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Syntes av TiBN-beläggningar i fast lösning genom 

arc-förångning  

Johan Nyman 

Populärvetenskaplig sammanfattning 

Det här arbetet berör syntesen av tunna skikt av TiBN i fast lösning genom arc-förångning. 

Arc-förångning, som är en så kallad fysikalisk ångdeponeringsprocess (eng. physical vapor 

deposition), används flitigt industriellt för tillverkning av tunna skikt och filmer. Skikt 

bestående av TiBN i fast lösning är särskilt intressanta ur metallbearbetningssynpunkt då de 

tidigare har påvisats uppvisa utmärkta tribologiska egenskaper vid förhöjda temperaturer, ett 

typiskt scenario för skärande bearbetning. Då materialsystemet Ti-B-N ännu är relativt 

outforskat har syftet med arbetet varit att utröna gränserna för tillväxt av fast lösning genom 

användning av senaste generationens processutrustning.  

Ett kombinatoriskt tillvägagångssätt har tillämpats vilket möjliggjort tillväxt av flera 

skiktsammansättningar samtidigt. Serier av beläggningsexperiment har utförts där 

processparametrar så som temperatur, spänningsbias och gasblandningssammansättning 

varierats mellan varje experiment. För att undersöka de tillväxta skiktens kristallstruktur, 

morfologi och kemiska sammansättning har de analyserats med hjälp av röntgendiffraktion, 

svepelektronmikroskopi och våglängdsdispersiv röntgenspektroskopi. 

Röntgenspektroskopiresultaten avslöjar att kvoten mellan B och Ti i de belagda skikten inte 

motsvarar den kvot som använts i källmaterialet, mer Ti än B verkar ha överförts till skikten. 

Orsaken till detta har inte utretts, men det kan tänkas bero på att B-atomerna, med sin lägre 

massa, i större utsträckning spridits genom kollisioner i processkammaren. 

Resultaten från pulverdiffraktionen visar att kubisk TiN med inlöst B uppnåtts för samtliga 

experiment och att tillgången på N2 i processen är avgörande för organiseringen av atomer i 

kristallgittret. När tillgången på N2 är hög substituerar B framförallt Ti-atomerna i gittret och 

när den är begränsad substitueras företrädesvis N-atomerna. 
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Abbreviations 

a-X  amorphous phase X 

CVD  chemical vapor deposition 

c-X  cubic phase X 

EDS/EDX  energy dispersive X-ray spectroscopy 

EPMA  electron probe microanalyzer 

ERDA  elastic recoil detection analysis 

FWHM  full width at half maximum 

h-X  hexagonal phase X 

PVD  physical vapor deposition 

r.f.  radio frequency 

sccm  standard cubic centimeters per minute 

SEM  scanning electron microscopy 

TEM  transmission electron microscopy 

WDS  wavelength dispersive X-ray spectroscopy 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 
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1 Introduction 

The use of hard nitrides as coating materials for tools used in machining is known to drastically 

enhance tool life in a number of applications. Well known examples of such coatings are TiN, TiCN, 

TiAlN and TiSiN, all of which are used industrially and deposited using the two families of coating 

techniques called chemical vapor deposition (CVD) and physical vapor deposition (PVD).  

In CVD the atoms to be deposited are brought to the substrate using precursor gases which react on the 

surface, forming the desired coating material. PVD-techniques on the other hand employ different 

physical phenomena, such as particle bombardment or electric discharges, to bring atoms from a solid 

target material to the substrate surface. In the present work, cathodic arc evaporation, a PVD process 

utilizing electric arcs to evaporate the target material, has been used. 

A promising member of this family of materials is TiBN, which, although it has seen little industrial 

use, has been shown to exhibit good tribological properties at elevated temperatures [1]. This 

mechanical performance is however strongly dependent on the phases present in the material, and as 

such an understanding of the deposition and forming of the coating is crucial. However, because of the 

relatively small amount of work done on the system, some of the fundamentals of growth remain 

uncharted. The present work is aimed at improving this fundamental-level knowledge for the cathodic 

arc evaporation process, with the hope of paving the way for practical testing and application of TiBN-

coated tools. This is done using combinatorial synthesis of coatings in state of the art industrial scale 

equipment, paired with analysis and characterization of coated samples using X-ray diffraction (XRD), 

scanning electron microscopy (SEM) and wavelength dispersive X-ray spectroscopy (WDS). 

1.1 Assignment 

The goal of the present work is to investigate the growth of the Ti-B-N material system using cathodic 

arc evaporation, with a foucs on the depositions of cubic TiN with dissolved B and the limits of 

process conditions for such growth. 

2 Background 

2.1 The Ti-B-N system 

Lacking any ternary phases, the system is characterized by its binaries, most notably TiN, TiB2 and 

BN [2]. TiN crystallizes in the cubic NaCl structure (c-TiN) and TiB2 in the hexagonal AlB2 structure 

(h-TiB2), while BN may appear in four different structures: cubic (zinc blende), hexagonal, 

rhomobhedral and wurtzitic. BN might however also appear in a disordered amorphous form (a-BN) 
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[3]. None of the binary phases exhibit high levels of solubility in any other and the solid solubility of 

both N in TiB2 and B in TiN is limited [2][3]. 

For the sake of investigating the possible solid solution of B in TiN it is useful to look at the lattice 

parameter which for pure c-TiN is ~ 4.24 Å [3]. With the radii of Ti, N and B being 1.45 (metallic); 

0.73 (covalent); and 0.88 (covalent) Å respectively [4], an increase in the lattice parameter when B is 

present should indicate a substitution of N-atoms by B, and a decrease a substitution of Ti-atoms.  

It must be noted that these system relations hold true for equilibrium conditions, and that significant 

differences may be noticed for coatings deposited under non-equilibrium conditions (such as in 

cathodic arc evaporation). Some notable instances of compositions deviating from the equilibrium 

system are presented in section 2.4.  

2.2 Cathodic arc evaporation 

In cathodic arc evaporation, the material to be deposited is present in the form of a target cathode 

placed in a low-pressure chamber. Upon this cathode is ignited an electric arc, driven by a high current 

(typically in the range of 100 A). This arc seemingly moves across the target surface, between so 

called cathode spots, exerting at each individual spot a power high enough to cause the material, 

unable to transfer the intense heat away, to explode. The arcs are often concentrated to protrusions on 

the surface due to the enhanced electric field present there. Because the explosion and associated 

emission changes the topography of the surface, the arc forces itself to migrate to a new, more 

favorable spot, ensuring a fairly even deterioration of the target cathode. If relying on this random 

movement of the arc should not suffice, it is also possible to steer the arc across the target using a 

magnetic field. 

Owing to the high power involved, the material emitted in the explosion is highly ionized, forming a 

dense plasma above the surface. The resulting pressure gradient causes the plasma to be accelerated 

away from the cathode and into the chamber, slowing down but spreading over a larger area as the 

distance from the cathode increases. By applying a negative bias voltage on the substrates intended for 

coating, one can increase the number of ions reaching the substrates, as well as the energies with 

which they do so. Even without the bias, the energy of the incoming ions is often large enough to 

enable the growth of dense and well adherent films on the surface. These extreme conditions, 

however, often lead to the introduction of large internal stresses in the deposited coatings. Heating of 

the substrates can reduce these residual stresses, and thus the deposition chamber is usually heated, so 

that the surface temperature reaches around 500°C. Removing these stresses lowers the risk of the 

coating delaminating from the substrate, however, it might also lower the hardness and as such is not 

always desirable. 
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An intrinsic problem with the method is the generation of so called macroparticles, emitted from pools 

of liquid which form as a result of the intense heat involved in the explosive process. The 

incorporation of such macroparticles in the deposited coatings is often detrimental to the performance 

because they act as giant defects; destroying the local surface structure, inducing stresses and 

increasing roughness since they protrude out of the surface.  

The emission of macroparticles is higher for emission from arc spots of what is called type 2, 

commonly seen for evaporation of pure metallic targets. If a reactive gas, typically N2, is introduced 

into the system, the targets often undergo so called poisoning, forming a non-metallic layer at their 

surfaces. Arcs ignited on such surfaces behave in another way than those ignited on pure metal 

surfaces, the number of arc spots increases while the size decreases, such arc spots are called type 1. 

Because the power per arc spots is reduced for type 1, the risk of forming large liquid zones capable of 

emitting macroparticles is reduced. 

Compound coatings can be achieved either by using compound targets, using several different targets 

at once, introducing a reactive gas into the chamber or by using a combination of these. To deposit 

TiAlN for example, alloyed Ti-Al targets are evaporated and N2 is introduced into the plasma. Ar 

might also be introduced during evaporation, for example to retain the process pressure (which is 

usually in the range of a few Pa) while reducing the amount of N2 present in the chamber. The addition 

of gases, reactive or not, will inevitably lead to a reduced kinetic energy of the target material ions 

because of collisions with the introduced gas atoms. [5] 

2.3 Analysis techniques 

2.3.1 X-ray powder diffraction 

Changes in lattice parameter and the stresses they induce have been shown to be possible indicators of 

dissolution of B in TiN (see section 2.4) and are as such of interest for the present work. A convenient 

method of measuring this is X-ray diffraction (XRD), which is a technique capable of revealing the 

structure of crystalline materials utilizing their periodic nature. Because the wavelengths of X-rays are 

similar in magnitude to the interatomic distances in materials, the X-rays will be diffracted upon 

interaction with matter. As the incoming X-ray wave is diffracted off of the crystal lattice, it will break 

up into parts. The length of the path travelled within the crystal differs between these parts, and as 

such they will be phase shifted with respect to each other. By measuring the amplitude of the 

superposition of the parts after diffraction, it is possible to extract information about the phase shift. 

In powder diffraction (the name is somewhat misleading, there is no need for the sample to be present 

in the form of a powder), the crystallites of the sample material are considered to be randomly oriented 

in all directions. This random distribution gives rise to a superimposed wave with an amplitude of zero 

for all angles of diffraction except for those satisfying the special case where the phase shift is equal to 
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an interplanar distance within the crystal lattice. The conditions for such diffraction are purely 

geometrical and can thus be predicted for all interplanar distances, as is done in Bragg’s law: 

  (2.1) 

where n is a positive integer, λ is the wavelength of the incoming X-rays, dhkl is the interplanar 

distance for crystal planes with Miller index hkl and θ is the angle of diffraction.  

Because the wavelength of a standard laboratory type diffractometer is fixed to a certain value 

dependent on the kind of X-ray source used, the only way of satisfying Bragg’s law is to change the 

angle of diffraction. The standard way of achieving this is to make a scan over a series of angles, 

measuring the intensity of the diffracted beam at each angle. Using the detected intensities, one can 

create a diffractogram, showing distinct peaks in intensity at a number of diffraction angles, each peak 

representing a certain set of crystal planes present in the sample. Apart from revealing what crystal 

planes are present in the sample, the diffractogram contains information about the degree of 

crystallinity: narrower peaks indicate a higher degree while wider peaks indicate a lower. The width of 

the peak is often presented as the FWHM – the full width at half maximum, see fig. 1. [6]    

 

Figure 1 – Showing the full width at half maximum of a fictional peak. The vertical double-arrow indicates the half 

maximum at which the full width, indicated by the horizontal arrow, is extracted. 

One can also utilize XRD to retrieve information on the residual stresses present in the sample and to 

calculate the stress-free lattice parameter a0. Because the principal stresses in a sample will have 

certain directions, the impact they have on the interplanar spacing d of the crystallites depends on the 

orientation of the crystallites. By doing a scan of measurements at different tilt angles, it is possible to 

receive d as a function of tilt angle ψ (commonly expressed as ). Fitting a linear equation to this 

data allows one to extract the stress-free interplanar spacing d0 at, according to Birkholz [7];  

 
 

(2.2) 

where ψ is the axial tilt angle with respect to the sample surface normal and ν is Poisson’s number. 
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Calculating a0 is then simply a question of applying the proper geometrical factor, depending on what 

type of crystal planes have been analyzed. [8] 

2.3.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) is an imaging technique capable of producing highly magnified 

images (exceeding 100 000 times magnification) with a spatial resolution in the range of tenths of 

nanometers. For the present work, using SEM to image the samples is interesting because it can 

provide information such as: coating morphology, coating thickness and macro particle density 

(indicating what kind of arc spots were ignited on the cathode targets). 

Imaging is achieved by using electrons to probe the sample while registering the results of the 

electron-matter interaction. The probing electrons are generated either through thermionic emission or 

field emission and are accelerated by applying a high potential difference (~1-30 kV for conventional 

instruments) between the electron source and a nearby anode. Vacuum is required in the instrument to 

avoid the absorption of electrons en route to the sample. The accelerated electrons are focused through 

a series of electromagnetic lenses and impinged on a small spot of the sample surface. Upon entering 

the sample, the electrons are scattered through elastic and inelastic events, resulting in different kinds 

of detectable information carriers:  

Some of the elastically scattered electrons will be redirected out of the sample, these are called back-

scattered electrons and because they retain much of their energy, they are able to escape the sample 

from relative large depths. Inelastic scattering can result in the ionization of the sample atoms, 

generating secondary electrons. Although generated throughout the whole penetration depth of the 

impinging electrons, only the secondary electrons generated close to the surface can escape the 

sample, owing to their low kinetic energy. By scanning the electron beam in a raster pattern across part 

of the sample, a 2D-grey-scale image can be formed by detecting the emitted electrons. 

If ionization takes place in an inner shell orbital, the excess energy of the following deexcitation is 

released either as an Auger electron, or as an X-ray photon. If fitted with an X-ray detector, the 

instrument allows for chemical analysis of the sample, taking advantage of the fact that the energies of 

the generated X-rays are element specific. This kind of X-ray spectroscopy, which typically utilizes an 

energy sensitive detector is called EDS or EDX, energy dispersive X-ray spectroscopy. [9] [10] 

2.3.3 Wavelength dispersive X-ray spectroscopy 

An alternative way to analyze the X-rays generated by the electron beam is to separate them based on 

their wavelength rather than their energy. This so-called wavelength dispersive spectroscopy is often 

carried out in instruments specifically designed for this task, electron probe microanalyzers (EPMA). 

One principal difference between WDS and EDS is that while all X-rays are detected simultaneously 

in EDS, in WDS only one (or a few depending on number of detectors) wavelength is analyzed at a 
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time, depending on the current setup of the detector. This does allow more accurate and sensitive 

measurements for the WDS, but it comes at the cost of a longer time of analysis.  

Another difference between the two techniques is that light elements are more easily detected in WDS 

than in EDS. In EDS, the emitted X-rays from light elements (~Na and below) are difficult to detect 

because their energies are rather low, increasing the risk of absorption en route to the detector and 

because the energies of the emitted rays often overlap with those of strongly emitting heavier 

elements. The en route-adsorption is dependent on the kind of window used to separate the main 

chamber from the analysis chamber, both the thickness and the constituent elements of the window. 

The thicker the window and the heavier the atoms it contains are, the heavier it will absorb. This puts a 

limit on what windows can be used for detection of light elements such as B. Modern instruments are 

often equipped with a thin polymer window, allowing the detection of light elements. 

In WDS, because only one wavelength is analyzed at a time, the risk of the signal of lighter elements 

drowning among other stronger signals is greatly reduced, allowing for the detection of all elements 

from Be and upwards. [9][11] 

Because the energies measured in WDS are element specific, the technique can provide both 

qualitative and quantitative information about the chemical composition of the samples analyzed. This 

is useful in determining whether B has been incorporated in the coatings or not, and if it has, in what 

amounts.  

2.4 Literature study 

In early work [12], Selbach et al. synthesized cubic TiBN during reactive sputtering of a TiB2 target in 

a 1:1 Kr/N atmosphere. The cubic form was only realized at high total operating pressure (6 Pa) and 

only when no bias was applied to the substrates. Of interest for the solid solution of B in TiN is the 

reported increase in the lattice parameter for the cubic phase compared to that of TiN (4.37 Å vs 4.24 

Å).   

Tamura and Kubo [13] investigated the system using magnetron sputtering to deposit TiBN coatings 

of varying composition. While subjecting the substrate to a radio frequency (r.f.)-bias in an Ar/N2 

environment (0.08 Pa total pressure, N2 partial pressure varied from 0.02 to 0.04 Pa), the compositions 

were varied by changing the rate of sputtering of a B source in relation to a Ti source. Using XRD, 

only peaks related to c-TiN were found, no reflections of TiB2 or BN were observed. Because of the 

lack of peaks of the latter two phases, the authors suggested the formation of TiN with dissolved B 

replacing some of the Ti and N atoms. With increasing B content the TiN peaks were broadened and 

lowered in intensity. At high enough B content (Ti0.5B0.5N0.5) no reflections of TiN were obtained at 

all, indicating an amorphous structure. Up to the point of transition into the amorphous phase, an 

increase of B induced a grain refinement resulting in grains about a fourth of the size of those found in 
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pure TiN, (5-50 nm for TiBN vs 20-200 nm for TiN) as shown by transmission electron microscopy 

(TEM) and SEM.  

Using reactive magnetron sputtering of a 73/27 at. % TiB target, Héau and Terrat [14] managed to 

synthesize coatings of different structure within the system by varying the N2 flow. At low N2 flows, 

no crystalline phases were discovered during XRD scanning. Starting at 5 sccm, peaks corresponding 

to cubic TiN started appearing, with a pronounced increase in intensity at 6 sscm. Moving from 6 to 8 

sccm saw a decrease of the initially somewhat increased lattice parameters (4.32 Å at 6 sccm) to 

values more in line with pure TiN (4.24 Å at 8 sccm). This value was then sustained all the way to the 

highest tested N2-flow of 12 sccm. The decrease in lattice parameter was attributed to the substitution 

of B atoms by N atoms in the cubic lattice. By analyzing the coatings using XPS, the B was shown to 

undergo a shift in chemical environment, from a Ti surrounding at 6 sccm to an N surrounding at 8 

sccm. With this in mind the authors suggested that the B is present in form of amorphous BN at N2 

flows above 8 sccm, leading to a two-phase TiN-BN coating in this flow region. 

Mayrhofer and Stoiber [15] used both PVD and CVD to synthesize coatings of different compositions. 

In PVD the variation was achieved by placing the substrate at different positions during co-sputtering 

of a TiB2-target and a TiN/TiB2-dual target in pure argon, and in CVD by altering the bias voltage and 

gas composition. For samples containing small amounts of B (≤ 18 at. %) only one crystalline phase 

(of NaCl-type) was identified, indicating the existence of TiN with B substituting some of the N 

atoms. In this low-B region the lattice parameter underwent an increase from 4.259 Å at 0 at. % B to 

4.324 Å at 17.4 at. %. Increasing the amount of B in the coatings above 18 at. % resulted in the 

appearance of a hexagonal TiB2 phase along with TiN, as well as a decrease of the TiN lattice 

parameter. The authors explained the transition from B dissolved TiN to TiB2 by comparing the 

energies of formation, showing a slight energetic advantage of solving B in TiN up until around 25 at. 

% B, where TiB2 becomes the favorable option. In the high-B region much of the coating (~50 vol. %) 

was shown to consist of a disordered BN-Ti phase surrounding the TiN and TiB2 crystallites.  

In two different papers by J.Neidhart et al., [16] and [17], the structure and properties of TiBN 

coatings deposited by arc evaporation PVD were investigated. In the first paper [16], a series of 

deposition runs were performed in which coating compositions were varied by changing the fraction 

of N2 in an N2-Ar gas mix from 0.0 through 0.05; 0.1; 0.25 and 0.5 to 1.0 while evaporating Ti/TiB2-

dual targets (67/33 at. % Ti/B). All runs were done at 500°C with a total pressure of 2 Pa and a bias 

voltage of 20 V. The coatings were analyzed by XRD and XPS to determine present phases and 

chemical surroundings. Excluding the run done in pure Ar resulting in TiBx, c-TiN was present 

throughout all of the runs. At low N2 fractions (≤ 0.1) a solid solution of B in TiN was achieved, 

indicated by an increase in lattice parameter (4.259 Å at 0.1 N2 vs 4.24 Å for pure TiN) and by the fact 

that only Ti-N and Ti-B bonds were recorded. Increasing the fraction of N2 above 0.1 resulted in the 
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formation of an amorphous BN phase in addition to the removal of B from TiN as indicated by the 

appearance of B-N bonds in the XPS-spectra along with a steady decrease of the TiN lattice parameter.  

In the second paper [17], the experiments were repeated, this time however not only changing the gas 

composition but also the target composition and bias voltage. Additionally, the chemical composition 

of the coatings was analyzed using elastic recoil detection analysis (ERDA). Two kinds of target were 

used, one with 63/37 at. % Ti/B and one with 83/17 at. %. The bias was set to 20, 60, 100 and 140 V 

respectively. No crystalline TiBx was detected when N2 was present in the gas mixture. It was however 

indicated by XPS that some amorphous TiBx was present alongside TiN for coatings deposited at low 

N2 partial pressure, especially using the higher B containing targets (63/37 at. %). In accordance with 

the first paper [16] a solid solution of B in TiN was realized at lower N2 fractions while a transition to 

TiN/a-BN occurred at higher fractions.  This transition was seen to occur earlier, at a lower N2 

fraction, for the coatings deposited using the 63/37 at. % targets than for those using the 83/17 at. % 

(0,1 vs 0,25). The B content of the targets also influenced the grain size, where the 63/37 at. % targets 

resulted in smaller grains on average (8 vs 20 nm). Increasing the bias voltage led to a minor grain 

refinement, but had a large impact on the growth directions: An increase from 20 to 140 V caused a 

pronounced (220) growth preference at higher N2 fractions and a (111) preference at lower fractions. 

The results of the ERDA-measurements showed that for all deposited coatings, the B content was 

about half of that of the target cathodes, no matter the gas composition. This was suggested to be 

caused by gas scattering between target and substrate. 

Apart from the experimental work, Zhang et. al [18] carried out calculations on the stability of TiBN 

solid solutions using density functional theory. Both the cases of B substituting Ti (with N readily 

available) and B substituting N (for deficient N) in the cubic lattice were investigated, calculating the 

energy of mixing and the lattice parameter for several compositions. The results are shown in fig. 2. 

As can be seen from the figure, the lattice parameter was shown to decrease with increasing B when Ti 

was substituted, and to increase when N was. In addition, only the case of B substituting N resulted in 

a negative energy of mixing compared to the reference states, indicating a difference in decomposition 

process between the two cases. When substituting Ti, the solution was proposed to decompose 

spinodally into the reference states, judging from the shape of the energy curve. The substitution of N 

on the other hand, although stable in comparison to the used reference states, was proposed to lead to 

decomposition by nucleation and growth into cubic TiN and hexagonal TiB2. 
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Figure 2 – Showing the energy of mixing and lattice parameter for increasing B-content for the cases of (a) B substituting Ti 

and (b) B substituting N in the cubic lattice, after [18] (printed with permission of the author). 

To summarize, the only solid solution observed in the system is that of B being dissolved in the cubic 

TiN-structure on the N-sublattice. Formation of such a solution seems to be governed mainly by the 

availability of B and N and their relative amounts. For both elements, there appears to be an upper 

limit beyond which no B can be dissolved in TiN. In addition, the amount of B is seen to have a 

significant impact on grain size, inducing a refinement with increasing B. 

3 Experimental procedure 

3.1 Synthesis of coatings 

All studied coatings were grown using cathodic arc evaporation in a deposition chamber. The system 

features four source flanges, each in which three targets can be mounted. Substrates to be coated 

(cutting inserts) were distributed along the height of the chamber using pins mounted on a carousel 

table, allowing a three-fold rotation during operation. In order to generate a large number of coating 
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compositions in each run, plasma mixing was employed. The mixing was achieved by mounting 

targets of different Ti/B compositions in the source flanges, giving rise to a composition gradient in 

the chamber upon deposition. A sketch of the chamber setup is shown in fig. 3. 

 

Figure 3 – Deposition chamber setup sketch - (a) top down view showing: 1 – source flanges, 2 – chamber heaters, 3 – 

carousel table, (b) head on view of a source flange showing the target placement, (c) substrate distribution on the pins with 

the analyzed inserts at every other position. For series two and three, two pins configured in this way were mounted on top of 

each other, giving a total of 14 inserts per pair of pins. 

The depositions were carried out in three series of runs, where each series was done with a specific 

target configuration while changing process parameters between runs. The targets used were of the 

following compositions: 100/0, 85/15 and 75/25 at. % Ti/B. The target mounting configurations can be 

seen in table 1. An even gradient was not achieved in the first series of runs because two of the targets 

had the same composition. Because of this fewer substrates (12) were mounted instead of the 14 used 

in the other series. To differentiate between the coated inserts, they were numbered counting from the 

bottom up (1-12 for series one and 1-14 for series two and three). 

The process parameters changed between runs include: temperature, bias voltage, bias pulse frequency 

and duty cycle, N2 pressure and flow and Ar flow. For all runs the arc current was set to 150 A and the 

table rotation to 3 RPM. The first series featured five runs, starting with a reference run with standard 

configuration process parameters (low temperature, 50 V bias, 4 Pa N2) and then branching out, 

changing bias voltage, temperature and applying bias pulsing. Based on the results of the first analysis 

of the coated samples in series one, three of the parameter configurations were chosen to be repeated 

in series two, with the difference being the target configuration. Series three was run with the same 

targets as series two and using standard process parameters, apart from the Ar and N2 flows which 

were modified in all the runs of the series. The Ar flow was set to a fixed value for each run and 

1 
2 

3 

a b c 
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enough N2 was added to ensure a total pressure of 4 Pa. Because of this the amount of N2 is reported 

as a flow rather than a pressure for series three. 

For a detailed description of the process parameters of each individual run, see table 2.  

Table 1 - Target configurations for the different series. 

 

Series  

Top target 

composition [Ti/B] 

Middle target 

composition [Ti/B] 

Bottom target 

composition [Ti/B] 

1 85/15 85/15 100/0 

2 75/25 85/15 100/0 

3 75/25 85/15 100/0 

 

Table 2 – Process parameters for all runs. Labeling of runs is done on the form [series.run]. 

 
  Bias  Total  N_2  

  
Pulse  

 

Run Temperature Voltage [V] Pressure [Pa] Pressure [Pa] 

N_2 Flow 

[sccm] 

Ar Flow 

[sccm] Frequency [kHz] 

Duty 

Cycle [%] 

1.1 Low 50 4 4 - 0 - - 

1.2 Low 70 4 4 - 0 - - 

1.3 Low 30 4 4 - 0 - - 

1.4 High 50 4 4 - 0 - - 

1.5 Low 50 10 10 - 0 2 10 

2.1 Low 50 4 4 - 0 - - 

2.2 High 50 4 4 - 0 - - 

2.3 Low 50 10 10 - 0 2 10 

3.1 Low 50 4 - 1200 900 - - 

3.2 Low 50 4 - 800 1350 - - 

3.3 Low 50 4 - 600 1600 - - 

3.4 Low 50 4.1 - 170 1600 - - 

 

3.2 Analysis of coatings 

3.2.1 XRD 

All coated samples were analyzed using XRD in Bragg-Brentano mode in a Panalytical CubiX3 to 

investigate the crystal structure, crystallinity and lattice parameter. All data was fitted using a pseudo-

Voigt profile without performing a K-alpha2 strip. The out of plane lattice parameter a was calculated 

by extracting the lattice spacing d from the fitted data for the 200-peak for all coatings except the ones 

deposited using pulsed bias, for which the 111-peak was instead used.  

For samples 1, 8 and 14 from runs 2.1 and 3.4, the residual stresses were measured using the sin2ψ – 

method in a Bruker D2 Discover. From this the stress-free lattice parameter, a0, was calculated using a 

Poisson’s ratio of 0,22 (theoretical value of TiN). 
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3.2.2 SEM 

In order to examine the microstructure of the coatings, SEM was employed using a Zeiss SUPRA 40. 

Fracture cross sections and top surfaces of some samples were examined. 

3.2.3 WDS 

Because of the limited ability to detect B using the EDS of the SEM, quantitative WDS measurements 

were performed in a JEOL Hyperprobe for samples 1, 8, and 14 from runs 2.1 and 3.4 to determine the 

chemical composition.  

4 Results and discussion 

For all results presented, the labeling of runs is done on the form [series.run] 

4.1 Crystal structure and residual stresses 

Diffractograms are presented for four samples from each run (except for run 3.4) in order to give an 

indication of the way the structure changes along the height of the chamber, while not making the 

graph too cluttered. A few representative diffractograms are shown in this section, the rest can be 

found in the appendix. 

In all figures showing chamber position on the x-axis, the positions are counted from the bottom of the 

chamber and up, representing different heights on the carousel table. For series one, eight positions are 

used, the first seven coming from the lower pin and the eighth from the assumedly uniformly coated 

top pin. For series two and three all 14 positions are used. Because the Ti/B ratio decreases when 

moving upwards in the chamber, the B content of the deposited coatings is higher for higher number 

chamber positions. 

For all reported diffractograms substantial substrate peaks are present, these are all marked with an 

“S”. 

4.1.1 Series 1 – Testing the effect of bias, temperature and pulsing using two 85/15 at. % 

targets 

For the samples coated in series one, the diffractograms of inserts 1, 3, 5 and 11 are shown. To 

improve discernibility, 30000 virtual counts have been added between each line.  

As shown in fig. 4, the 200-peak is clearly the dominant of the three present TiN-related peaks; 111 (at 

37°), 200 (at 42.5°) and 220 (at 62°). The 111- and 220-peaks are visible for the low B-containing 

sample 1, but seem to diminish as the B-content increases. For sample 14 for example, the 220-peak is 

all but gone. This tendency also holds true for runs 1.2-4, see appendix. For run 1.5 it is instead the 

111-peak that is favored, although the other two peaks are also clearly present for all B-contents. For a 

TiN coating grown at equilibrium conditions, the 111-peak is expected to be dominant [19]. 
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For the pulsed bias in run 1.5, the effect of increasing B-content in the targets is hardly noticed as 

indicated in figures 5-7. There seems to be a slight decrease in lattice parameter, but compared to the 

other runs of the series it is somewhat smaller and the decreasing trend is not as obvious.  

Apart from the tendency to favor 200-growth, increasing B-content also causes peak broadening for 

runs 1.1-3, as indicated in figures 4 and 7. Such broadening cannot be seen for the dominant peaks in 

runs 1.4 and 1.5. Broadening of peaks generally indicates a reduced degree of crystallinity, which in 

this case might be caused by renucleation and an accompanying reduced average grain size, a behavior 

reported in [13]. Looking at fig. 6, an alternative explanation might be that at higher B-contents, since 

B replaces some of the atoms in the TiN-lattice, it causes a wider spread of interplanar distances. This 

theory does not however comply with the behavior of run 1.4, for which a decreasing lattice parameter 

is observed with increasing B, just as in runs 1.1-3, but no broadening can be observed for the 

dominant 200-peak. 

The increase of bias voltage, investigated in runs 1.1-3 is seen to cause an increase in both lattice 

parameter and peak broadening. Since increasing the bias, and thereby the energy of the impinging 

ions, usually leads to increased residual stresses within the deposited layer, this is a probable cause of 

the general trend. The behavior of the coating structure when B is introduced seems to be independent 

of these small variations in bias however, judging from the similar look of the curves in figures 6 and 

7. 
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Figure 4 – Diffractogram for inserts (from bottom to top) 1, 3, 5 and 11 of run 1.1, done with low temperature, 4 Pa N2 and 

50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 111-, 200-, and 220-

plane respectively. All other significant peaks are substrate peaks. 

 

Figure 5 – Diffractogram for inserts (from bottom to top) 1, 3,  5 and 11 of run 1.5, done with low temperature, 4 Pa N2 and 

50 V pulsed bias with a duty cycle of 10 %. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, 

corresponding to the 111-, 200-, and 220-plane respectively. All other significant peaks are substrate peaks. 
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Figure 6 – Calculated out of plane lattice parameter using the 200-peak (111 for the pulsed bias run 1.5) vs chamber position 

for series one. The B content is increasing along the x-axis. 

 

Figure 7 – Peak broadening of the 200-peak (111 for the pulsed bias run 1.5) vs chamber position for series one. The B 

content is increasing along the x-axis. 
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4.1.2 Series 2 – Extending series one by adding a 75/25 at. % target, measuring residual 

stresses and determining the chemical composition of coatings 

For the samples coated in series two, the diffractograms of inserts 1, 5, 9 and 13 are shown. To 

improve discernibility, 30000 virtual counts have been added between each line. 

In fig. 8 it’s clear that the 200-peak is again dominant, and that the trend of broadening peaks with 

increasing B-content remains. It is however interesting to notice the difference between the lines for 

samples 9 and 13. No apparent difference can be discerned with respect to the 111- and 220-peaks, but 

the 200-peak is both broadened and decreased in intensity. This might once again be caused by a 

reduced average grain size. Also, deviation from the continuous solution into the cubic lattice is 

evidenced by the flattening-out of the lattice parameter-curve. This points to a B-saturation in the 

cubic TiN lattice, with the limit of solubility appearing right around sample 9. 

Judging from figures 9-11, the pulsed bias run seems to be less affected by the increasing B-content. 

Just as in run 1.5, the lattice parameter is only slightly decreased, and no peak broadening can be 

observed.  

Looking at the peak broadening of runs 2.1 and 2.2 in fig. 11, it is clear that something is changing 

halfway through the chamber. The suddenness of this change might be overexaggerated since it 

appears when moving from the lower mounting pin to the upper (between samples 7 and 8), where the 

distance between the two neighboring samples is significantly larger than elsewhere.  

The lattice parameter development is rather similar for runs 2.1 and 2.2, indicating that an increase in 

temperature does not impose a limit on the solution of B in the TiN lattice. Because the peak 

broadening is lower for run 2.2, it seems as if increasing the temperature supports the growth of c-

TiBN.  

Figure 12, together with table 3 gives an idea of how the residual stress is developing along the height 

of the chamber. The two extremes 1 and 14 have been analyzed, together with the intermediate sample 

8. Although the values of table 3 seem to indicate a trend of slightly increasing stress with increasing 

B, no certain conclusions regarding this should be drawn, owing to the large uncertainty of 

measurement. What can be said, however, is that the general trend of decreasing lattice parameter 

seems to remain when removing residual stresses from the equation, adding weight to the idea that it is 

the solution of B into the lattice that is causing the decrease. It is also worth noting that in the stress-

free state, the lattice parameter is below that of the theoretical value of 4.24 Å for pure TiN, indicating 

a B-Ti substitution in accordance with [18]. 
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Figure 8 – Diffractogram for inserts (from bottom to top) 1, 5, 9 and 13 of run 2.1, done with low temperature, 4 Pa N2 and 

50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 111-, 200-, and 220-

plane respectively (37°- and 62°-peaks hardly visible). All other significant peaks are substrate peaks. 
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Figure 9 – Diffractogram for inserts (from bottom to top) 1, 5, 9 and 13 of run 2.3, done with low temperature, 4 Pa N2 and 

50 V pulsed bias with a duty cycle of 10 %. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, 

corresponding to the 111-, 200-, and 220-plane respectively. All other significant peaks are substrate peaks. 

 

 

Figure 10 – Calculated out of plane lattice parameter using the 200-peak (111 for the pulsed bias run 2.3) vs chamber position 

for series two. The B content is increasing along the x-axis. 
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Figure 11 – Peak broadening of 200-peak (111 for the pulsed bias run) vs chamber position for series two. The B content is 

increasing along the x-axis. 

 

Figure 12 – Calculated out of plane lattice parameter a and residual stress-free parameter a0 using the 200-peak vs chamber 

position for run 2.1. The B content is increasing along the x-axis.  
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Table 3 – Residual stress measurements of samples 1, 8 and 14 from run 2.1. The measurements were carried out up to a psi-

angle of 60°, but because of strongly deviating data above 40°, only angles below this have been used to approximate the 

stress. 

Sample Stress [GPa] 

1 -2.4 

8 -2.6 

14 -2.9 

 

4.1.3 Series 3 – Varying process gas mixture 

For the samples coated in series three, the diffractograms of inserts 1, 5, 9 and 13 are shown, except 

for run 3.4 for which inserts 1, 4, 7, 8, 11 and 14 are used in order to clearly show the rapid change of 

structure. To improve discernibility, 30000 virtual counts have been added between each line.  

Two graphs showing the lattice parameter are presented, one for runs 3.1-3 and one for the whole 

series. This is done in order to show the results of runs 3.1-3 without having their discernible 

differences ‘drown’ as they do in the full series graph. 

The diffractogram for run 3.1, shown in fig. 13 is very similar to that of run 2.1. Adding Ar to the gas 

mixture seems to have had a marginal impact on the structure of the coating, a statement holding true 

for run 3.2 and 3.3 as well, see appendix. The position of the 200-peak is however slightly shifted in 

between all three runs, leading to a shift towards higher value lattice parameters, as can be seen in fig. 

14. The flattening-out of the lattice parameter reported for series 2 is present and appearing at the same 

position, meaning the solubility limit for B is not affected by the introduction of these levels of Ar into 

the plasma. The flat parts of the curves are not as smooth as for series 2, though.   

Although all reported lattice parameters are larger than the theoretical value for TiN (4.24 Å), 

assuming the stress state is comparable to that of run 2.1, where the difference between a and a0 is 

around 0.02 Å, all values are below 4.24 Å in a stress-free state. Unfortunately, no residual stress 

measurements were carried out for theses samples and as such, this assumption can’t be confirmed. 

Assuming a similar stress state, the lattice parameter is moving closer and closer to the TiN value with 

decreased N2 content in the plasma. This could be caused by two different mechanisms: either the 

amount of B dissolved in the TiN-lattice decreases when reducing the amount of available N2, leading 

to a coating closer to pure TiN or the reduced availability of N2 favors the substitution of B into the N-

positions of the lattice, leading to a competitive situation where the lattice parameter decrease caused 

by the substituting of Ti-atoms is partially countered. Should the latter case be true, judging from fig. 

14, the Ti-substitution still seems to be dominant since the lattice parameter decrease within each run 

is larger than the average increase between the runs. 
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For the case of run 3.4, major changes have occurred. Figure 15 gives the first indication of this in that 

it shows a completely different structure compared to all previous runs. All peaks previously reported, 

except TiN-220, are present, but their relative intensities are all different. The 200-peak is replaced by 

the 111-peak as the dominant TiN-peak for the lower pin samples, and although 200 is the prominent 

TiN-peak for samples 11 and 14, it is weak and broad compared to previous runs. In fact, all the 

measured TiN-peaks shown in fig. 15 display a larger peak broadening than any recorded in previous 

runs, especially for lower B-containing targets. Two hitherto unseen peaks appear around 38.5 and 

40°, both corresponding to metallic Ti.  

Additionally, looking at fig 15., a shift in peak-position towards lower angles can be seen for the TiN-

peaks, made clear in fig. 16, in which a dramatic change of lattice parameter is observed. This large 

difference in lattice parameter is not reflected in the difference in process parameters, however. 

Looking at table 2, one notices the amount of available N2 is reduced in steps of rather similar 

magnitude between the runs. This points to the existence of a threshold in Ar content of the plasma: 

below it, where the amount of available N2 relative to B is large enough, reduction of N2 only seems to 

cause a small shift in the balance between substitution of Ti- and N-atoms by B, with the substitution 

of Ti still being predominant. Above it on the other hand, judging from the large lattice parameter 

increase, the fraction of B substituting for N seems to be significantly larger than that substituting Ti. 

This could be attributed to a shift from a case of solution into both Ti- and N-lattice sites to a case 

where only N is substituted, with total B-content at similar levels. However, because the magnitude of 

the change of lattice parameter, moving from sample 1 to 14, is so large (about an order of magnitude 

larger than earlier runs), another plausible explanation could be that the total amount of B dissolved in 

the lattice at each composition has increased. This question is answered using WDS-quantification, see 

section 4.3. 

Figure 17 illustrates the large difference in peak broadening between the three higher N2-runs 

compared to the low-N2 one. These higher values indicate that caution should be taken when analyzing 

the results of run 3.4, since the uncertainty of measurement is larger. 

Looking at table 2, a noticeable reduction in total flow can be seen between runs 3.1-3 and run 3.4. 

The latter was run at a total flow of around 1800 sccm instead of the usual 2200. Originally, run 3.4 

was planned to be run at 2000 sccm Ar, with the enough N2 to achieve a total pressure of 4 Pa. It 

turned out though, that 2000 sccm Ar was more than enough to maintain this pressure, causing the 

machine to not let any N2 into the chamber. This led to a situation in which the chamber was 

metallized rather than being coated with TiN, because no chemical reactions were taking place. 

Realizing this, the process was temporarily halted to correct the issue. Upon reduction of the Ar flow 

to 1600 sccm and introduction of N2 it was noticed however, that less gas was needed to maintain the 
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4 Pa pressure. This could possibly have been caused by a reduction of the rate of deposition of TiN in 

this metallized environment, leading to a decrease in N2-consumption.  

The results of the residual stress measurements carried out for run 3.4 are shown in fig. 18 and table 4. 

In the measurements, the 200-TiN peak was used, meaning that the accuracy of the first data point is 

somewhat dubious, judging from the near complete lack of intensity at the position of the 200-peak for 

sample 1 in fig. 15. Assuming the measured data is somewhat correct, despite this obvious flaw, the 

trend of it is interesting. While the same uncertainty of measurements as in run 2.1 is present for 3.4, 

the differences between the three measured values are large enough to rule out it being a result of 

inaccuracy alone, the trend is clearly an increasing residual stress with increased B-content. 

Importantly, the trend of increasing lattice parameter also remains for the stress-free case, see fig. 18, 

strongly indicating that the dissolved B is responsible for the increase. In contrast to run 2.1, all 

calculated lattice parameters are larger than that of pure TiN, which according to [18] indicates a 

substitution of N by B. 

 

 

Figure 13 – Diffractogram for inserts (from bottom to top) 1, 5, 9 and 13 of run 3.1, done with low temperature, 1200 sccm 

N2, 900 sccm Ar and 50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 

111-, 200-, and 220-plane respectively (37°- and 62°-peaks hardly visible). All other significant peaks are substrate peaks. 
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Figure 14 – Calculated out of plane lattice parameter (calculated using the 200-peak) vs chamber position for run 3.1-3 (~45, 

65 & 75 % Ar). The B content is increasing along the x-axis. 

 

 

Figure 15 – Diffractogram for inserts (from bottom to top) 1, 4, 7, 8, 11 and 14 of run 3.4, done with low temperature, 170 

sccm N2, 1600 sccm Ar and 50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding 
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to the 111-, 200-, and 220-plane respectively. In addition to these, peaks corresponding to metallic Ti are present at around 

38.5° and 40°. All other significant peaks are substrate peaks. 

 

 

Figure 16 – Calculated out of plane lattice parameter (calculated using the 200-peak) vs chamber position for series three (for 

the 90 % Ar run, the first seven points have been calculated using the 111-peak). The B content is increasing along the x-axis. 
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Figure 17 – Peak broadening of the 200-peak (111 for the first seven points for run 3.4) vs chamber position for series three. 

The B content is increasing along the x-axis.  

 

Figure 18 – Calculated out of plane lattice parameter a and residual stress-free parameter a0 vs chamber position for run 3.4 

using the 200-peak. The B content is increasing along the x-axis.  

 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 2 4 6 8 10 12 14 16

FW
H

M
 [

°2
θ

]

Chamber position

45 % Ar 65 % Ar 75 % Ar 90 % Ar

4,24

4,25

4,26

4,27

4,28

4,29

4,3

4,31

4,32

0 2 4 6 8 10 12 14 16

La
tt

ic
e 

p
ar

am
et

er
 [

Å
]

Chamber position

90 % Ar Stress-free



 

26 
 

Table 4 – Residual stress measurements of samples 1, 8 and 14 from run 3.4.  

Sample Stress [GPa] 

1 -2.6 

8 -4.8 

14 -5.0 

 

 

4.1.4 Inter-series comparisons 

Figure 19 serves to visualize the effect of extending the coating experiments by increasing maximum 

B-content in the plasma. All the runs show good conformity with regards to lattice parameter trend 

between the two series, especially the elevated temperature-runs 1.4 and 2.2. It should be noted that 

the last data point for the runs of series one is extracted at the same physical position as the eleventh 

data point for runs of series two. This should not cause too great a distortion, however, assuming the 

top part of the plasma was homogeneous in series one. 

As previously mentioned, increasing the B-content of the targets seems to have little to no effect on 

the lattice parameter for the pulsed bias runs. The lower energy of the ions for these runs might cause 

an increase in collision cross section for B and N2, leading to a large loss of B en route to the 

substrates. Unfortunately, the chemical compositions of these coatings were not investigated. 
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Figure 19 – Calculated out of plane lattice parameter vs chamber position for runs 1.1 and 2.1 ran at standard conditions, for 

runs 1.4 and 2.2 ran at elevated temperature and for runs 1.5 and 2.3, done with pulsed bias voltage. The B content is 

increasing along the x-axis.  

 

 

Figure 20 extends on fig. 16, further illustrating the sudden change in relation between B-content and 

lattice parameter taking place upon crossing the proposed plasma composition threshold. Even though 

the difference in N2-flow is much larger between runs 2.1 and 3.3 (setting the operating pressure to 4 

Pa results in a flow of about 1900 sccm for the case of only N2) than it is between runs 3.3 and 3.4, the 

increase in lattice parameter is significantly smaller.  
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Figure 20 – Calculated out of plane lattice parameter vs chamber position for three runs, 2.1, 3.3 and 3.4, done with identical 

process parameters, apart from the gas flow which varies from 1900/0 through 600/1600 (~75 % Ar) to 170/1600 (~90 % Ar)  

sccm N2/Ar. 

 

4.2 Coating microstructure  
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The images in figures 21 and 22 show the typical appearance of all coatings deposited using constant 
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Figure 21 – Fracture cross-section of sample 3 from run 1.1. 

 

Figure 14 – Fracture cross-section of sample 3 from run 1.1 at higher magnification. 

Figures 23 and 24 display features typical of the coatings deposited using pulsed bias, most notable of 

which is the highly facetted surface seen in fig. 23. It is difficult to discern any morphological features, 

but a slight hint of a columnar structure might be seen in fig. 24. 
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Figure 23 – Top down view of sample 1 from run 2.3, showing the facetted surface present for all coatings deposited using 

pulsed bias. 

 

Figure 24 – Fracture cross-section of sample 3 from run 2.3, hinting at a columnar structure. 

The distinct difference between the evaporation process of run 3.4 and that of the other runs is clearly 

illustrated by comparing the two top-down images in figures 25 and 26. The number, and average size 

of macroparticles on the surface in fig. 26 is much larger than what is seen for fig. 25, confirming the 

idea that the type of emission center was changed between runs 3.3 and 3.4, from type 1 spots on 

poisoned surfaces to type 2 spots on metallic surfaces. 
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Figure 25 – Top down view of sample 1 from run 3.3. 

 

Figure 26 – Top down view of sample 3 from run 3.4, showing a high density of embedded macroparticles, typical of 

evaporation from type 2 arc spots. 

4.3 Chemical composition 

For the results presented in tables 5 and 6, B/(Ti+B)-ratios are presented for 8 and 14 as a means of 

target-coating composition comparison. Because no B is present in the bottom target, no such 

comparison is done for sample 1. The (Ti+B)/N-ratio gives an indication of which positions in the 

lattice the B atoms are occupying, with a ratio close to unity indicating B-Ti substitution and B-N 

substitution if it is significantly larger than one. Additionally, because peaks for metallic Ti were 
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detected for run 4.3, the (B+N)/Ti-ratio is also presented to give an indication of the extent of this 

metallic phase. 

4.3.1 Run 2.1 – Standard parameter run 

Looking at table 5, a large amount of B seems to have been lost en route to the substrates, much in 

accordance with [17]. Treating the three samples as representing the three different target 

compositions (100/0, 85/15 and 75/25 at. % Ti/B), the relative loss of B seems to be about the same 

for the two targets containing B: the percentage of B have dropped from 15 to 6.1 and 25 to 9.4, 

respectively. Ti has certainly also been lost in the transfer between targets and substrates due to 

scattering, but assuming, for the sake of simplicity, that the scattered Ti-fraction is negligible, one can 

conclude that about 60 % of the B has been lost. In addition to the en-route scattering, the loss of B 

could also be caused by preferential sputtering, where Ti-ions hitting the surface are more likely to 

knock out B-atoms than Ti-atoms. 

Caution must be taken when applying this model though: since sample 1 is containing B, the area 

affected by the emission from each target is seen to be at least half the height of the chamber, i.e. there 

exists an overlap between the targets. Also, the sample 8 is not placed in front of the middle target, but 

shifted slightly towards the upper target, resulting in a value slightly higher than would be if it were 

directly in front of the target. 

The (Ti+B)/N-ratio further strengthens the notion that B is replacing Ti in the cubic lattice for this run, 

thus not altering the ratio compared to pure TiN. 

Table 5 – Chemical composition of samples from run 2.1 as determined by WDS analysis.  

Sample 

position 
Ti [at. %] N [at. %] B [at. %] 

B/(Ti+B) 

[%] 
(Ti+B)/N 

1 49.0 50.4 0.3 - 0.98 

8 47.8 49.1 3.1 6.1 1.04 

14 45.9 49.3 4.7 9.4 1.03 

4.3.2 Run 3.4 – Low N2-run 

For run 3.4 the situation is similar to that of run 2.1. Slightly less B seems to have been lost en route, 

especially for the middle target (15 to 8.2 and 25 to 10.3 at. % for the middle and top target 

respectively), but such a conclusion must again be drawn with care since the top target is affecting 

sample 8.  

Further evidencing the idea proposed in section 4.1.3, that a shift of lattice positions occupied by B 

from, Ti to N, has occurred, is the (Ti+B)/N-ratio which is significantly increased for this run 

compared to 2.1. The ratio is however not only attributed to this shift but also by the significant 
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amount of metallic Ti, especially for the lower sample, as illustrated by the (B+N)/Ti-ratio, which for 

the case of only cubic Ti(B,N) would be close to unity.  

Interestingly, regarding the question posed in section 4.1.3 about the cause of the large lattice 

parameter increase, by comparing tables 5 and 6, it does seem like the increase can be attributed to the 

shift of occupancy of B from Ti- to N-sites rather than the addition of large amounts of B. This is seen 

by looking at the total amount of B present in the coatings, which has not increased dramatically. 

Table 6 – Chemical composition of samples from run 3.4 as determined by WDS analysis.  

Sample 

position 
Ti [at. %] N [at. %] B [at. %] 

B/(Ti+B) 

[%] 
(Ti+B)/N (B+N)/Ti 

1 60.1 38.1 1.1 - 1.62 0.6 

8 57.0 37.9 5.1 8.2 1.64 0.8 

14 54.3 39.5 6.2 10.3 1.53 0.8 

 

4.4 Comparison with reported literature data 

Because the B-content and stress-free lattice parameter has been determined for runs 2.1 and 3.4 in 

sections 4.1 and 4.3, it is possible to compare their absolute values to those presented in other work 

done on the system. A comparison of these results with those theoretically attained by Zhang et al. 

[18], see fig. 2, are shown in fig. 27. Because the calculated values use 4.26 Å as initial value for the 

lattice parameter, the experimental data has been shifted to also use this value.  

In the calculations, it is assumed that the case of N2 deficiency leads to a pure B to N-substitution, and 

in the surplus case, only Ti atoms are assumed to be substituted. In regards to this, the fact that the 

trend of the experimental data is following that of the theoretical is further proof that the suggested 

substitutions are dominant in the respective N2-case experiments.   
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Figure 27 – Comparison of measured data of lattice parameter as a function of the B/(Ti+B) fraction for runs 2.1 and 3.4 

compared with data calculated in [18]. For the sake of comparability, all data has been set to begin at a = 4.26 Å.  

4.5 Final discussion 

While all process parameters changed have proven to affect the solubility and/or the growth of solid 

solution cubic TiBN in some way, the availability of N2 stands out as the major determining factor. 

The effects of parameters such as temperature and bias voltage have not been investigated for low 

amounts of N2 though, they might have a larger impact for that case than they seem to have when 

supply of N2 is high. Formation of a solid solution at a N2-deficiency proved to have a larger impact 

on the change in lattice parameter than it did at higher levels of N2, even though the amount of B in the 

coatings was similar.  

Pulsing the bias voltage led to a crystal structure with well-defined peaks and a dominant 111-growth, 

as is expected for c-TiN. Also, the structure of the deposited coatings proved to be largely unaffected 

by the increasing amount of B along the height of the chamber, possibly due to a large loss of B en 

route to the substrates. This still needs to be confirmed by chemical analysis, however.  

Quantification of the coating composition was carried out for runs 2.1 and 3.4, showing a significant 

amount of B to have been lost in the coating process, presumably through en route-collisions and 

preferential resputtering. With the B/(Ti+B)-ratio not reaching any higher than about 10 %, this means 

that the effect of increasing B-content remains largely uncharted.  

Finally, the results seem to be in line with the results of theoretical work done on the system, at least 

for the range of process parameters tested. 
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5 Conclusions 

Synthesis of coatings containing cubic TiBN in solid solution is possible using cathodic arc 

evaporation. The preferred sublattice of the dissolved B is dependent on the amount of available N2; 

for high amounts of N2, the Ti-sublattice is favored, and vice versa. When substituting for Ti, the 

dissolved B causes a decrease of the lattice parameter and when substituting for N it causes an 

increase. The metal composition of the coatings differs from the target composition because large 

amounts of B are lost in the deposition process, proposedly through collision and resputtering 

phenomena. 

6 Outlook 

In the sense of applicability, the final goal of investigating the solid solution TiBN would be to test the 

coatings in a cutting application. To test the compositions reported in the present work would require 

new coatings however, because the ones produced are too thin. 

On the synthesis side of things, there remains questions to be answered. A natural first step in further 

investigations would be to extend the experiments with regard to B-content to identify the limit of 

solubility for different process settings. It would also be interesting to look into the effects of increased 

temperature and bias voltage for the case of low N2 fraction. Additionally, to further investigate the 

effect pulsed bias voltage has on the amount of B incorporated in the coatings, chemical analysis could 

be carried out for such samples. 
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9 Appendix 

 

Figure A1 – Diffractogram for inserts (from bottom to top) 1, 3, 5 and 11 of run 1.2, done with low temperature, 4 Pa N2 and 

70 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 111-, 200-, and 220-

plane respectively. All other significant peaks are substrate peaks. 
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Figure A2 – Diffractogram for inserts (from bottom to top) 1, 3, 5 and 11 of run 1.3, done with low temperature, 4 Pa N2 and 

30 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 111-, 200-, and 220-

plane respectively. All other significant peaks are substrate peaks. 

 

Figure A3 – Diffractogram for inserts (from bottom to top) 1, 3, 5 and 11 of run 1.4, done with high temperature, 4 Pa N2 and 

50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 111-, 200-, and 220-

plane respectively. All other significant peaks are substrate peaks. 
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Figure A4 – Diffractogram for inserts (from bottom to top) 1, 5, 9 and 13 of run 2.2, done with high temperature, 4 Pa N2 and 

50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 111-, 200-, and 220-

plane respectively. All other significant peaks are substrate peaks. 
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Figure A5 – Diffractogram for inserts (from bottom to top) 1, 5, 9 and 13 of run 3.2, done with high temperature, 800 sccm 

N2, 1350 sccm Ar and 50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 

111-, 200-, and 220-plane respectively. All other significant peaks are substrate peaks. 

 

Figure A6 – Diffractogram for inserts (from bottom to top) 1, 5, 9 and 13 of run 3.3, done with high temperature, 600 sccm 

N2, 1600 sccm Ar and 50 V bias. The peaks related to cubic TiN are those at around 37°, 42.5°, and 62°, corresponding to the 

111-, 200-, and 220-plane respectively. All other significant peaks are substrate peaks. 
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