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1. Introduction 

Steel is among the most used materials in engineering, with applications rang-
ing from construction to medical instruments. Steel tools are required to pos-
sess sufficient mechanical properties, and in many applications, also resistance 
to corrosion and other environmental effects. Use of coatings enables the opti-
mization of surface related properties – such as corrosion resistance, friction 
and wear – while allowing the base steel material to be chosen based on its me-
chanical properties, such as toughness and strength [1]. As the surface related 
properties are governed only by the topmost material layer, even submicron 
thick coatings can be used to obtain the desired properties. However, as thin 
film deposition adds additional process step with extra costs, the obtained ad-
vantages, such as increased lifetime and reliability, must be noticeable, and the 
value of the product should be high. In applications such as steel cutting – where 
thin films can increase the lifetime of carbide tools to double or even tenfold [2] 
– the advantages have been found to easily cover the additional costs. 

One application for thin films is dental instruments. For dental scaling (removal 
of dental calculus), the tool should have higher hardness than the counterface 
material  (> 6 GPa in the outer most layer of teeth[3]) to allow for efficient scal-
ing. The material should also possess good toughness, as the diameter of the 
tool near the tip is less than 1 mm, and the tool should not break in operation. 
In addition to these mechanical requirements, the tool should have good corro-
sion resistance, as the instruments are cleaned by autoclaving in high-pressure 
steam daily after each use. Considering all these factors, it is challenging to ob-
tain optimal properties by steel material choice alone. Martensitic stainless steel 
has been found to fulfill these requirements adequately [4,5], but a harder base 
steel material would increase the lifetime of these tools, and reduce or eliminate 
the need for re-sharpening. Another dental application for thin films is non-
stick coatings for restorative instruments: minimizing the amount of restorative 
material sticking to the instrument would reduce the risk of air pockets inside 
restorative fillings, thus reducing the amount of failures of the filling [6].  

The objective of this work was to investigate how a combination of steel material 
choice and thin films could be used to obtain optimal performance for dental 
instruments. For dental scalers, high-speed steel (HSS) was shown to give better 
wear resistance than use of wear resistant coatings on martensitic stainless steel 
instruments. However, use of this mechanically superior HSS necessitates cor-
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rosion protection by thin films. Some degree of corrosion protection can be ob-
tained by traditional hard nitride coatings deposited by physical vapor deposi-
tion (PVD) [7], but various characteristic inhomogenities and defects limit their 
effectiveness in aggressive environments [8,9]  

For improved corrosion protection, hybrid thin films consisting of a hard PVD 
chromium nitride coating with pinholes sealed by atomic layer deposition 
(ALD) nanolaminate was adapted. This approach was originally proposed by 
Härkönen et al. [10]: the conformal defect-free deposition of ALD allows depo-
sition even on challenging 3D morphologies with high aspect ratio structures 
[11], such as PVD defects and pinholes. To confirm the practical applicability of 
such coating to the dental steel instruments, this work focused on the effect of 
surface wear to the corrosion protection. The starting hypothesis was that as the 
corrosion protection is due to ALD film sealing of pinholes and defects, the cor-
rosion protection should be mostly unaffected even if ALD coating is completely 
worn away from the top surface.  

In addition to dental scaler, improving the non-stick properties of dental restor-
ative instruments was investigated. A hybrid omniphobic non-stick coating – 
consisting of surface structuring by etching in HF:H2O2, surface stabilization by 
a 7 nm ALD coating, and chemical surface functionalization by a self-assembled 
monolayer (SAM) of fluorinated organosilicon – was adopted to improve non-
stick properties further than what could be obtained by commercial non-stick 
coatings. Surface structuring with micro- and nanometer range hierarchy not 
only improves the phobicity of the surface, but also makes the phobicity more 
resistant to surface wear [12]. Even if the wear removes the topmost structuring, 
the hypothesis in this work was that the non-stick properties should be retained 
due to the remaining nanolevel hierarchy. 

The thesis starts with a brief introduction to dental operations and the various 
requirements imposed on steel dental instruments in Chapter 2. This is followed 
by a short review on PVD and ALD deposition methods, and their use in wear 
resistant coatings, corrosion protective coatings, and non-stick coatings in 
Chapter 3. The experimental work carried out during the course of this thesis is 
overviewed in Chapter 4 and the results are presented in Chapter 5, showing the 
performance improvements obtained by the hybrid thin films. This is followed 
by discussion on applicability and wear durability of the hybrid thin films in 
Chapter 6, with some economic considerations. Finally, the work is concluded 
in Chapter 7.
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2. Dental operations and instruments 

This chapter introduces the human teeth structure, dental operation procedures 
and hand instrumentation in order to understand the performance require-
ments imposed on specific dental instruments. The focus is on instrumentation 
related to prevention and treatment of dental caries (dental decay) – one of the 
most common infectious diseases in the world [13]. Two types of instruments 
are discussed: Gracey curettes and restorative instruments.  

2.1 Human teeth as material 

Fig 2.1 shows the schematic of the human teeth structure. The tooth is con-
nected to the bone by periodontal ligament and cementum, with gingiva acting 
as connective tissue. Pulp – the innermost region in the tooth – contains nerves 
endings and capillaries. The most important parts of the tooth are the outermost 
regions – dentine and enamel.  These materials need to withstand both high 
compressive forces (up to 700 N) and acidic chemical attacks. [14] Dentine 
properties are mechanically and chemically similar to bone. Dentine contains 
hollow tubes that support the harder, more fragile outermost enamel layer. [15] 
Enamel has a crystalline structure consisting of mostly Ca5(PO4)3(OH) [16]. 
Enamel behaves like a plastic-brittle material, and it has a typical yield strength 
of 3.3*108 Pa and a typical Young`s modulus of 8.3*1010 Pa [17]. Nanoindenta-
tion measured hardness of emanel ranges from 2 GPa to over 6 GPa, depending 
on measurement location in teeth [3]. The enamel layer cannot repair itself after 
its formation [14]. 
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Fig 2.1 Human tooth structure. Outermost enamel and dentine layers need to with-
stand high compressive forces and acidic chemical attacks. [14] Reproduced with per-
mission from Elsevier B.V. 

2.2 Prevention and treatment of dental caries 

Dental caries is a condition caused by dissolution of the tooth mineral (enamel 
and dentine) due to acids. Ingestion of acidic foods can cause some dissolution 
of the tooth material, but the most important factor behind dental caries is the 
acids produced by bacteria in presence of carbohydrates (sugar). The bacteria 
accumulate on the teeth surface, where they produce hard-to-clean plaque. This 
can cause accumulation of dental biofilms up to millimeter range thickness. 
These biofilms prevent the diffusion of acids produced by bacteria, further 
strengthening the tooth mineral dissolution. [14] 

During the last decades, various preventative measures have been developed to 
counter biofilm formation and the progression of dental decay. Brushing with 
dental toothpaste and dental floss are widely used today. In the ideal case, these 
methods remove the dental plaque in its softer form of initial biofilm. However, 
if not removed, the biofilm hardens into dental calculus, and the resulting sur-
face acts as an ideal surface for further plaque formation. Due to its high hard-
ness (30 – 140 in Vickers Hardness) and high adhesive strength [18], dental 
calculus cannot be removed by conventional brushing. In this harder form, ei-
ther ultrasonic removal [19] or dental scaling by curettes is required for re-
moval. 
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As the dental decay progresses further, it can eventually lead to formation of an 
irreversible tooth cavity. To restore the tooth structure and function, the de-
cayed tooth structure is removed and replaced with restorative material [14]. 
Traditional restorative materials like gold and amalgam have lately been re-
placed by composite materials, such as polymer composites [20]. Polymer  com-
posites generally consist of polymerizable resin matrix (commonly based on di-
methylacrylates), reinforcing fillers to improve mechanical properties (com-
monly ceramic particles or fibers), silane coupling agents, and polymerization 
initiators (light-activated or chemically activated) [14].   

The polymer composite materials are usually directly applied to the cavity by 
hand, and the filling is shaped by the dentist. The restorative material should 
have low viscosity in order to readily fill all desired areas, and possess good ad-
herence to the teeth for the durability of the filling. At the same time, the restor-
ative material should not stick to the restorative instrument – unwanted stick-
ing to the instrument can compromise the shape of the filling, resulting in void 
formations, and possible failing of the dental filling [21]. In the field of dentistry, 
large amount of research has been devoted to optimize the adherence of the 
filler to the teeth, but very limited effort has been focused on prevention of un-
wanted sticking to restorative instruments.  

2.3 Dental steel instruments 

2.3.1 Gracey curettes 

Fig 2.2a shows a Gracey curette blade, which generally has an offset of 70 de-
grees relative to the main shank. The performance of the curette is dependent 
on the sharpness of the cutting edge. In typical clinical use, the cutting edge is 
blunted by abrasive wear [22]. Fig. 2.2b shows the blunted cutting edge after 
simulated lifetime wear (image from same test as presented in [I]). This blunt-
ing increases the force needed in operation, which can damage the teeth or cause 
discomfort to the patient [23]. Eventually, the blade needs to be either resharp-
ened or the instrument needs to be replaced. 

 

Fig. 2.2 Scanning electron microscope (SEM) images of HSS Gracey curettes used 
for removal of dental calculus a) low magnification image showing different areas of 
the blade b) higher magnification image on the cutting edge. This curette has gone 
through wear procedure described in [I]. 
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Considering the hardness of the counterface material and the need for sharp 
cutting edge, use of steel material with very high hardness is advantageous for 
the curette. However, the base steel material should also possess good tough-
ness, as breaking of the blade inside patient`s mouth needs to be avoided. Due 
to the daily autoclaving, the steel material should alsopossess good corrosion 
resistance. Considering these requirements, the material of choice for dental cu-
rettes has typically been martensitic stainless steel [4,5]  

2.3.2 Restorative instruments 

The material of choice for restorative instruments has also traditionally been 
stainless steel [5]. Unlike for dental curettes, there is no specific need for hard-
ness or wear resistance for this application. Different types of restorative instru-
ments are used based on the position and size of the cavity, and the process step 
in making of the filling [24].  

Most dental research focus on optimizing the properties of restorative materials 
and maximizing the adhesion of the filling to the teeth. While some research 
state that the sticking of restorative material can increase the risk of air pockets, 
and thus the risk of filling failure and dental decay due to bacterial growth [6], 
non-stick coatings have not been adopted to restorative instruments on the mar-
ket until quite recently. 

2.4 Maintenance and lifetime of steel dental instruments 

A typical maintenance cycle for dental instruments is presented in Table 2.1. 
Some properties relevant to the steel material choice, and use of thin films are 
also presented in this table. The maintenance cycle includes different steps with 
water, with varying pH and temperatures. These maintenance steps are re-
peated on average once per day, with the wet process steps taking approximately 
two hours. In order to avoid pitting corrosion, one should consider effects such 
as water demineralization, correct dosage of cleaning agents in pre-disinfection 
or washing, sufficient drying immediately after washing, proper process tem-
perature, and proper exposure time [4]. 

The expected lifetime of instruments can be several years for instruments with-
out extensive wear, such as restorative instruments. For dental curettes, the ex-
pected lifetime is measured in months. Considering these factors however, the 
total exposure time to corrosive conditions is hundreds of hours for dental cu-
rettes and thousands of hours for restorative instruments. The instruments 
should maintain both their performance and appearance during their lifetime. 
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Table 2.1 Maintenance steps for dental hand instruments. Usually all steps are done 
after each clinical operation. Distilled water is generally used. Process steps and their 
descriptions are adapted from [4] and [25]. Reference [25] is provided by courtesy of 
LM-Instruments Oy. 

Step Description Relevant steel material 
and thin film parameters 

Pre-disinfection Instruments are put into disinfect-
ing solvent immediately after oper-
ation 

Chemical stability in basic 
pH range 

Rinsing Warm water Corrosion resistance 

Cleaning Washing machine, hand wash or 
ultrasonic cleaner 

Scratch resistance, chemi-
cal stability in basic pH 
range 

Rinsing Warm water Corrosion resistance 

Drying Tumble drier Hydrophobicity 

Inspection and 
sharpening 

Sharpening only when necessary 
(i.e. dulled curettes) 

Hardness, wear mode 

Packing Pre-step for sterilization Scratch resistance 

Sterilization Autoclaving (high temperature, 
pressurized steam) or hot-air sterili-
zation. Temperatures typically in 
range of 134-180 oC   

Chemical stability (i.e. no 
phase changes) and cor-
rosion resistance in ele-
vated temperatures 
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3. Thin films on steel 

A wide variety of thin film deposition methods are available, allowing the choice 
based on substrate material, environmental and use conditions, and economic 
considerations. In this chapter, two common deposition methods are first 
briefly discussed: I) PVD, where the coating material is physically ejected from 
a source to form a coating on a substrate, and II) ALD, which is a chemical 
method where a coating is formed by sequential self-saturating surface reac-
tions of gaseous precursors. The use of these two methods to coat steel instru-
ments is further discussed in the second part of this chapter.  

3.1 Deposition methods 

3.1.1 Physical vapor deposition 

PVD methods are commonly divided into evaporation and sputtering methods. 
In evaporation, the target material is vaporized in a crucible and transported in 
vacuum to form a coating on the substrate. In sputtering, gas ions (Ar+ typically) 
accelerated by a high voltage hit a negatively biased target material to eject at-
oms or molecules. The ejected highly energetic atoms or molecules then hit the 
substrate, where they form the coating. [26] Schematic of a traditional sputter-
ing setup is shown in Fig. 3.1. Modern sputtering systems use magnets to trap 
electrons, increasing ionization efficiency and deposition rate [27]. Adding oxy-
gen or nitrogen along with argon allows the formation of oxides and nitrides 
(reactive sputtering). Hard metal nitrides, such as TiN and CrN, have been 
widely researched as wear resistant coatings [1] and are commercially available 
today. Higher ionization rates for PVD processes are possible with various 
plasma assisted processes, such as filtered cathodic arc deposition (FCAD) [28], 
high power impulse magnetron sputtering [29] and pulsed laser deposition 
[30].  

The structure of the PVD coating is never ideally continuous. Depending on pro-
cess conditions (see Fig. 3.2), the film microstructure can consist of grains of 
different sizes and shapes, and with differing amounts of voids, defects, and pin-
holes [8,31,32]. These non-idealities are caused by irregularities at substrate 
surface, particles in vacuum during deposition, and incorporation of macropar-
ticles from the target in the deposition process [9]. Inherently, the defects are 
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due to the high energy ion bombardment causing diffusion, creation, annihila-
tion, displacement, and re-nucleation of atoms and defects [33]. Pinholes in no-
ble PVD coatings can lead to spot corrosion in less noble substrate material [7]. 

 

Fig. 3.1 Schematic of sputter deposition: target atoms are ejected by argon ions, 
transported to the substrate in vacuum, and a film is formed by condensation [34].  

 

 

Fig. 3.2 Extended Structure Zone Diagram presented by Anders. Horizontal axes are 
homologous deposition temperature (T*) and normalized energy (E*). t* is net deposi-
tion rate, which can be negative, if the sputtering yield is higher than the deposition 
rate. The microstructures shown are the same as in traditional Thornton diagram. [33] 
Reproduced with permission from Elsevier B.V.  
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3.1.2 Atomic Layer Deposition 

ALD is a chemical thin film deposition process that allows conformal deposition 
with excellent thickness control. Schematic of an ALD growth process is shown 
in Fig. 3.3. ALD films are grown by alternating between two or more reactive 
gaseous precursors, with inert gas purging between these reactions. Initial nu-
cleation on the substrate is critical for ALD growth, and this is affected by dif-
ferent deposition parameters. After the initial nucleation, each reaction cycle is 
self-limiting and mostly affected by reactant types only. As only one gas reacts 
at a time in ALD, undesirable homogeneous gas reactions can be avoided – this 
generally results in improved thin film quality compared to chemical vapor dep-
osition (CVD). [11,26,35] 

 

Fig. 3.3 Schematic representation of ALD process cycles. Two precursors are sepa-
rately pulsed into reactor to react with the surface. Reaction products are removed by 
inert carrier gas between deposition cycles. [35] Reproduced with permission from 
American Institute of Physcis. 

Wide variety of materials have been deposited by ALD, including metals, oxides, 
nitrides, sulfides, tellurides, and selenides [36]. Oxides are the most common 
among these materials, and the most investigated deposition process of these is 
Al2O3 from trimethylaluminium (TMA) and water. This process has ideal, self-



Thin films on steel 
 

21 

terminating reactions, wide deposition temperature range, well-known deposi-
tion process, high crystallization temperature and low precursor cost [11,36].  

ALD depositions of Al2O3 on steel reported in literature have been compiled in 
Table 3.1. The corrosion resistance improves with increase in Al2O3 thickness 
[37,38][II]. Marin et al. reported reduced adhesion when increasing the ALD 
layer thickness [38]. ALD Al2O3 deposition temperatures below 200 oC are re-
ported to result in poor film quality by several authors [37,39,40].However, 
George et al. have reported good ALD Al2O3 quality at deposition temperatures 
as low as 33 oC – they stated that a H2O purge time of at least 5 s is necessary to 
avoid unwanted CVD reactions [41].  Improved ALD film quality and adhesion 
has also been reported by the use of plasma – either as a pre-treatment before 
ALD deposition [42][II] or with the deposition itself (plasma-enhanced atomic 
layer deposition, PEALD) [37]. Possible reasons for this improvement are clean-
ing of the surface from contaminants or formation of an uniform oxide layer for 
better nucleation [42,43] 

The corrosion protection and chemical stability of ALD Al2O3 has been reported 
to be very poor in acidic or basic conditions (dissolution rate as high as 7 nm h-

1 in 0.2 M NaCl) [44]. Improved chemical stability in acidic and basic conditions 
has been reported for ALD TiO2, Ta2O5 and HfO2 [44–46]. Combining ALD 
Al2O3 with these oxides in the form of nanolaminates has been shown to allow 
for superior, long-term corrosion resistance [38,46–49][II]. This approach al-
lows combining the excellent sealing properties of ALD Al2O3 with the improved 
chemical stability of the other oxides. 

The most commonly mentioned weakness of ALD is its slow deposition speed. 
This has little relevance in microelectronics applications where only few nm 
thick ALD layers are needed, but limits economic feasibility in macro scale ap-
plications, such as steel instruments. However, ALD has two notable advantages 
that can easily counteract these weaknesses: I) Unlike PVD, ALD is a non-direc-
tional method, with uniform film quality even into high aspect ratios (as high as 
200:1 [50]). Thus, it does not require any sophisticated sample holder solutions 
to account for challenging sample geometries and shadowing effects, as in the 
case of PVD. II) ALD permits industrially scalable batch production to reduce 
the deposition costs.  

Dental hand instruments are a very promising application for ALD, due to the 
following factors: I) they are high-value products (in the scope of steel products 
in general), II) their size is very small – it is easily possible to coat thousands of 
curettes in a single deposition run with commercial ALD reactors, III) their 
complex shape with varying surface finishes causes problems with directional 
coating deposition methods, and IV) distinct, bright colors allowed by ALD can 
be useful in dental operations for a clear distinction between the instrument and 
the teeth. 
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Table 3.1 Reported effects of pre-treatment, deposition parameters, nanolaminate us-
age, and post-treatment parameters to ALD Al2O3 coating quality on steel. The table 
includes both single layer Al2O3 and nanolaminates, where at least one laminate is 
Al2O3. 

Steel type Varied parameter Effects and benefits Ref 
X40CrMoV5-1  Deposition tempera-

ture (150 oC ; 225 oC; 
300 oC) 

Improved corrosion resistance at 
high temperature. Improved adhe-
sion at intermediate temperature. 

[39] 

AISI 52100  Local surface quality  Adhesion failure preferentially at 
surface scratch sites. 

[51] 

AISI 52100  1) Surface polishing 
 2) Plasma pre-treat-
ment (H2/Ar)  
3) Nanolaminate use 
(Al2O3/Ta2O5) 

Smoother surface and plasma pre-
treatment reduce defect density. 
Use of nanolaminate improves cor-
rosion resistance. 

[52] 

AISI 52100  Deposition tempera-
ture (160 oC ; 250 
oC) 

Higher temperature (250 oC) re-
duces impurity content. 

[53] 

AISI 52100  Nanolaminate use 
(Al2O3/Ta2O5) 

Use of nanolaminate improves 
chemical stability of corrosion pro-
tective coatings. 

[46] 

AISI 52100  Plasma pre-treat-
ment (H2/Ar) 

Improved corrosion protection, im-
proved adhesion, and reduced po-
rosity by plasma pre-treatment. 

[42] 

AISI 52100  Sublayer use (FCAD 
TaO) 

Improved corrosion protection with 
sublayer. 

[54] 

AISI 52100  1) Nanolaminate use 
(TiO2) 
2) Thickness 

Improved corrosion protection with 
nanolaminates and thicker films. 
Reduced adhesion by thicker films. 

[38] 

AISI 316  Surface finish: acid 
pickling (370 nm 
RMS) or skinpassing 
(50 nm RMS) 

Identical corrosion protection per-
formance 

[47] 

100Cr6  1) Deposition tem-
perature  
2) ALD process type 
(thermal ; plasma-en-
hanced) 
3) Thickness 

Improved corrosion protection by 
increased thickness. At low temper-
atures (150 oC or less) and thick-
nesses (50 nm or less), PEALD 
gives better corrosion protection, 
film quality and adhesion. Reduced 
porosity by increased temperature. 

[37] 
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3.2 Applications of thin films on steel 

 

The choice of thin films is always affected by the choice of the substrate. Alloying 
and heat treatments allow for a huge variety in the steel material properties such 
as hardness, cost, toughness, corrosion resistance and machinability [55]. Thin 
films can be used to optimize the surface related properties, while the steel ma-
terial is chosen based on its mechanical properties [1]. Three surface-related pa-
rameters that can be optimized by thin films on steel are discussed in this chap-
ter: wear resistance, corrosion resistance, and non-stick properties. For each 
property, a general introduction to the related literature is given first, followed 
by a discussion from the point of view of dental steel instruments. 

3.2.1 Wear resistance 

One of the first commercial applications of thin films was to improve the wear 
resistance of cutting tools. The performance and lifetime of cutting tools are 
mostly determined by the tribological factors at the surface, and these can be 
controlled by thin films. Fig. 3.4 shows a schematic of different wear mecha-
nisms at the cutting tool surface. Depending on factors such as cutting speed, 
workpiece hardness, texture, surface chemistry, and coolant use, some mecha-
nisms are dominant, while others are neglible. [1] In general, abrasive wear is 
present in all cutting conditions. Adhesive wear and flank occur mainly at low 
cutting speeds – and thus low cutting temperatures – while oxidation and dif-
fusion result in wear at high cutting speeds [56]. Thin films can reduce the wear 
by several mechanisms: increased surface hardness for reduced abrasive wear, 
reduced friction for lower cutting temperatures, and reduced adhesion and dif-
fusion between the tool and the workpiece [1].  

Hard nitride based coatings deposited by PVD have found most use in cutting 
tools [57–60], and are common in industrial applications today. TiN coatings 
have been historically the most investigated ones, due to their high hardness (17 
- 30 GPa) – a property critical in cutting processes dominated by abrasive wear 
[1]. The aesthetically pleasing golden color of TiN coatings is also advantageous, 
especially in decorative applications [61]. More recent investigations have fo-
cused on nanostructured coatings [62,63] and ternary nitrides [64–67] for im-
proved wear resistance and frictional behavior. Metal nitride coatings also allow 
for corrosion protection of steel – this is discussed in more detail in the next 
sub-section.  
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Fig. 3.4 Schematic of cutting tool wear mechanisms. Taken from [1].  

For dental scaler applications, an extensive investigation was presented by 
Gorokhovsky et al. [22]: They showed that the wear of curettes was almost solely 
by abrasive wear (blunting of the cutting edge). In their setup, the wear of cu-
rettes was analyzed by first wearing the scalers by a customized mechanical 
stroking device, and then measuring the width of the cutting edge by SEM. They 
reported that the amount of strokes needed to blunt the cutting edge to 20 μm 
was increased by almost an order of magnitude with a multilayer PVD Ti/TiN 
coatings. [22] Similiar wear setup was developed by Helle to evaluate dental cu-
rettes [68]. 

The discussion on wear resistant coatings for cutting tools in this chapter fo-
cused only on PVD coatings. The reason being, though wear resistant ALD coat-
ings have been reported for microelectromechanical systems (MEMS) applica-
tions [69], ALD coatings cannot offer protection against high loads present in 
cutting tools [49][IV]. However, their excellent sealing properties and confor-
mal deposition allow them to improve the limited corrosion protection of PVD 
nitride coatings, as discussed in the next sub-section. 

3.2.2 Corrosion protection 

Chromium based nitride coatings have been used for corrosion protection of 
steel for decades [58,70,71]. While the protection offered by these coatings is 
reasonably good, it is limited by the pinholes and defects typically present in 
these coatings (see Fig. 3.2). These defects can never be completely avoided, as 
the surface of the steel is never completely ideal, and film nucleation on these 
defects on steel will in turn result in defects in the thin film [9]. Even with mul-
tilayered nanoscale coatings [62,63] the discontinuities caused by particles or 
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surface irregularities will interrupt the growth of later PVD layers, and the film 
stack will keep replicating the defects of the previous surface. 

Nitride based thin films are generally more noble than the substrate steel, and 
thus they will act as cathode, while the underlying steel substrate acts as anode. 
As the steel surface exposed by the pinholes has a much smaller surface area 
than the noble coating, the local corrosion current densities can be extremely 
high. [60] These local current densities can lead to steel dissolution that has a 
material volume several orders of magnitude higher than the size of the pinhole 
itself. Fig. 3.5 shows the top view and the cross-sectional SEM-image of a PVD 
TiN pinhole after four hours in neutral salt spray (NSS) testing. The cone-like 
particle at the surface is a few cubic micrometers, while the dissolved steel vol-
ume appears to be larger than cubic millimeter, based on the cross-section im-
age [7]. 

 

Fig. 3.5 SEM image of PVD TiN coated 100Cr6 steel after NSS test a) top view image 
b) cross-sectional image prepared by focused ion beam (FIB). Cone-like particle in the 
image is iron-based defect. [7] Reproduced with permission from Elsevier B.V. 

Corrosion protection of steel by ALD coatings has been investigated recently by 
several authors [37,38,74,75,40,42,46–48,53,72,73] Due to their excellent con-
formality and barrier properties [11], ALD films of thicknesses in the range of 
tens of nanometers can give as good protection as those obtained by PVD coat-
ings with micrometers of thickness. However, the limited thickness and hard-
ness of ALD films make them unsuitable for applications with heavy wear, such 
as cutting tools. For these applications, hybrid coatings consisting of hard, mi-
crometer thick PVD coating with pinholes sealed by ALD film would provide a 
better alternative. This approach has been investigated previously by a few au-
thors [10,54,76,77][II][IV]. 

Table 3.2 shows a list publications using ALD coatings for corrosion protection 
of steel. Both stand-alone ALD coatings and hybrid PVD/ALD coatings are in-
cluded in the list. Previous investigations have mostly focused on common, rel-
atively cheap steels such as 100Cr6. For hybrid PVD/ALD, the PVD material of 
choice has generally been PVD nitride. Härkönen et al. also investigated ALD 
coatings deposited on diamond-like carbon (DLC) coatings, but reported adhe-
sion problems [10]. Some investigations have alos been carried out with ALD 
nanolaminates, where the sealing properties of Al2O3 are combined with the 
chemical stability of other ALD oxides such as TiO2 or Ta2O5 [54,73]. The most 
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common methods for corrosion protection performance evaluation are linear 
sweep voltammetry (LSV) [78], NSS (standards DIN 50021 or EN ISO 9227) 
and electrochemical impedance spectrometry (EIS). Performance improvement 
by thin films in Table 3.2 is shown by comparing corrosion current densities 
measured by LSV for non-coated and coated steel. Reductions in corrosion cur-
rent densities range from one to four orders of magnitude. Reductions in corro-
sion current density are smaller with more corrosion resistant steel materials, 
such SS. 

Table 3.2 Overview of publications where ALD coatings are used in corrosion protec-
tion of steel, either by themselves or to seal pinholes in PVD coatings. The perfor-
mance improvement is as compared to non-coated steel material. 

Substrate PVD coat-
ing 

ALD coating Main corro-
sion test 
methods 

Corrosion current 
density reduction 
(LSV)  

Ref 

DIN 
100Cr6 

None Al2O3  LSV, EIS Between 10-2 and 
10-4  

[72] 

DIN 
100Cr6 

None Ta2O5 LSV, EIS 10-1 [40] 

DIN 
100Cr6 

FCAD TaO 
or CrO 

Al2O3/ Ta2O5 

laminate or 
mixture 

LSV, EIS, 
NSS 

Between 10-2 and 
10-3 

[54] 

304  CrN (80 
nm only) 

TiO2 LSV 10-1 [76] 

DIN 
100Cr6 

None Al2O3/ Ta2O5 

laminate or 
mixture 

LSV, NSS Between 10-3 and 
10-4 

[73] 

M2 high-
speed 
steel 

Evapora-
ted 
TiN/TiAlN 

Al2O3 LSV Between 10-3 and 
10-4 

[77] 

DIN 
100Cr6 

None Al2O3 NSS, Cyclic 
Voltammetry  

LSV not done [37] 

316L  None Al2O3 , and 
Ta2O5 

LSV, EIS 10-2 [53] 

DIN 
100Cr6 

None Al2O3/ Ta2O5 

laminate or 
mixture 

LSV, EIS 10-3 [48] 

316L  None Al2O3 LSV Between 10-2and 
10-3 

[74] 

Stainless 
steel  

None TiO2 LSV, EIS 10-1 [75] 

316L  None Al2O3, TiO2, 
and 
Al2O3/TiO2 

LSV Between 10-2 and 
10-4 

[38] 

DIN 
100Cr6 

CrN or 
DLC 

Al2O3/ Ta2O5 

laminate or 
mixture 

LSV, NSS 10-3 [10] 

DIN 
100Cr6 

None Al2O3 , Ta2O5, 
and Al2O3/ 
Ta2O5 lami-
nate 

LSV, EIS, 
NSS 

Between 10-2 and 
10-3 

[46] 

316L  None Al2O3/TiO2 

multilayer 
LSV 10-2 [47] 

DIN 
100Cr6 

None Al2O3 LSV 10-3 [42] 
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3.2.3 Non-stick coatings 

Thin films can be used to control the surface behavior of materials to keep them 
clean in applications such as anti-fouling of maritime structures [79], polymer 
mold release [80] and anti-icing in wind turbines [81]. Perhaps the most well-
known non-stick coatings are polytetrafluoroethylene (PTFE) based coatings, 
which are commercially available in cooking utensils [82]. The wear durability 
of PTFE coatings limits their use in many applications. Other thin films investi-
gated for non-stick applications include doped DLC coatings for low adhesion 
surfaces [83,84] and photocatalytic TiO2 coatings for self-cleaning surfaces 
[85,86] 

Non-stick properties of the coatings are derived from the polarity of the surface. 
Non-polar surfaces are repellant towards polar substances, and vice versa. The 
most common liquid, water, is polar. Water will form clusters in the form of 
droplets on non-polar surfaces. The surface is termed hydrophobic if the contact 
angle (CA) of the droplets is > 90o, and superhydrophobic, if the angle is > 150o. 
If the surface is repellent towards both polar and non-polar substances, with CA 
> 150o for both, it is termed superomniphobic. Fabrication of superomniphobic 
surfaces has gathered notable amount of research. Various fluorination pro-
cesses are generally used to obtain sufficiently low surface energy to repel all the 
substances [87–90]. 

Merely adjusting the surface energy with a coating is not sufficient for super-
phobicity: the physical structure of the surface needs to also have suitable geo-
metrically re-entrant structures. The upper row in Fig. 3.6 shows the schematics 
of geometrically re-entrant surface features, where the liquid will sit on an air-
bed, with only a very minor fraction of its area in contact with the solid [88]. 
This state for liquid is known as Cassie-Baxter state [91]. For both surfaces in 
nature and fabricated superomniphobic surfaces, it has been found that struc-
tures with multilevel hierarchy (see 3.6c) allow for a higher CA and more stable 
surfaces [87]. Multilevel hierarchial surfaces are more resistant to wear since, 
even if the top surface is worn away, the finer nanoscale texture will remain in a 
large amount of surface area [12] (see 3.6f). Some of the phobicity will thus re-
main, unlike in the case of single level hierarchy (see 3.6d and 3.6e). This is cru-
cial for real applications, as the wear durability has been stated to be the limiting 
factor for commercialization of the superhydrophoic surfaces [12,87,90] 

Majority of the superhydrophobic surface research has focused on silicon, where 
a wide array of structuring possibilities ranging from laser to plasma etching are 
easily available. For superomniphobic surfaces on steel, the amount of publica-
tions is more limited. Li et al. fabricated superhydrophobic surfaces on stainless 
steel by using HF etching to obtain multilevel hierarchical structure, followed 
by a plasma deposition of a fluoropolymer [92]. Phani et al. fabricated omni-
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phobic surfaces on AISI 440C steel by a wet spin process of fluorine based xero-
gel films that were annealed to form nano-hemisphere like structures [93]. Yuan 
et al. reported fabrication of superomniphobic surfaces on cast iron by a multi-
step etching process – Fig. 3.7 shows the surface structures and contact angle 
result with rapeseed oil obtained by them [94]. However, wear durability of the 
phobicity was not investigated in these publications. 

 

Fig. 3.6 Geometrically re-entrant Cassie-Baxter state surfaces a) with a coarser tex-
ture (micrometer size range) b) with a finer texture (nanometer size range) c) with a 
multilevel hierarchical structure. Surfaces with multilevel hierarchical structure have 
larger CAs and possess better stability. After surface wear, d) phobicity with the 
coarser (micrometer range) structure is lost e) phobicity with the finer texture is lost f) 
phobicity with multilevel hierarchy partly remains. Images in the upper row are taken 
from [87], and this image is reproduced with permission from Nature Publishing 
Group. Images in the lower row are modified as proposed in [12], based on similiar 
schematic on the same subject. 
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Fig. 3.7 Omniphobic surface fabricated on cast iron by multistep etching a) SEM-im-
age of the surface b) contact angle measurement with rapeseed oil.  [94] Reproduced 
with permission from Analytica Chimica Acta and Oil & Colour Chemists' Association.  
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4. Experimental 

4.1 Substrates and pre-treatment 

Two types of steels were used in this study: a high-chromium martensitic stain-
less steel (hereafter referred SS) and a highly alloyed high-speed steel (hereafter 
referred HSS). The hardness of these steels were 57 HRC for SS and 65 HRC for 
HSS. The compositions of these steels are shown in Tables 4.1 and 4.2. The mi-
crostructure of HSS consisted of alloy-rich carbides in micrometer size range.  

Table 4.1 Chemical composition (weight percentages) of martensitic stainless steel 
(SS) used. 

Fe C Si Mn Cr Mo V 
80.10 0.54 0.45 0.40 17.30 1.10 0.10 

 

Table 4.2 Chemical composition (weight percentages) of highly alloyed high speed 
steel (HSS) used. 

Fe C Cr Mo V W Co 
68.10 1.60 4.80 2.00 5.00 10.50 8.00 

  

Samples used in this work consisted of both flat steel disks and actual dental 
instrument blades, as shown in Table 4.3. The steel disks were used for most 
investigations, as the complex geometry of the instruments made them unsuit-
able for many characterization methods. All the samples were manufactured by 
LM-Instruments Oy. The surface roughness of HSS disks after the PVD CrN 
deposition was 85 nm root-mean-square.  
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Table 4.3 Samples used in the investigations. Steel disk dimensions are provided by 
diameter (d) and thickness (t). Dental instrument blade dimensions correspond to ac-
tual dimensions in commercial dental instruments.  

Base 
material  

Sample type Dimensions Main use Publica-
tion 

SS Steel disk d=10 mm ; t=5 
mm 

Contact angle measure-
ments 

[III] 

SS Restorative 
instrument 

Identical to 
commercially 
available 

Non-stick dipping mea-
surements 

[III] 

SS Gracey curette Identical to 
commercially 
available 

Wear testing [I] 

HSS Steel disk d=20 mm ; 
t=10 mm 

Corrosion testing (LSV), 
FIB/SEM, ALD adhesion 
measurement 

[II], [IV] 

HSS Gracey curette Identical to SS Wear testing, NSS [I], [II] 
 

4.2 Thin film deposition 

All PVD coatings used in this work were commercially available coatings. In the 
initial investigations for wear resistance [I], various commercial PVD nitride 
and DLC coatings were tested. For the non-stick investigations [III], one doped 
DLC and one PTFE-based coating were measured as a reference to the in-house 
fabricated structured omniphobic coating. For the corrosion protection by hy-
brid PVD/ALD coating [II], [IV], one specific PVD coating was selected: BA-
LINIT© CNI CrN coating (Oerlikon Balzers), deposited by sputtering.  

All the ALD coatings were deposited at Aalto University Micronova cleanroom. 
Two deposition equipments were used: Picosun R-200 and Beneq TFS-500. 
Picosun R-200 was the main equipment for corrosion protection investigations. 
Beneq TFS-500 equipment was used in the non-stick coating investigation, and 
with one deposition run of HfO2. Table 4.4 shows all the ALD deposition runs 
done. In every ALD run, a few pieces of silicon dies, a few dental instruments, 
and a larger amount (> 10) of steel disks were coated.  
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Table 4.4 ALD coatings deposited during this work. 

Code ALD-re-
actor 

ALD coating Plasma 
pre-treat-
ment 

Nominal 
thick-
ness 

Deposition 
tempera-
ture 

Pub-
lished 
in 

P-Ox-
50nm-
150 

Picosun 
R-200 

Al2O3/TiO2  
nanolaminate 

O2 50 nm 150 oC [II] 

P-No-
50nm-
150 

Picosun 
R-200 

Al2O3/TiO2 

nanolaminate 
None 50 nm 150 oC [II] 

P-NH-
50nm-
150 

Picosun 
R-200 

Al2O3/TiO2  
nanolaminate 

N2/H2

  
50 nm 150 oC [II] 

P-Ox-
20nm-
150 

Picosun 
R-200 

Al2O3/TiO2  
nanolaminate 

O2 20 nm 150 oC [II] 

P-Ox-
100nm-
150 

Picosun 
R-200 

Al2O3/TiO2  
nanolaminate 

O2 100 nm 150 oC [II], [IV] 

P-No-
100nm-
150 

Picosun 
R-200 

Al2O3/TiO2  
nanolaminate 

None 100 nm 150 oC [II] 

P-Ox-
50nm-
100 

Picosun 
R-200 

Al2O3/TiO2  
nanolaminate 

O2 50 nm 100 oC Not 
pub-
lished 

P-Ox-
50nm-
200 

Picosun 
R-200 

Al2O3/TiO2 

 nanolaminate 
O2 50 nm 200 oC Not 

pub-
lished 

B-7nm Beneq 
TFS-
500 

Al2O3 + TiO2  None 7 nm 120 oC [III] 

B-HfO Beneq 
TFS-
500 

Al2O3/HfO2 
nanolaminate 

None 50 nm 120 oC Not 
pub-
lished 

 

All the Al2O3/TiO2 nanolaminate depositions with the Picosun reactor were 
done using TMA (>98% purity)/H2O and TiCl4 (>98% purity)/H2O precursors 
for two alternating 5 nm thick layers, starting with alumina. The deposition se-
quences consisted of TMA/N2/H2O/N2 with times of 0.2s/5s/0.2s/10s for 
Al2O3, and TiCl4/N2/H2O/N2 with times of 0.2s/5s/0.2s/10s for TiO2. Metal pre-
cursor flows were 150 sccm, H2O flow was 200 sccm, and total N2 flow was 140 
sccm in these sequences. For plasma pre-treatments, 10 minutes of continuous 
plasma with 2500 W RF power was used. For oxygen plasma pre-treatment, 100 
sccm N2 carrier gas was used, while for NH-plasma, 50/50 N2/H2 carrier flow 
was used instead. Base pressure in depositions was 2 mbar. 

B-7nm ALD coatings were used to passivate the etched structures for the in-
house developed omniphobic coating [III]. The deposition process for the om-
niphobic coating consisted of steel surface structuring by 5 min etching in 
HF:H2O2(1:1), surface passivation by ALD of 5 nm Al2O3 and 2 nm of TiO2, and 
surface functionalization by a SAM deposited from 1H-1H-2H-2H-per-
fluorodecyltrichlorosilane precursor in a sealed petri dish at 65 oC for 2 h. The 
SAM-deposition was done as a gas phase reaction, with a larger, sealed petri 
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dish containing both the sample and a smaller petri dish with the chemical pre-
cursor. 

4.3 Characterization 

Approximate thickness of the PVD CrN coating was determined from SEM cross 
section prepared by FIB (FEI Helios NanoLab 600). For ALD nanolaminates, 
Plasmos SD 2300 ellipsometer was used to measure the thickness and refractive 
index of the ALD films. In addition, Phillips X'Pert Pro X-Ray reflectometer 
(XRR) was used to determine thickness, density and roughness of the ALD 
films, using in-house developed fitting software [95]. Ellipsometer and XRR 
measurements were conducted on the reference silicon dies. Raman spectros-
copy (Labram HR Horiba Jobin-Yvon) was used to analyze the crystallinity of 
the ALD nanolaminates (wavelength 514 nm; power 10 mW). 

Surface roughness of the steel disks, for both with and without the PVD CrN 
coating, was measured by a DekTak profilometer. This profilometer was also 
used to estimate the amount of wear and material removal by corrosion in [IV]. 
Rockwell indentation was used to measure the hardness of the steel disks and 
to evaluate the adhesion of the thin films. For the PVD coatings, adhesion was 
measured according to standard VDI 3198 [96]. For the ALD coatings, compar-
ative evaluation was done using delaminated ALD area after Rockwell indenta-
tion as a measure of adhesion. 

Visual observation and optical microscopy were used to evaluate the surface of 
the samples after wear, corrosion and non-stick tests. SEM was used to study 
morphology of the samples, to measure the wear rate of coated curettes [I], to 
analyze the changes in surface after the wear tests and the corrosion tests 
[II][IV], and to evaluate the amount of restorative material on surfaces after the 
non-stick tests [III]. Energy Dispersive X-Ray Spectroscopy (EDS) was used to 
estimate the composition of the thin films, and in combination with SEM, to 
evaluate whether the coating had been worn or delaminated after different tests. 
For the ALD nanolaminates, Ti Kα peak at 4.5 keV was used to confirm the pres-
ence or removal of the ALD Al2O3/TiO2 coating. FIB cross sectioning was used 
to confirm ALD deposition at the bottom of the PVD pinholes and to evaluate 
the progression of corrosion through coating defects.  

The wear of the PVD coated dental curettes was measured using a customized 
wear device originally developed by Helle [68]. In this measurement, the cu-
rettes were stroked against ERTALON 66-GF30 fiber reinforced polyamide, and 
the wear of the curettes was measured as an increase in width of the cutting edge 
due to abrasive blunting. Details of the device and measurement procedure are 
presented in [I]. 

Corrosion properties of non-coated and coated samples were evaluated with 
LSV for the steel disks and with NSS for the curettes. LSV measurements were 
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conducted with a traditional three-electrode setup using the investigated sam-
ple as the working electrode, martensitic stainless steel sheet as the counter 
electrode, and a standard calomer electrode as the reference electrode. A solu-
tion of 0.2 M NaCl (Emsure analytical reagent) with pH of 5.2 at room temper-
ature was used. Sample contact area to salt solution was limited to either 1.7 cm2 
or 1.0 cm2. The scanning voltage range was from −1.5 to 0.0 V with a rate of 50 
mV/min. The polarization curves were measured at regular intervals, with the 
samples in contact with the salt solution. In [IV], the samples were taken away 
from the salt solution for the surface wear steps between each polarization 
measurement (see section 4.4).  

Based on the LSV measurements, the corrosion current densities and the corro-
sion potentials were determined from the obtained polarization curves accord-
ing to [78]. The porosities of the PVD CrN coating and the hybrid PVD/ALD 
coatings were measured by two methods, a) optical microscopy as presented by 
Cunha et al. [97], and b) porosity calculations as presented by Härkönen et al. 
[54], based on an original presentation by Tato et al. [98]. 

Corrosion durability of the coated curettes was evaluated by NSS. The procedure 
was otherwise identical to that of standard EN ISO 9227 [99], except the NaCl 
concentration was only 10 g/l ± 1 g/l, and the samples were removed from the 
solution for photographing at regular intervals. This testing was used for quali-
tative comparison of curettes with different steel materials and coatings. 

In [III], two methods were used to evaluate non-stick properties: contact angle 
measurements for disks and a customized dipping device developed for restor-
ative instrument blades. Static contact angle measurements on the reference 
coated steel disks were conducted with KSV CAM 200 Tensiometer. Droplet ma-
terial in this measurement was everXTM dental restorative material without re-
inforcing glass fibers. In addition to these measurements, the superhydropho-
bicity of the in-house fabricated coating was confirmed by advancing and reced-
ing contact angle measurements using a Biolin Scientific Theta optical goniom-
eter. 

A customized dipping device was constructed to evaluate how non-stick coat-
ings reduce the unwanted sticking of restorative material to the coated restora-
tive instruments. With this device, the instrument blade was repeatedly dipped 
into the restorative material and pulled out. The sticking of the restorative ma-
terial to the instruments in this dipping procedure was evaluated by three pa-
rameters: pull-out force, follow-up distance, and amount of restorative material 
sticking to the instrument based on SEM imaging. Details of the device and this 
measurement procedure are presented in [III]. 
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4.4 Wear durability of surface protection and functionaliza-
tion 

In order to evaluate the applicability of the investigated hybrid coatings, the 
coated samples were subjected to wear. For the hybrid PVD/ALD corrosion pro-
tective coatings, a test procedure consisting of alternating corrosion and surface 
wear steps was conducted. This procedure consisted of five LSV measurements 
(2.5 h time in salt solution), with a surface wear step conducted between each 
LSV measurement. First three of these wear steps consisted of surface wear with 
ball-on-disc Anton Paar tribometer (6 mm diameter alumina balls, 10 N load, 
0.2 m/s linear speed), while the last wear step consisted of an aggressive sand-
paper grinding to remove all the ALD coating from the top surface. The samples 
were investigated visually and by optical microscope after each step. After the 
last two LSV steps, the samples were also investigated by SEM and EDS to con-
firm removal of the ALD film from the top surface, and to measure rust spot 
area on the sample surface. After all other test and characterization steps, cross 
sections of the sample surface were prepared by FIB, and corrosion progression 
was evaluated by SEM. The details of this investigation are presented in [IV]. 

In addition to above mentioned tests, one set of HSS/CrN/P-Ox-50-150 curettes 
was worn with the same wear procedure as used in [I] and subjected to auto-
claving with the same procedure as used in [III]. Presence of the PVD coating, 
the ALD nanolaminate, and possible rust spots were evaluated by SEM and 
EDS. 

For the omniphobic non-stick coatings, the durability of the omniphobicity was 
evaluated by subjecting them to the procedure presented in Table 4.5. The test 
procedure was chosen to simulate some of the effects in practical use (daily au-
toclaving, surface wear, and instruments not always cleaned immediately). This 
test procedure was only done for the disks (CA measurements). A secondary set 
of samples was subjected only to the autoclaving test in this procedure – this 
secondary set also included restorative instruments. The details of this test are 
presented in [III]. 

Table 4.5 Test procedure to evaluate practical durability of the in-house fabricated 
omniphobic coating performance. 

Process step Description 

1. Autoclaving 105 minutes autoclaving in 134 ºC at 2 bar 

2. Surface wear Webril handi-pads cotton fabric on top of 6 mm alu-
mina balls, used with AntonPaar tribometer in ball-on-
disc configuration. 10 N load, 0.05 m/s linear speed, 
100 cycles, controlled environmental conditions 

3. Surface structuring con-
tamination (dirtying) 

everXTM dental filler resin droplet is left on the disk 
surface exposed to sunlight for five days 

4. Simulated cleaning The hardened dental resin is attempted to be removed 
by a two-hour ultrasonication in heated (40 oC) ace-
tone 
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In addition to the tests described for the hybrid coatings, adhesion of the ALD 
coatings was evaluated using Rockwell indentation. This simple test was con-
ducted similarly as described in VDI 3198 indentation test [96], except the ad-
hesion of the ALD coatings was measured as a delaminated area at the vicinity 
of the indent.
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5. Summary of main results 

5.1 Wear performance of Gracey curettes 

In [I], changing the base steel material from SS to HSS was shown to give greater 
improvement in wear resistance than use of commercial wear resistant PVD 
coatings. Table 5.1 shows summarized wear test results for SS and HSS, for both 
the non-coated instruments and for the instruments with the PVD CrN coating, 
which was used in later investigations for corrosion protection.  Results for the 
other investigated coatings can be found in [I]. 

Table 5.1 Cutting edge width increase of dental curettes in simulated curette-to-tooth 
contact. Measurement data previously presented in [I]. 

Sample Cutting edge width increase 
SS 16 ± 2 μm 

SS / CrN 11.7 ± 0.1 μm 

HSS 5.2 ± 0.6 μm 

HSS / CrN 4.1 ± 0.1 μm 
 

5.2 Corrosion protection of high-speed steel 

5.2.1 ALD coatings 

Fig. 5.1 shows the main results of the LSV measurements for HSS protected with 
ALD coating only. ALD coating with 50 nm thickness and no plasma pre-treat-
ment reduced corrosion current density by almost an order of magnitude. This 
reduction was approximately equal to what could be obtained by the PVD CrN 
coating alone. Plasma pre-treatment improved the protection slightly. Doubling 
the ALD thickness had greater effect, reducing the corrosion current density by 
a further order of magnitude. The differences in corrosion protection were also 
easily visually observed, as seen in Fig. 5.2: non-coated HSS is completely rusted 
from the contact area to the salt solution, while the sample with 100 nm ALD 
coating has noticeably less rust than that with 50 nm. The adhesion of the ALD 
coatings was poor for depositions without plasma pre-treatment. 
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Fig. 5.1 Polarization results after 48 hours and three polarization sweeps for HSS, and 
HSS protected with ALD coating only.  

 

 

Fig. 5.2 Steel disks after 48 hours in salt solution and three polarization sweeps a) 
HSS b) HSS/P-No-50nm-150 c) HSS/P-Ox-50nm-150 d) HSS/P-Ox-100nm-150. 

Change of deposition temperature (to 100 oC or to 200 oC) or plasma pre-treat-
ment type (to NH-plasma) had neglible effect on corrosion current density or 
corrosion potential.   
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5.2.2 Hybrid PVD/ALD coatings 

The LSV measurement results for the PVD CrN and for the hybrid PVD 
CrN/ALD nanolaminate coatings are shown in Fig. 5.3. Protection by the hybrid 
PVD/ALD coatings is better than with the ALD coating alone (with the same 
ALD deposition parameters). The protection is improved by plasma pre-treat-
ment and use of thicker ALD coatings. The results by visual inspection were 
identical to polarization curves (see [II]). The corrosion potential was less neg-
ative with plasma pre-treatment. The adhesion of the ALD coatings was poor for 
depositions without plasma pre-treatment (see [II]). The porosity results and 
discussion on them are presented in [II]. 

No plasma pre-treatment was used for the Al2O3/HfO2 nanolaminate deposition 
– comparing the results to the corresponding Al2O3/TiO2 (P-No-50nm-150), 
changing the second laminate from TiO2 to HfO2 appears to improve the corro-
sion protection. 

 

Fig. 5.3 Polarization results after 48 hours and three polarization sweeps. All polariza-
tion curves except HSS/CrN/B-HfO are taken from the same measurement set as pre-
sented in [II]. 

The effect of deposition temperature change (to 100 oC or to 200 oC) or plasma 
pre-treatment type change was neglible – similar to that observed with ALD 
coating alone. 

Fig. 5.4 shows two example SEM images from FIB cross sections prepared on 
hybrid PVD/ALD coatings. Fig. 5.4a shows the presence of ALD coating (P-Ox-
50nm-150) on bottom of PVD CrN pinhole– difference between the amorphous 
ALD (see [II] for Raman results) and the crystalline PVD CrN can easily be dis-
tinguished. Fig. 5.4b shows corrosion progression on hybrid PVD/ALD coated 
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HSS (P-Ox-100nm-150) after five polarization tests and four wear steps (full test 
procedure in [IV]). A crack has progressed through the PVD coating, as seen at 
the bottom right side of the recess (see Figure 10a in [IV] for topview image of 
the recess). Corrosion has progressed below the PVD CrN coating through this 
crack.  

 

Fig. 5.4 SEM images of hybrid PVD/ALD coating cross sections prepared by FIB a) 
cross section taken from a pinhole in HSS/CrN/P-Ox-50nm-150 without any corrosion 
or wear tests. Ion-induced secondary electron channeling contrast was used to obtain 
better contrast. Image taken from [II]. b) Cross section taken from a defect in 
HSS/CrN/P-Ox-100nm-150 after four wear steps and five separate LSV measure-
ments. Image taken from [IV]. 

Results of the investigation with alternating polarization and wear steps [IV] are 
shown in Fig. 5.5. Comparing the coated samples with and without wear, notice-
able difference is only observed with the hybrid PVD/ALD coatings after the last 
wear step. Even after this last, aggressive wear step – sandpaper grinding to re-
move all the ALD coating from the top surface – the corrosion current density 
with the worn hybrid PVD/ALD is still less than with the PVD CrN coating only 
without any wear. 

Fig. 5.6 shows SEM image and the corresponding EDS spectrum map of hybrid 
PVD/ALD coated dental curette. This curette has gone through customized wear 
procedure and autoclaving. At the middle of the cutting edge, both coatings have 
been worn away, and strong Fe signal is obtained. Near the cutting edge (<30 
μm), the ALD coating at the top surface is worn away, and EDS signal is mainly 
Cr. Further away from the wear area, Ti signal from the ALD nanolaminate is 
obtained in addition to the Cr signal. No visible rust spots or increase in oxygen 
signal is observed anywhere at or near the cutting edge. 
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Fig. 5.5 a) Corrosion potentials, and b) Corrosion current densities by amount of LSV 
measurements done. The amount of wear sets done prior to each LSV measurement 
is one less. The results are from [IV].  

 

Fig. 5.6 HSS/CrN/P-Ox-50-150 curettes after the wear procedure and autoclaving a) 
SEM-image b) EDS spectrum map (acceleration voltage 13.0 kV).  
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5.3 Non-stick properties of restorative instruments 

Fig. 5.7 shows multilevel hierarchy of the SS surface after the HF/H2O2 etch, 
before the coating steps. After the ALD and SAM deposition, the coated surface 
was confirmed to be superhydrophobic. 

 

Fig. 5.7 SEM-image of the surface structure for the omniphobic coating, after the 
HF/H2O2 etch, and before the ALD deposition. Image taken from [III]. 

Table 5.2 shows compiled results of the non-stick investigation [III]. The omni-
phobic coating resulted in increased static contact angles with dental filler resin, 
reduced follow-up distances in dipping, and greatly reduced the amount of re-
storative material sticking to the tool surface after dipping. The performance of 
the omniphobic coating was only slightly reduced by autoclaving. However, the 
performance was greatly detoriated by a combination of surface wear and con-
tamination. Even after all of these procedures, the static contact angles of the 
omniphobic coating were noticeably larger than with non-coated steel, showing 
that some of the phobicity still remains. 

Table 5.2 Main results of on-stick coating investigations on dental restorative instru-
ments. Results taken from [III]. 

Sample Contact 
angle 

Follow-up 
distance 
(mm) 

Sticking fraction 
(area-%) 

Non-coated 41 ± 5 1.1 ± 0.1 36 ± 9 

DLC  30 ± 3 1.03 ± 0.13 25 ± 2 

PTFE-based  71 ± 10 0.9 ± 0.1 33 ± 14 

In-house fabricated omni-
phobic coating 

128 ± 11 0.33 ± 0.08 1.6 ± 0.8 

In-house fabricated omni-
phobic coating (autoclaved) 

110 ± 20 0.37 ± 0.07 10 ± 5 

In-house fabricated omni-
phobic coating (autoclaved 
+ contamination + wear) 

 

67 ± 5 Not measu-
red 

Not measured 
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6. Discussion 

6.1 Hybrid PVD/ALD coatings for dental curettes 

The idea of hybrid PVD/ALD coatings, where the wear durability and robust-
ness of PVD coatings is combined with excellent conformality and barrier prop-
erties of ALD, was presented by Härkönen et al. [10]. This idea was investigated 
in [II] and [IV], using a highly alloyed HSS with mechanical properties very suit-
able for dental scaling, and focusing on exploring the applicability and wear du-
rability of these hybrid coatings. As the protection of the ALD film in this case 
lies in the sealing of the pinholes, the protection is not lost by surface wear. To 
the knowledge of the current author, no previous investigations have been car-
ried out regarding the effect of wear on the protection offered by hybrid 
PVD/ALD coatings.  

In Fig. 5.4b, one can observe a crack through the PVD coating. Based on just the 
image contrast, this crack appears to be filled by the ALD film. However, some 
corrosion can be seen below the PVD CrN coating, indicating that this has not 
been sealed by the ALD coating at least in some part of test procedure in [IV]. It 
is highly probable that this crack is filled by corrosion products: as seen in Fig. 
3.5, the corrosion below PVD coating can be extremely aggressive even while the 
coating remains intact [7]. Sealing of the defect by corrosion products could stop 
further corrosion progression.  

Based on cross sections prepared in literature [7,9,10,31][II][IV], a schematic 
comparing the protection by PVD coating only and by hybrid PVD/ALD coating 
is presented in Fig. 6.1. Initially, various particles, pinholes and defects are pre-
sent in PVD coating, through which corrosion can attack the substrate. These 
pinholes can be effectively sealed by ALD, improving the corrosion protection 
(6.1a versus 6.1c). Surface wear can remove particles incorporated in the coating 
surface, open previously sealed pinholes and cause completely new cracks to 
propagate through the whole coating. As these new pathways were closed at the 
time of the ALD deposition, they are not sealed by the ALD film. Thus they act 
as pathways for the corrosion to attack the substrate (6.1d). Some of these path-
ways can be possibly sealed by the corrosion products (see Fig. 5.4b). The overall 
corrosion protection offered by hybrid PVD/ALD coating is nevertheless better 
than that obtained with PVD coating alone (6.1b). 
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Fig. 6.1 Schematic of corrosion protection with surface wear, by PVD coating only and 
by hybrid PVD/ALD coating a) Corrosion through defects in PVD coating b) Surface 
wear opens new defects in PVD coating, and can remove material from the surface, c) 
ALD coating seals defects in PVD coating, protecting the base material from corrosion 
d) Surface wear opens closed pinholes and can open cracks through coating, creating 
paths for the corrosion to attack the substrate. Image modified from graphical abstract 
of [IV].  

In dental scaling, the wear is mostly by abrasive blunting [22]. In this wear 
mode, the surface is worn away without major material transfer or phase change 
[1]. Due to its low hardness and small thickness, the ALD coating is removed 
rapidly form the cutting edge. The corrosion protection is first lost at the cutting 
edge, when all of the PVD coating is removed (see Fig. 5.6).  

ALD thickness and use of plasma pre-treatment were observed to be critical for 
the success of the ALD in corrosion protection, similar to the results reported 
previously [37,38,42]. With thinner ALD film, there was a noticeably larger 
amount of rust in PVD coating areas with larger cracks sizes [II]. Without 
plasma pre-treatment, the adhesion of the ALD coating was poor [II], and the 
ALD coating on dental curettes was observed to fade in color when stored for an 
extended period of time. The deposition temperature variation from 100 oC to 
200 oC had no effect on corrosion protection – this can be attributed to the use 
of sufficiently large purge times to avoid CVD like growth at low deposition tem-
peratures [41].  

6.2 Surface structured omniphobic non-stick coatings for 
dental instruments 

Static contact angle measurements with dental filler resin showed that the sur-
face structured omniphobic coating had noticeably larger contact angles than 
the investigated commercial non-stick coatings. The results were similar with 
the customized dipping equipment: the distance the restorative material fol-



 
  Discussion 

 

45 

lowed the tool upon pull-out was smaller, and the amount of restorative mate-
rial sticking to the tool surface was greatly reduced. Reason behind larger con-
tact angles and improved performance in customized dipping test is inherently 
the same: geometrically re-entrant surfaces in combination with a low surface 
energy create a capillary pressure, which prevents the restorative material from 
entering the asperities in the surface [100]. 

Fig. 6.2 shows a schematic illustration of the improvement in non-stick perfor-
mance by the surface structured omniphobic coating. The illustration is con-
structed based on Cassie Baxter-Baxter model [91], contact angle measurement 
results (see Table 5.2), observations in restorative material behavior [III], and 
multilevel omniphobic surface schematics presented in [12] and [87]. In pull-
out of the non-coated instrument (6.2a), the restorative material follows the tool 
for some distance. The material along the tool tip elongates, with the contact 
area to the main restorative material mass reducing. At the tool surface, restor-
ative material covers the whole surface – identical to the wetting of non-coated 
surfaces on static contact angle measurements (6.2b). Finally, the adhesion be-
tween the restorative material and the tool breaks at the position close to the 
tip. Large amount of restorative material remains on the tool surface (6.2c). In 
pulling out the omniphobic coated instrument (6.2d), there is a limited amount 
of elongation of the restorative material. The contact area to the tool surface is 
reduced, similarly as in the case of static contact angles on phobic surfaces 
(6.2e). Soon after starting the pulling, the restorative material stops following 
the instrument. Most of the restorative material remains with the main mass, 
and the tool surface is mostly clean (6.2f).  

Even if the surface of the omniphobic coated instrument is worn, some of the 
structuring at the bottom level remains (see Fig. 3.6), and thus not all of the 
performance is lost [12](see Table 5.2). Without any surface structuring, the 
ALD layer – to which the fluoropolymer SAM giving the chemical functionaliza-
tion is deposited on – could be expected to be removed after a single use due to 
the limited hardness and thickness of the ALD film. In [IV], it was shown that a 
100 nm thick ALD layer was removed by a few seconds sandpaper grinding. 
Simulated wear procedure of the dental curettes also resulted in removal of ALD 
coating from the cutting edge, and on the vicinity of the cutting edge (see Fig. 
5.6). 
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Fig. 6.2 Schematic of dental restorative material behavior upon pulling dental restora-
tive tool up from restorative material. Non-coated (upper row) and surface structured 
omniphobic coated (lower row) instruments are compared. a) Non-coated tool is 
moved into restorative material, b) non-coated tool is pulled out: restorative material 
elongates, and follows the tool for some distance c) adhesion between the non-coated 
tool surface and restorative material breaks. Some restorative material remains on the 
tool surface. d) Omniphobic coated instrument is moved into restorative material, e) 
omniphobic coated tool is pulled out. Due to reduced actual surface area (air bed) and 
low surface energy, the adhesion is less and the follow-up distance is smaller. f) Om-
niphobic coated tool is pulled out. Surface of the tool is mostly clean from restorative 
material. 

Some open questions in addition to wear durability remain, before these kind of 
surface structured omniphobic coatings could be considered for dental restora-
tive instruments. First, the cleanability of the instruments was observed to be 
problematic during the investigations – if the surface of these tools was not im-
mediately wiped clean after testing, the hardened restorative material was no-
ticeably more difficult to remove than in the case of commercial non-stick coat-
ings. Secondly, the effect of surface structuring on the growth and accumulation 
of bacteria was not considered during this investigation. Thirdly, the instrument 
appears visually different from what dental practitioners are accustomed to – 
instead of a polished metal or coating surface, the rough structured surface of 
the tool appears visually matt-like. 
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6.3 Applicability of ALD in hybrid coatings 

Excellent conformality even on high aspect ratios (up to 200:1 [36]) is perhaps 
the most important characteristic that sets ALD apart from other coating meth-
ods – sealing of pinholes in PVD coatings with such efficiency is not possible 
with other methods. Combination of robustness and wear resistance of PVD 
coatings with excellent barrier properties and conformality of ALD gives 
uniquely good and durable corrosion protection. For surface structured omni-
phobic coatings, ALD layer allows controlling the surface chemistry for a con-
trolled SAM deposition. These omniphobic surfaces can be fabricated on a wide 
variety of substrate materials [101,102] without additional surface optimization 
in each case. 

Three major factors can be identified that hinder the commercial application of 
hybrid thin films with ALD: deposition speed, cost, and surface control in in-
dustrial environment. Slow deposition speed of ALD has been historically cited 
as a reason this method has not been used outside micro- and nanoelectronics. 
However, due to its excellent conformality even on very complex substrate 
shapes, the density of the substrates to be coated in the ALD deposition chamber 
can be very high: hundreds or even thousands of dental instruments could be 
coated in a single run in commercial ALD deposition chambers available today. 
In addition, developments in atmospheric ALD or roll-to-roll ALD could allow 
for higher production volumes, as well as reduced costs [103,104] 

Cost is perhaps the most obvious problem in commercialization of hybrid thin 
films with ALD. Thin film deposition steps add a noticeable cost to a product. 
Thus thin films are only used in applications, where their advantages offset their 
cost, such as cutting tools, where they can provide major increase in lifetime [1].  
With the hybrid PVD/ALD coating deposition reported [10], [II], [IV], the dep-
ositions have been done with separate equipment. This adds additional costs 
related to separate handling, storage and maintenance. These costs could be 
mostly eliminated by using a PVD/ALD multi-process tool, where the different 
depositions are done with one equipment. Equipment such as this are already 
commercially available [105,106] 

Surface control in industrial environment is critical for the long-term durability 
of thin films. Plasma pre-treatment was necessary for optimal ALD adhesion 
(see Figure 14 in [II]) and corrosion protection (corrosion current density re-
duced by an order of magnitude). Härkönen et al. reported  that the best corro-
sion protection was obtained by plasma pre-treatment done prior to the ALD 
deposition, but with sufficient time for regrowth of an uniform oxide layer be-
tween pre-treatment and deposition [42]. Further optimization could be done 
by investigating the effect of plasma pre-treatment parameters, and pre-treat-
ments other than plasma, such as ozone or UV clean [107].  
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7. Conclusions and future outlook 

This thesis investigated the use of hybrid thin films to improve the performance 
of dental steel instruments. The work focused on obtaining sufficient corrosion 
protection for mechanically excellent high-speed steel dental curettes, and im-
proving the non-stick properties of restorative instruments. Sealing of commer-
cial PVD CrN coatings with ALD nanolaminates reduced the corrosion current 
density by more than two orders of magnitude, with plasma pre-treatment and 
sufficiently thick ALD coating. Omniphobic coating consisting of surface struc-
turing by etching, surface stabilization by ALD film, and chemical functionali-
zation by SAM fluoropolymer turned the steel surface phobic towards restora-
tive material, and greatly reduced the sticking of this restorative material. 

For practical applicability of these hybrid thin films, wear durability of their per-
formance was investigated. The corrosion protection by hybrid PVD CrN/ALD 
nanolaminate coatings was shown to mostly remain, even after completely 
wearing the ALD film away from the top surface. Reason for this was that the 
ALD coatings were still sealing the pinholes after the surface wear, as was shown 
by FIB cross sectioning. However, surface wear of the hybrid PVD/ALD coating 
did open new cracks and defects, which were not sealed by ALD. This caused 
some of the corrosion protection to be lost, but the protection by the surface-
worn hybrid PVD/ALD coating was still superior to that of the non-worn PVD 
coating alone.  

As the pinhole sealing in hybrid PVD/ALD coatings is mostly unaffected by sur-
face wear, these coatings have potential in dental curettes. Use of harder base 
steel material would greatly increase the lifetime of these instruments, and ei-
ther reduce or eliminate the need for their resharpening. If protection by PVD 
coating only is found insufficient for this extended lifetime, it can be economi-
cally feasible to use hybrid PVD/ALD coatings.  

The performance of the surface structured omniphobic coating was also partly 
retained when the surface was worn. As the surface of the in-house fabricated 
omniphobic coating consisted of multilevel hierarchy coated with conformal 
ALD layer and conformal SAM layer, some of the coated structuring remains 
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even if the topmost surface is worn. The performance of the worn surface struc-
tured omniphobic coatings was still equal to or better than with commercial 
non-stick coatings.  

Investigations on cleanability and confirming that there is no unwanted bacte-
rial growth in the hierarchial surface structure would be needed for dental ap-
plication. The performance of the structured omniphobic coatings should also 
be confirmed by dental experts. Sticking of restorative material and cleanability 
of the tool are something that would immeadiately be noticeable in the actual 
clinical work.  

In future investigations, better understanding on hybrid coatings could be ob-
tained by conducting a more comprehensive FIB/SEM investigation test matrix, 
with cross sections controllably taken on different types of defects, and with dif-
fering amount of time in corrosion testing (autoclaving, NSS or LSV) and differ-
ent amount of surface wear. The investigation would not need to limit itself to 
dental instruments. Hybrid coatings with robustness of PVD and excellent con-
formality of ALD could be used in any application where the base material needs 
to have mechanical properties as good as possible. In these applications, use of 
hybrid PVD/ALD coatings could remove the need for taking corrosion re-
sistance into account in the material choice.
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