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1 Introduction 

Due to their high hardness and chemical stability, hard coatings are often used to 

protect tools for cutting applications. In particular, Ti1-xAlxN based coatings are 

frequently applied because of their favorable properties at elevated temperatures, 

such as oxidation resistance and high temperature hardness. Optimizing specific 

properties to increase the performance of such coatings has been subject of 

investigations for more than two decades. Nevertheless, the thermal conductivity has 

only been an additional invasion, but recently gains increasing interest in research 

[1,2].  

Ti1-xAlxN represents a metastable solid solution and tends to decompose into cubic 

(c)-TiN and c-AlN at elevated temperatures. Simultaneously, phase transformation of 

the formed c-AlN into wurtzitic (w)-AlN takes place. With on-going spinodal 

decomposition and subsequent phase transformation, an increasing thermal 

conductivity was reported [3]. The observed values exceed the initial thermal 

conductivity to a great extent. However, fundamental design rules for the thermal 

conductivity of wear resistant coatings are missing; thus, a correlation of conductivity 

with cutting performance is not possible. Nevertheless, several concepts have been 

suggested to improve the thermal management during cutting. One of these 

concepts is to use coatings with anisotropic thermal conductivity as proposed by 

Böttger et al. [1,4,5]. For example, the proposed anisotropy can be established with 

multilayer structures consisting of two alternating layers with high and low thermal 

conductivities. The result is that the thermal conductivity parallel to the surface (in-

plane) is higher than perpendicular to the surface (cross-plane). Böttger et al. 

showed that a pronounced anisotropy can reduce thermal gradients on interfaces 

between coating and substrate. Subsequently, they created a model to calculate the 

anisotropy of the thermal conductivity from the individual thermal conductivities of 

alternating layers [4,5].  

Consequently, this work concentrates on synthesis and characterization of coatings 

with significant anisotropy in thermal conductivity. Alternating multilayers of SiOx and 

Ti1-xAlxN were deposited in order to obtain a difference of in- and cross-plane thermal 

conductivity. Additionally, the thermal conductivity of selected Ti1-xAlxN samples was 

altered, utilizing post deposition annealing, to gain an increase in anisotropy. The 

thermal conductivity of the synthesized coatings was determined by time-domain 

thermoreflectance (TDTR). Cross-plane measurements were performed on the 

sample surfaces. For in-plane measurements, cross-sections of the samples were 

generated using ion-beam assisted sample preparation. Thus, an anisotropy factor of 
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the tested samples could be calculated from the obtained in- and cross-plane thermal 

conductivities.  

The present work aims towards the development of a comprehensive methodology to 

investigate anisotropic thermal conductivities. Special emphasis was laid on the 

preparation of cross-sectional samples and the measurement of the in-plane thermal 

conductivity. This work significantly contributes towards utilization of tailored thermal 

conductivities of hard coatings as a further playground to optimize coating 

performance.  
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2 Theoretical Background  

2.1 Physical Vapor Deposition  

Different physical vapor deposition (PVD) techniques are available, e.g. electron-

beam evaporation, arc evaporation or sputtering [6]. For all of these techniques, a 

condensable vapor of molecules or atoms is created from a solid or liquid target 

material and is transported to the substrate in a vacuum or low pressure gaseous 

environment [7]. Not only is the substrate coated, but also the whole vacuum 

chamber in line-of-sight to the target. To obtain a homogeneous coating, 

sophisticated substrate rotation is necessary [8,9]. 

PVD methods, especially sputtering, are suitable to deposit multicomponent coatings 

with different elements [10]. To synthesize compounds, reactive processes are often 

utilized, where a reactive gas, for example O2 or N2, is inserted into the vacuum 

chamber to create the aimed for nitride or oxide [6]. The coatings for this work were 

synthesized by sputter deposition, which will be briefly described in section 2.1.1.  

2.1.1 Sputter Deposition 

The PVD process with the most widespread use is sputter deposition. There, the 

vacuum chamber is filled with a working gas, often Ar. Between the target, forming 

the cathode, and the substrate or the chamber walls, forming the anode, a plasma is 

ignited. Here, highly energetic ions are generated and bombard the target to 

physically evaporate atoms. After this creation of a vapor phase, the atoms which 

move towards the substrate form the coating [6,7].  

Sputtering can be done in different modes, which are direct-current (DC), pulsed DC 

and radio-frequency (RF). DC sputtering is an often used method because of cheap 

power supplies and easy process control. For RF sputtering, the discharges operate 

in the MHz frequency range and for the pulsed DC mode in the kHz frequency range, 

where the applied voltage can be pulsed bipolarly or unipolarly [6].  

For DC sputter deposition, the power supply is a high-voltage DC source. The target 

serves as the cathode of the discharge and the anode can be the substrate and/or 

the walls of the vacuum chamber. The plasma is created and supported by the DC 

source via secondary electron emission at the cathode and impact ionization of 

neutral gas atoms [7].  

When a DC potential is applied to grow compound coatings by reactive deposition, 

the target may become completely covered with a dielectric material with low 

electrical conductivity. Consequently, the flux of ions or electrons is hindered, the 
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deposition process is slowed down and arcs can be formed. If pulsed DC or RF 

sputtering is utilized, charged surfaces are permanently discharged; ions and 

electrons can continuously move between the electrodes. During the positive pulse, 

electrons move to the target and neutralize any charge, which was built up during the 

negative pulse. During this negative pulse, intense energetic sputtering of dielectric 

target surfaces by positive ions occurs. The optimal frequency of pulsing and the 

pulse duration together with the relative pulse height strongly depends on the target 

material [8]. 

To deposit compounds reactive sputtering is widely used. There, the deposition is 

done by sputtering from metallic targets in the presence of a reactive gas and a 

working gas (normally argon). Some typically used reactive gases are nitrogen or 

oxygen [11]. 

The potential formed between plasma and substrate surface can be increased by 

applying an externally generated negative bias potential on the substrate, which 

attracts positive ions from the plasma to bombard the substrate. The concurrent 

bombardment increases the mobility of condensed atoms, the surface diffusion and 

therefore increases the density of the growing film. The bias potential can be formed 

with continuous DC, pulsed DC, alternating-current (AC) or RF voltages [8].  

For magnetron sputtering, permanent magnetic fields are applied to trap the 

electrons in front of the so-called magnetron covered by the target and consequently 

also the Ar+ ions are concentrated near the target surface. Due to the resulting higher 

electron and ion density, a higher sputtering rate is obtained. Magnetrons can be 

balanced or unbalanced, depending on the looping of the magnetic field lines. If the 

magnetron is balanced, the magnetic field lines are self-contained and only loop 

between the central and the outer magnets. In an unbalanced magnetron, the 

magnetic field lines also loop between the central and the much stronger outer 

magnets, but are also open towards the substrate. Thus, the plasma is allowed to 

expand away from the target area and the electrons are guided towards the substrate 

surface [6]. A schematic of an unbalanced magnetron sputter system is illustrated In 

Figure 2-1(a).  

Figure 2-1(b) shows that the transformation of the target material into the gaseous 

phase occurs directly as a result of an atomic momentum transfer [10]. There, the 

impinging gas ion transfers its impulse to the target atoms and creates a collision 

cascade. When these collisions move towards the surface, atoms are ejected from 

the target if they obtain enough kinetic energy [12].  
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Figure 2-1: (a) Schematic representation of a magnetron sputtering system, which 
shows the most important processes during (b) the sputter procedure at the target 
and (c) the nucleation process at the sample surface [13]. 

The target atoms which are ejected move through the plasma (Figure 2-1(a)) and 

arrive at the substrate (Figure 2-1(c)). The arriving atoms migrate via surface 

diffusion and can either re-evaporate or form metastable clusters. If these metastable 

clusters form stable clusters during nucleation, grain growth can start [12,13].  

The microstructure and morphology of the forming coating is influenced by the 

mobility of the ad-atoms, their diffusion on the surface and eventually also by bulk-

diffusion. It also strongly depends on substrate temperature and energetic 

bombardment by atoms or ions, which transfer their kinetic energy to the film forming 

species. The structure zone model (SZM) shown in Figure 2-2 is used to describe the 

formed morphologies [11,12]. Four different structural zones can be described as a 

function of Ar pressure and the temperature T/Tm, where T is the substrate 

temperature and Tm the melting temperature of the coating material. In Zone 1 at low 

substrate temperatures, the observed coatings are porous and consist of crystals 

with domed tops. This leads to a rough surface as a result of low surface diffusivity. 

Higher pressures push the borders of Zone 1 to higher substrate temperatures. The 

ad-atom mobility increases with higher temperatures and more nuclei are formed. 

This leads to Zone T, which is controlled by competitive growth. At the even higher 

temperatures in Zone 2, the columnar grains consolidate and coarsen due to 

increased diffusivity. In Zone 3 at still higher temperatures, equiaxed grains are 

formed. Thus, the coating surface becomes smoother [14].  
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Figure 2-2: Structure zone model by Thornton for magnetron sputtering [14]. 

The big advantage of sputtering is the obviation of droplet formation (a typical 

disadvantage of arc evaporation), which results in the formation of films with smooth 

surfaces. However, the with about 1 % low ionization rate of the sputtered species 

can be a disadvantage, since the low number of ionized film forming species limits 

the possibility of accelerating them to the substrate by an applied bias voltage to 

promote film growth [6].  

2.2 Thermal Conductivity 

2.2.1 Introduction 

The thermal conductivity can be described as the transfer of thermal energy within a 

material, which is taking place by the movement of free electrons and phonons. Two 

contributions to thermal conductivity can be distinguished, i.e. the phononical and the 

electronical thermal conductivity. Metals often have a higher thermal conductivity 

than non-metals, because of the free electrons, which are responsible for the 

electrical conductivity and at the same time take part in transport of heat [15–17].  

If lattice defects, like interstitials, vacancies or dislocations are present, the scattering 

of phonons in the crystal structure increases, which consequently reduces the 

thermal conductivity [5]. The thermal conductivity is inversely proportional to the 

specific surface of grain boundaries [2].  
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2.2.2 Thermal Conductivity of Hard Coatings 

Hard coatings are widely used for cutting applications, where often high temperature 

is prevailed [4]. Thus, cutting tools are frequently coated with hard coatings to 

provide the required high wear resistance. These coatings should have a good 

chemical stability, oxidation resistance, diffusion resistance, hardness and a good 

adhesion to the substrate [2].  

When searching for optimized coating systems for cutting applications, the thermal 

conductivity often only has been an additional invasion. More recently, the thermal 

conductivity moved into the focus of research. There are diverse promising concepts 

for thermal management for cutting applications [1,2,4,5,18]. The thermal 

conductivity of hard coatings can be measured by the TDTR method, which will be 

described in section 2.2.4 [19]. 

One of these concepts is the use of coatings as a thermal barrier to redirect the heat 

flow into the chip and thereby protecting the tool and the work piece. Hence, the 

thermal conductivity of these coatings should be as low as possible, especially at 

high temperatures [2]. Many of the microstructural features that increase hardness, 

such as small grain sizes, nano-precipitates and strengthened grain boundaries 

simultaneously hinder the heat transport and thus lower the thermal conductivity [18].  

Another approach is to consider the coating as a heat sink, to protect the tool from 

local temperature maxima and high temperature gradients. Here a high thermal 

conductivity is needed [2,18].  

The concept, which motivates this work, is based on an anisotropic thermal 

conductivity within a coating to be used for e.g. wear protection of cutting tools. With 

this anisotropy, the heat flow can be redirected into the chip and out of the 

coating/substrate system, resulting in a higher life span [1,5].  

Hard coatings often consist of transition metal nitrides, which crystallize in a cubic 

structure resulting in isotropic thermal properties. It is still possible to induce 

anisotropy in intrinsically isotropic materials by engineering them at micro- and 

nanoscale. This can be achieved by specific oriented crystallites, grain boundaries, 

nanostructures or multilayer systems, where the sub-layers exhibit different thermal 

conductivities [4]. 

2.2.3 Anisotropy of Thermal Conductivity in Multilayer Coatings  

Multilayer architectures provide the potential to tailor microstructure as well as 

mechanical and thermal properties of hard coatings. Multilayered coatings with 

alternating layers of two or more different materials can combine the advantages of 

the contained layers. Furthermore, the interface between the different sub-layers is 
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considered as a barrier to dislocation motion, crack propagation and element 

diffusion, especially when the layer thickness is reduced to nanoscale  [20]. 

A high anisotropy of the thermal conductivity can be achieved with a multilayer 

structure comprising two alternating layers, one with a high and the other one with a 

low thermal conductivity. The result is that the thermal conductivity parallel to the 

surface (in-plane) is higher than perpendicular to the surface (cross-plane). 

Therefore, in-plane thermal gradients at the tool surface are reduced and the heat 

flow into the chip and out of the layer/substrate system is enhanced [5]. This design 

might be effective for processes that involve short contact times and small contact 

areas such as hobbing and milling [4].  

Another way to gain high thermal anisotropy is to combine different material classes 

such as metals with ceramics or amorphous with crystalline materials. This would 

also result in high thermal interface resistance between sub-layers. However, due to 

the differences in thermal expansion, hardness and toughness, it would be difficult to 

engineer coatings which are appropriate for high thermal and high mechanical load 

applications [4]. 

A thermal resistor model has been suggested for the anisotropy of a periodic 

multilayer structure [1]. There, the thicknesses   of two sub-layers 1 and 2 differ by a 

factor of         and the thermal conductivity   differs by a factor of        . If 

the model is set as independent of the absolute thickness, the in-plane and the 

cross-plane thermal conductivity are defined by 

   
  (    )

   
  and      

 (   )

   
.       (1) 

Now the anisotropy factor   of the thermal conductivity can be calculated with 

       .                                       (2) 

The anisotropy factor only depends on the relative thermal conductivity and the 

thickness of the two layers. This thermal resistor model is applicable to any multilayer 

system containing periodic alternating layers  [1].   

2.2.4 Time-Domain Thermoreflectance  

For the TDTR method an optical modulation process is used, where the change of 

the optical constants as a response to an impressed periodic perturbation is 

measured. This perturbation is, in the case of the TDTR, thermal energy which is 

submitted by a laser beam, the so called pump beam. The resulting change of the 

optical constant is detected by a second laser beam, the probe beam [19]. 

TDTR can be used to determine the thermal conductivity of hard coatings and 

multilayer structures with the aid of numerical models. This method utilizes the 
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change in reflectivity of a well-defined sample surface, due to the inducted difference 

in temperature. For the measurement, the surface of the coatings needs to be mirror 

polished and coated with a ~70 nm thick layer, typically Al, to obtain a well-defined 

temperature dependent reflectivity. Thus, a high intensity of the probe beam reflected 

from the sample surface is provided [4,19]. The required electrical and thermal 

conductivity of the Al layer are calculated with the van-der-Pauw and the 

Wiedemann-Franz law, where also its thickness needs to be exactly known [17].  

The advantages of the TDTR-method are [19]: 

 The possibility to measure thin films on micro- and nanoscale. 

 The relatively simple sample preparation. 

 A high local resolution. 

 The possibility to measure multilayer structures. 

 A simple and flexible sample handling. 

In Figure 2-3 the measurement setup is schematically shown. First, a pulsed laser 

beam is generated by a Ti-sapphire laser. Then, the beam passes through two λ/2 

plates and an optical isolator to regulate the polarization and the total power. 

Subsequently, the beam is separated into the pump beam (vertically polarized) and 

the probe beam (horizontally polarized) with a polarizing beam splitter. The pump 

beam is used to heat the sample, whereas the created temperature profile is 

scanned by the probe beam [19].  

Before the beams arrive on the sample, a delay between them has to be generated, 

by passing the pump beam through a mechanical delay line. This delay line is 

needed to adjust variable time differences between the pump and probe beam to 

measure the time dependent evolution of temperature dependent reflectivity of the Al 

layer. The probe beam meanwhile passes through a mechanical chopper, a non-

polarizing laser splitter, a focusing objective and is afterwards directed towards the 

sample, which is located in an adaptable sample holder. Before the pump beam 

reaches the sample, it passes another polarizing beam splitter to the same focusing 

objective as the probe beam [19].  

The reflected vertically polarized part of the pump beam should not be seen by the 

photo detector and is thus nearly completely reflected by a polarized beam splitter 

beside the sample holder. The reflected probe beam passes the two beam splitters of 

the pump and the probe beam and is then led to the third non-polarizing beam 

splitter. There, a part of the beam is guided to the CCD-camera with an up streamed 

color filter. The CCD-camera is used to observe the sample surface and the beam 

position. The other part of the beam is directed towards the photo detector [19].  
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Figure 2-3: Schematics of the measurement setup of a TDTR apparatus with the 
different paths of pump and probe beam [19]. 

2.3 The Ti-Al-N System 

TiN is a widely used hard coating material. However, major drawbacks are its 

relatively low hardness and oxidation resistance at elevated temperatures. In 

contrast, AlN is characterized by an excellent thermal stability and good mechanical 

properties. The combination of both yields a metastable cubic solid solution of TiN 

and AlN, leading to Ti1-xAlxN coatings with improved properties [21,22]. These 

coatings provide an improved oxidation behavior, due to the formation of a protective 

Al-rich oxide layer at the film surface, if exposed to high temperatures, high hardness 

and chemical stability. Therefore, they gained huge importance for industrial 

applications [23,24]. 

The Ti1-xAlxN solid solution can be synthesized by PVD techniques, even though 

c-TiN and c-AlN exhibit essentially no mutual solubility, tend to decompose and 

exhibit a wide miscibility gap at low temperatures [25]. To create this metastable 

c-Ti1-xAlxN solid solution, deposition conditions far from the thermodynamic 

equilibrium are needed. Ti1-xAlxN contains two cubic sub-lattices, where one is fully 

occupied by nitrogen and the other one is randomly populated by composition 

dependent Al and Ti atoms [3,26]. 

For c-Ti1-xAlxN, the hardness, the oxidation resistance and the thermal stability 

increases with the AlN fraction x, which also has an influence on the microstructure 

of the deposited coatings [27]. The microstructural evolution versus x is summarized 
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in Figure 2-4. Up to x = 0.65, Al can be incorporated on the metal sub-lattice within 

the c-TiN to form the metastable solid solution c-Ti1-xAlxN. For 0.65 ≤ x ≤ 0.75, this is 

no longer possible and a dual phase structure of c-Ti1-xAlxN and a solid solution of 

w-AlxTi1-xN appear. When x is higher than 0.75, a metastable w-AlxTi1-xN solid 

solution is formed [24].  

 

Figure 2-4: Schematics of the microstructural evolution in Ti1-xAlxN versus AlN content 
[28].  

In Figure 2-5 (a) a possible schematic structure of as deposited c-Ti1-xAlxN is shown. 

Since c-Ti1-xAlxN is a metastable solid solution, spinodal decomposition into c-AlN 

rich and c-TiN rich domains takes place at elevated temperatures of about 900°C 

[27], as seen in Figure 2-5 (b). While the decomposition is on-going, also phase 

transformation of the formed metastable c-AlN into the stable w-AlN occurs, which is 

associated with a volume increase of about 25% [25] (Figure 2-5 (c)). With rising 

temperature, the Al diffuses out of the c-TiN and grain growth occurs. This is 

illustrated in Figure 2-5 (d). In Figure 2-5 (e), the coarsening of the resulting dual 

phase system and the reduction of the number of grain boundaries can be seen [3]. 

 

Figure 2-5: Schematic structural evolution of c-Ti1-xAlxN during annealing with (a) the 
as-deposited state, (b) spinodal decomposition into c-AlN-rich and c-TiN-rich domains, 
(c) phase transformation of c-AlN to w-AlN, (d) diffusion of Al out of c-TiN and grain 
growth and (e) coarsening of the dual phase structure [3]. 

Coatings with a large single-phase field, such as TiN, normally soften due to 

recovery, recrystallization and grain growth at elevated temperatures. In comparison, 

the metastable c-Ti1-xAlxN owns a substantial hardness increase with increasing 

temperature. The hardness development over annealing temperature for TiN and 
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Ti1-xAlxN is visualized in Figure 2-6. The obvious hardness increase is the result of 

spinodal decomposition. The different lattice parameters of c-TiN and c-AlN cause 

coherency strains, which foster strain hardening of Ti1-xAlxN due to the hindered 

dislocation motion. As soon as c-AlN transforms into w-AlN, the hardness of Ti1-xAlxN 

decreases (Figure 2-6). This stems from the coarsening of the grains, the loss of 

coherency strains between c-TiN and w-AlN and the lower hardness of w-AlN with 

respect to c-AlN [25,26].  

  

Figure 2-6: Coating hardness versus annealing temperature for TiN and Ti0.34Al0.66N 
with the low high-temperature hardness of TiN compared to the superior hardness of 
Ti1-xAlxN  [25]. 

In Figure 2-7 the thermal conductivity of Ti1-xAlxN versus annealing temperature is 

shown. First, the thermal conductivity slightly increases due to recovery and 

formation of c-AlN rich and c-TiN rich domains with enhanced thermal conductivity. 

With further annealing, the transformation of c-AlN into w-AlN starts and the 

conductivity decreases again due to the extended phonon scattering at domain 

interfaces and grain boundaries. At higher temperatures, when c-AlN is completely 

transformed into w-AlN, the thermal conductivity increases significantly. This is taking 

place since the reduction of the number of grain boundaries due to coarsening of the 

dual phase structure reduces phonon scattering. Also, the thermal conductivity of 

w-AlN is higher than that of c-AlN [3]. The literature values of the single phases, 

which are formed during annealing of Ti1-xAlxN, are summarized in Table 1 

[22,29,30]. 
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Figure 2-7: Thermal conductivity as a function of the annealing temperature of 
Ti1-xAlxN with increasing thermal conductivity at high temperatures [3]. 

 

Table 1: Literature values of thermal conductivity of the binary phases formed during 
annealing of Ti1-xAlxN. 

Phases Thermal Conductivity [W/mK] 

c-TiN 20 – 25 

c-AlN 5 – 15 

w-AlN 12 – 55 
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3 Experimental Methods 

3.1 Coating Deposition 

The coatings for this work have been synthesized by reactive unbalanced magnetron 

sputtering using a lab scale AJA International ATC-1800 UHV sputtering system. Ar 

was used as working gas and reactive gases were N2 and O2. For the plasma etching 

of the substrates, which was performed before coating deposition, and to apply a 

negative bias voltage during deposition, an RF power supply was used. 

The vacuum chamber of the sputtering system included four water cooled 

magnetrons, as seen in Figure 3-1, each of them operated by its own power supply. 

The magnetrons were equipped with one Si target and two Ti/Al targets with 50 at% 

Ti and 50 at% Al, while the fourth magnetron was blind covered and not in use. The 

different substrates used were single crystalline silicon strips in 100 orientation with 

dimensions 7200.38 mm3, single crystalline sapphire in    ̅0 orientation with 

dimensions 10100.5 mm3, cemented carbide with 11 wt% Co, 12 wt% mixed 

carbides and 77 wt% WC in SNUN 120412 geometry (according to ISO 1832), and 

0.05 mm thick mild steel foil in form of a disk with a diameter of 12 cm.   

The substrates were ultrasonically cleaned in acetone and ethanol each for 5 min 

and afterwards air dried. Subsequently, three of each type, except the mild steel foil 

which was coated in a separate deposition run, were mounted on a sample holder 

fixed on a horizontal rotary device.  

 

Figure 3-1: Top view of the vacuum chamber used, showing the three magnetrons 
equipped with Si and Ti/Al targets and the blind covered magnetron not in use.  
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After evacuation, the substrates were heated to the deposition temperature of 550°C. 

When a pressure of about 110-7 mbar was reached, the pressure gauge was set as 

base pressure and an etching process was performed to remove remaining surface 

contaminants from the substrates. There, the RF power was set to 40 W for 5 min at 

a flow rate of 20 sccm for Ar, yielding a pressure of 510-3 mbar. 

After etching the actual deposition was started, as described in detail in sections 

3.1.1 and 3.1.2. When the deposition was finished, the heating system was turned off 

and the substrates were cooled down to 50°C. Then, the pumping system was shut 

off and the chamber was vented to remove the samples. 

3.1.1 Single Layer Coatings 

The single layer coatings were grown to perform a basic microstructural investigation 

on the individual layers and to determine their thermal stability. The SiOx single layer 

coatings were deposited on silicon, sapphire and cemented carbide substrates, 

whereas the Ti1-xAlxN single layers were grown on silicon, cemented carbide and the 

mild steel foil. The films on the mild steel foil were used to obtain powder samples for 

differential scanning calorimetry (DSC, see section 3.2.5), X-ray diffraction (XRD, see 

section 3.2.4) and for further annealing experiments.  

For deposition of both coatings, the total pressure was set to 510-3 mbar. For 

synthesis of the SiOx single layer, the Si target was sputtered in bipolar pulsed DC 

mode at a power of 400 W, a frequency of 100 kHz and a pause duration of 1 μs at 

an Ar flow of 20 sccm. The substrates were heated to 550°C and a bias power of 10 

W was applied. An oxygen flow of 5 sccm was added to obtain SiOx films.  

For the deposition of Ti1-xAlxN coatings, the Ti/Al targets were sputtered with a power 

of 400 W each and a frequency of 2 kHz with a pause duration of 1 μs. The substrate 

temperature was 550°C and the bias power 20 W. The N2 flow was set to 7.5 sccm 

and the flow of Ar to 20 sccm.  

The deposition rate was calculated from the resulting coating thickness of the single 

layer coatings as described in section 3.2.1 and the respective deposition time. The 

deposition rates of SiOx and Ti1-xAlxN were 18 and 19.5 nm/min, respectively. The 

obtained growth rate allowed to calculate the individual time needed for the 

deposition of multilayer coatings with adjusted sub-layer thickness. 

3.1.2 Multilayer Coatings 

The settings used for synthesis of for the sub-layers within the multilayer coatings 

were the same as for the respective single layers. The duration for the deposition of 
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the individual layers was adjusted in order to achieve the aimed sub-layer thickness. 

The total thickness was adjusted to about 20 µm.  

Three different multilayer coatings consisting of alternating layers of SiOx and Ti1-

xAlxN with a thickness ratio of 1:2 were deposited on the silicon and the sapphire 

substrates. These multilayers were grown to obtain samples with anisotropy in 

thermal conductivity. The aimed sub-layer and total coating thickness of the 

multilayer systems are listed in Table 2.  

Table 2: Aimed dimensions of the multilayer systems investigated in this thesis. 

Nomenclature 
Thickness  

Ti1-xAlxN layer [nm] SiOx layer [nm] Multilayer [µm] 

ML 200/100 200  100  20  

ML 100/50 100  50  20  

ML 50/25 50  25  20  

Under the assumption that the multilayer coatings should have a total thickness of 

about 20 μm, the deposition time for each multilayer would be nearly 24 hours. Thus, 

the deposition process was split into two days. For the over-night break the chamber 

remained closed and evacuated, whereas the heating was switched off.  

3.1.3 Powder Production 

The Ti1-xAlxN powder for XRD, DSC and further annealing treatment was produced 

by dissolving the coated mild steel foil in a heated 20 mol% aqueous dilute nitric acid 

(HNO3). This process was done twice to ensure that the whole steel substrate was 

dissolved, whereas the coating was not affected by the solution. Subsequently, the 

residual coating was separated from the solution using a filter and washed with 

distilled water, acetone and ethanol. Finally, it was dried and ground with a mortar to 

obtain a homogeneous fine grained powder.  

3.1.4 Post Treatment 

One sample of each multilayer system on sapphire, a sample of the single layer 

Ti1-xAlxN on cemented carbide and a part of the Ti1-xAlxN powder were annealed in a 

vacuum furnace (HTM Reetz, base pressure < 510-6 mbar) at 1300°C, using a 

heating rate of 20 K/min, a holding time of 15 min, and a cooling rate of 60 K/min. 

The aim of this treatment was to modify the thermal conductivity of the Ti1-xAlxN sub-

layers and, thus, to increase the anisotropy of thermal conductivity of the multilayer 

coatings. The Ti1-xAlxN single layer on the cemented carbide substrate served as 
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reference, whereas the powder sample was used to determine if after annealing 

decomposition and phase transformation of the Ti1-xAlxN was completed. 

3.2 Coating Characterization 

3.2.1 Coating Thickness 

Cross-sections of the single layer coated silicon samples were investigated with a 

scanning electron microscope (SEM) of type Zeiss Auriga SMT to determine the 

coating thickness. Since SiOx is electrically isolating, the sample had to be coated 

with a thin film of gold in order to avoid charging effects. In contrast, Ti1-xAlxN is 

electrically conductive and thus this sample could be investigated without gold 

coating. 

The thickness of the multilayers was measured on the silicon substrates using the 

ball crater technique utilizing a CSM Calowear test. There, a steel ball was first 

covered with a 1 µm diamond suspension and then rotated on the sample surface. 

Due to the rotation of the ball, a spherical calotte was ground into the coating, which 

needed to extend through the coating into the substrate. With a light optical 

microscope (LOM) of type Reichert Polyvar-Met, the inner and outer diameter of the 

calotte could be measured. These diameters were subsequently used to calculate 

the coating thickness [31].  

3.2.2 Layer Architecture 

Cross-sections of multilayer coated silicon samples were investigated by SEM to 

receive detailed information about the layer architecture. Micrographs with different 

magnifications were gathered to determine the actual sub-layer thickness. Cross-

sections of the annealed samples were prepared using a focused ion beam (FIB) 

workstation of type Orsay Physics Cobra Z-05 and also investigated with the SEM to 

check if the multilayer structure was still intact after the occurred phase 

transformation.  

3.2.3 Chemical Composition 

To determine the chemical composition of the Ti1-xAlxN layers, a cross-section of the 

single layer sample on silicon was analyzed by means of energy-dispersive X-ray 

emission spectroscopy (EDS), using an EDAX Apollo 40+ EDS detector providing a 

resolution of 10 eV, attached to the SEM.  
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3.2.4 Crystallographic Structure 

XRD measurements were performed using a Bruker-AXS D8 Advance diffractometer 

equipped with Cu Kα radiation, to characterize the crystallographic structure. The 

tube voltage was set to 40 kV and the tube current to 40 mA. Grazing incidence 

scans with an incidence angle of 2° and also locked-coupled scans for the coatings 

grown on mild steel foil were performed. The samples were scanned from 20 to 85° 

with a step size of 0.02° and a step time of 1.2 seconds per step.  

One SiOx single layer sample grown onto a silicon substrate and for each multilayer, 

a sample grown onto a sapphire substrate was measured. The coated foil and the 

gained powder before and after the DSC measurement as well as a powder sample 

after annealing were also measured.  

3.2.5 Thermal Stability 

To gain information on the thermal stability of the Ti1-xAlxN layer, the coating powder 

was investigated by DSC. There, 14.08 mg of the powder were filled in an aluminum 

oxide crucible, which was placed together with an empty reference crucible in a 

Setaram Labsys Evo 1600 DSC. The measurement was performed in Ar atmosphere 

with a heating rate of 23 K/min starting from room temperature to 1500°C. Two 

consecutive runs were performed to detect the signal of the metastable sample as 

well as a baseline signal, which was then subtracted from the first run. The 

determined DSC signal, a voltage versus temperature curve, allowed identifying the 

onset and end of spinodal decomposition and subsequent phase transformation as 

well as interpretation of individual peaks during this sequence. 

3.3 Thermal Conductivity  

3.3.1 Sample Preparation 

The coated sapphire samples were used for the thermal conductivity measurements. 

There, the surfaces of the samples had to be mirror polished. This is crucial for 

obtaining a high reflectivity and thus a high intensity of the probe beam reflected from 

the sample surface. The polishing was performed in two steps using a 3 µm and a 

1 µm diamond polishing suspension. Subsequently, one of each multilayer sample 

was glued on the side of a blank cemented carbide sample using an Agar Scientific 

Leit-C conductive carbon glue. The cemented carbide samples with a size of 

4612 mm3 served as sample holder. The cross-sections of the multilayer sample 

were prepared with a Hitachi IM4000 broad Ar+ ion-beam polishing system to obtain 

a smooth and plain surface for the in-plane measurements. Afterwards, the sample 

for the cross-plane measurement was glued on the top of the cemented carbide 



Experimental Methods 

20 

sample holder. To ensure successfully prepared cross-sections with a smooth 

surface large enough for the TDTR measurements, micrographs of the different 

multilayers were recorded with LOM. 

3.3.2 Measurement 

The TDTR measurements were carried out at the Fraunhofer Institute for Physical 

Measurement Techniques IPM in Freiburg, Germany. This section provides a 

description of the measurement procedure. 

The samples were coated with a 70 nm thick Al layer by electron beam evaporation. 

For the cross-plane measurements performed on the surface of the samples, a 

higher thermal penetration depth of the pump beam was needed. This ensured that 

for the multilayer systems several alternating layers were probed, yielding a 

representative average thermal conductivity of the system. This was achieved by 

changing the band-pass filter to a model with a lower modulation frequency of 

1.2 MHz instead of the typical 11.1 MHz. The adjusted beam power of the laser was 

20 mW. To gain accuracy, four or even five individual measurements on different 

positions of the sample were performed.  

For the in-plane measurements, the beam diameter had to be smaller than the total 

layer thickness to ensure that the substrate does not affect the measurement. This 

was accomplished by a focus lens. Because the laser beam of the TDTR holds a 

Gauss-profile, the diameter of the beam was determined as the 1/e2 value of the 

intensity, i.e. the position where the laser beam dropped to the 1/e2 part. The 

consequently emitted beam diameter was determined to have a size of ~ 1418 µm2. 

Since positioning of the laser beam was critical for the in-plane measurements, 

special emphasis was laid on the following steps: 

 The beam was moved to the edge of the prepared cross-section until a part of 

the beam was cut-off and the probe signal was clearly changing.  

 Then the beam was carefully moved away from the sample edge towards the 

substrate until no cut-off could be detected.  

 At the same time, the height of the measuring signal was monitored. If this 

signal was obviously changing, it was taken as a sign that the beam was 

already in the substrate and it had to be moved back towards the edge.  

For the analysis of the thermal conductivity, a model of a semi-infinite solid was used 

[32]. The in-plane measurement did not correlate completely with this model, 

because the sample was not rotation-symmetric and on the sample edge the heat 

flow was cut off. But since the thermal penetration depth was limited in comparison to 
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the beam diameter, the heat flow could be assumed as one-dimensional. So the heat 

flow lateral to the surface was confined and therefore this model could be applied. 

Since during the measurement, heat is generated by the laser irradiation, the so 

called steady-state temperature increases. For the individual measurements it stays 

constant but should be considered while discussing the results obtained. For the 

measurements performed within this work, the steady-state temperature only differed 

between the multilayer and the single layer samples, because of the different coating 

thickness and the different substrates with variable thermal conductivity. The 

resulting temperature increase for the multilayer was ~40°C and for the single layer 

~3°C. Thus, it is important to pay attention to the temperature difference between 

these two measurements, if they are compared.  
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4 Results and Discussion 

4.1 Single Layer Coatings 

Figure 4-1 shows the SEM micrographs of fracture cross-sections of the single layer 

coatings. These micrographs were used to determine the coating thickness t and to 

describe the morphology of the coatings. The SiOx coating appears feature-less as 

expected for amorphous growth [33], whereas the Ti1-xAlxN coating is characterized 

by the unambiguous formation of crystallites.  

With the obtained single layer coating thickness and the respective deposition time, 

the deposition rates were calculated and are listed in Table 3.  

 

Figure 4-1: SEM micrographs of the single layer coatings investigated within this 
work. (a) Backscattered electron image of SiOx and (b) secondary electron image of 
Ti1-xAlxN. The measured coating thickness t is marked. 

Table 3: Thickness, deposition time and calculated deposition rate of the single layer 
coatings investigated within this thesis. 

Coating Thickness t 

[nm] 

Deposition Time 

[min] 

Deposition Rate 

[nm/min] 

SiOx 324 18  18  

Ti1-xAlxN 779 40  19.4  

According to the target composition of 50 at% Ti and 50 at% Al, a Ti1-xAlxN coating 

with a metallic proportion of 50/50 was expected to form. However, in fact, the 

synthesized Ti1-xAlxN coatings hold a higher Al fraction with a metallic proportion of 
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40.1/59.9, as determined by EDS. This could be caused by the higher sputtering 

yield of Al compared to Ti, as already suggested by Kutschej et al. [24].   

Figure 4-2 shows the grazing incidence XRD scan of the SiOx single layer coating. 

This scan confirms that the SiOx coating grew amorphous, since only amorphous 

scattering at low diffraction angle without any diffraction peaks was detected. 

 

Figure 4-2: Grazing incidence XRD scan of the amorphous SiOx single layer coating, 
were only amorphous scattering at low diffraction angle is visible. 

In Figure 4-3 the grazing incidence and the locked-coupled XRD scans of the 

Ti1-xAlxN coatings grown on the mild steel foil can be seen. These two scans exhibit 

slight differences, which are however considered as not significant. In addition, the 

locked-coupled scan of the Ti1-xAlxN powder is shown Figure 4-4. In both Figures, the 

detected peaks are located between the standard peak positions of c-TiN and c-AlN, 

evidencing that a solid solution of Ti1-xAlxN with a lattice parameter of 4.18 Å 

(determined using Bragg`s law [17]) was formed. The lattice parameter for c-AlN is 

4.12 Å (ICDD 00-025-1495) and for c-TiN 4.24 Å (ICDD 00-038-1420).  
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Figure 4-3: XRD scans of the Ti1-xAlxN coated mild steel foil in two different diffraction 
modes with the standard peak positions of c-TiN, c-AlN and Fe indicated. The Fe 
peaks stem from the mild steel foil used as substrate. 

 

Figure 4-4: Locked-coupled XRD scan of the Ti1-xAlxN powder with the standard peak 
positions of c-TiN and c-AlN indicated. 
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The measured DSC curve of the Ti1-xAlxN powder is illustrated in Figure 4-5 and 

enables to gain information on its thermal stability. The processes occurring are all of 

exothermic nature. At about 700°C, recovery starts and subsequently spinodal 

decomposition into c-AlN and c-TiN takes place. At temperatures of about 1000°C, 

the formed c-AlN transforms into w-AlN. At even higher temperatures of about 

1100°C, grain growth occurs. The classification of the fitted peaks corresponds to the 

findings reported by Mayrhofer et al. [26], where the DSC peaks are located at similar 

temperatures. At about 1200°C, all decomposition and transformation processes are 

finished. Consequently, within this thesis a further high vacuum annealing treatment 

was done at 1300°C, to ensure that the annealed samples are fully decomposed with 

a transformed microstructure consisting of c-TiN and w-AlN. 

The locked-coupled scans of the annealed Ti1-xAlxN powders, one obtained by 

thermal ramping in the DSC and the other one annealed in a high vacuum furnace, 

are shown in Figure 4-6. There, the detected peaks are located at the same position 

as the standard peaks of c-TiN and w-AlN with lattice parameters a of 4.24 Å 

(ICDD 00-038-1420) and 3.11 Å (ICDD 00-025-1133). Thus, it can be concluded 

that both, spinodal decomposition and phase transformation, are indeed finalized for 

both annealed powders. 

 

Figure 4-5: DSC curve of Ti1-xAlxN powder, with the peaks of recovery, spinodal 
decomposition, phase transformation and grain growth indicated according to 
ref. [26]. The peaks were fitted using Gaussian functions. 
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Figure 4-6: Locked-coupled XRD scans of the annealed Ti1-xAlxN powders, one 
obtained by thermal ramping in the DSC and the other one annealed in a high vacuum 
furnace, with the standard peak positions of c-TiN and w-AlN indicated. 

4.2 Multilayer Coatings 

The predicted deposition rates for the multilayer coatings, which were calculated from 

the respective single layer coating thicknesses (see Table 3), necessitated a 

relatively long deposition time of approximately 24 hours for the about 20 µm thick 

multilayer coatings. Thus, the deposition process was split into two days, with an 

over-night deposition break, where the samples were kept in the deposition chamber 

without venting. 

The measured coating thicknesses of the different multilayer systems studied within 

this thesis are listed in Table 4. The aimed total thickness of about 20 µm could be 

reached for each multilayer.  

SEM micrographs, which provide general information on the morphology of the 

different multilayer systems, are presented in Figure 4-7. In these micrographs the 

interface, which was formed due to the over-night break during the sputter deposition 

process because of surface coverage with residual gases present in the vacuum 

chamber, can clearly be seen. 
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Table 4: Thickness of the multilayer systems investigated within this thesis. 

Nomenclature Thickness [µm] 

ML 200/100 20.89 

ML 100/50 18.91 

ML 50/25 18.76 

 

 

Figure 4-7: Secondary electron SEM micrographs of the different multilayer systems in 
the as-deposited state. (a) ML 200/100 (b) ML 100/50 and (c) ML 50/25. 

Figure 4-8 represents high magnification SEM micrographs of the multilayer coatings 

already shown in Figure 4-7. There, the alternating layers of the amorphous SiOx and 

the crystalline Ti1-xAlxN can be clearly distinguished. Figure 4-9 shows an even higher 

magnification SEM micrograph of the ML 50/25 coating, where a wavelike formation 

of the sub-layers as a result of nucleation and island growth [12] is visible.  

In the high magnification SEM micrographs presented in Figure 4-10, the sub-layer 

dimensions of the different multilayer systems are added. The obtained thicknesses 

correspond well to the aimed dimensions of the multilayer systems, as listed in Table 

2 in section 3.1.2.  
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Figure 4-8: High magnification secondary electron SEM micrographs of the different 
multilayers in the as-deposited state (a) ML 200/100 (b) ML 100/50 and (c) ML 50/25, 
representing the morphology with the amorphous SiOx and the crystalline Ti1-xAlxN 
sub-layers. 

 

Figure 4-9: Higher magnification secondary electron SEM micrograph of the ML 50/25 
sample representing the morphology in the as-deposited state. 
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Figure 4-10: Highest magnification backscattered electron SEM micrograph of the 
amorphous SiOx and the crystalline Ti1-xAlxN sub-layers for the multilayers (a) ML 
200/100 (b) ML 100/50 and (c) ML 50/25 in the as-deposited state with the layer 
dimensions indicated. 
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The grazing incidence XRD scans of the different multilayer coatings are presented 

in Figure 4-11. The detected peaks are located between the standard peak positions 

of c-TiN and c-AlN. This implies that - besides the amorphous SiOx layer - a Ti1-xAlxN 

solid solution was formed. The diffraction peaks broaden with decreasing sub-layer 

thickness, which indicates grain refinement within the thinner Ti1-xAlxN sub-layers 

[34]. The SiOx phase could not be detected, due to its amorphous nature. 

 

Figure 4-11: Grazing incidence XRD scans of the different multilayers in the 
as-deposited state with the standard peaks of c-TiN and c-AlN indicated. The peaks 
labeled with “s” stem from the sapphire substrate. 

Figure 4-12 shows the multilayer samples grown on sapphire substrates after the 

annealing treatment in the high vacuum furnace. The multilayer ML 50/25 was the 

only one to survive the annealing treatment. This is attributed to its small sub-layer 

thickness, which may result in low strains due to the low volume of transformed c-AlN 

phase within the thin sub-layers. Also a Hall-Petch and a thin film effect can be 

assumed, since the yield stress of coatings increases with decreasing grain size and 

sub-layer thickness as reported by Arzt et al. [35]. In contrast, the samples with the 

multilayers ML 200/100 and ML 100/50 were broken and the coatings spalled off the 

substrate after annealing, probably because of the thicker sub-layer thickness 

resulting in higher transformation strains and lower yield stresses. 
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Figure 4-12: View of the sample holder of the vacuum furnace after annealing at 
1300°C for 15 min, showing the broken samples and spalled off coating fragments of 
the multilayers ML 200/100 and ML 100/50 as well as the multilayer ML 50/25, which 
was the only one to survive annealing. 

In Figure 4-13 SEM micrographs of the annealed multilayer ML 50/25 are shown. 

Figure 4-13 (a) gives an overview of the annealed multilayer, where a difference in 

porosity in the upper and lower half can be identified. This difference is clearly 

evident in the higher magnification SEM micrographs of the upper (Figure 4-13 (b)) 

and the lower half (Figure 4-13 (c)). According to Rachbauer et al. [36], spinodal 

decomposition of Ti1-xAlxN into c-TiN and c-AlN is supported by lower grain sizes, 

leading to more diffusion pathways for Al, which leads according to Hollerweger et al. 

[37] to the formation of pores. 

The SEM micrographs presented in Figure 4-13 (b) and (c) show the morphology of 

the annealed multilayer ML 50/25. It is evident from Figure 4-13 (b) that the wave like 

formation of the sub-layers is still intact after annealing.  
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Figure 4-13: Secondary electron SEM micrographs of the annealed multilayer ML 50/25 
in different magnifications showing (a) the FIB cut, (b) the morphology of the upper 
half and (c) the morphology of the lower half of sample ML 50/25, with the different 
porosity. 

In the grazing incidence XRD scan of the annealed multilayer ML 50/25 depicted -in 

Figure 4-14, the detected peaks are located at the positions of the c-TiN and w-AlN 

phases. Consequently, it can be concluded that both spinodal decomposition and  

phase transformation from c-AlN into w-AlN have been completed. Additionally, a 

new quaternary phase of type Si3Al3O3N5 with a wurtzitic crystal structure and a 

lattice parameter a of 7.68 Å and c of 2.97 Å (ICDD 01-079-0483) was formed. This 

phase is characterized by a high hardness, wear resistance, thermal stability and low 

thermal expansion [38,39].  
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Figure 4-14: Gracing incidence XRD scan of the annealed multilayer ML 50/25 with the 
standard peaks of c-TiN, w-AlN and Si3Al3O3N5 indicated. 

4.3 Thermal Conductivity 

Figure 4-15 shows a cemented carbide sample holder with a multilayer sample glued 

on for cross-plane and in-plane measurement of the thermal conductivity. The 

in-plane measurement was performed on the ion-beam polished surface of coating 

cross-sections of the multilayer sample glued onto the side of the cemented carbide 

sample holder.  

 

Figure 4-15: Cemented carbide sample holder with the multilayer ML 200/100 samples 
glued on for the in-plane and cross-plane measurements of thermal conductivity. 
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A representative LOM micrograph of the ion-beam polished cross-sectional surface 

of the multilayers is presented in Figure 4-16. All prepared surfaces were smooth and 

large enough for the measurement with the ~ 1418 µm2
 laser beam.  

 

Figure 4-16: Representative LOM micrograph of the ion-beam polished cross-section 
of the multilayer ML 200/100. 

In Table 5 the results determined by the TDTR measurement and the calculated 

specific heat capacity cp as well as the anisotropy in the thermal conductivity   are 

listed. There, the specific heat capacity cp of the different coatings is based on 

literature values of SiOx [40], TiN and AlN [41–43]. The values of TiN and AlN were 

used to calculate the specific heat capacity of Ti1-xAlxN applying the 

Neumann-Koppsche rule [44]. The latter implies that the molecular heat of a 

polyatomic solid body is equivalent to the sum of the molecular heats of the individual 

components. In Table 5, κ⏊ represents the cross-plane and κǁ the in-plane thermal 

conductivity. The estimated variance of the respective thermal conductivity is given 

by ∆. The anisotropy in the thermal conductivity   was also calculated using equation 

(2) in section 2.2.3.  
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Table 5: Overview of the specific heat capacity cp, the determined cross-plane κ⏊ and 

in-plane κǁ thermal conductivity with their estimated variance ∆ and the resulting 

anisotropy factor   of the single layer and the different multilayer coatings.  

Nomenclature 
cp 

[J/cm3K] 
κ⏊  

[W/mK] 
∆  

[W/mK] 
κǁ  

[W/mK] 
∆ 

[W/mK] 
   
[ ] 

SiOx as-deposited 1.62 1.6 0.2 - - - 

Ti1-xAlxN as-deposited 2.69 3.8 0.6 - - - 

Ti1-xAlxN annealed 2.69 24.0 4.0 - - - 

ML 200/100  2.29 2.8 0.4 3.2 0.5 1.14 

ML 100/50  2.27 3.1 0.5 3.0 0.5 0.97 

ML 50/25  2.29 2.4 0.5 2.5 0.4 1.04 

ML 50/25 annealed 2.29 3.0 0.5 3.9 0.6 1.30 

The thermal conductivity value of as-deposited Ti1-xAlxN and SiOx, as reported in 

literature, is around 3.8 W/mK [3] and 1.8 W/mK [19], respectively, which matches 

well with the determined values of the as-deposited single layers investigated within 

this thesis. The thermal conductivity of the annealed Ti1-xAlxN, reported by Rachbauer 

et al. [3], increase by a factor of three after annealing. There, the treatment was 

performed with a holding time of only 1 min, hence, it is possible that the phase 

transformation of c-AlN into w-AlN was not finalized and therefore the thermal 

conductivity is lower than the determined value of this work. 

The determined in-plane as well as the cross-plane thermal conductivity of the 

as-deposited multilayers approximately match with the calculated thermal 

conductivity of 3.05 W/mK, which was estimated by applying a rule of mixture, using 

the determined values of the single layer Ti1-xAlxN and SiOx coatings and their 

volume fraction. For the direct comparison of the data obtained for the single layers 

with those of the multilayers, it should be noted that the substrates used for 

deposition of single and multilayers were different. This and the unequal layer 

thicknesses result in a difference of the steady-state temperature increase, as 

already mentioned in section 3.3.2. The in- and cross-plane thermal conductivities of 

the different as-deposited multilayers did not differ as much. This means that the 

different layer architecture of the samples did not significantly affect the thermal 

conductivity.  

The expected anisotropy in thermal conductivity was calculated with equation (1) in 

section 2.2.2 using the literature values of the thermal conductivity of the formed 

phases, i.e. 3.8 W/mK for as-deposited Ti1-xAlxN [3], 11.4 W/mK for annealed 

Ti1-xAlxN [3] and 1.8 W/mK for SiOx [19]. The thus calculated anisotropy of all 

as-deposited and annealed multilayers was 1.13 and 2, respectively. The calculated 

anisotropy only depends on the ratio of the thicknesses and the thermal 
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conductivities of the sub-layers. The anisotropy calculated for the different multilayers 

in the as-deposited state using the experimentally determined values given in Table 5 

matches well with the calculated values, if the estimated variance is taken into 

account. The anisotropy only really differs for the annealed multilayer, because the 

measured in-plane thermal conductivity was lower than calculated. 

Since the thermal conductivity of the Ti1-xAlxN single layer is increasing significantly 

after annealing, also a pronounced increase of the in-plane thermal conductivity of 

the annealed multilayer coating was expected. However, this was not the case and 

instead, the in-plane thermal conductivity nearly stayed the same as before 

annealing. There are several reasons which could explain this behavior. One of these 

reasons could be the formed quaternary phase of type w-Si3Al3O3N5, as evidenced 

by XRD (see Figure 4-14). As a bulk material, this phase is characterized by a 

thermal conductivity of 18 W/mK [45]. This value is possibly lower for thin films due to 

increasing contributions of grain boundary scattering and phonon leakage in thin film 

materials [30]. In addition, due to the new phase more grain boundaries are formed, 

where more phonons are scattered, which in turn again decreases the thermal 

conductivity. Therefore, the additional Si3Al3O3N5 phase is assumed to reduce the 

average thermal conductivity of the whole multilayer coating, even if the thermal 

conductivity of the transformed Ti1-xAlxN phase increases significantly (see Table 5). 

Another reason for the low thermal conductivity, even after annealing, could be the 

prevented grain growth caused by the SiOx layers, which surround the Ti1-xAlxN 

layers, which was established by Vepřek et al. [46] for the TiN/SiN system.  
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5 Summary and Conclusion 

The aim of this work was to develop a possibility to measure not only the cross-plane 

but also the in-plane thermal conductivity of hard coatings using TDTR. Reaching this 

goal, the anisotropy of thermal conductivity whithin multilayer systems, as e.g. used 

to protect cutting tools against wear, should become measurable. To achieve this, a 

special ion-beam assisted preparation procedure for coating cross-sections and 

subsequent in-plane TDTR measurements was developed and applied to different 

multilayer systems. Further, possible changes in anisotropy of the thermal 

conductivity for selected multilayers after annealing were investigated. 

At first, single layer coatings of amorphous SiOx and crystalline Ti1-xAlxN were 

synthesized by reactive magnetron sputter deposition to determine their 

microstructure, elemental composition, thermal stability and thermal conductivity in 

the as-deposited state. Subsequently, multilayer systems consisting of alternating 

layers of these two materials with different sub-layer thicknesses were deposited to 

investigate anisotropy effects. Selected multilayer samples were vacuum annealed to 

explore whether the anisotropy in thermal conductivity can be influenced. 

TDTR measurements indicated that the as-deposited multilayers only showed a 

minor anisotropy. After annealing at 1300°C, the expected and also calculated 

anisotropy using the single layer thermal conductivities was not obtained for the 

multilayer. This could be explained by the appearance of an additional w-Si3Al3O3N5 

phase formed by interface reactions between SiOx and Ti1-xAlxN and by the 

prevention of grain growth, caused by the periodicity of interfaces between the 

individual layers. 

Nevertheless, in conclusion, a new method for in-plane thermal conductivity 

measurements using TDTR was developed and successfully tested on several 

multilayer coatings. For the future, this method offers a new playground for the 

design and subsequent characterization of coatings with anisotropic thermal 

conductivity. However, validation of the results obtained for thin films by using 

reference samples of thick coatings with well-defined in- and cross-plane thermal 

conductivities would is highly recommended. 
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