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Abstract
The aim of  the  project  is  to  investigate  how the  conditions  of  the  PVD influence  the 

microstructure  and  behaviour  of  multi-layered  TiAlN/TiN coatings.  The  multilayered  samples 

evaporated at low (1 rpm) and fast (5 rpm) rotation rates were analysed using XRD, DSC and SEM 

techniques in the previous work [1]. The most important DSC result was obtained for the multi-

layered TiAlN/TiN 5 rpm coating where the transformation of the metastable  fcc-AlN into the 

stable  hcp-AlN  structure  was  slowed  down. XRD  analysis  for  the  multi-layered  TiAlN/TiN 

samples had shown that there was the epitaxial growth for the thin layers obtained during the fast 

rotation at the same time, the analysis of TiAlN/ZrN coatings that were carried out for reference 

had show that there was no epitaxial growing.

The aim  of this work is to analyse the samples using TEM, DSC and nanoidentation to 

complete the information about the structure and properties of the coatings on the different stages 

of transformation. And to get the faithful representation of what happens when heating the film 

during the temperature where the hcp-AlN phase formation is expected. It could be interesting to 

check  if  the  profiles  analyses  by  using  EELS and  EDX techniques  could  help  to  clarify  the 

structure formation process.
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1. Introduction & Background Theory

1.1 General knowledge about the thin films

1.1.1 Monolayered thin films range

Surface coatings find use in drills, reamers, bore cutters, shank cutters, taps, milling tools. 

There  are  a  huge  range  of  coatings  available  for  many different  applications.  Hard  materials 

suitable for thin film ceramic coatings are usually carbides, nitrides, borides and silicides of the 

IVth, Vth and VIth groups of the periodic table. The ceramic coatings are formed by introducing 

nitrogen, hydrocarbon, or silicide during the sputtering process. The ceramic compound is thought 

to form at the surface of the substrate as this is the most energetically favourable.   The most 

common monolayered ceramic coatings available are TiN, CrN, TiCN, TiAlN and TiSiN [2, 3, 4].

1.1.2 Multilayered films

At present the ceramic multi-layered coatings are considered as promising materials. The 

properties  can  be  improved  by  depositing  layers  of  coatings  that  separately  have  different 

corrosion and wear protection, electrical conductivity, diffusion barrier, adhesion to the substrate 

etc.  Depositing several thin layers with various mechanical properties on each other the stress in 

the surface region and the condition for crack propagation could be controlled. So compared to 

monolayered coatings, multilayered coatings have even more amazing properties in the number of 

cases.

In recent years nanolayered multilayer coatings of transition metal nitrides have received 

considerable interest due to their high hardness and toughness at very low bilayer thicknesses. 

Apart from high hardness, the ceramic multilayer coatings also exhibit high strength and wear 

resistance. In addition to high hardness, the thermal stability of the hard coatings with respect to 

oxidation is very important for wear resistance applications. Therefore, these coatings have great 

potential as protective coatings on cutting tools and other mechanical components [5].

PVD evaporation technique has been successfully applied to produce many different types 

of  multi-layer  coatings on a  range of  substrates.  Optimisation of  such coatings  has  increased, 

particularly in the areas of high speed steel cutting tool and cemented carbide performance.
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Figure 1. Schema of the multilayered coating on the substrate

The understanding  of  the  relationship  between  microstructure  and  bulk  properties  is 

important  for  the  optimisation  of  properties  [6].  The  most  interesting  studies  consist  in  the 

investigating of the influence of the different rotation speeds on the microstructure [6, 7]. There are 

numerous drafts that are describing this type of coatings. The properties of the multilayer coatings 

depend  on  the  properties  of  the  constituent  materials,  the  modulation  wavelength  (bilayer 

thicknesses) and the interface structure. The relationship between the structure and hardness of 

different multilayer coatings couples including V, Nb, Cu, Cr, Ni nitrides is actively studying. In all 

those systems the hardness anomalies were found. To explain the mechanisms of the hardness 

anomalies there is a number of theories: coherency-strain model, Hall–Petch model and elastic 

modulus difference model [5].
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Figure 2. XRD pattern from a multilayer coating. [6]. 

The  figure  shows  XRD  pattern  from  TiAlN/ZrN  multi-layer coatings,  with  a  spacing 

of 13,2 nm. Two distinct sets of peaks were identified, corresponding to TiAlN and ZrN, which 

suggested that in the bi-layer one of the lattices is in tension and the other one is in compression.

The work [8] represents the mechanical characterisation of TiN/ZrN multi-layer thin films 

grown by PVD. Ultra-microhardness, adhesion and residual-stress analyses have been undertaken. 

Concerning the residual stress measurements, there is a visible increment with the decrease of the 

number of bi-layers, and consequent monolayer thickness. This means that σres increases with the 

thickness of a bi-layer.

Figure 3. Behaviour of the residual stress in respect to the bi-layer period [8].
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In the reference [7] the TiAlN/CrN multi-layer coatings were obtained using PVD with different 

rotation rates to vary individual or bilayer thickness. Against that the thicknesses of the layers were 

varieties and the hardness and the residual stress also then.

Table 1. Characteristics and properties of TiAlN/CrN multi-layer coatings. [9]

Rotation speed (r. 

p.m.)

Thickness of film 

(μm)

Thickness of bi-layer 

(nm)

Hardness 

(GPa)

Residual stress 

(GPa)

12 3.7±0.2 6 35.1±1 −6.2±0.2

6 3.8±0.2 12 36.1±1 −6.0±0.2

3 3.9±0.2 26 32.7±1 −5.0±0.2

1.5 4.2±0.1 56 33.9±1 −4.7±0.2

1.2 4.1±0.1 66 28.3±1 −3.9±0.2

1.1.3 Multilayered TiAlN/TiN coatings advantages

In  this  work  we  would  be  concentrated  on  TiAlN/TiN  coatings.  Therefore  a  short 

prehistoric why this coatings are especially interesting. The first PVD ceramic coating to be used 

successfully to machine steel in industry and still the most recognized is titanium nitride - a gold 

coloured ceramic. High hardness combined with low friction properties ensure considerably longer 

service life or alternatively better cutting performance. TiN coatings are used mainly for drills, taps 

and cutting tool inserts. In 1986 TiN coatings was replaced by TiAlN coatings for the first time. 

TiAlN is a very promising material for wear resistance coatings because of its high temperature 

corrosion and oxidation resistance, which result in higher chemical stability, in comparison to TiN 

[10]. Anyway, TiAlN coating prone to damage more than TiN or even TiCN in such mechanically 

influenced processes as slow speed cutting and interrupted cutting due to high friction coefficient 

and brittleness  [11, 12]. The fundamental advantage of TiAlN coating is that it forms a dense, 

highly adhesive, protective Al2O3 film at its surface when heated, preventing diffusion of oxygen to 

the coating material. In addition, low thermal conductivity of TiAlN enables higher cutting speeds. 

The TiAlN/TiN coatings  for  the  cutting tools  are  the  materials  of  the  new generation. 

Multilayer coatings of TiAlN/TiN combine properties of both TiN and TiAlN, and exhibit higher 

oxidation resistance  and wear  resistance  [5] and  [12].  TiN and TiAlN crystallize  in  B1 NaCl 

structure  with  lattice  constants  of  0.42850  nm and  0.42681  nm respectively.  For  TiAlN/TiN 
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multilayer system the difference in the lattice spacing is approximately 0.4% in other words closes 

to zero. It is very promising composition because of it exceptional ability to resist the heating 

during  the  cutting  process  and  to  harden  at  the  same  time.  Age  hardening  by  spinodal 

decomposition is a result of coherency strains between matrix and coherent small domains formed 

during  annealing.  The metastable  fcc-Ti1-xAlxN coatings  become self-organised  during  thermal 

annealing with nanostructured domains.
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1.2 Spinodal decomposition

We are expecting to have the spinodal decomposition in TiAlN. That’s why it could be 

advisable to include this chapter in the review. The process of the homogeneous nucleation is 

widespread far and wide,The creation of a nucleus implies the formation of an interface at the 

boundaries of the new phase. Surface energy is expended to form this interface. If a hypothetical 

nucleus is too small, the energy that would be released by forming its volume is not enough to 

create its surface, and nucleation does not proceed. When the nucleus radius is more or equal the 

critical radius, that the nucleation proceeds. As the phase transformation becomes more and more 

favorable, the formation of a given volume of nucleus frees enough energy to form an increasingly 

large  surface,  allowing  progressively  smaller  nuclei  to  become  viable.  Eventually,  thermal 

activation will  provide  enough  energy  to  form  stable  nuclei.  These  can  then  grow  until 

thermodynamic equilibrium is restored  [7].  There are also certain transformations where there is 

no  barrier  to  nucleation.  One  of  these  is  the  spinodal  mode  of  transformation,  where  phase 

separation is delayed until the system enters the unstable region where a small perturbation in 

composition leads to a decrease in energy and thus spontaneous growth of the perturbation. This 

region of a phase diagram is known as the spinodal region and the phase separation process is 

known as spinodal decomposition. In the other words the molar free energy of mixing has regions 

of  negative  curvature.  The  mechanism by which  the  system decomposes  into  its  equilibrium 

phases is different than the mechanism when the curvature is positive (case of the nucleation). The 

process  of  spinodal  decomposition  take  place  and  it  occurs  spontaneously  when  the  second 

derivate of the Gibbs energy is negative: 

Suppose that a material is manufactured with a composition X0 that is a function of some spatial 

coordinate z how it is presented on the figure 4.
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Figure 4. Functional dependence of the composition on the coordinate [5].

 On the figure  5 the common case for the spinodal decomposition is presented. On the 

image  (a)  the  typical  binary  phase  diagram  with  a  miscibility  gap  in  which  the  spinodal 

decomposition happens is shown. (b) represent the changes of the Gibbs energy according to the 

composition. The alloy will be unstable because small fluctuations in composition will cause the 

total free energy to decrease. The area where the second derivative is negative and the spinodal 

decomposition takes place is indicated by red colour. The curve on the figure 5 (c) demonstrate 

how the function of the composition changes versus the time , the ‘up-hill’ diffusion takes place 

until the equilibrium compositions are reached [13].
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Figure 5. Spinodal decomposition principles.
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In our case the spinodal decomposition can be schematically represented by the following 

image.

Figure 6. Spinodal decomposition in Ti1-xAlxN-coatings.

The  metastable  fcc-TiAlN  structure  separates  into  c-TiN  and  h-AlN,  via  spinodal 

decomposition initiated after 120 min annealing at temperature higher then 900єC [6]. The result 

of the process is the formation of nm-sized domains of c-AlN which are coherent with the c-TiAlN 

matrix. And the c-AlN domains are beneficial in terms of retaining the coating’s hardness during 

annealing.  This  phenomenon can prove to be a key factor  for  explaining the good machining 

performance of TiAlN coatings [5].

The mechanism of the precipitation hardening which provides one of the most widely used 

mechanisms  for  the  strengthening  of  non-ferrous  alloys  should  be  mentioned.  Precipitation 

hardening is  also called  dispersion hardening, is a  heat treatment technique used to  strengthen 

malleable materials, including most structural alloys of aluminium and titanium. Changes in solid 

solubility with  temperature produce  fine  particles  of  an  impurity  phase,  which  impede  the 

movement of  dislocations in  a  crystal's  lattice.  Dislocations are often the dominant  carriers of 

plasticity, therefore this serves to harden the material.
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1.3. PVD process

Physical  vapor  deposition (PVD)  is  a  technique  used  to  deposit  thin  films of  various 

materials onto various surfaces by physical means. The typical applications are  PVD coating of 

ceramic cylinders with metals, alloys or nitrides to produce resistors, coatings for the small cutting 

tools and PVD coated bearings for low friction engineering applications. Thin-film deposition is 

any technique for depositing a thin film of material onto a substrate or onto previously deposited 

layers [7, 14].  Let’s give some short explication to the PVD principles. The following scheme 

represents the typical arc evaporating system. Arc evaporation gives a film with more defects and 

sharper surface than in case of magnetron sputtering but anyway permit to have cheap and more 

scaled manufacture.

Fig. 7: Schematic of the arc-coating facility [12].

 TiN, for example, is deposited in partial vacuum by feeding ionised Ti into plasma of 

ionised Ar and N. The operation occurs at a temperature of between 350°C and 550°C with the 

resultant TiN growing on the surface of the work piece. Most commercially available PVD vacuum 
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coating machines are fitted with at least 4 magnetrons or arc cathodes, enabling fast coating rates 

for production departments. In almost all the studied references the PVD machines were equipped 

by arc cathodes. In our case the films will be deposited as the arc-evaporating coatings also. The 

principles of the process will be briefly described below. The arc evaporation process begins with 

the striking of a high current, low voltage arc on the cathode that gives rise to a small highly 

energetic emitting area (cathode spot). The localised temperature at the cathode spot is extremely 

high, what allows to rich a high velocity  jet of vaporised cathode material, leaving a crater behind 

on the cathode surface. The cathode spot is only active for a short period of time, then it self-

extinguishes and re-ignites in a new area close to the previous crater.  This behavior causes the 

apparent motion of the arc.

To ensure even coating distribution on tools and components two or three fold rotation 

systems are used.  The machines are computer controlled allowing the operator to carry out other 

tasks while the coating process is carried out. There are some conditions which were common to 

many different references as well as in our work. The system has six 63-mm diameter cathodes. In 

the work [5] the cathodes used e.g. were Ti1-xAlx with x=0, 0.25, 0.33, 0.50, 0.67, 0.75. A single 

rotation fixture was used. The shortest cathode-to-substrate distance was 160 mm. The system was 

evacuated to a pressure of less than 2.0Ч10-5  mbar, the cleaning atmosphere is Ar plasma. The 

deposition is carried out in a N2 atmosphere. The substrates are negatively biased and are kept at 

500єC throughout the deposition. The deposition rate is approximately 2 nm/s. In  [5] the films 

were grown to a thickness of approximately 3 µm. The thickness of the films measured in [8] was 

about 8-10 µm.

In  [2] to  investigate  the  decomposition  of  TiN,  Ti33Al66N and  Ti50Al50N coatings  were 

deposited onto cemented carbide tools. Often the samples used for the research are the iron or steel 

plates. Single phase Ti0.34Al0.66N film can be grown by arc evaporation from Ti0.33Al0.67 cathodes at a 

substrate temperature of 500єC [6]. To get the Ti0.5Al0.5N film it is enough to use Ti0.5Al0.5 cathode. 

The same principle remains when producing the multilayered coatings. The only one difference is 

that two different targets are used. In that way the sample on the drum describes the circle, pass 

two different cathodes situated one opposite another and two different layers form.

For our experiments tungsten carbide (WC-Co) substrates prepared in the last  semester 

were used. WC substrate is a square base bar with the surface 12×12×4 mm3. Before placing the 

samples in the PVD machine the substrates were previously cleaned automatically in the alkali, 

acid, alcohol and finally dried out. The coatings were deposited in a commercial arc evaporation 

system.  After  the  cleaning  the  samples  were  placed  on  the  drum inside  the  chamber  of  the 
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machine.  The  principal  stages  of  the  process  are  the  vacuum air  exhaust,  purification  of  the 

substrates in the Ar plasma, evaporation, introduction of the nitrogen and cooling of the system. 

The coatings were deposited using Ti33Al67 and Ti targets with a  fixed target power in all  the 

processes. The bi-layer thickness was varied by rotation speeds of the substrate holder in order to 

produce different nanoscale multi-layered period thickness.

The length of the production cycle is equal to 800 A·h allowing for idle time. It means that 

if e.g. we use 4 cathodes current strength 60 A on each, then in the case if everything is going well 

the PVD process would take h
h
hA 33,3

604
800 ≅

⋅
⋅

. The main conditions of this PVD process are 

presented on the following scheme of the drum. The targets A, C, D, E are exchangeable to reach 

the desired composition. The temperature in the chamber of the machine was equal 500 єC.

Figure 8. Scheme of the PVD drum and targets position for multilayers deposition.

Ti33Al66N/TiN samples were deposited at the low and fast rotating rates. The SEM of the 

WC samples was used to determinate the thickness of the layers. In both cases the thickness of the 

whole film was ≈8.5 µm.
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1.4 Analytical methods

1.4.1. TEM

1.4.1.1 Principe of work

Transmission electron microscopy (TEM) is  an  imaging technique  whereby a  beam of 

electrons is transmitted through a specimen heavily used in material science and biomedicine.

Figure 9. Schema of TEM column

Ruff explanation of the previous image would be done.  The  electron gun produces a stream of 

monochromatic  electrons.  This  stream  is  focused  to  a  small,  coherent  beam  by  the  use  of 

condenser lenses 1 and 2. The first condenser lens function is to: 

• Create a demagnified image of the gun crossover. 

• Control the minimum spot size obtainable in the rest of the condenser system. 

In other words the first lens largely determines the general size range of the final spot that strikes 

the sample.
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The second condenser lens affects: 

• The convergence of the beam at the specimen. 

• Diameter of the illuminated area of the specimen. 

So the second lens changes the size of the spot on the sample from a wide dispersed spot to a 

pinpoint  beam.  The  beam  is  restricted  by  the  condenser  aperture,  knocking  out  high  angle 

electrons. The condenser aperture controls the fraction of the beam which is allowed to hit the 

specimen. It therefore helps to control the intensity of illumination. The beam strikes the specimen 

and parts of it are transmitted. The portion of transmitted electrons is focused by the objective lens 

into an image. The objective lens forms an inverted initial image, which is subsequently magnified. 

In the back focal plane of the objective lens a diffraction pattern is formed. The objective aperture 

is placed in the back focal plane of the image. Its function is to 

• Select those electrons which will contribute to the image, and thereby affect the appearance 

of the image 

• Improve the contrast of the final image. 

The Objective aperture enhancing contrast by blocking out high-angle diffracted electrons, the 

Selected Area aperture enabling the user to examine the periodic diffraction of electrons by ordered 

arrangements  of  atoms  in  the  sample.  The  image  is  passed  down  the  column  through  the 

intermediate and projector lenses, being enlarged and strikes the phosphor image screen [15].

In this research we would try to analyse EELS and EDX Ti and Al profiles and compare them. 

Electron energy loss spectroscopy (EELS) passes the electrons from 0.1 to 10 keV through a thin 

foil of the material of interest. An electron passing through material can interact with electron 

clouds of the atoms present and transfer some of its kinetic energy to them. EELS is based on the 

study of the vibrational motion of atoms and molecules on the surface by the analysis of the energy 

spectrum. So we can get the information from few atomic layers of the material. Milled sample 

satisfy this condition and fit the conditions. The dynamical properties of an entity, along with 

selection rules, offer insight into its basic structural features [16].
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1.4.1.2 Interpretation of the results

In TEM analysis to interpret the image its relationship to the structure should be evident. It 

could cause some problems or be not always evident, but TEM opens a wide range of means. 

Especially – the High Resolution TEM (HTEM) that permit to observe the atomic layers.

It is possible to obtain both real and reciprocal space information about the sample. The 

image is formed in the image plane. The diffraction pattern is formed in the back focal plane of the 

objective lens. The following picture is a bright field TEM images from the electron beam TiN 

coating and indexed diffraction pattern from it.

Figure 10. Bright field TEM images from the electron beam TiN coating on the V820 steel substrate; (a) 

overall low-magnification bright field (BF) image; (b) higher magnification BF image showing the coating 

structure and (c) indexed diffraction pattern from the coating [17].

The darker areas of the image obtained in the bright field represent those areas of the sample 

that fewer electrons were transmitted through (thicker or denser). The lighter areas of the image 

represent those areas of the sample that more electrons were transmitted through (thinner or less 

dense). 

To compare the image obtained at bright and dark fields are presented below.
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Figure 11. Bright (left) and dark (right) field TEM image
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1.4.2. Nanoindentation Principe of operation

The  nanoindentation technique  has  been  established  for  investigating  the  hardness  of 

extremelly small volumes of material. As it is known in hardness Rockwell and Vickers tests the 

indenter is the principal part, permitting to obtain the data. The area of the residual indentation in 

the sample is measured and the hardness, H, is defined as the maximum load, P, divided by the 

residual  indentation  area,  Ar.  The  fundamental  formula  looks  like  H =  P/Ar.  The  principle  is 

absolutely the same for the nanoindentation.

Due to a very sharp tip, the contact area between the sample and the tip, and thus the volume of 

material that is tested, can be made arbitrarily small. Depth sensing indentation method permit to 

fix the load and displacement of the indenter and these data are analyzed to obtain the contact area, 

and thereby mechanical properties, without having to see the indentations [18].

The Nanoindentor comes in two different models: Standard and Low Force. If speaking 

about the characteristics of a typical nano-indentation tester,  then the average maximum depth 

could reach 4 µm, the theoretical  depth resolution is  0.006 nm (in real  case around 0.5 nm). 

Typical load is 2 – 50 mN with load resolution 5-50 nN.

It should be always mentioned that the sample roughness has a significant effect on the 

measured mechanical properties. Surface roughness should be smooth enough to make possible the 

good contiguity of the tip. Especially for the thin films case it may cause the serious problems: 

sometimes  it  is  impossible  to  determine  the  mechanical  properties  of  a  thin  film  due  to  an 

unfortunate combination of small film thickness and surface roughness. The other point about the 

thin films: the influence of the substrate should be avoided. Therefore the thickness of investigated 

film should be at least ten times thicker then the assumed depth of indenter prints.
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1.4.3 DSC

Differential  scanning  calorimetry (DSC)  is  a  thermoanalytical technique  in  which  the 

difference in the amount of heat required to increase the temperature of a sample and reference are 

measured as a function of  temperature.  Both the sample and reference are maintained at  very 

nearly the same temperature throughout the experiment. Generally, the temperature program for a 

DSC analysis is designed such that the sample holder temperature increases linearly as a function 

of  time.  The  reference  sample  should  have  a  well-defined  heat  capacity over  the  range  of 

temperatures to be scanned. The basic principle underlying this technique is that, when the sample 

undergoes a physical transformation such as phase transitions, heat will need to flow to it than the 

reference to maintain both at the same temperature. Whether more or less heat must flow to the 

sample depends on whether the process is exothermic or endothermic. On the next two pictures the 

schemes of the endothermic and exothermic processes are presented. By observing the difference 

in  heat  flow between the  sample  and reference,  differential  scanning  calorimeters  are  able  to 

measure the amount of energy absorbed or released during such transitions.

During the determination, the instrument detects differences in the heat flow between the 

sample and reference. This iis sent to an output device. Sample sizes generally range from 0.1 to 

100 mg. The ideal weight is about 40 mg.

The result of a DSC experiment is a heating or cooling curve. This curve can be used to 

calculate enthalpies of transitions. This is done by integrating the peak corresponding to a given 

transition. The enthalpy of transition can be expressed using the following equation: ΔH =  KA, 

where ΔH is the enthalpy of transition, K is the calorimetric constant, and A is the area under the 

curve [19].

Figure 12. Schematic DSC curve demonstrating the appearance of several common features.
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As regards the powder preparation for the DSC, the references give the way of dissolving 

by the chemical way. Since the coatings are removed from their substrates no substrate-reaction 

could  take  place.  In  the  works  [2],  [8] for  the  investigations  in  the  future  the  coatings  were 

removed chemically from their low alloyed steel substrates by using concentrated acid HCl (37%). 

The detailed description of powder preparation is done in [1].
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1.5 Previous work

In this chapter the results from the experiments carried out mainly at TiAlN/TiN coatings 

would be summed up as it is the area of our interests. Therefore the examinations of the coatings 

conducted by different techniques, allowing to determinate the main characteristics parameters are 

systematised here. 

1.5.1 XRD results

The XRD data of TiAlN/TiN multilayers deposited at different modulation wavelengths 

obtained in [5] are shown below. In this case all TiAlN/TiN multilayers exhibited {200} texture. 

The experiment was carried out in the regime of wide-angle XRD patterns of the films in Bragg–

Brentano  θ–2θ geometry.  It  was  mentioned  that  no  satellite  reflections  could  be  seen  for  the 

coatings prepared at  low modulation wavelengths and only for Λ = 9.6 nm satellite reflections of 

second-orders could be seen. The presence of broad interfaces reduced the maximum hardness of 

the TiAlN/TiN multilayers. The broader and diffused satellite reflections observed in the case of 

TiAlN/TiN  multilayers  indicate  interdiffusion  between  the  neighbouring  layers.  Interdiffusion 

leads to the deterioration of the mechanical properties of the coatings. Although, for the TiAlN/TiN 

multilayer system the lattice mismatch is close to zero, it is not exactly known why there was 

considerable interdiffusion between the layers. One possible reason could be higher diffusion of Al 

in the TiN material.

Figure 13: XRD data of TiN/NbN multilayer coatings deposited at various modulation wavelengths in [5]
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It  was  shown that  multi-layered  TiN/TiAlN coatings  had lower  wear  rate  than  single-layered 

TiAlN with various sliding speeds from 5 cm s−1 to 30 cm s−1. At a sliding speed greater than 20 

cm s−1, these coatings also had lower wear rate than TiN. However, at a sliding speed less than 10 

cm s−1, the coatings showed sudden increase in wear rate, comparing with TiN coating [21].

In order to determine the preferred orientation of the coatings the pole figures at different Bragg 

reflections were measured [20]. The results demonstrate the tilt of the (111) and (002) diffracting 

planes. TEM analysis of similar TiN/TiAlN samples showed that the large wavelength undulation 

of the multilayer stack observed in figure 1 corresponds to the evolution of the columnar growth 

surfaces. Hence, the observed tilting of the (002) diffracting planes is related with this waviness.

The residual stress can be measured by monitoring the shift of the maximum position of a Bragg 

reflection at different tilt angles. It could be useful to have in view that fact that for TiN/TiAlN 

multilayer the residual stress in the TiN sublayers is higher than that in the TiAlN sublayers. One 

possible explanation for the higher intrinsic residual stress in the TiN sublayers of the TiN/TiAlN 

multilayer could be the difference in layer thickness, since residual stress decreases as the layer 

thickness increases. [20]

1.5.2 DSC results

There is no information about the DSC data for TiAlN/TiN in the references. By the way 

during the previous research the result which could be interesting was obtained: the formation of 

hcp-AlN was delayed in 5 rpm sample where the structure of the film supposed to be epitaxial [1]. 

The more detailed description is done in the preliminary work.

Let’s take up the DSC data for TiAlN as it is hard-wired with our research. During heating 

TiN powder from a coating shows one peak. Exothermic peak on the DSC of the TiN correspond 

to  structural  relaxation,  process  of  deposition-induced  lattice  point  defects.  WhereasTi1-xAlxN 

powder four exothermic reactions appear. All four peaks are described for both interesting  Ti1-

xAlxN with x=0.33 and x=0.5 in the reference [2]:

DSC 0 compared with XRD patterns shows that in both Ti1-xAlxN coatings only recovery 

processes occurred. The following two peaks illustrate the decomposition described in the previous 

chapter about the spinodal decomposition. After DSC 1 we can speak about the formation of the 

fcc-AlN domains. After DSC 2 the coatings are composed of the matrix fcc-Ti1-xAlxN, fcc-TiN, and 

fcc-AlN. On this stage the AlN domains which were formed by DSC 1 coarsened to separate the 

phases and TiN domains appear. After DSC 3  the decomposition process is completed and the fcc-
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AlN  phase  transformed  into  the  stable  hcp  structure.  Recrystallisation  in  addition  to  this 

transformation is responsible for the DSC 3 peak. The following figure consist of the DSC curve 

on which all the describable peaks except the one for the recovery process are presented.

Figure 14. Enthalpy vs. annealing temperature response of Ti33Al66N films

annealed at different rates [5].

1.5.3 Static oxidation

Static oxidation of the coatings  is performed in a furnace in air for at the temperatures 

higher then 500 °C. The oxidized coatings are examined using SEM and Raman spectroscopy [21]. 

It is known that TiN oxidizes rapidly at temperatures of 500 °C – 600 °C, for TiAlN this interval is 

delayed till 800 °C. A Raman spectrum shows the increase of the oxidation ability vs. temperature 

increase. By the way all of the Ti-based coatings are worn by the mechanism of forming TiO2, 

except AlTiN. AlTiN should be worn by ploughing wear.

As well it could be added that the multilayered structure increases the oxidation and 

corrosion resistance due to the structure which prevent unhampered penetration.
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1.5.4 Tribological and mechanical properties of TiAlN/TiN

Usually the ball-on-disk wear tester is used to characterise the tribological behaviour of this 

kind of coatings [9, 11, 28, 30]. Or the common by its principle high speed ball and rotating disk 

wear tester could be used [27]. For scratch testing the guideline is the first damage on the coating 

at the lowest load.

Tribological behaviour of magnetron sputtered TiN/TiAlN coatings was investigated by use 

of ball-on-disk wear tester at different linear speed from 30 to 5 cm s-1 and at a load of 2,5 N. The 

amount of wear was determined by using profilometer by measuring appropriate linear dimensions 

of specimens before and after test [30]. In general multi-layered TiAlN/TiN coatings had lower 

wear rate than TiAlN. Nano-hardness value for TiAlN was determined as 25 GPa, for TiN – 20,5 

GPa.  The  values  of  TiAlN/TiN coatings  lie  in-between  with  the  range  from 21  to  23,5  GPa 

depending on the way of deposition [30, 21]. 

The stress in the multilayers as a function of the bilayer length was described [11]. Compressive 

stresses  about -2 GPa were observed.  The origin of the compressive stress is  atomic peening, 

surface atomic recoiling into the film and relaxation. By the way as it was shown in [31], there is 

no correspondence between the stress and the texture in arc evaporated films.

The friction coefficient of TiAlN/TiN coatings was smaller than those of dashed curve but still 

larger than typical ones for TiN and TiAlN [21].

The multilayers show perfect resist during the step-load tests and never could be break down even 

at the maximum load. But this test is the result of the experiment on the magnetron spluttered 

coatings.
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1.5.5 SEM results

The cross-sectional SEM of TiAlN/TiN on WC – Co substrate shows a dense structure with 

a pronounced columnar microstructure, where some columns had grown from the interface up to 

the coating surface [1, 20].

Figure 15: SEM micrographs of a polished cross-section of TiN/TiAlN multilayer on WC–Co [20]
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1.5.6 TEM results

1.5.6.1 TEM results for TiAlN

The eventual phase separation in TiAlN films involves spinodal decomposition. For the case of 

decomposition occurring during growth cross-sectional TEM micrographs with SAD patterns, of a 

Ti0.5Al0.5N film grown at  Ts=0.2065=540°C is presented below. The XTEM micrographs show a 

regular laminar fine structure with a period of  about  2.3 nm. It should be pointed out that the 

process of spinodal decomposition might only be observed over certain (narrow) temperature or 

composition ranges.

Figure 16: From ref.[6] (a) Planview and (b) cross-sectional electron micrographs with selected area electron 
diffraction patterns from a Ti0.5Al0.5N alloy film grown at Ts=540°C by dual target reactive magnetron sputtering. High 
magnification of the 0 2 0 reflection reveals satellite peaks along the [0 1 0] direction in the cross-sectional view and 

along both [0 1 0] and [1 0 0] in the planview.
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The experiments [6] for Ti0.34Al0.66N films were carried out at different heating rates. Influence of 

heating rate on transformation mid-point temperatures is the next: TRs increase with increasing of 

the heating rate. The crystal quality improves as the temperature is increased. The following figure 

shows the reciprocal map (RSM) from Ti0.34Al0.66N films after four-point probe measurements. The 

distribution of  diffracted intensity  of  the  RSM obtained from this  film resembles  that  from a 

single-crystal  structure  with  a  large  defect  density  the  corresponding  transmission  electron 

micrograph shows the film to consist of a large number of narrow grains elongated in the film 

growth direction.

Figure 17: Bright-field transmission electron micrographs of Ti0.34Al0.66N film annealed at 1.5 °C/min [6].
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1.5.6.2 TEM results for multilayered TiAlN/TiN coatings

A cross-sectional TEM micrograph of  TiAlN/TiN multilayer is shows that the multilayer 

structure is clearly seen,  and the individual layers are rather flat.  For this research TiN/TiAlN 

multilayers with bilayer lengths in the range from 10 nm to 30 nm were produced. Through the 

film, however, the thicknesses of the individual layers changes [11]:

Figure 18: Cross-sectional TEM micrograph of TiAlN/TiN multilayer [11].

In  [17] the TEM image of TiAlN/TiN coating is  presented.  The layered region can be 

clearly observed. The region consists of a number of layers exhibiting lighter and darker contrast. 

Each layer is around 8 nm thick.
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Figure 19: Bright field TEM image (a) from the cathodic arc TiN/TiAlN coating on the steel substrate and 

(b) corresponding diffraction pattern [17].

The columnar grain growth continued epitaxially though the TiN/TiAlN interfacial region. 

The TiN/TiAlN dual-layer  coating contained an interfacial  region that  consisted of a  series  of 

compositionally  distinct  layers  resulting  from each  pass  as  the  specimens  rotated  a  full  360° 

around the deposition chamber through regions of high density plasma emitted from the different 

targets. The TiAlN regions also consisted of about 2 nm thick sub-layers, which are thought to 

result from the threefold planetary rotation of the specimen in the deposition chamber. 
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1.5.7 Nanoidentation hardness data of TiAlN/TiN multilayers

Nanoindentation tests are carrying out at this kind of films using at different loads from 5 to 

500 mN and both spherical and pyramid indenters were used [11, 21, 28]. In [21] the nano-hardness 

for TiN and TiAlN is presented in the form of table

Table 2: Nano-hardness and critical loads for coatings [21]

The variation of nanoindentation hardness of about 1.5-μm thick TiAlN/TiN multilayer films with 

modulation wavelength [34 ] is shown below:

Figure 20: Variation of nanoindentation hardness of TiAlN/TiN multilayer coatings

with modulation wavelength [34]

For  the TiAlN/TiN multilayers,  the peak hardness  occurred at  Λ = 9.6  nm (here  Λ is  a 

bilayer  thickness)  and  the  maximum hardness  was  approximately  3750 kg/mm2.  Whereas  the 

hardness values of TiAlN and TiN films deposited under similar conditions were approximately 

3850 and 2600 kg/mm2, respectively.

It could be mentioned that the hardness of TiAlN varies a lot depending on the quantity of 

the Al content. And even for TiN the references give the different values – from 20.5 to 24 [28, 

30].
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1.6 Preliminary work

1.6.1 Monolayered Ti33Al66N coatings

The  following  work  that  was  carried  out  on  this  subject  for  the  monolayered  samples 

Ti33Al66N [22, 1] was able to pick out the following specific points:

• The EDX/SEM analysis had shown the loss of %Al in the total composition in both cases – 

films on the substrates and powder after dissolving.

• During the DSC experiments the level of oxidation was sometimes quite high because of the 

leak in spite of preliminary vacuum pumping.

And the main conclusions from the DSC and XRD analysis for the Ti33Al66N composition:

• The angles values for Ti33Al66N are almost identical to those of pure TiN though slightly shifted 

to higher values. It appears the 34/66 peaks are located at slightly superior angles. The average 

lattice parameters for  Ti34Al66N a Ti34Al66N = 4.171Е. XRD results show that Ti1-xAlxN grows 

along its preferred orientation (002).

• DSC analysis were realised at the different heating rates [22]. For the heating rate 5 K/min 

which is chosen for our experiments the following data was obtained. For the same heating rate 

Ti34Al66N films show a more exothermic response than Ti50Al50N films.

Table 3. DSC peaks for the monolayered Ti34Al66N samples. Heating rate 5 K/min. [8, 1]

Ti34Al66N, UB=-40V

1st peak 2nd peak 3rd peak

662±4 єC 980±3 єC 1135±3 єC

656±2 єC 968 єC 1157 єC

In the table the data in the upper line represent the results of the research [1], the lower one – the 

data from [1]. The blue italic shows the doubtful result.

1.6.2 Multilayered Ti33Al66N/TiN coatings

The interpretation of the results for the multi-layered samples shows the following features. 

For TiAlN/TiN 1 rpm on the obtained XRD pattern the peaks corresponding for two different 

phases  TiAlN and TiN are well-defined whereas  the upper  curve for the monolayered sample 
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obtained at the same conditions present the peaks for the phase TiAlN as it was expected. TiN is 

traced, it could be seen that the TiAlN phase peaks are shifted relating to it. As for the pattern 

obtained from the TiAlN/TiN 5 rpm sample, the three peaks are visible. The main large peak which 

is situated between two small peaks corresponding to the TiN and TiAlN phases represent the 

coherently strained TiN and TiAlN phase. The difference of the obtained XRD patterns can be 

explained reasoning from the theory of the epitaxial growing of the layers. For the more detailed 

explanation look [1].

Figure 21. XRD data for TiAlN/TiN coatings. TiAlN is presented as a reference. Tetracrepid star 

present TiAlN phase, the black arrow – TiAlN and white arrow – coherently strained TiAlN/TiN phase 

appearing for 5 rpm sample.

In the case of the slow rotation rate 1 rpm the thickness of the layers is enough large and 

even through there are certain layers growing by epitaxial mechanism and are coherently strained 

relative to total thickness they are negligible components. That is the reason why for TiAlN/TiN 1 

rpm the two different peaks are well distinguished. In the case of 5 rpm, the fast rotation speed 

keeps the layer thickness low, therefore the majority of the layer is close enough to the interface, 
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which consists of the coherently strained TiAlN and TiN. So for the rotation rate 5 rpm the thin 

layer have epitaxial growth texture, both layers are strained to keep cohesion. So the main XRD 

peak corresponds to an ‘average’ lattice parameter from coherently strained TiN+TiAlN. 

An interesting result is in the data obtained from the DSC of the multi-layered TiAlN/TiN 

powder [1]. It could be seen that the third peak for the 5 rpm is very broad, whereas at 1084 єC on 

the DSC curve for 1 rpm multi-layers there is a well-defined peak. If it is like that, than the rotation 

rate could essentially control the properties of the coatings by slowing down the final stage of 

decomposition  which  causes  softening,  so  keeping  the  coating  harder  for  longer  or  to  higher 

temperatures.

Table 4. DSC data for the multi-layered samples

XRD results could be confronted with DSC obtained for the multilayered samples powders. 

The timely appearance of the transformation fcc-AlN → hcp-AlN for 1 rpm sample and its delay 

in the case of 5 rpm sample is explainable from the point of view stated beyond. In the case of 

5 rpm sample the strain of the lattice hold the transformation.
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1.7 Summary & Scope of Work

It is almost thirty years the numerous groups are investigating thin films based on TiN. 

Tribological and mechanical tests are completed with TEM and nanoindentation results briefly 

glanced over  below. When the  experiment  was  started  we made a  decision  to  concentrate  on 

TiAlN/TiN coatings in the future research as they are the perspective and most promising materials 

due to their phenomenal hardening ability. And there is a gap in the data for this system. There are 

still a lot’s of opportunities to investigate the influence of the PVD conditions on the behaviour of 

obtaining  coatings  and  available  methods  to  control  it.  Particularly  it  would  be  interesting  to 

investigate the behaviour of the multi-layered coatings where the structure of the grains is limited 

by the layer thickness and differ from the monolayered samples where the grains could grow as the 

columns. The variation of the rotation rate is concerned with the layer thickness variation. The 

diffusion between the layers could be checked in addition to TEM investigation using EELS.

Thereto  XRD  and  DSC  methods  could  be  used.  XRD  is  the  convenient  method  to 

determinate the growth orientation, the phases and the parameters of the lattice. DSC shows the 

phase transformations in the system. The nanoindentation results would constitute an important 

part of the overall picture of TiAlN/TiN arc evaporated coating.
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II Operation and experimental results

2.1. Experimental method

The Ti33Al67N/TiN, Ti33Al67N and Ti50Al50N PVD deposed coatings were investigated. The 

films were deposed on iron and tungsten carbide (WC-Co) substrates. The coatings were deposited 

in a commercial arc evaporation system. The samples for two main investigation branches were 

prepared therefore both iron and WC-Co substrates were used. Iron substrate is a plate about 40×

50×0,3 mm3 and  WC-Co substrate is a square base bar 12×12×4 mm3 The coatings were deposited 

using Ti33Al67, Ti50Al50, Ti targets. The films on iron substrates were studied by DSC and the films 

on the WC-Co substrates were used for all other experiments.

Table 5. Compositions of investigating PVD coatings

Film composition Rotation rate (rpm) Average layer thickness (µm)
Ti50Al50N 3 11,5
Ti33Al66N 3 12,6
Ti33Al66N/TiN 1; 5 8,5
Ti33Al66N/ZrN 1; 5 15,0

2.1.1. DSC

2.1.1.1. Powder preparation

Before  the  DSC  experiments  it  was  necessary  to  separate  the  coating  from  the  iron 

substrate without damaging it. The chemical method was used. The dissolving was carried out in 

the excess of the concentrated HCl (37%) which react with iron and not affect the Al and Ti ions. 

The  iron  is  dissolving  by  the  following  reaction  6HCl+2Fe=2FeCl3+3H2↑  producing  a  green 

suspension. Four samples of each series were dissolved in 250 ml of the HCl. An average mass of 

the coating order 40 mg can be obtained from each sample. This quantity of the obtained powder is 

enough for at least 2 DSC runs.  The first series of experiments was done in old HCl chemical 

bottles and in the glass-ware. But the SEM analysis had discovered the silicon in both obtained 

powders.  In  the  second  case  still  more.  To  avoid  the  silicon  contamination  the polyethylene 

laboratory ware was used later on. It was proved that it is better to use the polyethylene ones. The 

whole process takes 4 days. During this period (in 2 days after start) fresh acid (about 100 ml) 

39



must be added to the system. In this time the iron is dissolved completely and the powder could be 

extracted from the obtained solution, rinsed with the distillate water four times to get rid of all the 

remaining acid and dried on the absorbing filter. The films were obtained as particles of a few 

millimetres. The pounding was performed to break up agglomerates in the special stone mortar.

2.1.1.2. DSC conditions

Metastable  fcc-TiAlN  coatings  become  self-organized  during  the  increasing  of  the 

temperature.  The  age  hardening  effect  can  be  observed.  And  the  age  hardening  causes 

microstructural changes in the coatings which can be detected by DSC.

DSC measurements were performed on the Netzsch STA 449 until 1200 °C and 1400 °C at 

heating rates 5 K/min and 20 K/min with prior correction measurement with exactly the same 

conditions as in the experiments but with the empty crucible without the sample to determine the 

instrument behaviour and obtain the correct baseline for the following experiments and air exhaust 

to exclude the oxidation processes in the chamber. The thermocouple is PtIr. The net sample mass 

was 80 mg. The crucible with a cover (all made from Al2O3) was used to avoid the dispersion of 

the powder in the chamber of the calorimeter during the work of the suction pump. The system 

was pumped out in the course of 13 hours at the high vacuum 4,6·10-4 mbar. The experiment was 

performed in the atmosphere of He inside the chamber. The curves for all the monolayered samples 

and for the multi-layered TiAlN/TiN for the both rotation rates were obtained.

2.1.2. TEM

2.1.2.1. Grid preparation

Specimens preparation for TEM were provided taken in accordance the instruction given in 

[23] and some practical notifications which appeared in the process. The principal stages of the 

mounting could be outlined:

• Cutting  of  the  bar  on  the  AccoTom  or  Secotom  with  precise  diamond  wheel.  The 

parameters of the obtained piece were choosing to be 1.7 mm × 1.0 mm × 0.4 mm. The 

model of cutten sample is presented on the schema. The diamond wheel and automatic 

control gives the perfect possibility to cut the pieces with a small loss of the material. But 

of course it  happens that some pieces falls  down from the substrate  to which they are 

clayed with epoxide. The Struers technique is used to provide this part of preparation.
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Figure 22. Cutting to produce pieces able to fit into the Ti TEM grid

• Putting two obtained pieces with films on the substrate face to face into the grid with 

widths 0.8 or 1 with tweezers. They should be positioned in the central rectangular hole of 

the grid which is shown on the following picture. That is the way to prepare the sample for 

cross-sectional TEM. And it should be observed in optical microscope to be sure the pieces 

had set perpendicularly to the flatness. And then the grid should be tighten and squeezed.

Figure 23. Titanium TEM grid [23]

•    The  grid  with  specimens  inside  it  was  wrapped  around  with  araldite.  During  the 

preparation different proportion of the clay and carbide in the mixed powder were tested. 

There is a manual and a graph which show how to heat the grid. It was concluded that the 

optimal time is 1 h 45 min at temperature 170 єC under the aluminium foil to prevent 

convection. Araldite and carbon powder mixture is hardening during the heating.

41



• Polishing should be provided manually to exclude the loose of the sample. It should be 

mounted on the stub of the disc grinder which permits to control the polishing depth. The 

polishing should be provided starting with polishing paper 800 and going up till very small 

dispersed diamond saw and paste. Both sides of the grid should be polished with the same 

quality good to the final thickness not more then 50 µm. Because the thickness of the 

sample is the main parameter on which depends the time it would take to mill the sample. 

But the other side of the medal is that very thin polished sample is much more fragile and 

often tilted. But anyway the surface of the specimen should be smooth and without 

scratches. If not, the defects would only be strengthening by milling.

2.1.2.2. Milling methods

The electrochemical polishing is not suitable in case of our materials so we need to mill 

the samples till  the small hole appears between two films. The border of this hole that would 

present thin area of the ceramic film would serve the object of our interest. Precise Ion Polishing 

System (PIPS) and ion beam milling on Baltec machine were used to prepare samples for TEM 

observation. It was mentioned that PIPS gives better result in shorter time of milling. The principle 

of working of both machines in general is the same. The difference is in the set methods, the 

quality of the samples that satisfies the machine and their generation.

2.1.2.2.1. Ion beam milling

In case when Baltec ion miller is going to be used the sample of the thickness less then 

approximately 50 µm as it was mentioned below  should be mounted on the substrate and covered 

with Carbon Cement CCC to obtain the small area of application and cut the influence of the beam 

on the substrate of grid. The disadvantage of using CCC is that the grid could not be cleaned from 

it properly and it is not recommended to set the sample in chamber of sensitive microscope with 

high resolution onto this condition. That was the other reason why finally it was decided to use 

PIPS for milling samples.

A short description of Baltec RES010 ion miller which was used to mill a part of samples 

during this work is done in this chapter. The system is supplied with two guns.  Schematic diagram 

of an ion-beam thinning device is presented on the following figure.
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Figure 24. Baltec ion beam. Principe of work.

According to draft [23] which gives the detailed instructions for use rotational center and 

guns alignment should be done precisely.  It is necessary to choose the milling angle.  A larger 

incident angle results in faster ion etching time. But sensitive samples may be damaged due to the 

higher  amount  of  energy  transferred  to  the  sample  during  etching.  As  usual  incident  angles 

between 3-7° are used. Another one parameter which needs to be fixed is gloss angle - the angle at 

which the maximum amount of light send out from the lamp is reflected to the microscope by the 

sample (5-6°). The recommended during the milling voltage is 7.5 kV, the current 2.25 mA. The 

both sides should be milled, rocked (30°-50° angle should be chosen) and as a final stage the 

surface need to be etched using a lower gun voltage and currant to remove ion induced damaged. 

Finally a hole appears in the center along the interface. It could be detected by microscopically 

analysis; the electron transparent area along the edge is visible.

On the practice it is very important to align the guns and to check the gas flow level in 

the system. Otherwise the probability of getting sample milled not in the center or not smooth or 

with the big gap is quite big. The other disadvantage of this machine that the time that it takes to 

mill one sample could be very long compared to those done by PIPS. In the case of the sample 

with 50 µm thickness it could be from 3 days to almost 2 weeks. And another one thing that speaks 

not for this machine is that thin area which is in the interest of the research by TEM is very small. 

It changes very quickly from transparent to thin area what is bad because we can not build the full 

image basing on the data obtained from small area of investigation. The positive moment of this 

machine is that it admit to save the grid undistorted because it is “protected” by CCC during the 

whole milling process.
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2.1.2.2.2. PIPS

PIPS Gatan was used to mill almost all the samples. The machine answers  an industry 

standard for TEM sample preparation. PIPS give the nice hole in sample in time 6 to 10 hours if 

the sample is mounted and centred correctly. The attention should be paid to the pump that should 

be always on to provide the correct work of the system.

Figure 25. Gatan PIPS. Facade [24]

The gas flow, time and voltage could be regulated very fairly. The advantage is that two 

working guns could work parallel in different regimes. The basic position of the guns is when one 

is milling the sample from above and the other one infra. That means the both sides of the sample 

are going to be milled in the same time what could not be reached by Baltec ion beam where a 

least-evil solution is to check the depth of milling by high resolution microscope or to feel by heart 

that the beam is somewhere in the middle and turn the grid on the other side. The guns switch on 

interchangeably and do not touch the part where the grid is hold by keepers. So here the sample 

44



could be mounted once and it is not obligatory to take it out from the chamber if the gap looks nice 

on the monitor. The regime of polishing the sample permits to smooth and thin area of the border 

when hole had already appeared sweepingly. The only one disadvantage and misfortune that is 

possible is if the beam would “eat” the substrate of the grid quicker then it would mill the films. It 

could happened even if the guns are concentrated on the films but they are very hard and the 

material of the grid is softer. That is our case. That is disappointing factor but there is the solution 

for that. The destroyed grid with milled film could be sticked on the copper ring or could be set in 

the copper gridiron to be protected from the fall inside TEM chamber.

2.1.2.3. Microscopy

The experiment was provided on two microscopes of different resolutions ability and age 

generations were used.  The research was performed for the following compositions heated by 

different programmes: 

• room temperature:

Ti33Al66N/TiN 5 rpm

Ti33Al66N/TiN 1 rpm

Ti50Al50N (One of the investigated films was growed on the WC-Co substrate by using commercial  

PVD with bias UB=-40 V, T=550 °C and the other one was deposed at T=200 °C)

• heating 800 °C:

Ti33Al66N/TiN 5 rpm

Ti33Al66N/TiN 1 rpm

Ti50Al50N

• heating 950 °C:

Ti33Al66N/TiN 5 rpm

Ti33Al66N/TiN 1 rpm

Ti50Al50N
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2.1.2.3.1 STEM

Philips CM 20 is very common installation representating STEM. It is ideal for users who 

are not so experienced and familiar with TEM yet. Is simple conventional TEM microscope that 

possesses to carry out basic microstructure observations instead of observing the atomic layers of 

the material. So it is good to make the general research onto the sample. The point resolution of it 

is point resolution 2.8 Е. Accelerating voltage 200 kV.

 The  advantage  of  this  machine  as  well  was  that  the  samples  milled  on  Baltec  were 

successfully observed on it without risk to dirty the chamber because it is quite noble. The example 

of what could be seen by CM is done below.

Figure 26. 5 rpm sample. Heating: room temperature. F5.  ×140

2.1.2.3.2. HR TEM

Permitted to study the structure very detailed. The interested area could be found easier 

then in CM 20 and in addition it opens the supplementary advantages such as to build the EDX and 

EELS profiles in the interested selected areas. The possibility to see the atomic structure opened 

the opportunity to convert the image by the application DigitalMicrograph and to construct the 

lattice  based  on this  knowledge.  The main  application of  it  is  to  determinate  the  dislocations 

position and other defects. It could be clearly seen on the area where TiAlN and TiN layers meet. 

To illustrate that let’s see how would look the selected area by FFT.
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Figure 27. High resolution of the mulyilayered structure and it’s transformation.
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2.1.3 Nanoindentation

The samples  for the nanoindentation were prepared in the following method:  as it  was 

decided to build the hardness curves then we needed several points for each composition. It means 

– few heating temperatures (the heating was provided in SECO Tools). And to obtain each point on 

the graph at least 20 measurements should be done to get the good statistic and correct result. Four 

compositions are studying. They are:

• Ti33Al66N/TiN 5 rpm

• Ti33Al66N/TiN 1 rpm

• Ti33Al66N 

• Ti50Al50N

Each sample should be investigated for the following heating:

•room temperature

•600 °C

•700 °C

•800 °C

•900 °C

•1000 °C

•1200 °C

So there are about 400 indentations that should be provided.

The  samples  are  mounted  in  the  plastic  cylinders  by pressure  machining  or  by filling 

method. Each cylinder includes four to five pieces.

The area that should be investigated is polished under the angle using the special stub, 

thinned on the special preparation machine with two turning disks or attenuated by the rolling 

metal ball. That permits to put the indentation on the thin film area.

The machine is able to download five cylinders a time. One of them is the cylinder with the 

reference glass. The others could be the cylinders with our samples. The track that would be made 

by indenters head is programmable. It means we are able to choose the position for each point 

where we want to make measurement. That is strongly recommended in case of our films which 

exclude the mistake. The interested areas of the surface could be observed on the monitor. The 

cycle of each indentation consisting of four main stages  is  printing out on-line.  That helps to 

49



control the process. But the observing of working machine should be made carefully because it is 

sensible to the vibrations.

2.2 Results and Discussion

2.2.1 Monolayered TiAlN reference experiment
2.2.1.1. DSC and XRD

 It was revealed and confirmed the statement of the previous research (advert to [1] for 

DSC images) that:

• For the 33/66 composition peaks are more distinct than for 50/50 composition. For the 

same heating rate Ti34Al66N films show a more exothermic response than Ti50Al50N films 

• Increasing the negative biases involve the increasing of the residual stress in the coatings

• Increasing of the negative bias makes the peaks more visible

To prove that the X-ray diffraction experiments were provided. XRD analysis were carried 

out to determinate the phases, growth orientation and lattice parameter in each composition. The 

analysis was performed in Philips 4-axis MRD. The X-ray source produces Cu K radiations with 

a wavelength of 1.54186 Е. The studied angle was from 30є to 145є.

 The figure represents the XRD patterns obtained from Ti33Al66N and Ti50Al50N for three 

different biases. Bias changes the microstructure and residual stress.

• Increasing of the negative bias changes the growth orientation from (200) to (111). It is 

evident that the more negative is the bias, the bigger is the lattice parameter that’s why the 

peaks are shifted to the lower angle 2Θ.

• Increasing of the negative bias increases the residual stress and a number of the defects in 

the films. It is proved by the fact that the peaks are broadening.
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Figure 28. XRD. Left to right: Ti33Al66N and Ti50Al50N for three negative biases. Position of peak 

TiN plotted reference. Peaks attached to the line named ‘s’ correspond to WC substrate peaks
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2.2.1.2. TEM

As preparation the of grid for TEM is very diligent and time-consuming process, it was 

decided to investigate the structure only for those monolayered samples that were deposed at -40 

V. The bias was the same for multilayered samples. The samples deposed at the same conditions 

could be compared with higher accuracy.

On  the  following  figure  obtained  for  50/50  composition  by  TEM the  growing  of  the 

columns could be seeing. As well on the next figure the layered structure could be observed.

Figure 29. TEM. Ti50Al50N
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Figure 30. TEM. Ti50Al50N

Due to the higher resolution the column structure could be seen more detailed. The waves 

on the photo could describe the residual stress which came into being in milling process. The effect 

of disappearance of these lines was observed. It could be explained by heating of the sample on 

the run.
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Figure 31. TEM. Ti50Al50N

We could not see the difference between two samples. In both cases tridimentional growing 

was  observed.  The  resolution  was  not  enough  to  see  the  particles  formed  during  the 

decomposition. In both cases the each time the sample on the drum passed the cathode we are able 

to see the border between layers. And in both cases the nucleating of columns are visible.
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2.2.2 Multi-layered TiAlN/TiN coatings

The multilayered samples were evaporated at low (1 rpm) and fast (5 rpm) rotation rates. It 

is evident that that the rotation rate gives the opportunity to control the bilayer thickness. How it is 

varieties depending on rotation rate is calculated in [1]. By using TEM it is possible to measure the 

thickness of each different layer and to conclude if the previous estimation was good enough.

The research was provided in the following order: XRD, DSC, TEM and it was decided to 

provide nanoindentation as well but due to the technical disability it was not possible at those 

moment.

2.2.2.1 DSC and XRD

We expect to have three peaks for on the DSC curve. The first one DSC 1 corresponds to 

the formation of the fcc-AlN domains, after DSC 2 we have three phases: matrix fcc-TiAlN, fcc-

TiN and fcc-AlN. The third DSC 3 peak responds to fcc-AlN →  hcp-AlN transformation.

It could be seen that the third peak for the 5 rpm is very broad, whereas at 1084 ºC on the 

DSC curve for 1 rpm multi-layers there is a well-defined peak. The rotation rate could essentially 

control the properties of the coatings by slowing down the final stage of decomposition which 

causes softening, so keeping the coating harder for longer.

Table 6. DSC picks position for multilayered TiAlN/TiN powder

Composition DSC 1 DSC 2 DSC 3 Masse change

TiAlN/TiN 
1rpm heated 
till 1200 єC

729 єC 938±5 єC 1084 єC -0,3%

TiAlN/TiN 
5rpm heated 
till 1200 єC 

721 єC 943 єC 1152 єC +0,5%

TiAlN/TiN 
5rpm heated 
till 1400 єC 

722±2 єC 930 єC 1154 єC +0,3%
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Figure 32. DSC. Multi-layered Ti33Al66N/TiN powders 1 rpm and 5 rpm (1st try corresponds to heating till 
1200 °C, 2nd try – 1400 °C).

The DSC curves were treated to make the peaks more evident and for simplification of the 

following analysis. The curves were processed by means of computer program Origin Pro 7.5. The 

normalization of the curve was performed standardizing to the maximum value and the program 

automatically gives an equation. The baseline signal was approximated by polynomial fit, the order 

of the polynom was found by cut-and-try but quite precise method. Due to it the peaks becomes 

more visible. After that the difference between the measured values and baseline was taken. The 

figures shows how the original form is converted.
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Figure 33. Normalisation of DSC curve. TiAlN/TiN 1 rpm

Figure 34. Normalisation of DSC curve. TiAlN/TiN 5 rpm
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Figure 35. XRD. Multi-layered Ti33Al66N/TiN coatings obtained at rotation rates 1 rpm and 5 rpm 

compared to the monolayered Ti33Al66N sample. 

For  TiAlN/TiN  1  rpm on  the  obtained  XRD pattern  the  peaks  corresponding  for  two 

different phases TiAlN and TiN are well-defined whereas the upper curve for the monolayered 

sample obtained at the same conditions present the peaks for the phase TiAlN as it was expected. 

TiN is traced, it could be seen that the TiAlN phase peaks are shifted relating to it. As for the 

pattern obtained from the TiAlN/TiN 5 rpm sample, the three peaks are visible. The main large 

peak which  is  situated  between two small  peaks  corresponding to the  TiN and TiAlN phases 
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represent  the  coherently  strained  TiN and  TiAlN phase.  The  difference  of  the  obtained  XRD 

patterns can be explained reasoning from the theory of the epitaxial growing of the layers. Let’s 

suppose in both cases the few first atomic layers on the border of two phases can grow by epitaxial 

mechanism. The lattice with the smaller interatomic spacing is stretched. And the one with the 

biggest interatomic spacing is contracted. In that way the both lattices are strained for keeping the 

coherency. But as there is a difference between the lattice parameters, the stress grow with each 

new atomic layer and there is a breaking point as usual if this difference is big enough then the 

coherency will be lost.

In the case of the slow rotation rate 1 rpm the thickness of the layers is enough large and 

even through there are certain layers growing by epitaxial mechanism and are coherently strained 

relative to total thickness they are negligible components. That is the reason why for TiAlN/TiN 1 

rpm the two different peaks are well distinguished. In the case of 5 rpm, the fast rotation speed 

keeps the layer thickness low, therefore the majority of the layer is close enough to the interface, 

which consists of the coherently strained TiAlN and TiN. So for the rotation rate 5 rpm the thin 

layer have epitaxial growth texture, both layers are strained to keep cohesion. In that way the main 

XRD peak corresponds to an ‘average’ lattice parameter from coherently strained TiN+TiAlN. 

XRD results could be confronted with DSC obtained for the multilayered samples powders. The 

timely appearance of the transformation fcc-AlN → hcp-AlN for 1 rpm sample and its delay in the 

case of 5 rpm sample is explainable from this point of view. In the case of 5 rpm sample the strain 

of the lattice hold the transformation. So due to XRD it is apparently that the microstructure of the 

multilayered samples is different and it helps to explain DSC curves.

To confirm our hypothesis about the epitaxial growth it was shown that for TiAlN/ZrN 

samples the phenomena observed for the TiAlN/TiN was not obtained, no epitaxial growth was 

revealed because of the huge difference between the lattice parameter of TiAlN and ZrN.
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2.2.2.2. TEM
It  was  expected to see  if  TiN/TiAlN interchanges  interrupt  the column growing of  the 

grains, if there is a coherency and diffusion between the layers. If for the monolayered samples it 

was enough to check the structure by meaning of STEM, then for investigation of the multilayered 

coatings the research was more fundamental and involved use of both STEM and HRTEM. The 

last one gave the possibility to build the EDX and EELS profiles for the components.

5 rpm sample was observed by meaning both HRTEM whereas the atomic layers and the 

defects could be seeing precisely and STEM.

Figure 36. HRTEM. 5 rpm

60



Figure 37. HRTEM. 5 rpm

This picture represents very high magnification. The note in the corner of the photography 

is  2 nm. The measuring of  the layer  thickness could be provided with accuracy.  The average 

thickness of the layer is about 6 µm as it demonstrated on the figure. It could also be seeing on the 

STEM image. It also could be mentioned that the thickness of TiN (white stripes) layers a little bit 

bigger than TiAlN (black stripes) because of the lattice parameter difference.

In my opinion the boards of the layers are smoothly spill over one to another.  It could be 

explained by the diffusion effect (heating during the PVD was 550 °C and it should not be so 

pronounced cause the diffusion coefficient for Ti is still quite small) or coherency what is more 

likely. In support of it the columns could be seeing.
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Figure 38. STEM. 5 rpm

The  images  of  1  rpm  samples  determinate  the  column  boundary.  The  layers  are 

distinguished more neatly. As it was expected the semicoherency could be observed. In individual 

case the  tridimensional growth expressed in the different strain contrast between the layers was 

found out that could mean the influence of the diffusion factor.

The  same  technique  used  to  observe  the  1  rpm  samples  permitted  to  mention  the 

distinguished layers, column growing and  tridementional growth even in STEM very well. The 

difficulty was that  the milled area was not  smooth and rapidly decreasing but anyway it  was 

enough to form a point of view about the coatings.
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Figure 39. STEM. 1 rpm.

Figure 40. 1 rpm. Tridimensional growth

63



Figure 41. STEM. 1rpm_3-190-2.

From the figure 41 with enough high magnification it is seen that the thickness of the layers 

is in between 28.3 nm – 29.7 nm. Earlier it was estimated to be around 40 nm. The same as in case 

with 5 rpm samples the practical thickness is less then the calculated one. As it was conceded that 

each  rotation  is  equal  and  the  difference  between  TiN and  TiAlN layers  was  ignored  in  the 

estimation, the results were very rough. Anyway it could be mentioned that one low rotation layer 

is a bit slimmer than five high rotation layers, what could be explained by the adhesion between 

the layers. 

It should be mentioned that the heated samples along with RT samples as it was described 

in  experimental  methods  for  TEM were  observed.  On the  basis  of  the  hypotheses  that  phase 

transformation that has a place at 800 °C and 950 °C would be visible. Instead of the expectation it 

was  impossible to  determinate  the areas  of  transformation and no difference between RT and 

heated samples was fixed.
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2.2.2.3. EDX and EELS

The main objective of EDX and EELS was to answer the question what is happening on the 

interface of bilayer and if there is the diffusion between the layers. Otherworld it permit to get the 

knowledge of the degree of intermixing of separate components and layer boundaries.

EDX is able to show the concentration profiles of Ti and Al.
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Figure 42. EDX scan using small probe. Al component profile.
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Figure 43. EDX scan using small probe. Ti component profile.

The composition fluctuate from being Ti-rich to Al-rich.
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EELS is could be made for nitrogen as well, the map is presented on the figure 45. And it is 

even better method of measuring intermixing via filtered electron energy loss imaging. Ti, Al, N 

spectrum has a pronounced near edge fine structures. Ti and Al maps were obtained to watch the 

elemental variations across the layers. It should be always taken in count that there are the sources 

of blurring that would not allow the interpretation of elemental distribution to be straight. But in 

both EDX and EELS cases it is well seen that Ti and Al profiles are complementary to each other. 

Thus I would conclude that it is a prove of coherent growth at the multilayer interfaces.
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Figure 44. EELS. Ti profile.
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Figure 45. EELS. Nitrogen. 5 rpm, 800 °C.
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Two next images represent EDX provided for different samples – one heated till 800°C and one 

investigated at room temperature.

Figure 46. EDX. Ti, Al, 5 rpm, 800 °C
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Figure 47. EDX. Ti, Al, 5 rpm, RT
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The machine gives a big advantage because it permits to get scans of different wished areas on the 

sample. That could be useful for statistics.
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2.3. Conclusions

The DSC of Ti33Al66N/TiN shows that the third peak for the 5 rpm does not appear or very 

broaden whereas for 1 rpm coating there is a well-defined peak. It means that the fcc-AlN phase is 

not yet transformed into the stable hcp structure. In this case the layer is enough thin to keep the 

coherency  between  TiN  and  TiAlN  phases.  So  by  changing  the  thickness  of  material  the 

microstructure changes and consequently the hardening could be controlled. But the experiments 

need to be repeated with higher lever of accuracy to confirm that. It could cause the problem to 

provide the proper experiment like that but the solution is to exclude or minimise oxidation of the 

powder at high temperature.

TEM analysis for the monolayers show that the grains grow in the columns. The layering 

was observed. For the multilayers the coherency was proved in the case of 5 rpm sample and 

semicoherency was observed in the case of 1 rpm sample along with the tridimensional growth. In 

both cases the columns were observed. The future more precise investigation of the heated samples 

should  show  the  phase  transformation.  EELS  and  EDX  showed  that  Ti  and  Al  profiles  are 

complementary to each other.
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2.4. Future work
It is obvious that the research on TEM should be continued to obtain the images showing 

the phase transformation going.

To get it clear the DSC experiment could be repeated to confirm the peaks positions.

The nanoindentation of the samples heated until different templeratures would permit to build the 

hardness curves and compare them. I think it is very important to provide some tribological tests. 

Turning and drilling experiments with differently coates details as it is realising on SECO Tools 

would compose the full picture. Coefficients of friction, wear rate, damage analyses, reciprocating 

sliding tests and maybe ball-on-disc tests would complete the research.

And it should not be forgotten that the studies were taken along only few compositions and 

there in a great many combinations of the layers and ratio of the components within them. So there 

are lots of possibilities for the plentful research.
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Appendices

TEM images

Figure 49. STEM. 1rpm_3-190-2.
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Figure 50. Auto-correlation. 5 rpm 800 °C
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Figure 51. Intermixing of the layers.
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Figure 52. FFT of the area selected on the figure 51.Dislocations in the material.
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Figure 53. Heated 800 °C sample defects.
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