400, PerkinElmer, USA) equipped
with a thermoelectrically cooled charge coupled device
detector and a fibre optic cable for excitation and collection
of the spectra. A diode laser with a 785 nm beam was used
as the excitation source. The laser beam was initially
focused on a 200 pm diameter spot on the surface of the
anodised coating; the laser power was 30 mW. For all
specimens, photoluminescence (PL) scans were recorded to
establish the feasibility of Raman spectra collection. For
fully anodised foil specimens, the laser beam from the
bottom was directed upwards into the barrier layer, which
was sufficiently transparent for the scattered light spectra to
be collected in the detector at the same location as the laser
source. Then the aluminium foil holder was carefully
moved towards the laser while monitoring the instant PL
values. The maximum PL was attained at the point of
highest aluminium oxide abundance, indicating that the

Top side

(@)

beam’s focus included the entire barrier layer. This focus
position was retained until each spectrum was recorded,
with an accumulation of three scans at an integration time
of 10 s. All spectra were divided by the total accumulation
time followed by subtraction of background fluorescence.
The polystyrene standard (ASTM E1840) spectrum was
used to calibrate Raman frequencies. Grams/Al 8 software
from Galactic Industries (USA) was used for recorded
spectra analysis. The experiments were carried out at room
temperature.

Results and Discussion

Structural aspects of anodised specimens
The theoretical volume expansion factor of the porous oxide
layer is 1.6 when the formation current efficiency is 100%.
However, the laboratory results are lower than the theoret-
ical value; the experimental expansion factor can range
from 0.8 to 1.6. This variation results from varying anodis-
ing parameters such as a lower current efficiency [24].
Figure 1 shows SEM images of fully anodised aluminium
foil: cross-section (a) and areas with magnification from the
top to bottom side (b—d). This confirms the expectation that
pores are distributed throughout the fully anodised foil. No
significant differences in pore distribution, density, thick-
ness or other properties could be observed when comparing
the segments from the top, centre and bottom cross-
sectional portions.

SEM micrographs of the surfaces of aluminium discs
1050A, 6082 and anodised foil are presented in Figure 2.
They demonstrate that the alloys, after being anodised to a

Bottom side

Figure 1 Scanning electron microscopy images of the cross-section of fully anodised foil: (a) the full cross-sectional view of the fully
anodised foil; (b-d) magnified images of the pores in various cross-sectional spots. The foil was anodised at 15 °C [Colour figure can be

viewed at wileyonlinelibrary.com]

© 2019 The Authors. Coloration Technology © 2019 Society of Dyers and Colourists, Color. Technol., 135, 275-282 277

240



Matijosius et al. Dye penetration in porous aluminum oxide

Figure 2 Scanning electron microscopy images of surfaces of partially and fully anodised aluminium specimens. Partial anodisation at
15 °C: (a) 1050A disc, (b) 6082 disc, and (c) foil. Fully anodised foils at (d) 15 °C and (e) 30 °C

Table 1 Characteristics of surface pores obtained after anodisation

Alloy; anodisation conditions Anodic layer thickness, pm

Pore diameter, nm Pore density, pores pm™ Porosity, %

1050A; partial at 15 °C 60 + 1.0
6082; partial at 15 °C 60 + 1.4
Aluminium foil; partial at 15 °C 20 + 1.1
Aluminium foil; full at 15 °C 70 £ 1.0
Aluminium foil; full at 30 °C 68 + 1.0

6.5+ 1.3 1560 + 110 5.5
15.0 £ 2.2 1040 £ 121 22.5
7.6 £2.9 1207 + 39 5.8
13.2 £ 2.1 530 + 34 7.8
159 £ 2.5 770 + 39 18.0

depth of 60 um, produce pores that differ in diameter
(Figure 2a,b). Pore diameter is larger in the 6082 alloy
despite its lower purity (Table 1).

Comparison of 1050A discs and aluminium foil after
partial anodisation (Figure 2a,c) shows that their pore
diameters are rather close at 7.6 nm and 6.5 nm, Tespec-
tively (Table 1). This agrees well with the relatively high
purity (over 99.5%) of both aluminium foil and 1050A
discs in contrast to 6082 discs of only 96% purity, whose
pores have a much larger diameter at 15 nm. When
varying the anodisation temperature, it is known [26] that
this leads to wider pores because of more intensive
chemical dissolution of aluminium oxide in the anodising
electrolyte. Our data demonstrate a similar tendency
(Figure 2d,e). Meanwhile, the pore diameter of the fully
anodised aluminium foil (Figure 2d) is greater than that
of the partially anodised aluminium foil (Figure 2c), at

13.2 and 7.6 nm, respectively. When anodisation
approaches nearly hollow pores in the aluminium foil,
its ohmic resistance begins to increase rapidly and leads
to higher spot temperatures within the pores. This
accelerates the dissolution of aluminium oxide, resulting
in larger pore diameters.

In general, the structural investigations showed that
properties of obtained coatings and templates were in good
agreement with the findings of other researchers. Variation
of alloys and anodisation conditions produced pore diam-
eters within the range of 6.5 to nearly 16 nm, with some
diversity in porosity values and anodic layer thickness.
These alloys and properties represent typical coatings in the
aluminium anodising industry, because industrial coatings
often contain pores of 5-20 nm in diameter, which assure
good paint adsorption but are still narrow enough to be
easily sealed in boiling water.
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Spectroscopic observations of undyed surfaces

The laser of the Raman spectrometer was directed from the
bottom upwards into the anodised aluminium template
(Figure 3), which was mounted within a holder horizon-
tally, that is, exposing the side with the barrier layer to the
laser beam (Figure 3a). This barrier layer prevents the
template from collapse, but because of its thinness it does
not interrupt the laser beam completely, allowing it to focus
inside fully anodised aluminium pores. The Raman spec-
trometer fibre optic cable position was changed in the XYZ
directions according to the location of the template surface.
The laser beam was focused inside the template using the Z
direction by a PL maximum of 785 nm for the aluminium
oxide.

Fully anodised aluminium foils were used to obtain the
penetration rates of commercially available dyes. To estab-
lish whether the assembled Raman spectroscopy setup is
suitable to analyse the anodised foils, Raman spectra from
different anodised aluminium surfaces were recorded (Fig-
ure 4).

From previous studies, it is known that the PL of
anodised aluminium oxide depends on acid electrolyte,
anodisation voltage, pore diameter, anodisation regime,
thermal treatment and other processing parameters [27-29].
It was observed that PL intensities of anodised aluminium,
which was prepared in the oxalic acid electrolyte, are
higher than the PL intensities of the one anodised in
sulphuric or phosphoric acid [28]. For Raman scattering,
which is the basis of Raman spectroscopy, PL is not
beneficial. It was observed (Figure 4) when using a
785 nm laser source that the PL effect from anodised
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Figure 4 Raman spectra in the ‘fingerprint’ region of anodised
aluminium: (a) partially anodised 1050A discs; (b) partially
anodised 6082 discs; (c) partially anodised foil; (d) fully anodised
foil; and (e) plain aluminium foil before anodisation

aluminium depends on alloy composition, anodisation
extent, voltage, current density, pore sizes, electrolyte
temperature, concentration and possibly other factors. It
turned out that in the fully anodised foil the PL effect was
negligible and similar to that of non-anodised foil (Fig-
ure 4d,e).

Characterisation of dyes

Two types of commercially available chromium-complexed
anionic azodyes (black and green) were chosen for the
detection of penetration rates through fully anodised alu-
minium foils. The composition of the dyes was confidential;
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Figure 3 (a) Real image of the template (i.e. fully anodised aluminium foil) in the holder after dye was dropped onto it and Raman
spectroscopy measurements were carried out; and (b) principal scheme of Raman spectroscopy measurements: A = fibre optic cable for
working distance of 7 mm; B = holder, which shifts along the Z axis; C = 785 nm laser beam; D = holder with fixed position; E = the
template, i.e. fully anodised aluminium foil of 70 pm thickness; F = approximate focus position of the laser beam; G = dye drop, with arrows
showing overspread directions; H = barrier layer (ca. 10-20 nm) of anodised part of aluminium foil. Not to scale [Colour figure can be

viewed at wileyonlinelibrary.com]
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however, it might be reasonable to assume that they
contained some variations of the most prevalent chro-
mium-complexed azo moiety in commercial dyestuffs
(Figure 5).

The substituents in the moiety are crucial for defining the
colour, adsorption, hydrophilicity, degradation stability and
the variety of other properties, which are important for
commercial dyes. It should be noted that the dyes are
unlikely to contain just one dominating molecular structure
or packing shape, or even a particular dominating molec-
ular size. It is more probable that dye formulations contain a
number of molecular derivatives, which address a broad
variation of target substrates. The dyes can be used on
various anodised aluminium surfaces of different alloys,
pore sizes and densities, under differing anodisation con-
ditions and with other parameters. Some dye molecules are
more effective in one type of anodised surface, while others
are more effective in another. Furthermore, dye formula-
tions can be fortified with additives to enhance their
lightfastness, glossiness, adsorption, penetration properties,
degradation stability, curing durations, wetting, spreading,
shelf life, antibacterial and antifungal performance and
possibly other characteristics. Therefore, exact chemical
mechanisms describing the dye adsorption on anodised
aluminium might be complex and diverse.

Nevertheless, some general trends of azodye interactions
with the pores of anodised aluminium can still be estab-
lished. The molecular size of the chromium-complexed
anionic azo moiety should not exceed 3 nm, which is
smaller than the pore diameters of anodised surfaces
investigated in this study. After penetrating into the pore,
the moiety is exposed to aluminum hydroxides, which are
formed during anodisation in aqueous electrolyte. Sulpho-
nates and other anionic functional groups of the dye moiety
can interact with aluminium cations from the hydroxides,
which are partially bound to the aluminium oxide within
the anodised coating. Consequently, the dye molecules can
form ionic bonds on the walls of the pores. However,
several uncertainties cannot be answered without experi-
mental investigations. The size of dye molecules can be too

HZ_ ~ [A13+ 0%+

RZ

Rs
Figure 5 Molecular structure of the one of the most prevalent
chromium-complexed azo moieties in commercial dyestuffs after
adsorption within the pore of anodised aluminium. R, to Ry
represent a variety of substituents, ranging from halogens, anionic
functional groups, alkyls, and other types of hydrophobic or
hydrophilic chains

large to penetrate into the pores. The availability of
aluminium cations can be limited within the pores due to
residual acidic electrolyte. The reactivity of anionic func-
tional groups within the dye molecule towards the cations
can be too high, which would result in blockage of the pore
openings. Inversely, the reactivity can be too low, resulting
in dye migration out of the pores. Therefore, the measure-
ment of penetration rates would be useful in evaluating the
suitability of the selected dye for given surfaces and
conditions.

As is evident from the molecular structure, chromium-
complexed anionic azodyes contain a lot of aromatic rings
and some double bonds. The abundance of = electrons is
very favourable for Raman spectroscopy, which is sensitive
to such compounds. For investigation we chose the most
intensive vibrational modes of each dye: 1285 cm™* for
black dye and 1264 cm " for green dye. Those two modes
can be assigned to a CN functional group: 1285 cm ™'
endocyclic and 1264 cm ™" exocyclic (Figure 6) [30]. High
intensity of those vibrational modes is helpful for reducing
the error values in spectra analyses.

Measurement of dye penetration rates

The volume of 5 pl of anionic dye was selected to avoid
excessive overfilling of aluminium pores. The dye droplet
was deposited onto the anodised foil and a number of
Raman spectra were collected periodically within 1 h or
less. Before the droplet deposition, a laser beam was
focused within the inside of anodised aluminium pores
from the bottom, according to the intensity of the back-
ground PL value. For kinetic curve construction from each
Raman spectra the first spectrum, which was collected 30 s
later from the droplet deposition, was subtracted to elim-
inate the vibrational modes of dye interactions with the
environment on top of the aluminium foil. The results are
shown in Figure 7.

On the aluminium foils, which were anodised at 15 °C,
both dyes achieve the maximum Raman peak intensity
within 25 min of drop deposition (Figure 7a,b). This
duration appears to relate to the time required for the
dye molecules to penetrate the anodised aluminium foil
completely. The black dye curve gradually increases and
reaches a plateau after 25 min. The green dye curve has a
sharper growth and might show a period of delay at the
beginning. Once it reaches its maximum value after
25 min it shows a slight tendency to decline, although
this is not statistically significant. In addition, the green
dye was partly washed out from the pores of anodised
aluminium during the dyeing procedure. Also, it was
observed that after 25 min the most intensive vibrational
modes of each dye showed a small but distinct shift to
lower frequencies. For black dye the shift registered was
from 1285 to 1282 cm ™" and for the green dye it was from
1265 to 1263.6 cm'. Changes in these frequencies appear
to be related to the interactions of the dye functional
groups with the pores of anodised aluminium foil. Larger
shifts suggest stronger interactions. Consequently, the
black dye interacts with anodised aluminium foil more
strongly than the green dye.

When aluminium foil was anodised at 30 °C, larger pore
sizes were obtained. This led to respectively higher dye
penetration rates through the anodised foils (Figure 7c,d).
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Figure 6 Raman spectra variations over time after 5 pl of each dye was dropped onto the fully anodised aluminium foil surface at 15 °C: (a)
black dye and (b) green dye [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 7 Penetration rate of two different dyes throughout fully anodised aluminium foil: (a) black dye and (b) green dye when aluminium
foil was anodised at 15 °C; (c) black dye and (d) green dye when aluminium foil was anodised at 30 °C [Colour figure can be viewed at

wileyonlinelibrary.com]

These tendencies agree well with the established values for
pore diameter, density and porosity (Table 1).

It is known [23] that aluminium dyeing is carried out
with anionic dyes, which react with the ionic sites within
the pores of the anodised coating. Carboxylic acid moiety

© 2019 The Authors. Coloration Technology © 2019 Society of Dyers and Colourists, Color. Technol., 135, 275-282

may even induce the formation of self-assembling nanos-
tructures on aluminium hydroxides [31]. In the pores of
anodised coating, the adsorption patterns of chromium-
complexed anionic azodyes might be even more complex.
Furthermore, the abundance of residual electrolyte, oxygen,
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electrochemical triggers UV exposure, biocontamination
and possibly other factors may induce rapid chemical
degradation [32]. An understanding of the chemistry of the
process must be based on knowledge of the ionising
properties of the surface, and also an understanding of
how they are influenced by the nature of the solution with
which they are in contact. The anion, whether covalently
bound or ionised, may be replaced by dye anions, and it is
this reaction that is the basis of the aluminium oxide dyeing
process.

On the other hand, it is known that the formation of an
aluminium oxide coating may contain a considerable
number of impurities, whose quantity depends on the
nature of the electrolyte. For example [33,34], anodised
coatings formed in sulphuric acid contain up to 17%
sulphates. Those formed in phosphoric acid might contain
6% phosphates, while those formed in oxalic acid might
contain up to 3% oxalates [35]. By contrast, the content of
chromate in the coating that was anodised in chromic acid
constitutes only 0.2%. Consequently, the behaviour of the
Raman curve may be explained by the dye interactions with
the sulphates and oxalates remaining in the pores of
aluminium oxide.

These trends are also likely to hold for other dyes, not
only chromium-complexed anionic azo-compounds. Dye-
stuffs frequently have molecules with many n-electrons,
which result in vibrational modes of high intensity in
Raman spectroscopy. Changes in their intensity or fre-
quency can be monitored, just as in the case of chromium-
complexed azo-compounds. Therefore, when new dye
formulations are considered, the utilisation of Raman
spectroscopy with anodised aluminium foil can be a
valuable tool for assessing dye efficiency.

Conclusions

Three different aluminium alloys were anodised, charac-
terised by SEM, and their PL values were established.
Anodised coatings on alloy discs show high PL values,
which have a negative effect on Raman scattering. Fully
anodised aluminum foil has weak PL, making it possible to
determine the penetration rate of commercially available
anionic azo dyes throughout fully anodised coating. A new
method was developed to focus the laser beam inside the
coating and to record individual vibrational modes of each
dye in Raman spectroscopy, which were then used to
determine the penetration rate and assess the behaviour of
each dye. The high intensity of those vibrational modes was
helpful for reducing the error values in spectra analyses.
The major Raman frequency shift of vibrational mode
during dye penetration throughout aluminum foil indicated
stronger interactions of certain functional groups of the dye
molecules with the anodised coating. Black dye showed a
higher frequency shift of the C-N vibrational mode than
green dye. When aluminium foil was anodised at higher
temperature, the penetration rate was 2.8 times higher than
in the foil anodised at lower temperature, because of

different pore diameter, pore density and porosity, as well
as possible other factors. This method can be applied for
evaluating the suitability of newly synthesised or formu-
lated organic dyes for aluminium surfaces and coatings.
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