
2-2006 MAINTENANCE  PROBLEMS 33 

Jerzy MORGIEL, Łukasz MA JOR,  Justyna GRZONKA 
 Institute of Metallurgy and Materials Science, PAS, Kraków 
Ryszard MANIA  

Faculty of Materials Science and Ceramics, AGH, Kraków 
Mieczysław RAKOWSKI 
Faculty of Mechanical Engineering and Robotics, AGH, Kraków  

ELABORATION  OF  MAGNETRON  DEPOSITION   
CONDITIONS  OF  TIN/SI 3N4  NANOCOMPOSITE COATINGS 

Keywords 

Nanocrystallites, nanocomposites, TiN/Si3N4, magnetron sputtering. 

Abstract 

The TiN/Si3N4 coatings were deposited by reactive single target magnetron 
sputtering. The TiSi10 and TiSi6 targets were prepared from titanium and silicon 
elemental powders. The transmission electron microscopy helped to confirm the 
nanocomposite nanocrystalline TiN/ amorphous Si3N4 microstructure of coatings. 
The experiments helped to determine the critical coatings thickness at close to  
1 µm. The micro-hardness of such coatings deposited on high speed steel was 
estimated at 11.9÷13 GPa and characterized by critical loading in the range of 
13÷14 N. The measurements of chemical compositions of coatings showed that 
the ratio of silicon to titanium was at least twice as high as those in the targets, 
what might have lowered the coatings mechanical properties. 

Introduction 

The hard coatings improving surface properties of products made from low 
grade cheaper materials found extensive application in industry already in the 
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second half of the last century [1]. The TiN-easily recognized by its decorative 
gold colour is still among the most widely used coating materials both due to its 
high hardness of around 23 GPa and relative ease of deposition through reactive 
evaporation, sputtering or other industrially acceptable techniques [2, 3].  

The further improvement of coating properties by substituting TiN with 
super-hard materials like cubic-BN or diamond turned out to be only partly 
successful due to much more complicated deposition of such materials [4, 5]. In 
the meantime it turned out that the mixed TiN/Si3N4 coatings could also 
graduate to super-hard materials class. Such strong hardness rise was possible 
through arresting the growth of TiN nanocrystallites by thin sheets of amorphous 
Si3N4 [3]. The hardness of such nanocomposite coatings having Ti to Si ratio close 
to 9:1 [6] or 19:1 [7] sometimes exceeds 40 GPa. It helps to preserve columnar 
TiN crystallite shape, which is separated by narrow amorphous silicon nitride 
channels. The c-TiN/a-Si3N4 coatings could be obtained among others either by 
using chemical vapour deposition (CVD) [8, 9] or by physical vapour deposition 
(PVD) techniques [10, 11]. The first are susceptible to chloride-inducted 
corrosion, while the magnetron sputtering was tried mostly in complicated double 
target arrangement. The simpler and therefore easier to use in industrial 
applications single target systems, required preparation of highly homogenous 
target of composition guaranteeing the proper Ti:Si stoichiometry of the coating. 
The only available data on Ti5Si3 [12], Ti5Si3+Ti or TiN [13] single target 
magnetron sputtering indicate that coating composition is either the same or lower 
than that of the target, respectively. The latter contradicts with general data on 
sputtering rates of Si and Ti presenting them as equal [14]. 

Therefore, the present project was aimed at producing TiSi targets allowing 
producing c-TiN/a-Si3N4 coatings, analysing their microstructure, chemical 
composition and some mechanical properties.  

1. Preparation of TiSi targets 

The TiSi10 and TiSi6 (in at. %) were prepared from elemental powders 
(150 µm and 200 µm for Ti and Si, respectively) mixed and hot pressed. The 
maximum compacting temperature was limited to 1300oC to stay just below the 
eutectic temperature for Ti–Si system. The compacting conditions including 
temperature, pressure and piston travel distance with time are presented in Fig. 
1. They show the linear pressure increase up to 11 T after ~35 min. The 
maximum temperature of 1300oC was achieved after 80 min. and next kept for 
additional 40 min. The third stepped curve shows the piston travel and 
illustrates the target densification. Analysis of the information given by these 
curves indicates that densification was finished already at 950oC. The above 
compacting was performed in a graphite die of φ ~7.5 cm and of 9 mm thickness 
in argon atmosphere. The compacting of TiSi6 target went in a similar way. 
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Fig. 1. Hot pressing condition for TiSi10 target: a) temperature, b) pressure, c) travel 

 
The observation of target polished surface performed using scanning 

electron microscope with detector sensitive to backscattered electrons 
(SEM/BSE) revealed that both TiSi10 and TiSi6 are void free indicating their 
full densification (Fig. 2). The average grain size of titanium phase of lighter 
colour corresponds to that of the titanium powder confirming proper timing of 
compacting process preventing grain growth. The measurements of local 
chemical compositions indicated that on average the matrix contained 2 and 1.5 
at. % Si in TiSi10 and TiSi6 targets, respectively. Both these values remain well 
within the solubility of silicon in titanium solid solution approaching 4 at. %. 
The target contains also some un-dissolved silicon crystallites of very dark 
contrast wrapped by phases rich both in titanium and silicon, i.e. Ti3Si. 

 
 
 
 
 
 
 
 
 
 
 
                 500µm 

(a) 

                500µm

(b) 

 

Fig. 2. SEM/BSE microstructure of TiSi10 (a) and TiSi6 (b) targets 

a) b) c) a) c) b) 
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2. Description of magnetron system and deposition conditions 

The magnetron sputtering unit was built by TEPRO Koszalin type NP-501A 
including oil vacuum pump SP-2000 equipped with PW-21 type vacuum gauge. 
The flow of argon and nitrogen was adjusted by needle valves controlled 
through mass flowmeters produced by MKS company. The magnetron of the 
WMK-50 type is equipped with NdFeB magnet guaranteeing 0.02T for parallel 
to target magnetic field component. The magnetron was powered DORA 
POWER SYSTEM supplied units of either direct current (DC) type with target 
negative polarization (max. 1 kV) and precise current stabilization or low radio 
frequency (LRF) type generating pulses of constant amplitude of negative 
polarization of 160 kHz frequency. The transmitted power is regulated by 
number of pulses, but the max. voltage is limited to 1 kV and the current is 
stabilized within 0.01 A level. The coatings were deposited at varying 
atmospheres and other parameters as summarized in Table 1. The effective and 
circulating power coded as Peffective and Pcirculating respectively are connected with 
the Dora Power Supply construction. It generates current pulses of 8 A at 160 
kHz grouped with 0.1÷4 kHz. Additionally to pulse generator the power supply 
loop contains also a resonating system LC determining the loop quality Q. The 
unit Q is responsible for reflecting of fraction of power back to a power supply 
capacitor resulting in formation of so called “circulating power” or “wandering 
power”. In cases where the loop quality Q differs from 1 the surplus power is 
accumulated in resonating loop transferred next back to the main supply, i.e. 
power generator. Such situation indicates that plasma−target impedance acts as 
serial damping element of the resonating unit. In case the stabilizing system fails 
within the loop the circulating power would be substituted by reflected power. 
The circulating power is transferred within the loop practically without major 
losses. The power transferred to magnetron, i.e. dissipated at the target and 
plasma is called an “effective power”. The sum of “effective” and “circulating” 
power equals the total power generated by the supply unit. Therefore, the 
“circulating power” is a measure of matching the generator and the magnetron.  

 

Table 1. Conditions of coatings deposition  
 

No. Target 
Power 
suppl. 

I        
[A] Peff/Pcir  W/W 

PAr /PN2      
µbar/µbar 

t       
[min] 

Tsubst 

.[
oC] 

001 TiSi10 DC 0.70 - 40.01 2 50 

002 TiSi10 LRF 0.60 500/10 40.0/10.0 90 50 

003 TiSi10 DC 0.50 - 3.0/3.0 5 50 

104 TiSi6 LRF 0.70 650/10 2.0/0.8 30 80 

105 TiSi6 DC 0.25 - 1.6/0.5 5 50 

106 TiSi6 LRF 0.40 370/10 2.9/1.0 7 50 

107 TiSi6 LRF 0.80 600/120 4.0/15.0 5 170 
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3. The microstructure and composition of coatings  

The coatings deposited either on silicon or high speed steel (SW7N) were 
investigated using the transmission electron microscopy technique (Philips 
CM20 and TECNAI G2). The thin foils for these observations showing coatings 
in cross-section were prepared using standard ion milling (Gatan 600 DuoMill) 
or cut with gallium ions using Focused Ion Beam system (FEI Dual Beam). 

The polycrystalline silicon substrates were polished before deposition so 
their surface roughness stayed below 50 nm (Fig. 3). The substrate 
microstructure was characterized by both high number of dislocations and 
stacking faults. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. TEM microstructure of two parts of 001 coating glued “face to face” 

 
The microstructure observations of coatings indicated that all of them are 

nanocrystalline ones (Fig. 4). In some, i.e. in 001, the columnar grains are barely 
noticeable but in 002 and especially in 003 both nanocrystallites size increase 
and presence of columnar microstructure is evident. The mapping presenting 
local chemical composition in the coatings performed using energy dispersive 
spectroscopy (EDS) not only confirmed presence of homogenously distributed 
titanium, silicon and nitrogen but also showed their oxygen contamination (Fig. 5). 
The point analysis in standard-less mode (excluding nitrogen) allowed to 
determine that the coatings deposited using TiSi10 contained ~20 at. % Si and 
those produced using TiSi6 ~15 at. % of Si. 

     2µm
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Detailed microstructure observation of coatings deposited both on silicon or 
high speed steel substrate showed frequent orientation changes both between 
neighbouring crystalline columns and within individual columns indicating their 
predominantly polycrystalline character (like in Fig. 4c). The whiter strips 
between columns suggest a possibility of presence of amorphous channels 
between them.  

 
 
 
 
 
 
 
 
 
 
 
 

(b) 

50 nm 

(c) 

50 nm 

(a) 

50 nm 
 

 
 

Fig. 4. TEM microstructure of 001(a), 002(b) and 003(c) coatings  

 
 

 
Fig. 5. EDS mappings showing local chemical composition in 002 coating 
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The complementary high resolution (HR) observation of coatings deposited 
on silicon (strong magnetism of high speed steel substrates strongly increases 
astigmatism making HR observation practically useless) confirmed that some 
columns are built of several similarly oriented crystallites (column K3, 
crystallites C1, C2 and C3, Fig. 6). However, quite a few were of 
monocrystalline nature, or at least contained very elongated crystallites. The 
channels which seemed very thin (i.e. a fraction of width of crystalline columns) 
using standard bright field observation conditions turned out much wider (i.e. of 
size approaching the width of TiN columns). The discrepancy might be at least 
partially explained by some amorphisation of TiN crystallites caused by longer 
ion milling of much thinner specimens necessary for HR observations (please 
note, that in Fig. 4 at thicker area close to the substrate the lighter contrast from 
channels is practically extinguished). The second series of coatings deposited 
using TiSi6 target (coded as 10x) were also characterized by columnar 
microstructure similar to those obtained from TiSi10. 

 

K1 K2 K3

C1 

C2 

C3 

 
Fig. 6.  HR TEM microstructure of 002 coating. Broken lines mark approximate position of 

interface between crystalline TiN and amorphous Si3N4 
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4. Micro-mechanical properties of coatings 

Micro-mechanical properties of nanocomposite nc-TiN/a-Si3N4 coatings 
were examined using specimens marked 105, 106 (size of 20x10x1.3 mm) and 
107 (size 14x14x5.5 mm). The measurements were performed using Micro–
Combi–Tester made by CSEM. The micro-hardness was measured according to 
ISO 14577-1 and PN-EN ISO 6507-1 standards by Vickers pyramid indentation 
with the three different loads (Table 2). The maximum load was held for 5 s. 
The hardness measurements were performed on relatively thin coatings of 
around 1 µm (0.3 µm for specimen 107), as the thicker ones cracked during the 
test. Therefore, only under the load Pmax = 20 mN the indentation depth was 
below 0.3 of the coating thickness, totally eliminating the substrate effect. The 
test performed at higher load indeed showed smaller differences between the 
hardness of samples but confirmed general tendency that the coating 105 
presented the highest hardness. The scratch test was performed also using 
Micro–Combi–Tester, with a Rockwell’s C diamond tip of diameter 200 µm on 
the distance 3mm with a speed 3mm/min. The load was linearly raised from 
0.03 to 20 N for specimens 105 and 106 and up to 30 N for specimen 107. The 
experiments showed that the first small chips peel of at 1.5 N, 2.1 N and 1.6 N, 
while the first delaminating effects were recorded at 5.1 N, 6.5 N and 9.5 N. The 
critical load Lc, i.e. load under which extensive delamination started, was 14 N, 13 
N and 22 N for specimens 105, 106 and 107, respectively (average value of 3 
measurements). The specimen 107 has the best adherence to the substrate, but 
the measurement results for this specimen are relatively largely dispersed. It 
should be noted that all tests were performed with the tip penetration depth 
several times exceeding the coating thickness.  

 

Table 2. The results of micro-hardness tests of 105, 106 and 107 coatings  

 

loadings characteristics microhardness GPa 
no. 

Pmax [mN] 
loading 

[mN/min] 
unloading 
[mN/min] 105 106 107 

1 20 40 40 13.099 12.181 11.177 

2 50 100 100 10.313 9.449 9.103 

3 100 200 200 10.107 9.244 9.060 

Conclusions 

The performed experiments proved that it is possible to produce a dense TiSi10 
and TiSi6 (in at. %) magnetron targets by the powder metallurgy technique 
circumventing the problem of casting and working of such a brittle material.  
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The proper densification is crucial to help dissipate heat produced during 
sputtering. The elaborated sputtering conditions allowed to produce coatings of 
critical thickness of around 1µm, as above that value a self-delamination was 
noted. The microstructure observations confirmed that the coatings were 
characterized by nanocomposite nanocrystalline TiN/ amorphous Si3N4 
microstructure necessary for super-hard material. The micro-mechanical test 
helped to determine the coatings hardness at ~12G Pa and critical loading Lc in the 
range 13÷14 N. This relatively low hardness might result from too high silicon 
concentration, as the ratio of silicon to titanium content in the coatings was 
twice as much as in the TiSi10 target and even more for TiSi6.  

Finally, it should be stated that even as first of the main goals of the project 
of producing coatings of predetermined nc-TiN/a-Si3N4 microstructure was 
achieved, though next efforts should be concentrated both on increasing 
coatings critical thickness and obtaining the significant hardness improvement 
in relation to TiN coatings.   
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Opracowanie warunków otrzymywania warstw nano-kompozytowych 
TiN/Si3N4 z wykorzystaniem techniki magnetronowej 

Słowa kluczowe 

Nanokrystality, nanokompozyty, TiN/Si3N4, rozpylanie magnetronowe. 

Streszczenie 

Powłoki TiN/Si3N4 naniesiono techniką rozpylania magnetronowego przy 
użyciu targetu o składzie TiSi10 lub TiSi6 (% at.). Targety te zostały 
przygotowane na drodze spiekania na gorąco proszków krzemu i tytanu. Analizę 
mikrostruktury nanokompozytowych nanokrystalicznych powłok TiN/Si3N4 
o krytycznej grubości delaminacji zbliżonej do 1 µm, przeprowadzono przy 
użyciu mikroskopu transmisyjnego. Mikrotwardość powłok na podłożu ze stali 
szybkotnącej określono na poziomie 11.9÷13 GPa. Analiza składu chemicznego 
powłok wykonana techniką EDS wykazała, że stosunek zawartości krzemu do 
tytanu jest dwa razy większy niż w targetach, co może stanowić przyczynę ich 
niższej od oczekiwań twardości. 


