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Abstract 

Titanium nitride coatings (TiN) deposited by the promising technique high power impulse magnetron 

sputtering (HiPIMS) has been investigated as a mean of improving the surface properties of the CoCr-

based medical implant grade (ASTM F75). HiPIMS is a physical vapour deposition (PVD) technique 

that applies very short pulses of very high power to the target followed by periods of no applied 

power. The HiPIMS plasma discharge contains a large fraction of target ions (in this work Ti-ions). By 

applying a negative bias to the substrate the Ti-ions can be accelerated towards the substrate and 

used for etching away oxides on the substrate surface. This technique of pre-treating the substrate 

prior to deposition of TiN coatings was extensively examined by a series of pre-treatments with 

variations in the applied negative bias and duration time. Each pre-treatment was followed by the 

deposition of a TiN coating. The pre-treatments positive effect on the TiN-coating adhesion was 

undoubtedly shown by comparative scratch testing of pre-treated and not pre-treated samples. 

Utilizing the pre-treatment that gave the best coating adhesion a series of TiN coatings was 

deposited with variations in applied substrate bias and temperature. The elemental composition in 

the coatings was analyzed with x-ray photoelectron spectroscopy (XPS). The morphology and the 

topography were studied by scanning electron microscopy (SEM) and interferometry. Residual stress 

and coating texture analysis was investigated with x-ray diffraction (XRD). The coating to substrate 

adhesion was studied by scratch testing. Some samples were also evaluated on corrosion resistance 

by cyclic potentiodynamic polarization (CP). Finally, the coatings were also evaluated on their 

tribological properties using pin-on-disk technique. To deduce strengths and weaknesses with the 

HiPIMS technique one reference coating was deposited with direct current magnetron sputtering 

(dcMS) technique and then characterized on the same material properties as the HiPIMS coatings.  

Scratch test analysis of the TiN coatings deposited with HiPIMS showed variations in coating 

adhesion from average to very good. The HiPIMS coatings showed in general high degrees of 

compressive residual stress with one coating exhibiting tensile stress. The texture and morphology in 

HiPIMS coatings was tuneable by changing the applied substrate bias and temperature. In 

comparison with the coating deposited with dcMS the coatings deposited with HiPIMS had less 

defects with smoother surfaces. This was also apparent in the pin-on-disk and interferometry 

analysis where the HiPIMS coatings show lower coefficient of friction and Ra values than the dcMS 

coating. One selected HiPIMS coating was together with the dcMS coating investigated with CP, 

which showed similar corrosion resistance between the coatings.  
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Chapter 1 

Introduction 

1.1 Background to Thesis 

For over 100 years artificial joints have been implanted in the human body. In the last 50 years the 

development has taken huge leaps forward. Maybe the most important advancement was the 

introduction of the Charnley low-friction arthoplasty in the 1950’s [1]. Mainly two features 

contributed to the low friction of Charnley’s design: The choice of polytetrafluoroethylene (PTFE) as 

one of the joint components and the small diameter femoral heads ensuring that frictional torque in 

the joint acted on a small radius. Later PTFE was replaced with Ultra-high-molecular-weight 

polyethylene (UHMWPE) because of the very high wear rates of PTFE in the first generation of hip 

joints.  

The most common failure mode of implanted joints today is loosening of the joint because of 

osteolysis. It is believed to arise as a biological immune response to foreign particles, formed from 

wear and corrosion of the implant. The bone around the implant eventually experiences non-septic 

loosening leading to an inevitable revision surgery of the implanted joint [2]. The revision surgeries of 

implanted joints involve a more complicated procedure and with less satisfactory results than the 

primary surgery. 

 

 

Figure 1.1:   Polished knee implant prior to implantation.  
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As an example the mean wear volume of the UHMWPE interface in 47 hip implants (CoCrMo femoral 

heads) investigated at revision surgery were found to be 551 mm3 [3]. Reduction in wear debris is an 

important field of investigation for the longevity of joint implants. Smaller volume of debris from 

UHMWPE should presumably lead to less biological immune response and increased life span of the 

joints.  

In the beginning of metal-to-UHMWPE joints the dominating choice of metal in femoral heads was 

stainless steel that still today remains widely used. Today, various types of materials are used as the 

femoral heads part in these hip joints. Common materials are Ti6Al4V and CoCrMo, which differ from 

steel in properties such as hardness and corrosion resistance. The majority of the available designs of 

artificial joints on the market are produced to make use of the low friction and low wear of the 

materials involved. To further advance the research is pursued by multiple routes. One area of 

investigation focus on the interaction between implant and body fluid to reduced friction and wear. 

In this field metal-on-metal and ceramic-on-ceramic are promising designs. Another path of study is 

in further advancing the properties of the materials of choice in available designs. Both the UHMWPE 

and the bulk materials are continuously undergoing improvements. A third area, which will be 

investigated in this thesis work, is thin film coatings deposited on the surface of the bulk material. 

The objective is to in a beneficial way combine the favourable properties of the implant bulk material 

with enhanced surface properties, e.g., lower friction, corrosion resistance and hardness, by thin film 

coatings. Many different coating techniques with different strengths have been developed over the 

last decades. The techniques utilized in this thesis are described in detail in following chapters.  

In this thesis work a technique developed in Linköping by Vladimir Kouznetsov et al. called High 

Power Impulse Sputtering (HiPIMS) has been employed [4]. The HiPIMS-technique is a modification 

of the well known direct current Magnetron Sputtering (dcMS) technique where constant moderate 

power is applied to the magnetrons. In contrast, HiPIMS utilizes short pulses of very high power. The 

technique has in the last decade been investigated by several research groups and has shown many 

advantageous features in the properties design of high performance thin film coatings [5, 6]. 

1.2 Thin Film Technology  

Thin films are layers of material reaching thicknesses of a few nanometres up to a couple of 

micrometres. Thin films are constantly all around us and used for a wide range of purposes from 

plane decorative coatings to wear resistance layers in automotive parts. The advancements in 

microelectronics and computer science are in large part due to thin film technology. The use of thin 

film coatings is a way of combining the properties of the bulk material in the product with new 

surface properties of the coating material. Also, since the dimensions in thin films are so small new 
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properties can arise from interactions between the bulk material and the coating, which may be 

tailored and used in applications such as microelectronics and solar cell manufacturing. Modern thin 

film technology has proven to be of great use in many fields and thus demand is growing for new 

coating materials, improved deposition techniques and improved performance of existing coatings. 

1.3 Sandvik Materials Technology 

Sandvik AB consists of three business areas: Tooling, Sandvik Materials Technology and Sandvik 

Mining and construction. During 2007 Sandvik Materials Technology acquired several companies 

active in the manufacturing of orthopedic-medical implants for hip, knee and spine applications. At 

that time the production area (PA) MedTech was founded. PA MedTech consists of two parts: 

Sandvik Medical Solutions (SMS) and Sandvik Bioline. SMS is the part that manufactures the 

orthopedic implants and instruments, while Bioline is a sell organization for MedTech materials (e.g. 

tube and strip) produced within Sandvik Materials Technology but at other PAs than MedTech. 

1.4 Objectives 

The aim of the diploma work is to investigate the potential of HiPIMS as a technique for depositing 

TiN as a thin film onto medical implants (CoCr alloy) and compare these to thin films deposited by 

dcMS. Thin films will be grown both by dcMS and HiPIMS methods and subsequently compared on 

parameters such as wear, friction, adhesion, corrosion stability, surface roughness, film structure and 

density.   

Most critical for potential future use in the implant industry is the ability to demonstrate superior 

adhesion between the substrate and thin film [7]. To achieve good adhesion the substrate needs to 

be free from any external materials, especially oxides, which would influence the adhesion negatively 

[8, 9]. Therefore the substrate is traditionally pre-treated by applying a large negative bias to the 

substrate and thereby bombarding the substrate with argon ions. Specific properties of the plasma 

discharge in HiPIMS (described in sec. 2.2.2) renders another pre-treatment possibility. Instead of Ar 

ions the metal-target ions (Ti-ions in this work) may be accelerated by an applied substrate bias to 

clean the substrate interface of oxides and possibly implant target ions [10]. 
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1.5 Outline 

In order to optimize output of the efforts in this thesis the work was performed in three distinct 

stages. To begin with, points of operation, i.e. sputtering gas flow, reactive gas flow and pulse 

configuration, needed to be established for depositing stochiometric TiN coatings at an acceptable 

deposition rate. Secondly, a series of different pre-treatments was evaluated, varying the duration 

time and the applied substrate bias. Every pre-treatment was followed by a TiN coating of 1.5 µm 

which was then evaluated for adhesion as an indication of the effectiveness of the pre-treatment 

settings. When set on one specific pre-treatment an extensive series of full scale thickness (4µm) TiN 

coatings was deposited with HiPIMS. The temperature and applied substrate bias was varied for each 

deposition and the coatings were then investigated on selected material properties. To distinguish 

strengths and weaknesses of HiPIMS coatings a TiN coating was also deposited with dcMS in the 

same chamber under equal conditions. The hypothesis is that HiPIMS films will achieve superior 

adhesion and film properties in comparison to the films grown with dcMS. Some drawbacks were 

also anticipated where the most apparent was suspected to be the deposition rate of HiPIMS that is 

usually less than for dcMS [11]. 
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Chapter 2 

Background 

2.1  Physical Vapor Deposition (PVD) 

PVD is a technique where solid or liquid material is vaporized and transported towards the substrate. 

Here the material condensate and forms a thin coating over the substrate. The advantage of PVD is 

the ability to deposit coatings at significantly lower temperatures than a CVD processes enabling 

deposition on particular heat sensitive substrate materials and also grow coatings far from 

thermodynamically equilibrium, i.e. giving the possibility to attain metastable phases with novel 

properties. 

 

Figure 2.1:   Schematic of a PVD chamber.  



6 
 

There are several methods for PVD where the most straightforward case is supplying the target 

material with thermal energy sufficient for evaporation and a subsequent condensation in a thin film 

over the substrate. With increasing demands of coating properties a wide range of more efficient and 

flexible PVD methods have been developed. The most important and widely used PVD methods 

today are arc evaporation and sputtering. In cathodic arc evaporation the target is evaporated by 

focusing a high current low voltage electric arc spot on the target material. This produces a high 

density plasma with a large degree of ionized target material. If a substrate bias is applied then ion-

energies and directions of them can be controlled thus making it possible to a higher degree tailor 

the coating properties. There are though problems with cathodic arc evaporation, large solid target 

particles called macro particles are also ejected due to the intense arc spot. These particles become 

integrated into the growing film and will affect the coating properties negatively. Section 2.1 is based 

on an article by U. Helmersson et al. [6].  

2.2 Sputtering Deposition 

2.2.1 Basic Principles 

Atoms, molecules and ions are transported to the substrate in vapour phase where they condense 

forming a smooth coating. In order to create this vapour phase, a plasma is created by letting in a 

sputtering gas, commonly Ar, into an evacuated vacuum chamber and applying voltage between the 

target and the chamber walls. The initial stages of any PVD system will pass through a few different 

plasma regimes as the applied target voltage is increased see Fig. 2.2. Charges (gas ions) that are 

always present in small concentrations are accelerated towards the chamber walls (anode) and on 

their way they collide with gas atoms forming positively charged gas ions and new free electrons. 

These new free electrons are in their turn accelerated, colliding and forming gas ions and free 

electrons. The positively charged gas ions are accelerated towards the target (cathode) where they 

collide, freeing target material atoms, target material ions, and more free electrons. This cycle 

proceed at a rate depending on the voltage applied. At sufficient voltage the cycle breakdown in an 

avalanche reaction to the self sustaining normal glow discharge regime. 

A further increase in voltage and the plasma enters the abnormal glow regime where sputtering 

usually operates. These processes are all very quick and in reality the voltage is set to a point where 

the abnormal glow regime is, estimated or known by experience, to be located. The plasma will 

quickly go through the initial stages self adjusting fluctuations in current and voltage and after 

reaching steady-state small adjustments can be made by the operator to, e.g., increase ion density or 

deposition rate. 
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Figure 2.2:   Different plasma discharge regimes. Based on a figure in Lundin [12], after Roth [13]. 

2.2.2 The Sputtering Plasma 

A common definition of a plasma is a collection of free charged particles moving in random 

directions, which is on average electrically neutral. In sputtering plasma electrons have higher 

mobility than the large gas ions (e.g. Ar) and are preferentially heated. The average energy of 

electrons is usually in the order of a few eV, which is much higher than the heavier ions and neutrals 

that have energies in the order of a few meV. Because of their high energy more electrons are lost to 

the chamber walls and the plasma becomes positively charged ideally at a constant potential known 

as the plasma potential, Vp.  

The regions of an arbitrary object emerged into a plasma are schematically illustrated and can be 

seen in Fig. 2.3. Any object immersed into the plasma for instance the substrate will receive a 

negative potential due to flux of the highly mobile electrons. This negative potential in comparison to 

the plasma potential is known as floating potential (Vf). The plasma region between objects or the 

chamber walls and the plasma is the plasma sheet. Any positively charged particle entering these 

regions will be accelerated over the potential drop over the specific plasma sheet. For a particle 

entering the plasma region in front of a floating potential substrate the acceleration will be over Vp – 

Vf. Although a substrate at floating potential will attract target particles due to this self-biasing 

mechanism of the plasma a negative substrate bias is often applied to further tailor the coating 

properties by controlling energies of impinging target species.  
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Figure 2.3:   Behaviour of potential between grounded anode (chamber wall) and cathode (object, 

e.g., substrate, immersed in plasma) where Vp is the plasma potential.   

2.2.3  Process at the target 

At the target positively charged gas ions are attracted over the sheet potential towards the 

negatively charged target (cathode). In collision between the incoming ions momentum and energy is 

transferred to the surface near target atoms knocking some of them out. The efficiency of this 

process, how many target atoms are knocked out for every incoming gas ion, is known as the 

sputtering yield. Sputtering yield is influenced by factors such as binding energy of the target atoms, 

angle of incidence, efficiency of the momentum transfer and the kinetic energy of incident ions [14]. 

There are also a few other possible physical processes that besides ejection of target material might 

occur, e.g., generation of secondary electrons (see Fig. 2.4).  

The electrons inside the plasma are continuously lost to chamber surroundings and therefore the 

secondary electron emission of electrons is of importance to maintain the sputtering plasma. The 

deposition rate has also been connected to high secondary electron yield, the number of secondary 

electrons emitted for every incident sputtering gas ion. 
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Figure 2.4:   Different possible processes occurring at the target. Based on a figure in Wallin [15]. 

2.2.4 Magnetron Sputtering 

In magnetron sputtering magnets placed behind the target as shown in Fig. 2.6 form a magnet field 

in front of the target. The early work in magnetron sputtering was performed by Penning in the 

1930’s and further developed in 1970’s and 1980’s. Large contributions were amongst others made 

by Penfold and Thornton [16] and continued by Mattox, Cuthrell, Peeples and Dreike [17]. 

Magnetron sputtering confines the free electrons (secondary electrons) close to the target and thus 

increases the local gas ionization providing more efficient sputtering and higher sputtering rate. The 

increased sputtering rate enables the process to run effectively at lower sputtering gas pressure and 

lower powers applied to the target. At lower pressure the probability of collision or deflection of 

target material species travelling towards the substrate decrease and this strongly influence the 

overall deposition rate in a positive way. The applied magnetic field will act on the charged plasma 

species according to the Lorentz force, 

 

                                                                           𝑭 =  q(𝐄 +  𝐯 × 𝐁),                                                 (eq. 2.1) 

 

here q is the charge, v is the velocity of the particle, and E and B are the electric and magnetic fields, 

respectively. The electron when affected by both the electric field (in sheet region) and the magnetic 

field will move in a gyrating spiral-shaped orbit around the magnetic field lines. The gas ions are of 

course also affected by the magnetic force but because of their much higher mass the effect is often 

small enough to neglect. Both ions and electrons will have a resulting total motion (drift velocity), 

uE/B, that is perpendicular to both E and B-field (see Fig. 2.5) 
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Figure 2.5:   Single particle motion in an electric and magnetic field environment. After Lundin [12], 

and Chen [18]. 

Although the effects of magnetron sputtering are overwhelmingly positive there is one important 

drawback worth mentioning. Sputtering will namely be localized to an erosion zone on the target, 

known as the race-track.  This zone appears where the E- and B-fields are perpendicular resulting in 

limited target usage. There are, however, a few methods to remedy this non optimal use of the 

target such as moving around the magnetron behind the target to shift the race-track position.  

In some situations it may be beneficial to place the magnets in an unbalanced configuration first 

developed by B. Window and N. Savvides [19] (see Fig. 2.6). This is done by placing stronger outer 

magnets than inner magnets. This arrangement avoids a too strong confinement of the plasma. It is 

common practice to talk about type I and type II for balanced magnets and unbalanced magnets, 

respectively. An unbalanced magnetron configuration will extend the plasma further in the chamber 

improving the transport of ions and electrons towards the substrate.  

 

          
 

Figure 2.6:   Schematic cross section drawing of a typical magnetron. After Wallin [15]. 
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2.2.5 Reactive Sputtering 

Sputtering from a target with a reactive gas, e.g., N2 or O2, injected in the chamber during deposition 

is referred to as reactive sputtering.  The common method is a mixture of a sputtering gas, usually Ar 

and a reactive gas. Reactive sputtering is a powerful tool for deposition of a wide variety of 

compound thin films; the method is thoroughly described with models of behaviour understanding 

by S. Berg and T. Nyberg in [20]. There are complex behaviours involved making reactive sputtering a 

complex process to control for optimal thin film deposition. As can be seen in Fig. 2.7, when first 

introducing the reactive gas at a low flow rate, the chamber walls and the target will continuously 

consume the gas keeping the partial pressure almost constant. When the reactive gas flow becomes 

high enough the chambers and the target get saturated and the partial pressure experiences 

drastically increase by just a small increase in flow rate. Beyond this point if the flow rate is increased 

further the partial pressure will increase in a linear fashion, the target is here completely covered by 

compound (target-poisoning) a sputtering regime known as compound mode. If the flow rate is now 

reduced the partial pressure will eventually drop to the point from where the sudden increase 

occurred but at a lower flow rate forming the so called hysteresis loop. The same hysteresis effect 

can be observed if monitoring different parameters against reactive gas flow rate, e.g., compound 

coverage of the target or target erosion rate. In the case where stochiometric films are the desired 

deposition, operating at reactive gas flow rates below where the target poisoning occur will produce 

understochiometric films. Operating beyond this point i.e. in compound mode the deposition rate 

decreases due to the in general higher surface binding energies of compounds relative the non 

poisoned metal target. Much effort has been put into controlling the hysteresis effect to be able to 

control stochiometry and deposition rate. A very effective way is partial pressure control by a fast 

feedback loop of partial pressure measurement and reactive gas flow. This method enables 

deposition of films throughout the whole stochiometric range with optimized deposition rate. 

Another way is hysteresis free operation achieved by high pumping speed, utilized in this thesis [21]. 

Recent works have also shown the hysteresis free operations in depositions with HiPIMS [22]. The 

hysteresis effect can also be minimized or in some cases eliminated by a small enough target erosion 

zone. 
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Figure 2.7:   Typical hysteresis behaviour of the reactive gas partial pressure as the reactive gas-flow 

is varied. After Wallin [15]. 

2.2.6 High Power Impulse Magnetron Sputtering 

A high density plasma is created by applying high electrical power to a conventional sputtering 

magnetron target. The average power is kept at reasonable levels to avoid overheating of the target 

by applying the power in pulses at low duty cycles (ratio between pulse on time and total cycle time), 

typically a few percent. An illustration of the difference in applied power between HiPIMS sputtering 

and dcMS can be seen in Fig. 2.8. The dcMS is a lower applied power constantly applied whereas in 

HiPIMS the power is applied in short pulses with long off times. 

 

        
                     (a)   Applied power in dcMS.                                   (b) Applied power in HiPIMS. 
 

Figure 2.8:   Illustration of differences in applied power to the targets in (a) dcMS and (b) HiPIMS 

sputtering.  
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The high peak power in HiPIMS, typically > 1kWcm-2, has been reported to provide plasma densities 

exceeding 1018 m-3 [23]. This ionizes large amounts of the sputtered material. Optical emission 

spectrum has shown ion-peak values of over 90% for Ti [24]. The high degree of ionization is the big 

upside of HiPIMS and other Ionized Physical Vapor Deposition (IPVD) techniques which has proved to 

be valuable in numerous applications [25, 26]. It renders the possibility for tailoring film properties 

by applying electric and magnetic fields. The high degree of ions in the plasma also makes the 

technique useful for pre-etching of substrates by applying a high substrate bias thereby causing high 

energy ion bombardment [10, 27]. By this treatment the surface may be cleaned from oxides, 

roughened to promote adhesion or implanted with target material for a gradual transition of 

properties in the substrate to film interface [28, 29, 30]. In this thesis substrate biases are used in 

several of the deposited films for both pre-treatment of the substrate by etching away oxides and 

pollution, and to tailor film properties.  

The most obvious drawback with HiPIMS technique is the in most cases lower deposition rate. 

Typically 2-4 times lower than conventional dcMS [6]. One explanation for the loss in deposition rate 

is ionized atoms becoming attracted back to the target through something known as the pre-sheet 

[31]. Another suggestion is more material being transported to the chamber side-walls due to ionic 

species being radially accelerated by an abnormal electron transportation mechanism present in the 

HiPIMS discharge [32]. Most probably several factors contribute to the loss in deposition rates. To 

optimize the deposition rate the appropriate power, pulse and frequency configuration must be 

tailored. These parameters are highly dependent on target material, target size and chamber 

properties. 

2.3 Nucleation, Growth and Microstructure Evolution 

At exposure of the substrate to deposition species thin film coatings will eventually form. As atoms 

arrive to the non-coated surface they will diffuse around on the surface and eventually form small 

clusters with other deposition species. At a critical threshold in cluster size the cluster becomes 

stable and nucleation has started [33, 34]. As the coating continues to grow a few phenomena can 

occur affecting the final microstructure of the resulting coating [33, 34]. As the coating strives 

towards minimizing its total energy some islands will grow on the expense of others. This is what is 

known as coarsening and might continue throughout the growth of the coating by motion of grain 

boundaries, but then known as grain growth. After a while of deposition the density of islands 

become high and they start to coalescence eventually forming a connected network over the 

substrate surface. There are a few key factors influencing the microstructure evolution, e.g., 

substrate surface properties, adatom mobility and deposition temperature. The adatom mobility is 
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influenced by temperature which is the straight forward way of influencing mobility of adatoms in 

traditional dcMS. In IPVD (e.g. HiPIMS) energy may also be provided by accelerating impinging 

species (ions) with an applied negative substrate bias.   

In Fig. 2.9 a structure zone model of microstructure evolution at different homologous temperatures 

(Ts/Tm) is shown. This model does not take in to account energy supplied by acceleration of impinging 

species by applied substrate bias. Such a model, more suited for IPVD-techniques, is instead 

described and utilized in Chapter 6.  

At low deposition temperature, i.e. in zone I, a porous structure is commonly developed. There is a 

low degree of surface diffusion causing formation of a rough film eventually leading to atomic 

shadowing. This shadowing prevents grain boundary diffusion during film growth effectively 

hindering densification off the coating.  

With increased temperature (zone T) a higher level of surface diffusion will lead to coarsening in the 

early stages of growth. Adatom mobility in this regime is, however, not sufficient enough and thus 

orientation selection and grain sizes are almost randomly distributed. Since different orientations in 

the texture of the coating have higher sticking probability competitive growth is common in this 

temperature regime.  

In zone II bulk diffusion will become even more significant. Grain growth will be driven a 

minimization of the systems free energy. The resulting coatings are of a dense character with wide 

columnar grains. 

 
 

Figure 2.9:   Structure zone model (SZM) schematically representing microstructural evolution of pure 

elemental films as a function of the reduced temperature Ts /Tm , where Ts is the deposition 

temperature and Tm is the melting point of the material. After Petrov et al. [34]. 
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The structure zone model described above and other similar models are simplifications of very 

complex systems. Still they are useful tools to grasp tendencies and provide general ideas for the 

microstructure evolution of coatings. There are also some distinctively different phenomena in 

plasma based PVD methods that have high degrees of ionization (e.g. HiPIMS). Defects and 

renucleation are depending on the degree of energetic bombardment induced in the coating, 

resulting in denser coatings with finer grain structure [35]. In chapter six another diagram, addressing 

the lack of models suitable in describing growth by IPVD, is utilized in categorizing the TiN-coatings 

deposited in this thesis [36]. 

2.4 Adhesion and Interfaces 

Adhesion of a thin film to the substrate depends macroscopically on surface energies of the film and 

substrate (ϒf and ϒs) and the interfacial energy (ϒfs) between them. The adhesion is also highly 

dependent on the type of interface that forms between the substrate and thin film. There are several 

types of interfaces, one way of categorizing them is described below and can be seen in Fig. 2.10. 

      A.   The monolayer-to-monolayer type is characterized by the abrupt interface from film to 

substrate (1-3 nm) without or with very low interdiffusion of atoms [37]. There is a very low 

interaction between film and the substrate resulting in low contribution from the interface to the 

film adhesion. To improve the interaction between substrate and film the surface of the substrate 

could be roughened with high energy sputtering gas- or target ion bombardment prior to deposition. 

A negative effect worth mentioning in this method is the interstitial implantation of inert gas 

(sputtering gas) ions that will cause some strain in the top layer of the substrate detrimental to 

adhesion.   

      B.   The compound interface is formed by chemical reactions or interdiffusion between substrate 

and the film atoms, characterized by a constant composition many lattice parameters thick [37]. 

Where a modest compound layer can have positive effects on adhesion a too thick compound layer 

between substrate and film can cause volumetric changes in the interface that affects the adhesion 

adversely. Gradual transitions over the interlayer region of the residual stress and elastic properties 

can act as barriers for sudden fractures. Such transition regions may be accomplished by 

bombardment of high energy ions causing implantation of metal ions in the substrate.  

      C.   The diffusion interface is characterized by diffusion (vacancy diffusion) in the interlayer region 

[37, 38]. To achieve this type of interface a degree of solubility must exist i.e. there must be a supply 

of energy to overcome the activation for bulk diffusion. Different atom mobility may cause diffusion 

flows leaving so called Kirkendall voids, such are to be avoided since these promote poor adhesion. 
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      D.   The mechanical interface is characterized by mechanical interlocking of the deposited coating 

with a rough substrate [37, 39]. Good adhesion is often the result if the coating is successfully 

deposited, filling in voids and trenches. HiPIMS and other IPVD deposited films that make use of 

substrate biases, have good guidance of impinging target species and are valid techniques for filling 

gaps and voids in the substrate. Roughening of a substrate is often performed by high energy ion 

bombardment by these methods. 

 

 

 
            (a)   Monolayer-to-monolayer interface. 

 
            (c)   Diffusion interface. 

 
      (b)   Compound interface. 

 
     (d)   Mechanical interface. 

Figure 2.10:   Schematic illustration of different type of interfaces (a) monolayer-to-monolayer, (b) 

compound, (c) diffusion and (d) mechanical. 
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2.5 Materials and Compounds used 

2.5.1 Transition Metal Coatings 

The term transition metal refers to the metals in groups 3 to 12 in the d-block of the periodic table. 

The name transition derives from their place in the periodic table where they from group 2 to group 

13 successively adding electrons to the d-atomic orbital. The partially filled d-atomic orbital render 

these elements some properties suitable for thin film deposition, e.g., electrons may be shared by 

many of the nuclei in the metal bulk which promotes binding energy between atoms. In this thesis 

the target material has been the transition metal Titanium (Ti). Transition metal nitride coatings have 

been increasingly popular over the last decades because of their extreme hardness, wear and 

corrosion resistance, and thermal and electrical properties [40]. In this thesis TiN is deposited by 

HiPIMS and examined as coating on medical implants. TiN has previously been investigated as 

medical implant coatings deposited with other methods [7]. The properties of TiN-coatings vary 

some, as in all coating materials, depending on the conditions under which the coatings are 

deposited. Still, the crystal structure of TiN is FCC (rocksalt structure) consisting of 4 Ti and 4 N 

atoms. Approximate values of material properties are; lattice parameter 4.24 Å [41], hardness 20 

GPa [42], for coatings grown with dcMS.   

 

 
 

Figure 2.11:   Illustration of a TiN lattice. It has a rocksalt structure with four formula units in each 

lattice cell, 4 Ti and 4 N atoms. After Söderberg [43]. 
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2.5.2 Cobalt Chromium – ASTM F75 

Cobalt-based chromium alloys have been used as medical implant material since the early 1930’s 

when there was a search for other materials than Au. The specific cobalt alloy used as substrate 

material in this thesis follows the requirements of ASTM F75 [44]. The main components in ASTM F75 

are Co, Cr and Mo, why the material class is often referred to as CoCrMo. The main attribute of ASTM 

F75 making it suitable as bulk material for medical implants is corrosion resistance [45]. It is the Cr 

that inhibit corrosion by forming surface oxides (nominally Cr2O3) when exposed to a corrosive 

environment thus hindering a further corrosive attack on the bulk. The implants are manufactured by 

melting the material at 1350-1450⁰C and then pouring it into ceramic molds of desired shape (e.g., 

femoral stems for artificial implants). Once solidified the molds are cracked away and depending on 

the exact details process may continue. Because the solidification process is in homogenously 

distributed in time throughout the molds grain size and composition will vary. To alleviate these 

features and to attain the right phase composition a commonly used method is heat treatment of the 

device at ~1200⁰C for ~4 hours.  
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Chapter 3 

Experimental Details 

3.1 Deposition Chamber Design and Depositions 

During the outlining of this work it was realized that dividing the work in three distinct stages would 

promote the oversight and execution of the thesis objectives. 

 

• Stage 1. Process points and deposition rate 

• Stage 2. Pre-treatment evaluation 

• Stage 3. Sharp series deposition 

 

Throughout all stages of this thesis all depositions have been carried out on Si-wafers and CoCr-alloy 

(ASTM F75) substrates. In stage 1 only Si-wafers were used since only stochiometry and deposition 

rate would be evaluated. The complete process-chain of a deposition onto CoCr-alloy substrates is 

described below. Note that the first step (substrate cleaning) in this chain as not performed for Si-

wafers.  

Complete process-chain 

In Fig. 3.1 the whole process chain for the deposition of the TiN coatings is illustrated. The substrates 

were de-greased in an ultrasonic bath of acetone held at 50⁰C for 15 min, followed by direct transfer 

to an ultrasonic bath of isopropyl alcohol also held at 50⁰C for 15 min. The substrates are then blow-

dried to ensure no remnants of evaporation tracks will remain. Now the substrates are ready for the 

next phase taking place in the deposition chamber. 

The substrates were placed in a load-lock which was evacuated to a pressure sufficient for entering 

the deposition chamber which is pumped down to Ultra high vacuum (UHV) conditions. There are 

always oxides residing on the substrate surface that if not removed will have an adverse effect on the 

coating to substrate adhesion. To give the substrate some time to thermally stabilize the deposition 

chamber is ramped up to the deposition temperature and left there throughout pre-treatment and 

deposition. The sputtering is now activated for a period of 10 min whilst the substrate is protected 

behind shutters from impinging species. As a matter of fact the target needs to be cleaned from TiN 

residing on the target surface from the previous deposition in order to provide a pure Ti-target 
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surface needed for effective pre-treatment. It is important mentioning that when the sputtering is 

activated it is never turned off which is important since the substrate (or coating) surface then would 

be re-passivated in less than 1s.  

The pre-treatment is activated by applying the desired substrate bias and removing the substrate 

shutter. Pre-treatment is in detailed described in section 4.4 and discussed in Chapter 5. 

The deposition of TiN is activated by setting the N2-flow to desired setpoint, decreasing the applied 

substrate bias from the level used during pre-treatment to the desired deposition setpoint. In this 

thesis work the temperature were always kept between pre-treatment and deposition and therefore 

never altered in this phase. The deposition now runs for the time estimated to deposit desired 

thickness and is then aborted. The substrate was left inside the chamber to cool down to RT and was 

then exited for material analysis. 

 

Figure 3.1:   Stepwise illustration of the process chain in depositions of TiN coatings. 

Stage 1 

Essential for this thesis work was to establish stable points of operation were TiN coatings could be 

deposited with HiPIMS-technique at a good deposition rate. It is widely known that low total 

deposition pressure promotes high deposition rate. Hence early on attempts were made to deposit 

coatings at a relatively low total pressure, 2mTorr. However, it proved difficult to obtain a stable 
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pulse at desired frequency and power. Therefore, all depositions have been made at a slightly higher 

total pressure of 3.8 mTorr where a stable HiPIMS pulses with the desired current peak could be 

obtained. Seven depositions with varied N2 flow and pulse configuration were made altogether to 

evaluate deposition rate and point of stochiometry. The depositions in stage one was made at the 

static parameters described in Table 3.1. The deposition rate was evaluated by measuring the coating 

thickness and dividing that number by deposition time.  

 

Table 3.1:   Deposition parameters used for evaluation of stochiometry and deposition rate. 

On/Off [µs] 300/9700 300/9700 300/9700 300/9700 300/9700 40/960 40/960 
P 800W 800W 800 W 800 W 800 W 800 W 800 W 
Ipeak -64A -64A -64A -64A -64A   
U -640V -640V -640V -640V -640V   
Ptotal 3.8mTorr 3.8mTorr 3.8mTorr 3.8mTorr 3.8mTorr 3.8mTorr 3.8mTorr 
Ar flow 100sccm 100sccm 100sccm 100sccm 100sccm 100sccm 100sccm 
N2 flow 10sccm 6sccm 4sccm 2sccm 1.2sccm 4sccm 0sccm 
T 400⁰C 400⁰C 400⁰C 400⁰C 400⁰C 400⁰C 400⁰C 

Stage 2 

One of the upsides of HiPIMS technology is the ability to accelerate impinging target-ions with an 

applied bias in order to etch away oxides residing on the surface of the substrate.  

In stage 2 the effects of different of pre-treatment recipes for the coating adhesion was evaluated.  

Applied substrate bias together with pre-treatment duration was varied followed by a deposition of a 

TiN-coating (1.5 µm thick). The TiN coatings were then analyzed by scratch testing (see sec. 3.4) to 

evaluate the effects of the various pre-treatment recipes.  

A deposited interlayer of Ti is common when depositing TiN coatings. This is done to provide a 

gradient in, e.g., elasticity between the bulk material and the TiN coating. To evaluate this method 

substrates were deposited with an interlayer of Ti (100 nm thick) prior to the TiN coating. 

Stage 3 

After evaluating the pre-treatment an extensive series of thicker TiN coatings was deposited. The 

applied bias was varied from floating (i.e. no applied bias), -30 V to -80V. The temperature was varied 

between room temperature (RT) and 400⁰C. In total six TiN coatings (4 µm thick) was deposited with 

HiPIMS-technique. One TiN coating was also deposited with dcMS (4 µm thick) as a reference to 

compare this traditional technique with the HiPIMS-technique. The coatings were then characterized 

by the techniques described in following sections of this chapter. 
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3.2 X-Ray Diffraction (XRD) 

In this thesis x-ray diffraction was used to determine the phase composition, the texture and residual 

stress level in the deposited TiN-coatings. An x-ray beam is incident onto the coatings and is there 

diffracted depending on the orientations and distance between the crystal lattice planes.  

When Bragg’s law (see eq. 3.1) is fulfilled there will be constructive interference and a peak will 

appear in the diffractogram a certain position (θ). The difference in path length from reflections in 

adjacent planes must be, 2d(h,k,l)sinθ, and correspond to integral numbers (n) of wavelengths (λ), to 

promote constructive interference.  

 

                                                                         2𝑑(ℎ,𝑘,𝑙) 𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                          (eq. 3.1) 

 

The angle, θ, where constructive interference is detected corresponds to different orientations (h, k, 

l) in the crystal lattice and will show up as peaks on the diffractograms. Since each plane only reflects 

a fraction of incident irradiation approximately 105
 planes can contribute to the constructive 

interference.  

 

Figure 3.2:   Schematic of diffraction according to Bragg’s law. Based on a figure in Wallin [15]. 

Thesis equipment and configuration 

The texture analysis and residual stresses was evaluated using BRUKER D8 Advance X-ray 

diffractometer with ¼ circle Eulerian cradle. Polycarpellary and solid state detector was used and a 

Cr-Kα radiation source was applied. For the texture analyses a Bragg-Brentano (θ-2θ) configuration 

(40 mA and 40 kV), with a 2θ range of 20⁰-167⁰, and with a 0.1⁰ step size and 5 seconds per step, 

was used. 
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3.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopes (SEM) have been around since they were first developed in the 1930’s 

and eventually commercialized in 1965. It has become a strong and widely used analytical tool for 

examining the topography, chemical composition and morphology in material science.  

In this thesis SEM was used to analyze several features, e.g., substrate interface and morphology, of 

the TiN coatings deposited. Electrons are emitted, typically by thermionic emission, from an electron 

gun fitted with a LaB6 filament. Another common filament is a field emission gun (FEG). The electron 

beam is accelerated towards an anode and then focused by one or two condenser lenses to a spot 

size of 0.4 - 5 nm in diameter. The focused beam passes through scanning coils deflecting the beam 

in x and y directions as can be seen in Fig. 3.3. By electromagnetic force the beam is moved in a so 

called raster over the surface area investigated. The incident primary electrons interacts with the 

surface resulting in back scattered primary electrons (BE) by elastic scattering, emission of secondary 

electrons (SE) by inelastic scattering and emission of electromagnetic radiation. Detectors dedicated 

to each of the different emissions are mounted around and above the samples. The signals is 

transported via electronic amplifiers and displayed as variations in brightness on a cathode ray tube 

(CRT). The CRT display is synchronized with the electron beam. The image is therefore a direct 

mapping of intensity from the raster over the specimen area. In modern SEM:s the image is of course 

transferred onto a computer monitor rendering the power of modern computer technology for 

further analyzing and improving images.  

The various emission signals have different characteristics suitable for investigating particular 

features of the sample. SE:s arise by inelastic scattering, primary electrons transferring energy and 

knocking out electrons from sample atoms. These electrons undergo additional scattering event 

during their path out from the species. Therefore, only surface near SE:s emerge to be detected and 

secondary electrons is considered as a surface sensitive signal. 

Rutherford scattering is an elastic scattering of incident electrons with the nuclei of atoms in the 

sample. Electrons will by this mechanism be scattered back out of the sample where they may be 

detected. The fraction of primary electrons being back scattered is highly sensitive to the atomic 

number Z of the sample atoms. Hence areas with high average Z number will appear bright and areas 

with low average Z as darker regions in the SEM image. The BE signal is thus a strong tool in 

highlighting the compositions of surfaces investigated by SEM.  
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Figure 3.3:   Simple schematic of the scanning electron microscope. 

Thesis equipment and configuration  

To generate the SEM images shown in Chapter 4 both BE and SE signals was used. The polished cross-

sectional images were often generated with BE signal which highlights the elemental composition 

and porosity of the coatings. SE signal were used to generate the surface and mechanically cracked 

cross-sectional images since it in a superior way emphasize topographic features in the coatings. 

To prepare the cross sections for SEM investigation the substrate was sawed through partially from 

the bottom and then mechanically cracked enabling a SEM investigation of the films grain boundaries 

and microstructure.  

To prepare the polished cross sections a sector slice was cut from the substrate and then moulded in 

electrically conductive Bakelite to enable SEM investigation. The interface between substrate and 

coating was mirror polished down to OP-S 0.25 µm. 
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3.4 Scratch Testing 

The testing of coating to substrate adhesion by so called scratch testing has become a dominant 

method in material technology. It is a quantitative method recognized by speed, practicality and 

applicability providing an engineering measurement of the practical adhesion in a coating to 

substrate system. 

In the test a diamond stylus of defined geometry (Rockwell C, a conical diamond indenter with an 

included angle of 120° and a spherical tip radius of 200 μm) is drawn across a flat surface of a coated 

test specimen. The speed of the tip is held constant and a defined normal force is applied for a 

defined distance. By analyzing the fractures in the film along the scratch the so called critical loads, 

LC1 and LC2, may be assessed. The definitions of critical loads may vary between publications but in 

this thesis the definitions given in ASTM C1624-05 have been used [46]. An illustration of the 

definition of critical loads can be seen in Fig. 3.4. The load that causes crack propagation within the 

film is defined as, LC1, i.e. cohesive failure has occurred. The load that causes the coating to peel off, 

exposing the substrate is defined as, LC2, i.e. adhesive failure has occurred. 

 

Figure 3.4:   The definition of the critical loads LC1 and LC2. 

Thesis equipment and configuration 

In this thesis work a CSM Instruments Revetest scratch tester was used, a schematic illustration of the 

experimental setup can be seen in Fig. 3.5.  
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Figure 3.5:   Schematic illustration of a scratch test equipment. 

 The sample is placed and secured in the apparatus. A diamond stylus with a spherical tip is drawn 

across the coating, the scratch parameters are listed in Table 3.2. Three scratch tests were made per 

sample (according to ASTM standards) and each scratch was analyzed to find their points of critical 

load. It is often (as in the equipment used in this thesis) possible to follow the scratch track with an 

optic equipment synchronized to the applied normal force. With such equipment critical loads and 

points of interest can be marked out and analyzed. 

 

Table 3.2:   Working parameters for the CSM Revetest scratch tester. 

Scratch parameters 

Linear Scratch Indentors 

Type Progressive Type Rockwell 

Start Load (N) 0.9 Serial number B-270 

End Load (N) 100 Material Diamond 

Loading rate (N/min) 99.1 Radius (μm) 200 

Speed (mm/min) 10   

Scratch length (mm) 10   
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3.5 Pin-on-disk 

Pin-on-disk testing is a quick and easy method of measuring the kinetic friction and sliding wear 

response of materials. The apparatus used to perform pin-on-disk testing is commonly known as a 

Tribometer.  It is used extensively for material characterization of low friction hard coatings. The pin-

on-disk tester consists of a stationary pin often with a flat contact surface but the pin tip may also be 

shaped to simulate a specific contact. The pin is applied with normal force load against a rotating 

surface of the material to be tested. Some tribometers also have the ability to perform linear cycles 

instead of rotational. Pin-on-disk testing may be conducted in dry mode, in a solution or an 

atmosphere that simulates the working environment of the material under investigation. The 

coefficient of friction and the wear rate of the material (or the pin) may be investigated by pin-on-

disk testing. Coefficient of friction is monitored in situ as the ratio between applied normal force and 

tangential force and plotted against sliding distance. Wear rate may be analyzed by measuring the 

remaining coating in the wear track by, e.g., ball crater technique.  

Thesis equipment and configuration 

The friction coefficient was evaluated with a CSM Tribometer in a pin-on-disk analysis. The test 

settings were chosen in order to mimic the conditions of a pin-on-disk test previously performed 

within Sandvik MedTech on coated CoCr-alloy (ASTM F75) substrates. A UHMWPE-pin with a 

spherical tip of radius 5 mm was mounted in a 45⁰ angle (see Fig. 3.6) and applied with a normal 

force load of 4 N. The sliding distance was 200 m and ran in a circular motion with a radius of 9 mm. 

The sliding environment was “Hank’s balanced salt solution” kept at a temperature of 37⁰C for the 

duration of the test. Pin-on-disk tests were conducted on all of the coatings deposited in stage three. 

 

Figure 3.6:   Tribometer setup for a rotational sliding wear analysis of puck shaped substrate. 
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3.6 Cyclic Potentiodynamic Polarization (CP) 

Cyclic potentiodynamic polarization(CP) technique was first introduced in the 1960’s and has since 

become a simple routine technique used in laboratory investigations of pitting or crevice corrosion. 

The technique is especially suited for screening of alloys that will operate in known conditions with 

electrolyte present rendering them in risk of localized corrosion. 

The equipment used in CP includes a potentiostat able to ramp the applied potential simultaneously 

measuring the resulting current. To produce the scans three electrodes are required. 

 

(1) Working or corroding electrode (i.e. the sample)  

(2) Counter electrode (inert material, e.g., graphite or platinum) 

(3) Reference electrode (stable and well-known electrode potential) 

 

Figure 3.7:   Schematic illustration of an equipment for cyclic potentiodynamic polarization. 

Commonly the solution is chosen to resemble the materials working environment otherwise any 

common electrolyte solution may be used. The material behaviour is forced from its steady state 

corrosion rate by increasing the voltage and log the current response. Conclusions about the 

corrosion resistance are drawn. A schematic overview of such a setup can be seen in Fig. 3.7. The 

applied potential is slowly ramped up to the reference electrode and by tradition in the anodic 

direction. At some chosen potential or (current maximum) the scan is halted and the potential is 

ramped down to the starting point at the same rate. In a CP it is common to perform this cycle 

several times until the behaviour of the sample may be explored by, e.g., an onset in corrosion in the 



29 
 

form of breakthrough potential. Since the use of CP has become such a common technique of 

analyzing electrochemical behaviour an ASTM standard (ASTM standard G61) has been developed in 

order to verify equipment and software for generating the potentiodynamic polarization scans.  

Thesis equipment and configuration 

For the CP in this thesis a so called Avesta cell was used. Measurements of open potential and 

breakthrough potential were conducted. The data was than analyzed with the software program 

Corrware. As electrolyte solution the so called “Hank’s balanced salt solution” was used. The 

temperature during measurements was held at 37⁰ ± 1⁰ [C]. As the reference electrode a silver/silver 

chloride electrode was used and the ramp rate was 0.5 mV/s. 

3.7 X-Ray Photoelectron Spectroscopy (XPS) 

To analyze and determine elemental composition of the deposited coatings x-ray photoelectron 

spectroscopy (XPS) was used. It is a surface sensitive technique providing information about 

elemental composition and chemical bonding from a depth of 0-10 nm. X-ray photons, typically Al or 

Mg Kα, are ejected towards a sample where they knock out valence or core electrons. The knocked-

out electrons are detected and the kinetic energy, Ekin, is related to the electron binding, EB, 

according to,  

 

                                                           𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝐸𝐵 −φ                                                     (eq. 3.2) 

 

where hv is the photon energy and 𝜑 a work function related to choice of x-ray source and the 

sample investigated. Detection of kinetic energies hence provides the binding energies of the 

escaping electrons. The binding energy of electrons is a characteristic property of elements and the 

XPS spectrum thus reveal the composition. Surrounding atoms will also affect the binding energy in 

atoms. The resulting change in binding energy due to the surrounding atoms is often referred to as 

chemical shift. These shifts in binding energy provide information about the linking bonds to 

surrounding atoms.  

The XPS instrument may also be equipped with an ion-canon able to etch away sample material. By 

etching away material with this ion-canon and performing XPS scans at intervals, a compositional 

depth profile may be recorded.  
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Thesis equipment and configuration 

The XPS analyses were conducted on pieces of the deposited Si-wafers. A PHI Quantum 2000 

instrument with monochromatised AlKα radiation was used here. The typical resolution of 

measurements performed in this equipment is of the order 0.1 eV. Measurements of the different 

peaks were carried out on the surface prior to sputtering and after sputtering for different time 

periods. Sputtering was performed with a 2.0 keV Ar+ beam with an ion current of approximately 800 

nA onto an area of 2x2 mm2. Charging caused by the beam was compensated for by a neutraliser. 

The background pressure in the analytical chamber was in the order of 10-9 Torr. 
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Chapter 4 

Results 

4.1 Process Parameters and Pulse Configuration 

With the system setup described in sec. 3.1 a very small or no hysteresis effect is present due to high 

pumping speed of the HiPIMS system [21]. The dependence on partial pressure to reactive gas flow 

will instead follow a linear mode. Therefore no hysteresis curve analysis was conducted to establish 

stochiometric conditions. Instead a TiN coating with a high N2 flow (10 sccm) was deposited. 

Gradually the reactive gas flow was decreased to find the stochiometric point. The films 

compositions were continuously characterized with XPS. Fig. 4.1 and Fig. 4.2 show the achieved Ti/N 

ratio and corresponding deposition rates, respectively. 

 

Figur 4.1:   Composition evaluated by XPS profiling at a sputtering depth/time of 4 minutes. The 

curves in black and red show the at.conc. of N and Ti for the pulse configuration of an on-/off-time of 

300/9700 µs. The curves in blue and green show the at.conc. of N and Ti for the pulse configuration of 

an on-/off-time of 40/960 µs. 
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To obtain an acceptable deposition time a high deposition rate is desired. This was achieved by 

lowering the N2 flow towards the stochimoetric point. The higher deposition rate is explained by a 

longer mean-free path of the target species. The reason for this is that the number of collisions 

between target species and gas species are reduced as the sputtered material travels towards the 

substrate. 

 

Figure 4.2:   Deposition rate of two pulse configurations at varied N2 flows. The black curve shows 

deposition rate for a HiPIMS pulse configuration of an on-/off-time of 300 /9700 µs. The red curve 

shows the rate for a pulse configuration of an on-/off-time of 40/960 µs. 

For N2 flows below the stochimoetric point (4sccm) the films was understochiometric with 

insufficient N2 to bond every Ti ion or Ti atom. To ensure stochiometry 4 sccm of N2 flow was settled 

as the reactive gas flow in all subsequent depositions. At the N2 flow of 4 sccm the deposition rate 

was evaluated to be to be approximately 432 (nm/h) with the HiPIMS pulse configuration described 

in Fig. 4.3. This resulted in deposition times of 3 h and 26 minutes (1.5 µm thick coatings) for the pre-

treatment evaluation series, and 10 h and 19 minutes (4 µm thick coatings) for the final series. 
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The highest deposition rate was achieved with a pulse configuration where power was applied to the 

target for 40 µs followed by an off-time of 960 µs (see Fig. 4.3). This pulse is repeated continuously in 

cycles with a corresponding duty-cycle of 4%. Throughout the remainder of this thesis work this was 

used as the applied pulse configuration. The duty-cycle and applied current and voltage to the target 

correspond to an applied average power of 800W. 

 

Figure 4.3:   HiPIMS pulse configuration during applied power. The pulse configuration was monitored 

in situ with a digital oscilloscope.  
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4.2 Composition investigation - XPS 

The composition was evaluated on TiN coatings deposited on Si wafers. These depositions were 

carried out simultaneously to all depositions on the F75 substrates. In the deposition series with bias 

of -30V and -80V at RT the Si wafers experienced so high residual stresses during the depositions that 

they broke up in pieces during the deposition. The XPS analyzes was still carried out on the remaining 

small pieces of the Si-wafer judged to have been facing the target correctly during the deposition. 

In Figs. 4.4, 4.5 and 4.6, XPS sputter-depth profiles of the sharp (i.e. 4 µm thick) TiN-coating series are 

shown. The change in elemental content for Ti, N and O are measured in intervals of 2 minutes as the 

ion-canon sputters through the samples. Oxygen levels on the surface are always high because of 

surface oxidation once sample is removed from the chamber. The oxygen drops quickly and stabilizes 

at levels far below the oxygen levels at the surface. It is observed that for identical substrate biases 

the oxygen level is lower in the films deposited at 400⁰C compared to the ones deposited at RT. Also 

individual comparison between differing substrate biases at identical deposition temperature show a 

decreasing oxygen content with increased bias with one exception for the film deposited at RT and 

bias of -80V. This film breaks the trend showing slightly higher oxygen content than expected. 

 
Figure 4.4:   Compositional sputter-depth profile of atomic concentration for Ti in the TiN coatings 

(oxygen included in analysis).   
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Figure 4.5:   Compositional sputter-depth profile of atomic concentration for N in the TiN coatings 

(oxygen included in analysis).   

 

Figure 4.6:   Compositional sputter-depth profile of atomic concentration for O in the TiN coatings.  

The results with oxygen discriminated from the measurements are shown in Figs. 5.7 and 5.8. When 

discriminating the oxygen from the measurements the stochiometry is fairly similar between the 

different films. 
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Figure 4.7:   Compositional sputter-depth profile of atomic concentration for Ti in the TiN coatings 

(oxygen discriminated in analysis). 

 

Figure 4.8:   Compositional sputter-depth profile of atomic concentration for N in the TiN coatings 

(oxygen dicriminated in analysis). 
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4.3 Colour and Appearance

TiN is commonly gold coloured with a yellow glow. Photographs were taken of all the HiPIMS 

deposited coatings to illustrate the colour dependence on the deposition temperature and applied 

substrate bias.  It is clear in the pictures that the colour varies a lot between different depositions. 

The colour shifts from brown and copper to the usual gold colour lightly due to the differences in 

oxygen contamination, see sec. 4.2. 

 

(a) Deposited at RT with floating 
substrate bias. 

(b) Deposited at 400⁰C with floating 
substrate bias.    

(c) Deposited at RT with substrate 
bias -30V. 

(d) Deposited at 400⁰C with 
substrate bias -30V.     

(e) Deposited at RT with substrate 
bias -80V. 

(f) Deposited at 400⁰C with substrate 
bias -80V.

Figure 4.9:   Digital photographs of the TiN coated F75 substrates prior to material analysis. 
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4.4   Adhesion measurements 

The adhesion between the TiN-coatings and substrate was evaluated with a CSM Revetest scratch 

tester. Each deposited thin film was scratched three times and the critical loads accounted for are 

the mean value of these three. 

 

Critical loads and failure modes 

The critical loads were defined in sec. 3.4 as LC1 and LC2. To recap LC1 is the point where cohesive 

failure occurs; the coating delaminates but still not exposing the substrate or substantial cracks along 

the scratch track. LC2 is the point where the load causes adhesive failure; the film delaminates leaving 

the substrate exposed. 

 

 

 

 

 

 

 

 

   a                b 
 

Figure 4.10:   Light optical images after scratch testing of a TiN-coating deposited at 400oC with a 

floating bias showing a) cohesive failure, LC1 = 35N and b) adhesive failure LC2 = 82N. 

In scratch testing there are many types of different failure modes. The most common failures have 

been characterized and summarized in a scratch test atlas by CSM Instruments. An example of a 

scratch track is depicted in Fig. 4.10 showing examples of cohesive and adhesive failures. The 

cohesive failure (Fig. 4.10 a) is what may be referred to as lateral gross spallation. The coating has 

cracked internally and a part of it is flaking away due to the load of the diamond tip. The tip 

continues along the coating with increasing normal load and eventually the film starts to delaminate 

from the substrate and bulk material is exposed. This is visible (see Fig. 4.10 b) as lighter green 

(almost white) areas. The green strip in the middle is the compacted coating under the diamond tip 

and the dark blue above and below is the unharmed TiN. Areas in black are to be considered as 

cohesive failures inside the coating.  
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Pre-treatment adhesion evaluation 

The adhesion testing was performed with CSM Revetest scratch tester and the corresponding critical 

loads can be seen in Fig. 4.11. On the basis of seven different pre-treatments it was concluded that 

an interlayer of pure Ti had little or no positive effect on the TiN-coating adhesion. For example, it 

was observed that the coating adhesion for deposition carried out with no pre-treatment at all 

exhibit a reasonably high LC2. However, the LC1 was so low that this was discarded as being a way of 

proceeding. LC1 is an indication of the load where flaking might begin since the cohesive failure is the 

delamination of film from film. This would lead to the presence of flakes in sliding, a substantially 

increase in wear rate and shortening life length of the implant.  

TiN coatings deposited with a pre-treatment bias of -600V exhibit the best critical-load values. 

However, this recipe was not used for two reasons. Firstly, a problem with the DC power supply was 

encountered; at that high substrate bias the arching protection was activated. Secondly, the 

substrates showed a visible pattern most lightly due to etching of the surface-grain boundaries. To 

ensure stable conditions and good coating adhesion a bias of - 450V and a treatment time of 12 min 

was chosen. 

 

Figure 4.11:   Critical loads of the various TiN-coatings in the pre-treatment evaluation series. The red 

and grey columns indicating pre-treatments with a subsequent Ti interlayer deposited in between the 

substrate and TiN-coating. 
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Final deposition; adhesion evaluation 

The adhesion was evaluated with CSM Revetest and the corresponding critical loads can be seen in 

Fig. 4.12.  

 

Figure 4.12:   Critical loads of the various TiN-coatings in the sharp series (4 µm thick coatings) 

presented. 

As can be seen in Fig. 4.12 the critical loads vary a lot with chosen temperature and substrate bias. 

The highest critical load is observed for the TiN-coating depsoited at RT with a floating substrate bias, 

while the weakest adhesion was observed for the coating deposited at RT with an applied substrate 

bias of -80V. The film deposited with dcMS at 400⁰C with a floating substrate bias showed fair 

adhesion if not as high as in HiPIMS-coating deposited with equal settings. A deepened discussion 

over adhesion and the variations in critical loads can be found in Chapter 5.  
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4.5 Morphology investigation 

The morphologies in the coatings are the direct result of the points of operation, e.g., total pressure, 

reactive gas pressure and temperature. Morphologies will in turn affect other properties of the 

coatings such as coefficient of friction and residual stress. The ability to control the energy of 

impinging species with applied substrate bias adds another dimension in tailoring the texture of 

coatings.  

4.5.1 XRD - Phase analysis 

Diffraction patterns of the TiN coatings deposited by HiPIMS and dcMS techniques are shown in Fig. 

4.13 and Fig. 4.14. As can be seen in the Figs. the phase composition of all the coatings is TiN. 

However, the preferred texture varies with applied bias, temperature and deposition technique. The 

TiN coating deposited by dcMS technique exhibited a typical growth mode common for low energetic 

growth of TiN showing distinct {111} orientation. The coatings deposited by HiPIMS showed a 

polycrystalline structure. Orientations with wider lattice spacing become more pronounced when 

temperature or applied substrate bias is increased.  

 
Figure 4.13:   Diffraction patterns for TiN coatings deposited at RT. The applied substrate biases are 

shown in the upper right corners. 
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Figure 4.14:   Diffraction patterns for TiN coatings deposited at 400⁰C. The applied substrate biases 

are shown in the upper right corners. The inset in the panel in the bottom shows the diffraction 

pattern for the coating deposited by dcMS.   

4.5.2 XRD - Residual Stress analysis 

The residual stress levels were analyzed with XRD and are listed in Table 4.1 together with the 

corresponding lattice constants. Measurement intervals were adjusted according to the results of the 

phase analysis where the peaks were shifted due to the stresses in the films. 

There are very high compressive stresses in all of coatings with the exception of the coating 

deposited at 400⁰C with a floating substrate bias. This coating was the only one having tensile 

stresses, which indicates sufficient energy of the incoming particles to allow the species to diffuse 

long enough to find stable sites. The residual stresses in the coatings also affect the lattice constant 

where compressive and tensile stresses compressing or stretching the lattice, respectively.  
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Table 4.1:   Residual stress and lattice constant, a, from XRD residual stress evaluation. 

 RT 400⁰C 

𝜎 [MPa] a [Å] 𝜎 [MPa] a [Å] 

Floating - 9 800 

± 170 
4.24 

+ 200 

± 60 
4.24 

- 30V - 5 200 

± 200 
4.27 

- 7 100 

± 480 
4.28 

- 80V - 10 000 

± 630 
4.29 

- 5 200 

± 150 
4.27 

dcMS 
  

- 7 600 

± 170 
4.23 

4.5.3 SEM - Cross Section 

TiN-coatings on CoCr-alloy (ASTM F75) substrates 

In Fig. 4.15 cross-sectional SEM images of the films are presented. The dcMS film and the HiPIMS 

films grown at RT with a floating substrate bias and with a substrate bias of -30V all show columnar 

growth with a column of about 100 nm. The film grown at RT with a substrate bias of -80V and the 

films grown at 400⁰C with a substrate bias of -30V and -80V all show columnar growth but with 

interrupted and restarted columnar growth. The coating deposited at 400⁰C with a floating substrate 

bias differs substantially from the other having a mixed crystalline texture with interrupted and 

restarted columnar growth and with columns up to 400 nm wide.  

TiN coatings on Si-wafer substrates 

Cross-sectional SEM images of the TiN coatings deposited on Si-wafer substrates are shown in Fig. 

4.16. The columnar growth on Si-wafers appears to be similar to the growth observed for the F75 

substrates. There is, however, an exception for the films deposited with a substrate bias of -80V that 

have a more clear columnar growth in contrast to the coating structure observed for the film 

deposited on the F75 substrates. 

 

 

 

 

 



 

44 
 

 

 
(a) Deposited at RT with floating substrate bias. 

 
(c) Deposited at RT with substrate bias -30V. 

 
(e) Deposited at RT with substrate bias -80V. 

 
(g) Deposited with dcMS at 400⁰C with floating 
substrate bias.

 
(b) Deposited at 400⁰C with floating substrate bias.      

  
(d) Deposited at 400⁰C with substrate bias -30V. 

 
(f) Deposited at 400⁰C with substrate bias -80V.

Figure 4.15:   SEM images of cross sections showing columnar growth and microstructure. All 

coatings deposited with HiPIMS on F75 substrates with exception for (g), deposited with dcMS.  
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(a) Deposited at RT with floating substrate bias.    

 
(c) Deposited at RT with substrate bias -30V. 

 
(e) Deposited at RT with substrate bias -80V.

 
(b) Deposited at 400⁰C with floating substrate bias.     

 
(d) Deposited at 400⁰C with substrate bias -30V.     

 
(f) Deposited at 400⁰C with substrate bias -80V.

Figure 4.16:   SEM images of cross sections showing columnar growth and microstructure. All 

coatings deposited with HiPIMS on Si-Wafers substrates. 
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4.6 Interface investigations 

To sputter away oxides on the substrate surface all substrates were pre-treated for 12 minutes with 

an applied substrate bias of -450V. High energy species impinging on the substrate surface during the 

pre-treatment may as-well roughen the substrate surface and even implant Ti in the bulk material. 

To investigate possible implantation and the effectiveness in oxide removal by the pre-treatment the 

interface was analyzed by FIB-SEM and XPS profiling. 

4.6.1 FIB-SEM  

To investigate what influence the pre-treatment had on the substrates a pre-treatment was made 

according to previously explained recipe with no subsequent coating. The substrate was then 

analyzed with FIB-SEM technology. Figs. 4.17 and 4.18 show cross-sectional SEM images of a pre-

treated F75 substrate. In the overview image in Fig. 4.17 the substrate together with a net deposited 

Ti layer and a protective Pt layer can be seen. Figure 4.18 shows the same cross-section as in Fig. 4.17 

but at a higher magnification. From the Figs. it can be determined that the net deposited Ti-layer is 

about 70 nm thick and that no obvious substrate roughening has taken place.  

 

 

Figure 4.17:   Cross-sectional SEM image of a F75 substrate pre-treated with a substrate bias of -450V 

for 12 minutes. 
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Figure 4.18:   Cross-sectional SEM image of a F75 substrate pre-treated with a substrate bias of -450V 

for 12 minutes. 

4.6.2 XPS depth profile  

The XPS depth profile in Fig. 4.19 was performed to deduce the effectiveness of pre-treatment 

etching by Ti-ions in removing oxides from the surface. The substrate surface is passivated by a new 

oxide layer within seconds after pre-treatment is interrupted. What the XPS profile describes is thus 

the presence of this oxide layer (sputter time = 0 min). Between 1-6 minutes there is a common 

diffusion component of oxides inside a net deposited Ti layer. Beyond this there is a sudden drop in 

oxygen level due to the Ti-ion etching removing the original oxide layer on the substrate. The 

interface is discussed in detail in Chapter 5.  
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Figure 4.19:   XPS depth profile of a pre-treated CoCr-alloy (ASTM F75) substrate showing the Ti and O 

at.conc. [%] investigated at one minute intervals.  

4.6.3 SEM - Polished Cross Section 

The polished cross-sectional SEM images are shown in Fig. 4.20. Polished cross sections do not 

preserve grain and crystal structure as well as mechanically broken cross sections but instead gives 

clearer images of the interface features. 

In all cross sections there is a visible dense columnar growth at the interface in accordance with the 

mechanically broken samples. This is clearly visible in Fig. 4.20 (b). The region appears to differ in 

thickness between the different coatings but is too thick to be the net deposition of Ti from the pre-

treatment. The densification of crystals with increased substrate biases and increasing columnar size 

with increased temperature follows the regular theoretical growth patterns of Thornton diagrams 

[47]. The surface regions correspond readily to the topographies and SEM surface images shown in 

sec. 4.8. An interesting feature is the plug shaped column in the dcMS coating, possibly local 

competitive columnar growth. These were visible throughout the film, which resulted in small islands 

spread out over the surface increasing the roughness of the dcMS coating.    
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a) Deposited at RT with floating substrate bias.   

 
(c) Deposited at RT with substrate bias -30V. 

 
(e) Deposited at RT with substrate bias -80V. 

 
(g) Deposited with dcMS at 400⁰C with floating 
substrate bias.

 
(b) Deposited at 400⁰C with floating substrate bias.     

 
(d) Deposited at 400⁰C with substrate bias -30V.          

 
(f) Deposited at 400⁰C with substrate bias -80V.

Figure 4.20:   SEM images of cross sections from TiN-coated F75 substrates molded in Bakelite.  
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4.7  Corrosion 

The measurements of corrosion resistance were done in Stockholm at KIMAB. Two candidates from 

the TiN coatings were chosen who had showed good adhesion properties. The open potential and 

breakthrough potential was measured with the setup described in sec. 3.6. 

Open Potential 

The open potential indicates how noble a material is and this has some relations to corrosion 

resistance but is not to be considered directly correlating. The open potential was measured and 

stabilized for two hours. The results are shown in Table 4.2. 

 

Table 4.2:   Open potential results for the DC and HiPIMS coating. 

Deposition Bias Temperature Open potential 

dcMS Floating 400⁰C 0.31 V 

HiPIMS Floating 400⁰C 0.10 V 

 

Cyclic Potentiodynamic Polarization 

The test was a standard cyclic potentiodynamic polarization test as described in sec. 3.6. The cyclic 

polarization curves for the dcMS and analyses can be viewed in Appendix together with the plots of 

two typical CVD coated CoCr-alloy substrates (ASTM F75).  

 

Table 4.3:   Break through potential results for the DC and HiPIMS coating.  

Deposition Bias Temperature Break through potential 

dcMS Floating 400⁰C 1.0 V 

HiPIMS Floating 400⁰C 1.1 V 

 

Although the distinctively different morphologies between the specimens there is no distinct 

difference in the breakthrough potential between the HiPIMS coated and the dcMS coated 

substrates.  
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4.8 Surface Roughness and Topography  

In a sliding wear contact the coating surface will articulating against a much softer polymer. It is 

important that the surface is smooth and does not contain large discontinuities since this will affect 

the contacting surface adversely. Wear debris from the polymer will then be introduced in the sliding 

and in turn affect the coating surface finally causing fractures or flaking.  

4.8.1 Pin-on-disk Tribometer 

To investigate the coefficient of friction a common method in thin film characterization is pin-on-disk 

testing. Tests were conducted on all of the TiN coatings deposited by HiPIMS and dcMS. The mean 

value of the coefficient of friction for each of the coatings is presented together with Ra values in 

Fig. 4.21. The tribological plots of coefficient of friction versus sliding time/length can be viewed in 

the Appendix. 

4.8.2 Interferometry 

The surface topography and corresponding Ra value of each coating was investigated by 

interferometry.  

Surface Roughness 

Ra value was measured on three different locations of each deposited coating and the mean values 

are presented in Fig. 4.21. Coatings deposited with an applied substrate bias have low Ra values due 

to continuous resputtering. The high energy ions that bombard the surface during the deposition 

smooth out protruding crystals. Interestingly the coating deposited at RT with a floating substrate 

bias also has very low Ra value even when no high energetic bombardment is present. Due to the 

thin columns the valleys between columnar peaks are especially shallow translating in low Ra. 

Surface Topography 

3D image generations of the surface topography are presented in Fig. 4.22.The coating surfaces from 

depositions carried out at RT with a substrate bias of -30V or -80V suffered from large macroscopic 

defects. This can be seen in, e.g., Fig. 4.22 (c). The topography and the Ra value of these coatings 

must therefore be treated with caution as they may be affected by these defects. Films deposited at 

floating potential had no visual defects on their surfaces but differ largely in their surface roughness. 

The films deposited at 400⁰C with a substrate bias of -30V or -80V have very smooth surfaces and 

low Ra values but in similarity with the films deposited at RT they also suffer from some, if not as 

large, macroscopic defects. 
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Figure 4.21:   Coefficient of friction and Ra values for each TiN coating deposited by HiPIMS and the 

reference coating deposited by dcMS.   

4.8.3 SEM – Surface Images 

Ra value and coefficient of friction are two parameters strongly related to the growth and surface 

structure of the coatings. To illustrate the surfaces structure of the coatings high magnification SEM 

images were taken on each of the coatings. The coatings deposited with floating substrate bias show 

very facetted surfaces. Coatings grown with applied substrate bias of -30V or -80V, i.e. with high 

energy species arriving to the surface during growth, show signs of resputtering and have smoother 

surfaces. In Fig. 4.23 some SEM images with lower degrees of magnification, to illustrate some 

macroscopic surface features, are shown. The surface of the sample that was only pre-treated was 

also investigated by SEM (see Fig. 4.23 (h)). It is discussed and compared further to a virgin substrate 

surface in Chapter 5. 
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(a) Deposited at RT with floating substrate bias. 

 
(c) Deposited at RT with substrate bias -30V. 

 
(e) Deposited at RT with substrate bias -80V. 

 
(g) Deposited with dcMS at 400⁰C with floating bias. 

 
(b) Deposited at 400⁰C with floating substrate bias. 

 
(d) Deposited at 400⁰C with substrate bias -30V. 

 
(f) Deposited at 400⁰C with substrate bias -80V. 

 
(h) Clean F75 surface prior to deposition.  

Figure 4.22:   3D topographic images of the TiN coatings deposited with HiPIMS in (a) – (f). In (g) and 

(h) images of TiN coating deposited with dcMS and clean F75 substrate respectively. 
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(a) Deposited at RT with floating substrate bias. 

 
(c) Deposited at RT with substrate bias -30V. 

 
(e) Deposited at RT with substrate bias -80V. 

 
(g) Deposited with dcMS at 400⁰C with floating bias.

  
(b) Deposited at 400⁰C with floating substrate bias. 

  
(d) Deposited at 400⁰C with substrate bias -30V. 

  
(f) Deposited at 400⁰C with substrate bias -80V.   

 
(h) Pre-treated F75 substrate.

Figure 4.23:   SEM images of surfaces from the TiN coatings deposited with HiPIMS on F75 substrates.  
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4.9 Coating Features 

Figures 4.24 and 4.25 show SEM images that illustrate some particular features in the various 

coatings deposited in this thesis work. Some are considered defects in the coating and some just 

point examples of exciting features of coating surfaces and interface. These coating features will be 

discussed further in Chapter 5 as they support and emphasize some conclusions drawn in this thesis. 

Surfaces 
 

 
(a) Deposited at RT with substrate bias -30V. 

 
(c) Deposited at 400⁰C with floating substrate bias. 

 
(e) Deposited with dcMS at 400⁰C with floating bias.

 
(a) Deposited at RT with substrate bias -80V. 

 
(d) Deposited at 400⁰C with floating substrate bias. 

 
(e) Deposited at RT with substrate bias -80V.

Figure 4.24:   SEM images showing some unusual features from the different TiN coating surfaces.  
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Interfaces 
 

 
(a) Deposited at RT with substrate bias -30V.

 
(c) Deposited at 400⁰C with substrate bias -80V.   

 
(e) Deposited at 400⁰C with substrate bias -80V.   

 
(g) Deposited at 400⁰C with floating substrate bias. 

 
(b) Deposited at RT with floating substrate bias. 

 
(d) Non-coated F75 surface prior to deposition.  

 
(f) Non-coated F75 surface prior to deposition. 

 
(h) Deposited at RT with floating substrate bias. 

Figure 4.25:   SEM images showing the substrate surface post any deposition or pre-treatment in (d) 

and (f). Other images show interface regions and substrate surface below coating.
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Chapter 5 

Discussion 

This thesis work has been performed in three distinct stages. 

 

• Stage 1. Process points and deposition rate 

• Stage 2. Pre-treatment evaluation 

• Stage 3. Sharp series deposition 

 

In stage one a suitable pulse configuration was established in order to provide an acceptable 

deposition rate and plasma conditions. For this purpose a series of TiN-depositions with varied 

reactive gas flow-rate and HiPIMS pulse configuration were performed onto Si-wafers. Some 

observations for these depositions were, increased deposition rate with shorter pulse cycles and no 

observed overstochiometry with flow-rates increased beyond the stochiometric point (see sec. 4.1 

for details). Such a correlation between pulse configurations and deposition rates has also been 

described in detail by S. Konstantinidis et al. [48]. 

 

In stage two a series of different substrate pre-treatments with varied substrate bias and duration 

was evaluated. After the pre-treatments a top coating of 1.5 µm TiN were deposited. In some cases 

an interlayer of 100 nm Ti was also deposited in-between the top coating and the pre-treated 

substrate. Metallic interlayers have shown to have positive effects for adhesion on various steel 

substrates, arising from a combination of chemical gettering and mechanical compliance effects [49]. 

The full details of the pre-treatments are presented in sec. 3.1 and sec. 4.4. To evaluate effectiveness 

of the different pre-treatments the coating adhesion was evaluated by scratch testing. The results 

are discussed in further detail in the section “Coating to substrate adhesion” of this Chapter.  

 

For stage three a recipe for pre-treatment was settled on and a series of six full scale thickness (4 

µm) coatings was deposited with variations in the applied substrate bias during deposition and the 

deposition temperature. The range of substrate bias and temperature resulted in distinct differences 

in the coatings microstructure and material characteristics. The films were finally characterized using 

XRD, SEM, pin-on-disk, scratch testing, interferometry and cyclic potentiodynamic polarization. One 
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reference coating was deposited with dcMS to illustrate capabilities of HiPIMS technique. Bear in 

mind that ionization levels are lower in dcMS why a typical Ar etching was utilized instead of the Ti-

ion pre-treatment preformed previous to the coatings deposited by HiPIMS-technique. The time and 

substrate bias for the dcMS deposition was set to the same temperature and substrate bias as for the 

HiPIMS coating that had showed best adhesion. Thus in no way any optimizations on pre-treatment 

or deposition parameters were performed for the dcMS coating. 

Coating to substrate adhesion 

An important feature of a coating is its adhesion to the substrate. If the coating does not adhere well 

to the substrate other properties, even if excellent, will not matter. There are always native oxides 

and other pollutions that reside on the substrate surface having negative influence on the coatings 

ability to adhere to the substrate [8, 9]. Previous work has been done evaluating HiPIMS as a 

technique for pre-treatment of substrates to enhance adhesion of thin films. An example is a study 

by M. Lattemann et al. where they shown that applying a negative substrate bias is an effective way 

in cleaning the substrate surface of native oxides and pollutions [10]. HiPIMS plasma contains large 

amount of metal-target ions up to > 90% has been recorded [24]. By applying high substrate bias the 

ions are accelerated toward the substrate effectively sputtering away oxide and pollutions residing 

on the substrate. With large enough biases even implantation of metal-target ions into the substrate 

has been detected thus forming a gradual transition in composition and properties between 

substrate and coating [28, 29, 30]. Commonly the critical load reported is LC2, an example of such a 

scratch point can be seen in Fig. 5.1. 

 

 
 

 Figure 5.1:   Adhesive failure (LC2) in 1.5 µm thick TiN-coating, pre-treated at substrate bias of -600V 

for 60min. The light blue area is the exposed substrate under the coating (appearing green in this 

figure). 
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However, in medical implants both LC1 and LC2 are of importance. LC1 is an indication of the load 

where flaking might begin, cohesive failure is the internal fracture within the coating. This may 

promote the presence of flakes in sliding, increasing wear rate substantially and shortening the life 

span of the implant. 

Within this study an extensive adhesion characterization study was done to evaluate a proper pre-

treatment recipe for the following series of full size (4 µm thick) coatings. Seven different pre-

treatments were performed to evaluate adhesion, pre-treatment time, applied substrate bias, and Ti-

interlayer versus no Ti-interlayer. The steps are in detail described in sec. 3.1 and also summarized in 

Fig. 5.2 in a schematic process flow chart over steps involved in each deposition. 

 
Figure 5.2:   Deposition steps in the pre-treatment evaluation. Step three above was skipped in all 

pre-treatments where no interlayer was deposited. The bias was varied between, floating, -300V, -

450V and -600V. The pre-treatment time was varied between t = 0 min, 12 min, and 60 min.  

Pre-treatment evaluation 

The adhesion between substrate and coating was strongly influenced by the initial pre-treatment of 

the substrate. The critical load varied between 7N and 34N depending on the pre-treatment time and 

substrate bias. The critical loads from adhesion evaluation by CSM Revetest may be studied in detail 

in Fig. 4.11. 

Both the pre-treatments performed with a substrate bias of -600V and -450V resulted in good 

coating adhesions. The native oxide layers are presumed to have been sputtered away by the high 

energy ion bombardment. 

Heating phase:
Substrate T = 

400⁰C
Target power = 

600W
Time = 10min

Shutter = closed

Pretreatment 
phase:

Substrate T = 
400⁰C

Target power = 
800W

Time = Xmin
Bias = Y

Shutter = open

Interlayer phase:
Substrate T = 

400⁰C
Target power = 

800W
Time = 17 min
Shutter = open

Deposition 
phase:

Substrate T = 
400⁰C

Target power = 
800 W

Time = 3,5 h
Shutter = open

N2-flow = 4 sccm
Bias = -50V
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The substrates pre-treated with a substrate bias of -600V showed distinct grain boundary etching of 

the substrate visible even through the TiN coating. Such a high energetic bombardment clearly had 

sputtered away bulk surface material as described by C. Schönjahn et al. [30].Thus it may also have 

induced lattice defects and strain in the substrate interface [27].  

The pre-treatments done at -300V showed poor adhesion both with and without a Ti-interlayer. The 

interface investigation carried out at of the pre-treatment done at -450V showed a net deposited 

layer of Ti during the pre-treatment stage (not the intentionally deposited interlayer) it is reasonable 

to assume that this is also the case for a bias of -300V. Since the pre-treatment time at -300V was 60 

minutes the layer would lightly have been much thicker than the 77 nm which was measured for a 

substrate bias of -450V (see in sec. 4.6). This net deposited Ti layer and insufficient sputtering 

removal of native oxides are the reasonable cause for the low adhesions for coatings with a substrate 

pretreated at substrate bias of -300V. With no pre-treatment before deposition the LC2 was 

reasonably high. However, the LC1 was so low that it could be considered confirmed that pre-

treatment was favourable.  

Our choice of pre-treatment 

The final decision of which substrate bias to apply and for how long was made on the basis of 

esthetical appearance and the stability of the pre-treatment conditions. A substrate bias of -450V for 

duration of 12 min was chosen. Notable is that if the esthetical appearance of etched grain 

boundaries had been accepted even better adhesion results might have been achieved. In fact the 

grain boundary etching is an indication that depositions might have moved into the zone of net 

roughening of the substrate. This may provide an increase in effective contact area between 

substrate and coating at the interface known to be beneficial for adhesion [50]. 

Sharp series adhesion 

Now settled on the recipe for pre-treatment an extensive coating series was deposited with widely 

varied settings for deposition-substrate bias and deposition temperatures (UB = Floating, -30V and -

80V, and with, T = RT and 400⁰C).  

There is one important deviation between the depositions made at RT and 400⁰C to remember. To 

avoid making it necessary stabilizing the temperature between pre-treatment and deposition, the 

pre-treatments were also performed at deposition the temperature to be used during deposition. 

Thus coatings deposited at RT and 400⁰C were pre-treated with different pre-treatment 

temperatures. Also the initial heating phase was skipped for the depositions made at RT. All 

depositions are described in detail in sec. 3.1. 
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The critical loads measured in scratch testing are in details presented in Fig. 4.12. There are two 

distinct trends that emerge: 

Firstly, all coatings deposited at 400⁰C experience both better cohesive and adhesive critical loads 

than the coatings deposited at RT with identical substrate bias.  

Secondly,

Temperature influence on adhesion 

 the applied substrate bias during deposition is observed to be influential for adhesion 

between coating and substrate. 

The seemingly dependence on deposition temperature is assumed be a false observation. It is not 

the deposition temperature but instead the pre-treatment temperature that causes lower adhesion 

in the coatings deposited (and pre-treated) at RT. U. Helmersson et al. have described the 

temperature’s influence during the pre-treatment stage for the deposition of TiN coatings on high-

speed steels [51]. The increased adhesion is attributed to the elevated temperature that causes the 

decomposition of the native iron oxides, which are then more easily removed by the pre-treatment 

sputtering of the substrate. On our CoCrMo (F75) substrates the prominent oxide is Cr2O3 and it is 

suggested that elevated temperature will promote the removal of oxides during pre-treatment either 

by decomposition or the by temperature added surface energy.  

Substrate bias influence on adhesion 

High energetic ion bombardment (by applying substrate bias) is known to lead to the continuous 

build up of compressive stress in the coatings [27]. Some compressive stress may even be positive for 

coating adhesion, fatigue and wear rate [52, 53]. 

Best values for adhesion were found in the coatings deposited with a floating substrate bias, 

followed by the coatings deposited with a substrate bias of -30V. The lowest adhesions were 

achieved at the applied substrate bias of -80V. In Table 5.1 the residual stress values are presented 

together with the critical load. Even if the correlation between substrate biases is not directly 

correlated it as concluded that compressive stress in the range of 5-10 GPa will have a negative effect 

on the coating to substrate adhesion.  

 

Table 5.1:   Summary of adhesion and residual stress in the HiPIMS deposited TiN-coatings. 

 RT (100⁰C) 400⁰C 

σto [GPa] Adhesion LC2 [N] σto [GPa] Adhesion LC2 [N] 

Floating -9.8 22.9 0.2 81.7 

-30V -5.2 8.3 -7.1 14.6 

-80V -10.0 7.0 -5.2 13.5 
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The exception is the coating deposited at RT and with a floating substrate bias. It experienced very 

high compressive stress and even so it showed fair adhesion to substrate although it had not 

benefited from elevated temperature during pre-treatment. An expanded model of explanation for 

adhesion must apparently include microstructure, texture and structural misfit between substrate 

and coating [52]. 

Taking one final look at the morphology in Fig. 4.16 and, it is evident that all coatings with poor 

adhesion (<20N) are very dense and have lattice defects with interrupted columnar growth caused by 

high energetic bombardment.  

A final factor effecting adhesion (not investigated in this thesis work) might include texture crossover 

in the interface vicinity causing stress gradients in the coatings influencing the coatings adherence 

[54, 55]. 

Texture analysis 

Preferential orientation or texturing occurs during the deposition of coatings and is generally either 

thermally or kinetically driven. Research has also shown a correlation to preferential orientation by 

reactive gas pressure and residual stress [56, 57].  

In our reference coating deposited with dcMS the texture was distinctively of {111} orientation. A 

high degree of {111} orientation is common with dcMS depositions of TiN-coatings with little or low 

substrate biases applied and a T<450⁰C [58,59].  

For the TiN-coatings deposited in this thesis by HiPIMS-technique there are two trends that appear. 

They are in fact very good illustrations of the influence of adatom mobility. With increased bias or 

with elevated deposition temperature the preferential orientation is altered from a texture similar to 

dcMS to other orientations requiring higher adatom mobility of the impinging species. Examining the 

XRD analysis of the coatings deposited at RT with floating substrate bias show a very distinct {111} 

orientation. The diffusion length on (111) surfaces is significantly shorter than, e.g., (200) surfaces 

[60]. Together with a low chemical potential on the (111) orientated crystals this is the reason for the 

{111} texture. When a substrate bias of -30V is applied the adatom mobility and thus the impinging 

species ability to diffuse will increase. By increasing the bias further to -80V the texture shift is 

apparent and a small (220) peak is observed. At this substrate bias it is besides further increased 

adatom mobility also probable that resputtering is influencing the texture of the coating. The {111} 

planes in a face cantered cubic crystal lattice (TiN) exposes its densest packing of atoms rendering it 

prone to resputtering [61]. Thus more of grains with {111} orientation is resputtered as the coating 

grows favouring other orientations such as (220). 
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In the same way as coatings deposited at RT, coatings deposited at 400⁰C experiences a shift in 

texture with applied substrate bias. Peaks indicating growth in the (311) orientation are observed. 

There is, however, one anomalous for the coating deposited at 400⁰C with floating substrate bias 

where the XRD-analysis shows strong (220) signal and very weak {111} contribution. This extreme 

texture is in part attributed to the competitive growth and very porous character of the coating. 

Furthermore, Hultman et al. have showed that for energies of the impinging species below 20eV the 

texture is determined by the metal to ion ratio [62]. Within our study the floating bias was measured 

in situ to approx. -7.5V, i.e. the energy of the majority of the impinging species was below this 

suggested threshold of 20 eV. But still a strong (220) texture is detected and the adatom mobility is 

apparently enough to diffuse into this orientation. Thus the anomalous texture for this coating is 

proposed to also be influenced by metal to ion ratio (not measured in this thesis work) in the HiPIMS 

discharge. 

Microstructure analysis 

A common way of interpreting and predicting the microstructure of coatings are by use of a so called 

Structure Zone Diagram (SZD) [47]. To explain microstructure development in the new deposition 

techniques an expanded SZD was proposed by Andre’ Anders taking into accounts the special 

features of IAPVD and HiPIMS [36]. An SZD is in no way an exact map of microstructure evolution in 

thin film manufacturing but is instead a useful tool in explaining in a simplified manner what might 

be expected when elaborating with parameters in the deposition process. The SZD is described in 

detail below and the model can also be seen in Fig. 5.3. 

A common feature in TiN grown by PVD is competitive between the (200) orientation and (111) for 

approximately 100 nm above the substrate before settling on a preferential growth direction. This 

growth phase is seen as a darker band at the bottom of our TiN-coatings. One exception is the 

coating deposited at 400⁰C with floating substrate bias (compare, e.g., Figs. 4.20 (a) and (b)). It shows 

a columnar structure up to approx. 700 nm where it enters competitive growth. Both the coating 

deposited at RT with floating substrate bias and the coating deposited at 400⁰C with floating 

substrate bias may be placed in zone1 of the SZD. They coincide well with what might be expected in 

this region i.e. porous tapered crystals with intergranualar voids at RT and more inhomogeneous V-

shaped columns at 400⁰C. This growth change is explained by the thermally activated surface 

energies but with limited grain boundary diffusion resulting in the competitive growth seen in Fig. 

4.15 (b). 

The microstructure evolution at RT with a substrate bias of -30V takes place on the border of zone 1 

and zone T. The columnar structure is, however, slightly wider due to an increased adatom mobility 

explained by the higher substrate bias. This leads to larger grains in the initial stage which then leads 
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to the formation of wider grains in average throughout the film, Fig. 4.15 (c). Raising the temperature 

to 400⁰C with substrate bias of -30V, Fig. 4.15 (d), the adatom mobility is high enough to cause lattice 

defects and interruptions in the columnar growth which is then restarted and produce the densely 

packed fibrous grains that can be found in zoneT. 

 
 

Figure 5.3:   An extended structure zone diagram (SZD) including plasma- based deposition and ion 

etching applicable to energetic depositions.  

The columnar structure evolved for the coating deposited at RT with a substrate bias of -80V, Fig. 

4.15 (e) is may also be placed in zone T. Microstructure evolution is due to the same mechanisms as 

for the film deposited at -30V. However, the adatom mobility stems in larger degree from substrate 

bias than temperature. Finally, the coating deposited at 400⁰C with substrate bias of -80V is pushed 

over in to zone 2 where columnar grains re-appear since the surface diffusion balances well with the 

grain boundary diffusion and provide conditions for columnar grains. This film is proposed to border 

this region and therefore some fibrous composition still remains dominant but at surface images it is 

clear that the film is in zone2.  

Residual stress analysis 

Residual stress analysis was performed on all seven coatings with X-Ray diffraction. For six of the 

coatings the residual stresses were found to be compressive. The coating deposited at 400⁰C with 
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floating substrate bias instead showed low values of tensile stress. The residual stresses in thin films 

derive in majority from two components, intrinsic stresses from lattice defects and ion/atom peening 

plus a thermal contribution due to differences in thermal expansion coefficient between substrate 

and the coating. Under the assumption of elastic isotropy, an infinite thick and lateral extended 

substrate, a biaxial stress state with equal normal stress components in the layer. And also no 

relaxation by plastic deformation either in the substrate or in the coating itself, the thermally 

imposed residual stress may be estimated by, 

 

                                                             𝜎𝑡ℎ  =  𝐸
1− 𝑣𝑓

(𝛼𝑠 − 𝛼𝑓)(𝑇𝑟 − 𝑇𝑠)                                            (eq. 5.1) 

 
 

where αf and αs are the thermal expansion coefficient of the film and substrate, respectively, E and v 

are the Young's modulus and Poisson coefficient of the film, respectively [53].  

For TiN, αf = 9.4 x 10-6 [⁰C-1], E = 600 [GPa] and vf
 = 0.25, was used from [63]. In the depositions 

performed at RT the substrate temperature rose to approx. 100⁰C due to energetic bombardment. 

For CoCrMo, αf (100⁰C) = 11 x 10-6 [⁰C-1] and αf (400⁰C) = 12.65 x 10-6 [⁰C-1], was used from [64]. The 

temperature differences that may arise due to the variations in applied substrate bias was negligible. 

The thermal stresses at RT and 400⁰C was calculated with eq. 5.1 to be, 

𝜎𝑅𝑇  =  −0.1 𝐺𝑃𝑎 

𝜎400⁰𝐶  =  −1.0 𝐺𝑃𝑎 

With these estimates of thermal stress contribution an analysis of the intrinsic contribution to 

residual stress can be made. To show exclusively the intrinsic stress present in the coatings the 

thermal stress contribution is subtracted and the stress contributions are presented individually in 

Table 5.2. 

 

Table 5.2:   Residual stress presented with thermal contribution and intrinsic contribution separated. 

 RT 400⁰C 

 Total 

[MPa] 

Thermal 

[MPa] 

Intrinsic 

[MPa] 

Total 

[MPa] 

Thermal 

[MPa] 

Intrinsic 

[MPa] 

Floating -9 800 -100 -9 700 +200 -1 000 +1 200 

-30V -5 200 -100 -5 100 -7 100 -1 000 -6 100 

- 80V -10 000 -100 -9 900 -5 200 -1 000 -4 200 

dcMS    -7 600 -1 000 -6 600 
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As reported by M. Biewalski, residual stress builds up continuously with increasing film thickness 

[52]. Dependence on deposition pressure has also been correlated to residual stress by Abadias et al. 

[65]. They found lower deposition pressure lead to a change from tensile stress build up to 

compressive stress build up. Under energetic bombardment, i.e. with applied substrate bias, lattice 

defects and implantation of interstitial ions often leads to compressive stress in hard coatings [53]. 

Examining the intrinsic stress contributions this seems to be the case in our coatings. The trend is, 

however, less rigidly linear and with one major anomalous. The film deposited at RT with floating 

substrate bias is discussed in more detail further down in this section. 

Both of the depositions performed with floating substrate bias was in Texture analysis above 

estimated to contain impinging particles with in average kinetic energy below <23eV which has been  

described by Abadias et al. as the threshold energy for inducing compressive stress build up rather 

than tensile stress build up in TiN-coatings [65]. Still these films experience high compressive stresses 

and the explanation may lie in, the high energy tail in the HiPIMS plasma [66]. Also ions accelerated 

to the target may be reflected back as high energetic neutrals towards the substrate [67, 68]. Even 

though the bias is kept floating, the energy flux during the pulse on-time induces a substrate bias of 

approx. -7.5V. This may accelerate portions, i.e. the high energy tail, of the ions to energy levels high 

enough to induce compressive stress. 

Applying the growth mechanism (described above) to the TiN-coating deposited at 400⁰C with a 

floating substrate bias it should exhibit compressive stresses. However, tensile stresses were 

measured. This deviation from the theory is explained by the coatings very porous structure which 

may contribution to the low residual stress. The intergranular voids influence grain interactions, i.e. 

the film coalescence through these regions and would provide a tensile contribution [69].  

There are two other coatings that break out from the trend of increasing compressive stress with 

higher applied substrate bias, the coating deposited at RT with substrate bias of -80V and the coating 

deposited at 400⁰C with substrate bias of -30V. The microstructure in these coatings reveals them to 

reside in zone T, of the SZD in Fig. 5.3, where energies of impinging particles and temperature 

coincide to produce surface diffusion and grain boundary diffusion conditions resulting in higher 

intrinsic stress contributions than coatings in zone 1 (UB = -30V, T = RT) and zone 2 (UB = -80V, T = 

400⁰C). Another contributing factor is textural differences between these four coatings. The coatings 

that were deposited with, UB = -30V, T = RT and UB = -80V, T = 400⁰C have a polycrystalline growth in 

the (111) and (200) orientations whereas coatings deposited with, UB = -30V, T = 400⁰C and UB = -

80V, T = RT have a preferred (111) texture. G. Abadias et al. describes higher stress contributions 

found in grains residing in (111) orientation [70]. Other researchers have instead described the (200) 

orientations as “opening channelling directions” prone to stress evolution [71, 72]. It may be the case 
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that residual stress evolution rate along planes are dependent on the average energy of impinging 

particles.  

Corrosion analysis 

Electrochemical investigations were performed on two of our coatings, the HiPIMS coating deposited 

at 400⁰C with floating substrate bias and the coating deposited with traditional dcMS at the same 

temperature and floating substrate bias.  

First the open potential of the two samples was evaluated indicating the how noble the materials 

are. The coating performed with HiPIMS showed an open potential of 0.10V versus 0.31V for the 

dcMS coated substrate, indicating the HiPIMS coating to be somewhat nobler than the dcMS-coating. 

Secondly the coatings were evaluated on breakthrough potential by CP testing. The HiPIMS coating 

showed a slightly higher breakdown potential i.e. 1.1V versus 1.0V of the dcMS-coating. This is an 

indication of an only slightly better corrosion resistance in the HiPIMS coating than the reference 

coating deposited by dcMS. In other studies comparing TiN-coatings deposited by dcMS on PIM 316L 

(stainless steel) against non-coated PIM 316L the protective properties of TiN were also modest [73]. 

If comparing SEM images of the cross sections and the surfaces of the HiPIMS and dcMS coatings 

there is an indication of the reasons for the similar corrosion resistance in the two distinctively 

different coatings. The HiPIMS coating has a very porous structure, see Fig. 4.23 (b), in comparison 

with the dcMS coating that exhibit a decently compact structure, see Fig. 4.23 (g). The intergranular 

voids in the HiPIMS coating are good points for corrosion attack by galvanic corrosion. The difference 

in electrochemical potential between coating and bulk material will when an electrolyte is introduced 

(Hank’s solution in this case) begin transport of electrons between coating and bulk material with 

pitting corrosion in the bulk material as a result. The dcMS coating must have other features 

promoting corrosion attack. If examining the surface of the dcMS, see Fig. 4.24 (e), a high degree of 

local defects visual as islands on top of the coating can be seen. These will be good points of 

corrosion attack thus reducing the breakthrough potential to levels comparable to the HiPIMS 

coating.  

Surface roughness and topography 

As can be observed in surface and cross-sectional SEM images (see Fig. 4.15, Fig. 4.16 and Fig. 4.23) 

there are distinct differences between the coatings morphologies.  

With a floating substrate bias the adatom mobility (particle energies) is low promoting porous 

coatings which can be observed in Fig. 4.24 (c) and Fig. 4.24 (d) [35]. This also promotes the facetted 

crystal growth that can be seen in Fig. 5.3 (zone1) resulting in rough surfaces. From the SEM images 

of the surface it can be deduced that both depositions were made in zone1 of the SZD [36]. The 
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deposition at 400⁰C is estimated to have taken place at T* = 0.2. Valleys between the crystals are 

deeper than between the thinner columns of the film deposited at RT which is also evident in the 

WYKO evaluation of Ra values accounted for in Fig. 4.21. 

With an applied substrate bias of -30V the increase in adatom mobility promotes densification of the 

coating. Substrate bias increases resputtering rate, i.e. continuous etching of the surface acts parallel 

to the deposition and renders a smooth surface. The SEM images of the surfaces in Fig. 4.23 (c) 

suggest the deposition at RT took place in zone1 of the SZD whereas the extremely smooth surface 

seen in Fig. 4.23 (d) lacking any columnar peaks is characteristic of zone T and indicates the 

deposition at 400⁰C took place there. 

With an applied substrate bias of -80V the resputtering is further increased and very smooth surfaces 

are produced reflected by the Ra values presented in Fig. 4.21. The surface image in 4.23 (e) suggests 

the deposition at RT took place in zone T. But the increase in deposition temperature from RT to 

400⁰C renders a visible return of columnar peaks in Fig. 4.23 (f). This is not a return to zone1 but 

instead the ion bombardment and deposition temperature places this deposition in zone2 in the SZD. 

Here, the columnar peaks reappear but if the temperature was further increased they would again 

disappear when the deposition entered zone3. Notable is that for films deposited at RT with 

substrate bias -80V and -30V macroscopic surface defects were frequent illustrated by Fig. 4.24 (e) 

even if excluding the self-peeling effects (due to residual stress). At the elevated deposition 

temperature (400⁰C) defects were much less frequent. This is attributed to thermal stresses (tensile) 

acting as a balance to high ion bombardment induced compressive stresses.  

In sec. 4.8.1 the tribologic investigation was presented. The tribological experiments were carried out 

to evaluate coefficient of friction, wear and debris characteristics. A sliding distance of 200m was 

used and as opposing contact surface the very same material (UHMWPE) used in medical implants 

was used. It is easily assumed that coefficient of friction should correlate well with the Ra value but 

this was not the case in our experiments. There are big differences in coefficient of friction in-

between coatings having approximately the same Ra value, e.g., the coating deposited at RT with 

floating potential and the coating at 400⁰C with substrate bias -80V. Although their Ra values are 

virtually identical the coefficient of friction (Fig. 4.21) is three times higher for the coating deposited 

at RT with floating substrate bias. This is attributed to microstructure differences, e.g., the coating 

deposited at RT have very facetted peaks rendering high tangential resistance compared with the 

much more rounded peaks of the coating deposited at 400⁰C with substrate bias -80V. Other aspects 

affecting coefficient of friction are macroscopic defects, e.g., the islands of local competitive growth 

creating islands of facetted structures on top of the dcMS coating, also showing a high coefficient of 

friction. The assumption is also supported by the friction curves shown in the Appendix. Coatings 
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with facetted columnar peaks (RT and 400⁰C with floating substrate bias and the dcMS coating) start 

off with a gradually decreasing coefficient of friction with increasing sliding distance, i.e. the facetted 

peaks are being grinded down and the surface is becoming smoother. Coatings deposited with 

applied substrate bias already possess rounded or no columnar peaks due to ion bombardment. 

Those coatings fluctuate around their mean value from the start or even start collecting wear debris 

resulting in noisy plots. A similar behaviour has been described by A.P. Ehiasarian et al. who 

performed pin-on-disk investigations on HiPIMS deposited CrN-coatings [74]. If the sliding distance of 

the faceted coating tests were continued presumably the coefficient of friction would find its minima 

somewhere meeting the competing process of wear debris being collecting influencing the tangential 

force. 

Composition, Colour and appearance analysis 

In any method for deposition of TiN it is impossible to avoid O contamination of the coatings. Oxygen 

will always be present due to, impurities of the sputtering and reactive gas and residual water inside 

the chamber.  

When discriminating the oxygen content all depositions proved approximately stochiometric 

relations between Ti and N [at%]. The atomic concentrations range from 51.5/48.5 – 53.5/46.5 [at%] 

in Ti/N [at%], see Fig. 4.7 and Fig. 4.8. Differences in compositions are attributed to the oxygen 

contamination in the samples. When oxygen is present it will form compounds with Ti effectively 

hindering N to react with the Ti. The result when discriminating oxygen from the composition 

analysis will be a larger degree of Ti in the coating but this is only due to the oxygen contamination 

during deposition. So under which conditions does oxygen contaminate the TiN-coatings? 

There are two distinct trends. Firstly, with increased temperature, e.g., coatings deposited at 400⁰C 

contain less oxygen than coatings deposited at RT. This is attributed to the fact that coatings 

deposited at elevated temperature grow with wider columns. There will be fewer columnar 

boundaries for diffusion of oxygen to take place. At 400⁰C residual water in the chamber is also more 

effectively vaporized and removed by pumping than in the case of series deposited at RT. Secondly 

with increased substrate bias the oxygen content in the TiN-coatings decreases. With higher 

substrate bias the morphology of the coating changes and in some cases interrupted columns will act 

as diffusion barriers. Activation energy for formation of oxides TiMX (where M is the reactive gas) is 

also lower for oxygen than nitrogen [75]. With increased substrate bias the supplied energy by ion 

bombardment will contribute to overcoming the activation threshold for formation of TiN.  

The colour in all the deposited coatings differs noticeably. From the usual gold color of TiN to the 

brownish copper was observed (see Fig. 4.9). This is assumed to be related to the differences in 

oxygen content and crystal texture. The correlation between oxygen content and colour has been 
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described in works by V. D. Kal’ner et al. [75]. Differences in porosity and the facetted surfaces of the 

films deposited at room temperature alter the reflectivity of the coating and may also contribute to 

shifting colors. 

One interesting final observation was the absence of overstochiometry even with an N2 as high as 10 

sccm (see sec. 4.1). Even at N2 flows well above the stochiometric point the coating still retained 

stochiometry, possibly related to the extraordinary properties of the HiPIMS discharge [76].  

Interface 

FIB-SEM and XPS investigation of a substrate exclusively exposed to pre-treatment showed a Ti layer 

deposited during pre-treatment but no implantation in the substrate was observable with this 

technique. Since our pre-treatment conditions obviously provide a net deposition the pre-treatment 

reside on the left side of the border between net deposition and etching in the SZD in Fig. 5.3. 

Therefore, no implantation would occur. SEM images of the surface (see Fig. 4.23 (h)), showed that 

nucleation had not occurred therefore no epitaxial growth of the TiN layer onto the Ti layer would 

take place, i.e. there is no crystal structure to mimic.  

In SEM images of cross sections from the final series a “fish scale” pattern can be observed beneath 

the TiN coating, in surface images of non-coated F75 substrates this pattern is not observed, see Fig. 

5.4. So the pattern below the coating is attributed to the pre-treatment and/or interactions between 

the substrate and TiN-coating. It could also be indications of substrate surface roughening known to 

promote mechanical interfaces providing superior adhesion [37]. 

 

 

         
(a) Deposited at RT with substrate bias -30V.                  (b) Pre-treated and non-coated F75 surface prior  

                                                                                       to TiN-coating deposition. 
 

Figure 5.4:   Interface illustrations by SEM surface images of coated (a) and non coated (b) substrates. 
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Chapter 6 

Conclusions 

The investigation of deposition of TiN coatings on CoCr-alloy (ASTM F75) in this thesis work has been 

an exploration of the possibility of improving the surface properties of the CoCr-based medical 

implants by using the HiPIMS-technique. The work was divided into three major parts: initial process 

development, i.e. determining points of operation and optimization of deposition rate,an extensive 

evaluation of pre-treatment recipes, and finally, deposition of a sharp series of 4 µm thick TiN 

coatings, characterized on a few selected properties.   

 

Composition analysis of the coatings was carried out throughout all stages of the thesis work by XPS. 

The sharp series showed decreased oxygen content with higher (i.e. more negative) substrate bias 

and increased temperature. The colour of the coatings varied from golden to more brownish. The 

variance in colour is loosely correlated to the oxygen and more strongly affected by features such as 

porosity and densification of the coatings. 

The influence of pre-treatment by Ti-ion etching was thoroughly investigated. The positive effect of 

the pre-treatment for the adherence of the TiN-coating is indisputable in comparison with 

depositions made on substrates with no pre-treatment. The pre-treatment was studied by changing 

the time and applied bias. It was found that the pre-treatment time could be rather short. As a 

matter of fact it was found that 12 minutes was enough to achieve good TiN-coating adhesion. 

Furthermore, it was found that an applied substrate bias of -450V etched away the native oxides on 

the substrate surface. That bias was, however, not high enough for roughening or implantation 

instead a net layer of Ti was deposited. It was concluded that the -450V bias resulted in good 

adhesion in contrast to a lower bias of -300V. The highest applied substrate bias was -600V, which 

gave rise to substrate surface roughening. With this bias an even higher TiN-coating adhesion was 

achieved than for substrate bias of -450V and -300V. However, a bias of -600V resulted in extensive 

grain-boundary etching of the substrate. In the experimental series the effect on the TiN-coating 

adhesion was also studied by an additional thin layer of metallic Ti, which was deposited after the Ti-

ion etching step. This extra Ti layer was not beneficial for the TiN-coating adhesion. 

For a fixed recipe for the pre-treatment it was found that the TiN-coating adhesion was strongly 

influenced by the substrate bias. It was concluded that a floating potential promoted adhesion rather 
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than an applied bias of -30V or -80V. Furthermore, an elevated temperature during the TiN-coating 

deposition or the pre-treatment (see chapter 5) were beneficial for coating to substrate adherence. 

There was a widespread span of texture characters between the deposited coatings. For example, an 

increased deposition temperature and applied substrate bias (i.e. more negative) promoted adatom 

mobility, which was observed to both effect coating texture and morphology. The possibility to 

increase adatom mobility with increasing substrate bias brings a new dimension to PVD coatings. It 

renders the possibility to deposit coatings at lower temperatures thus preserving the bulk material 

properties. This tuning of the bias may also serve as a method of controlling the residual stress in 

coatings. The TiN-coatings deposited within this thesis work exhibited generally large compressive 

stresses which is common for coatings deposited with IPVD-technique. There was, however, an 

exception. The TiN-coating deposited at 400⁰C with floating substrate bias experienced small levels 

of tensile stress. Clearly, this opens up for the possibility to design the residual stress level by using 

HiPIMS-technique.  

Also the coatings’ microstructure varied depending on the set process parameters. For example, 

wide columns with intergranular voids where observed in the TiN-coatings deposited at 400oC, while 

a temperature of RT and a substrate bias of -30V resulted in narrow dense columns growing 

uninterrupted from bottom to top of the coating.  

The deposited TiN-coatings showed very homogenous coating surfaces. It was found that the 

topography of the coatings was highly affected by the deposition temperature and substrate bias. 

With an applied substrate bias of -30V and -80V the surface of the coatings was very smooth due to 

re-sputtering by impinging high energy species. For the coatings deposited with a floating substrate 

bias there is a more facetted surface. This change in topography also affected the tribological 

response where surfaces with facetted-columnar peaks showing higher coefficient of friction. The 

coefficient of friction in the coatings was thus more affected by the surface morphology than the 

particular smoothness value (in terms of Ra value). 

One of the HiPIMS coatings was investigated together with the dcMS coating on corrosion resistance. 

They had both been deposited at 400⁰C and with floating substrate bias. Although very dissimilar 

morphology they showed approximately the same corrosion resistance evaluated in breakthrough 

and open potential.  

In conclusion this investigation shows that TiN-coatings can be successfully deposited in CoCr-alloys 

by HiPIMS-technique. It was found that the pre-treatment settings strongly affected the coating 

adhesion. Furthermore, it was possible to tune the texture and residual stress level of the TiN-

coatings by changing the bias and deposition temperature. 
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Chapter 7 

Future Outlook 

This thesis work has been an exploration of the possibilities to achieve high performance coatings of 

TiN deposited by HiPIMS-technique onto CoCr-alloy substrates (ASTM F75). Many interesting results 

have been attained within the thesis. However, there are several areas that can be studied further to 

gain a deeper understanding of the HiPIMS-process influence on the coating properties. Below are a 

few ideas on where fruitful research might be carried out. 

Residual stress 

In many of our coatings the residual compressive stress exceeded 5 GPa, which acts adversely to the 

coating adhesion. It was found that the process parameters strongly influenced the actual value and 

some more work focused on reducing the compressive stress could surely improve coating to 

substrate adhesion. 

Abadias et al. has found that increased gas-process pressure will provide a shift from compressive 

stresses to tensile [55]. However, since increased pressure effects deposition rate adversely there 

will be a trade-off if pursuing this route. 

Furthermore, since the thermal expansion coefficients in the coatings are dependent on the coating 

morphology and densification, a mapping of the thermal expansion coefficient could provide a more 

detailed knowledge about the thermal stress contribution to residual stress in the coatings.  

Adhesion optimization (pre-treatment and deposition parameters) 

In this thesis work the substrates were polished prior to deposition. The influence of substrate 

topography on coating adhesion has been described by W. Pracht et al. [77]. By using HiPIMS-

technique the substrate topography may be roughened by etching during pre-treatment. This is one 

of the paths that may be pursued within an extended investigation about pre-treatment 

optimization.  

D. Jädernäs has in a thesis work shown that post-deposition annealing has a significant effect on 

properties in CrN coatings on High-speed steel substrates [78]. He showed that annealing the 

coatings at ~630⁰C for 2h had positive effects on the coating adhesion. CrN coatings and TiN coatings 

share many properties and it is reasonable to suspect similar behaviour after post-deposition 

annealing of TiN coatings. 
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In medical implant applications both the LC1 and LC2 are of high importance as described in chapter 5. 

Coatings of TiN have been deposited by ion plating onto nitrided low alloy steel by H. –J. Spies et al. 

[26]. They showed that good coating adhesion could be achieved with small differences between LC1 

and LC2. Following their work hardening of the CoCr-alloy substrate by, e.g., nitriding and its effects 

on the coating adhesion (primary LC2) could be investigated.  

Deposition rate 

André Anders has done an extensive work on the relationship between deposition rate and 

economics of HiPIMS [11]. In order to increase the deposition rate to achieve economically feasible 

levels (i.e. as short deposition time as possible) a few studies could be made.  

In this thesis work depositions were made in a chamber with the magnetrons in a balanced 

configuration. Unbalanced configurations are used in some situations to extend the plasma further 

towards the substrate resulting in increased deposition rate. 

Early on attempts were made to deposit at a lower total pressure than what was finally decided on to 

use. However, to achieve a stable pulse configuration at that low pressure level proved difficult. 

Some further studies with other pulse and magnetic field configurations could still be motivated. 

The enhancement in process control and deposition rate in reactive HiPIMS depositions of TiO2 was 

investigated by M. Audronis et al. [79]. They evaluated plasma emission monitoring (PEM) and a few 

other process control techniques. In a similar manner process control evolution could be performed 

for other compounds such as the TiN coatings studied within this thesis. 

Other 

For the future work a more extensive tribological and corrosion testing would be interesting to carry 

out. It was, e.g., found that the smooth surface of the TiN coatings gave rise to low wear in pin-on-

disk measurements. Such a tribological study can be extended to OrthoPod measurements to attain 

experimental conditions that are more closely related to the kinematic found in real hip and knees. 
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Appendix 

 

Figure 9.1:   Tribo-plot from pin-on-disk analysis of TiN-coating deposited with dcMS. 

 

 

Figure 9.2: Tribo-plot from pin-on-disk analysis of non-coated CoCr-alloy (ASTM F75). 
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Figure 9.3:   Tribo-plot from pin-on-disk analysis of TiN-coating deposited with HiPIMS at RT with 

floating substrate bias.  

 

 

Figure 9.4:   Tribo-plot from pin-on-disk analysis of TiN-coating deposited with HiPIMS at 400⁰C with 

floating substrate bias. 
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Figure 9.5:   Tribo-plot from pin-on-disk analysis of TiN-coating deposited with HiPIMS at RT with an 

applied substrate bias of -30V. 

 

 

Figure 9.6:   Tribo-plot from pin-on-disk analysis of TiN-coating deposited with HiPIMS at 400⁰C with 

an applied substrate bias of -30V. 
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Figure 9.7:    Tribo-plot from pin-on-disk analysis of TiN-coating deposited with HiPIMS at RT with an 

applied substrate bias of -80V. 

 

 

Figure 9.8:   Tribo-plot from pin-on-disk analysis of TiN-coating deposited with HiPIMS at 400⁰C with 

an applied substrate bias of -80V. 

 

  



 

83 
 

 

 

Figure 9.9:    Cyclic polarization curve of coating deposited with dcMS at 400⁰C with floating substrate 

bias. The breakthrough potential is estimated to be 1.0V. 

 

 

Figure 9.10:   Cyclic polarization curve of coating deposited with HiPIMS at 400⁰C with floating 

substrate bias. The breakthrough potential is estimated to be 1.1V. 
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Figure 9.11:   Cyclic polarization curve of coating deposited with Chemical Vapor Deposition (CVD) 

with a break through potential of 1.8V. 

 

 

Figure 9.12: Cyclic polarization curve of coating deposited with Chemical Vapor Deposition (CVD) with 

a break through potential of 2.0V. 

 

 


