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Abstract: Titanium nitride (TiN) coatings were synthesized by plasma-enhanced 

magnetron sputtering (PEMS) on 316L austenitic stainless steel and YG8 cemented 

carbide substrates. The plasma enhancement process involved the use of hot filaments 

as additional sources of electrons for the magnetron discharge. The structural, 

morphology, crystallinity, thickness, abrasion resistance and adhesion of the TiN 

coatings, as well as the nanohardness and Young’s modulus were investigated at 

different filament discharge currents. The results showed that with increasing 

discharge current, the deposition rate of the coating decreased, the structural 

morphology of the TiN coatings became finer and denser and the columnar grain size 

decreased. The critical load for failure in scratch adhesion tests of the coatings on 

stainless steel and YG8 substrates were over 22 N and 141 N, respectively. The 

nanohardness and Young’s modulus both improved significantly from 8 GPa and 200 

GPa to 38 GPa and 500 GPa, respectively, after the discharge current increased from 6 

A up to 12 A. The adhesion and the abrasion resistance of the coating on cemented 
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carbide increased, and those on stainless steel decreased, with increasing filament 

discharge current. It was found that matching the Young’s modulus of the coating to 

that of the substrate was important to improve the adhesion and abrasion resistance of 

the coating. The results demonstrate that TiN coatings can be prepared by PEMS at 

appropriate filament discharge currents, resulting in coatings with uniform thickness, 

dense structure and high hardness, abrasion resistance and adhesion. 

 

Key words: plasma-enhanced magnetron sputtering; TiN coatings; filament 

discharge current; microstructure; performance  

  

1 Introduction  

It is well established that the physical and chemical properties of physical vapor 

deposition (PVD) coatings are strongly influenced by the coating microstructure [1] . 

Properties, such as hardness, wear resistance, abrasion resistance, corrosion resistance, 

etc. have been shown to be determined, at least in part, by the microstructure. 

However, the microstructure is, in turn, determined by a number of deposition and 

process parameters, including substrate temperature, coating pressure, substrate bias 

voltage and the ion-to-atom ratio incident at the substrate. All of these parameters 

affect the energy delivered to the growing film. This energy controls the mobility of 

the deposited atoms and is, therefore, the critical factor in determining the final 

coating microstructure. In the field of magnetron sputtering, historical developments, 

such as unbalanced magnetrons, closed field unbalanced sputtering (CFUBMS) and 
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pulsed magnetron sputtering [2] have all influenced the energy delivered to the 

growing films and, through this, made step-changes in the performances of coatings 

deposited by these techniques. More recently, high power impulse magnetron 

sputtering (HiPIMS) has been promoted as another means of increasing the 

ion-to-atom ratio and producing coatings with enhanced properties. However, 

HiPIMS is also associated with low deposition rates and is a technique that cannot be 

readily introduced into a conventional CFUBMS coating system. Where the major rig 

modifications required for HiPIMS mode are not an option, an alternative approach 

demonstrated here, is the use of hot filaments to boost the degree of ionisation in the 

chamber and, thereby, provide a means of controlling film properties, using a simple 

DC current supply.  

The plasma-enhanced magnetron sputtering (PEMS) technique [3] used in this 

study is based on traditional balanced magnetron sputtering, with additional tungsten 

filaments installed that can act as electron emission sources in the vacuum chamber in 

order to create additional process gas ionisation and improve the plasma density. The 

amount of electrons emitted from the filaments is described in terms of the ‘filament 

discharge current’ delivered from a DC current supply. The chamber has four 

balanced magnetrons, and four filaments are fitted between the targets. These 

filaments extend to the full height of the chamber and, therefore, provide uniform ion 

bombardment across the substrate holder. This technique has been shown to be 

capable of delivering coatings with enhanced structures, hardness, better toughness 
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and adhesion onto batches of industrial workpieces [4], without the need for 

expensive and complex power delivery modes. 

To further investigate the technique, titanium nitride (TiN) coatings have been 

deposited onto stainless steel and WC/Co cemented carbide substrates. TiN is a 

widely used industrial coating material, with high strength, good corrosion resistance 

[5-10] etc. The structure and properties of TiN coatings are very sensitive to the 

nitrogen flux under different reactive sputtering conditions [6, 7]. It is often deposited 

onto stainless steel [5, 9], high-speed steel, carbide and mould steels which are 

applied to tools, moulds and mechanical parts, MEMS [11] and other fields. The wear 

resistance is the main property for many practical applications, such as olive oil 

extraction [5, 9]. The properties can be modified by surface texture control [6, 8]. 

Stainless steel is widely used in chemical, petroleum, medical, aerospace applications, 

as well as in marine engineering, decorative engineering etc., because of its high 

corrosion resistance [5, 12-14]. However, the hardness of stainless steel is usually low 

and, its wear resistance is poor, thus limiting its use in certain environments [15, 16]. 

The surface treatment of stainless steel can significantly improve its wear and 

corrosion resistance. WC/Co cemented carbide has been applied on cutting tools, 

engine components subject to wear, spray nozzles and other mechanical components 

due to its high hardness, corrosion resistance and high temperature resistance [6, 

17-19]. Nevertheless, the surface hardness of the WC/Co cemented carbide substrate 

is able to be further enhanced by nitride coatings, while at the same time, retaining the 

toughness of the bulk substrate. 
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In this study, therefore, TiN coatings were fabricated on ‘soft’ 316L austenitic 

stainless steel and ‘hard’ YG8 cemented carbide substrates by PEMS at different 

filament discharge currents. The effects of the discharge current on the microstructure 

and properties of the TiN coatings on the ‘hard’ and ‘soft’ substrates were 

investigated. 

 

2 Experimental  

2.1 Materials and Processes  

The substrate materials used in these experiments were 316L austenitic stainless 

steel coupons with a thickness of 5 mm and diameter of 20 mm and, YG8 cemented 

carbide substrates with a thickness of 5mm and size 20 x 20 mm2. The surfaces of the 

samples were mechanically polished to a mirror finish and then ultrasonically cleaned 

in acetone and absolute ethanol for 30 min. The samples were then dried with 

nitrogen and placed in the vacuum chamber, which was 900 mm in diameter and 1000 

mm in height. There are four balanced magnetrons installed through the chamber 

walls, each with a 99.9% pure titanium target attached. Each magnetron is driven by a 

pulsed DC power supply. The power supply was set to 9 A in current regulation mode 

at a frequency of 50 KHz and duty of 80%. The substrate holder was fully loaded with 

samples to simulate the batch coating conditions. When the base pressure reached 

3×10-3 Pa, the chamber was heated up to 350ºC. The argon gas was introduced to give 

a working pressure of 0.4 Pa and the substrates were subjected to plasma cleaning. 

The bias voltage on the substrates were first set to -120 V for 900 s and then -300 V 
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for 900 s. Then after depositing a Ti interlayer for 300 s, nitrogen gas was introduced 

progressively up to a flow rate of 65 sccm over 120 s to give a graded Ti/TiN interface. 

TiN coatings were then deposited at a substrate bias of -50 V for 5 h. To prepare the 

tungsten filaments, three tungsten wires of 0.4 mm diameter and length 1000 mm 

were twinned together to make one filament and four filaments were installed in the 

chamber. The filaments were connected to a 50Hz AC power to heat the electrons of 

the filament, and biased at -120 V by a DC power supply which is isolated with the 

AC power. To obtain the required discharge currents from the filaments, the currents 

from the AC powers were adjusted. The specific experimental process parameters are 

shown in Table 1. 

 

2.2 Characterization of coatings  

Selected substrates were partially masked to produce a step in the coating, which 

was used to measure the thickness of the coatings using an Alpha-step D-100 type 

stepper and, the average deposition rate was calculated from these thickness 

measurements. The phase structure of the TiN coating was analyzed by X'Pert Powder 

X-ray diffractometer in a θ~2θ scanning mode from 20 to 90°for 480 s. The surface 

and cross-sectional morphology of the coating were observed by SIGMA HD field 

emission scanning electron microscopy, and the composition by EDS. The friction and 

wear properties of the coatings were measured using a MS-T3001 friction and wear 

tester. The rotational speed was 3.33 r/s, the load was 400 g and the test time was 

3600 s. The friction coefficient was measured throughout the whole wear test process. 
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The wear profile was then measured by using an Alpha-step D-100 type stepper and 

the wear resistance was compared from the profile. The adhesion force between the 

coating and the substrate was measured by a MFT-4000 scratch tester. A Rockwell 

indenter with radius of 0.2 mm and pressure angle of 120 º was used in the scratch 

test, where the load was increased progressively up to a final load of 100 N over a 

scratch length of 5 mm. The critical load was determined by the first failure chip 

detected by acoustic emissions. A standard Berkovich indenter was used to determine 

the nano-hardness and Young's modulus using a G200 nano-hardness tester. The load 

displacement was set to 1000 nm, and an average of 20 test points was measured.  

 

3 Results and discussion   

3.1 Substrate ion density 

The ion currents on substrate were measured by changing substrate bias voltage 

at different filament discharge currents and, from which the substrate current densities 

were calculated, shown in Figure 1. Without using the filaments, the substrate currents 

were almost equal to zero because the plasma was confined in front of targets by the 

balance magnetrons. It implied that there were hardly ions arrived to the substrate 

even if the substrate bias voltage increased to 100 V. The substrate current density 

increased significantly by using the filaments. The current density was 6.5 x 10-3 

mA/mm2 at bias voltage of 100 V when one filament discharge current was set to 6 A. 

It increased to 10 x 10-3 mA/mm2 and 12.5 x 10-3 mA/mm2 when one filament 

discharge current was 9 A and 12 A, respectively. The current densities on substrate 
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grew to double with doubling filament discharge current, i.e. the ionization rate 

doubled. On the other hand, the current density increased slowly as the increase of the 

substrate bias voltage. Therefore, the filament discharge current provides the ion flux 

to the substrate, whilst the bias voltage provides the energy to ions. 

 

3.2 Deposition rate and microscopic morphology  

The deposition rates of the TiN coatings at different tungsten filament discharge 

currents are shown in figure 2. With increasing discharge current, the apparent 

deposition rates of the TiN coatings decreased continuously. However, the deposition 

rates were calculated from coating thickness values and do not take into account 

variations in film structure and density. It is clear that increasing the filament 

discharge current increases the flux of emitted electrons into the chamber and 

therefore, results in the increased ionization rates of Ar and N2. This will lead to 

increased ion bombardment of the growing film, causing resputtering and film 

densification. Thus it is also necessary to consider variations in film structure as a 

function of filament current.  

The surface and sectional morphology of TiN coatings prepared at different 

discharge currents are shown in Figures 3a, 3b and 3c. The surface morphology 

changed from loose triangles of the coating deposited at discharge current of 6 A, to 

denser equiaxed shaped grains for the coatings at 9 A, and then a fully dense structure 

at 12 A. Fracture sections of the TiN coatings indicated that they grew with columnar 

structures and the compactness of the columns increased with increasing filament 
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discharge current. As shown in Figures 3a and 3b, the columns of the coating 

deposited at a discharge current of 6 A were loose and thick, while those at 9 A were 

closer and finer. The fracture morphology of the columns at 12 A in Figure 3c was 

even more compact, which implied that high compressive stresses remained in the 

coatings due to the increased flux of ions at the substrate. The dense and fine 

columnar structure of the TiN coatings would be expected to result in improvements 

of the wear and corrosion resistances [9]. On the other hand, the high stress within the 

coating may decrease the adhesion of the coating to substrate and cause delamination. 

Figure 4 shows high resolution TEM micrographs of the TiN coating deposited at 

a discharge current of 12 A. In Figure 4a, the dense nano-columns were visible and 

the diffraction spots were bright and clear in the selected area electron diffraction 

(SAED) pattern, shown in Figure 4b, indicating that that this coating was crystalline. 

The high resolution image shown in Figure 4c and, of which the SAED pattern in 

Figure 4d, indicated deformation of the TiN lattice due to the increased ion 

bombardment. As also shown in Figure 4, W was detected in the TiN coating. The W 

came from the hot W filaments, which were negatively biased and, therefore, also 

subject to ion bombardment during the whole deposition process. 

 

3.3 Composition and crystal structure 

Changes in the atomic ratio of N and Ti and the W content in TiN coatings at 

different discharge currents are shown in Figure 5. The ratio of N and Ti atoms 

decreased and the W content increased with increasing filament discharge current. 
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The nitrogen flow rate was kept constant for all deposition runs. However, as 

discussed in section 3.1, increasing the filament discharge current increased the 

plasma density in the chamber, which presumably led to greater bombardment and 

higher sputtering rates at the Ti targets, thus increasing the Ti content of the films, 

relative to the N content.   

The increasing discharge current also meant that more electrons were emitted 

from the W filaments and that the filaments became hotter. This may result in 

evaporation of W from the filaments, but again, the increased plasma density in their 

vicinity would also lead to greater sputtering of the filaments.   

Figure 6 shows the XRD patterns of the TiN coatings. Because TiN is a 

face-centered cubic lattice structure with a close-packed (111) surface, little energy 

was required for the growth of TiN on this surface, and so the preferred orientation of 

TiN was (111). It can be seen from the figure that the preferred orientations of TiN 

coatings along the (111) and (222) directions were less obvious with increasing 

discharge current, implying that the crystallinity of TiN decreased with increasing 

discharge current. The (111) diffraction peak of the TiN coatings was also associated 

with the WN (111) peak, indicating that W atoms from the filaments combined with 

the nitrogen. As discussed in Figures 4c and 4d in section 3.2, the deformation of the 

TiN lattice was due to the coexistence of the WN phase and the intensive ion 

bombardment with increasing filament discharge current. Other studies [8, 20] have 

concluded that the implantation of W ions reduces grain size and increases 

compressive stress. The crystallite size of the TiN coatings, calculated according to 
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the Scherrer formula, is given in Table 2. The crystallite size decreased with 

increasing filament discharge current by greater than a factor of 4 as the current is 

increased from 6 A to 12 A. The difference in this study was the formation of a WN 

phase instead of the implantation of W ions, however the results agree with the 

conclusion above.  

 

3.4 Mechanical properties of the TiN coatings  

The nano-hardness (H) and Young's modulus (E), H/E and H3/E2 of the 316L and 

YG8 substrates and, the TiN coatings at different filament discharge currents are 

shown in Table 2. The nano-hardness and Young’s modulus related to the 

displacement into the surface of the substrates and the TiN coatings were shown in 

Figures 7a and 7b, respectively. The ratio of H/E is related to the material's elastic 

strain limit, which characterizes the ability of the material to deform elastically and 

recover [10, 21]. The ratio of H3/E2 indicates the resistance of materials to plastic 

deformation [22]. The nano-hardness and Young 's modulus increased significantly as 

the filament discharge current increased from 6 A to 9 A, but then remained at 

approximately the same values at 12 A. H/E and H3/E2 showed the same trends as 

nano-hardness and Young’s modulus.  

The increased hardness of the coating was due to the increased degree of ion 

bombardment on the growing coating as the discharge current increased from 6 A to 9 

A [6]. However, the hardness and modulus of the TiN coating prepared at discharge 

currents of 9 A and 12 A reached its limit, i.e. 35-38 GPa and 450-500 GPa, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

respectively. Further increasing the flux of ions did not have a measurable effect on 

the hardness and modulus of the TiN coating. 

The adhesion of the TiN coating at different discharge currents is also shown in 

Table 2. The acoustic emission signal to the load on the TiN coatings on 316L and 

YG8 substrates are shown in Figures 8a and 8b, respectively. With increasing 

discharge current, the adhesion of TiN coating on 316L stainless steel decreased, that 

on YG8 increased. 

Coatings with high H/E are believed to be tough and, with high H3/E2 to be hard. 

However, the adhesion of the tough and hard TiN coating deposited at 9 A and 12 A 

on 316L stainless steel and YG8 cemented carbide substrates were about 22 N and 

200 N, respectively. The difference of the adhesion of the same coating on 316L steel 

and YG8 carbide were obvious. The Young’s modulus of the two substrate materials is 

very different and it was believed that the difference of modulus between the coating 

and substrate was the key factor to determining the adhesion of the coating to 

substrate. The modulus of YG8 was higher than those of the TiN coatings deposited at 

9 A and 12 A, and the adhesion of the coatings to YG8 was so good that it was beyond 

the limitation of the scratch tester used in this study, refer to Figure 8b. Again, the 

modulus of stainless steel was a little higher than that of the TiN coating deposited at 

6 A, which also showed good adhesion of 87 N. 

The Rockwell indentations of the coatings deposited at the current of 12 A are 

shown in Figures 9a and 9b. There is very little evidence of delamination of the 

coatings, both on 316 stainless steel and YG8 cemented carbide, around the 
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circumference of the indentations. Therefore, the toughness of the coating is excellent. 

The adhesion of the coatings on both substrates is expected to be good, according to 

the study by Vidakis [23] and the VDI 3198 indentation test evaluation. However, the 

adhesion of the TiN on 316L deposited at 12 A was only 22 N. The failure of the 

adhesion occurred due to the difference of elastic deformation and recovery between 

the coating and the substrate, i.e. the match of the Young’s modulus of the coating and 

substrate was important.  

The wear profiles of the TiN coatings at different filament discharge currents on 

316L and YG8 substrates are shown in Figures 10a and 10b, and the friction 

coefficients are listed in Table 2. Although there was no significant change in the 

friction coefficient, the surface abrasion resistance varied with the change of 

discharge current.  

It was interesting that the wear volume of the TiN coatings on 316L steel were 

apparently greater with increasing hardness of the coating. Considered the adhesion of 

TiN coating on 316L, it was possible that the anti-strain ability between the coating 

and 316L substrate was lower and, the harder coating failed very soon when the 

friction pair loaded on it. In contrast, the abrasive resistance of the TiN coatings on 

YG8 cemented carbide was enhanced with increasing discharge current. A study by 

Ping Chen etc. showed that the tribological performance can be improved due to high 

hardness and low elastic modulus [10, 23]. However, it is very difficult to improve the 

hardness and reduce the Young’s modulus at the same time. Musil and Leyland and 

Matthews proposed a hardness to elastic modulus ratio (H/E ratio) as an important 
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parameter in the wear mechanism [21, 22]. From this study, it is suggested that 

another parameter is added,ΔE’, the difference between a coating and substrate, to 

evaluate the abrasive resistance. The wear resistance of a coating is able to be 

improved with high H/E and smallΔE. 

 

4 Conclusions 

    A series of TiN coatings have been deposited by plasma enhanced reactive 

magnetron sputtering onto two substrate materials with different mechanical 

properties. The level of plasma enhancement during the deposition process was 

controlled by the relatively simple approach of varying the current to tungsten 

filaments positioned in the coating chamber. With increasing filament discharge 

current, the deposition rate of TiN coatings decreased, the coatings became denser, the 

ratio of N/Ti decreased, and the presence of a WN phase within the TiN lattice caused 

lattice deformation. The nanohardness and Young’s modulus increased to about 35 

~38 and 450 ~500 GPa, respectively, whereas the H/E and H3/E2 values increased to 

0.07 and 0.18~0.19, respectively. The highest adhesion strength of the TiN coating 

deposited at 6 A on 316L stainless steel was 86 N and, that of the TiN coating 

deposited at 9 A on YG8 was 200 N. The abrasion resistance of the TiN coating on 

316L steel deteriorated and, that of the coating on YG8 carbide improved with 

increasing filament discharge current and the coating hardness. Minimising the 

difference in Young’s modulus between the coating and substrate was identified as an 
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important to parameter in improving the adhesion and abrasive resistance of the 

coating. 
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Figure captions 

Fig. 1 Substrate current density as a function of substrate bias voltage 

Fig. 2 Deposition rate of TiN coatings as a function of filament discharge current 

Fig. 3 The surface and sectional morphology of TiN coatings at filament discharge 

currents of (a) 6 A, (b) 9 A and (c) 12 A 

Fig. 4 The high resolution images of the TiN coating at 12 A: (a) sectional image, (b) 

SEAD pattern of the sectional image, (c) high resolution image and (d) SEAD pattern 

of the high resolution image 

Fig. 5 The N/Ti ratio and the W content in TiN coatings as a function of filament 

discharge current 

Fig. 6 XRD patterns of the TiN coatings 
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Fig. 7 Nano-hardness (a) and Young’s modulus (b) as a function of displacement into 

the surface of the substrates and the TiN coatings 

Fig. 8 Acoustic emission signal to the progressive load on the TiN coating: (a) on 

316L and (b) YG8 substrates 

Fig. 9 Rockwell indentation of the TiN coating at 12 A: (a) on 316L stainless steel and 

(b) on YG8 cemented carbide 

Fig. 10 Wear profile of TiN coatings: (a) on 316L stainless steel and (b) on YG8 

cemented carbide 

 

 

Table Caption 

Table 1 Experimental process parameters  

Table 2 Performance comparison of TiN coatings on 316L austenitic stainless steel 

and YG8 cemented carbide 
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Table1 Experimental process parameters  

Note: one of the four filaments did not work during the experiments and therefore, the 

discharge currents were times by 3. 

 

 

Experimental parameters Set value 

Base pressure 3 x 10-3 Pa 

Deposition pressure  0.4 Pa  

Substrate cleaning 120 V x 900 s, 300 V x 900 s 

Power supply on target 9 A x 4, 50 KHz, 80 % 

Filament bias 120 V 

Filament discharge current (6/9/12) A x 3 

Gas flow Ar 120 sccm, N2 65 sccm 

Coating time/h 5 
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Table 2 The performance of TiN coatings on 316L austenitic stainless steel and YG8 cemented 

carbide  

 

 

substrate I
f
 

/ A 

d 

/nm 

Adhesion 

/N 

Friction 

coefficient 

H 

/GPa 

E 

 /GPa 

H/E* H
3

/E*
2

 

316L         6 200 0.028 0.005 

TiN on 

316L 

6 90 87 0.82 8 200 0.038 0.011 

9 49 26.6 0.76 35 450 0.073 0.186 

12 21 21.7 0.65 38 500 0.071 0.192 

YG8         25 600 0.04 0.04 

TiN on 

YG8 

6 90 141 0.60 8 200 0.038 0.011 

9 49 200 0.79 35 450 0.073 0.186 

12 21 200 0.85 38 500 0.071 0.192 

If, filament discharge current; d, crystal size; H, nano-hardness; E, Young’s modulus; 

E* = E/(1-ν2), ν=0.25 
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Fig 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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 Fig. 5 

 

 

6 7 8 9 10 11 12

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

 

Filament discharge current (A)

R
at

io
 0

f 
n

it
ro

g
en

 t
it

an
iu

m

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
 N/Ti(X)
 W at%

C
o

n
ten

t o
f tu

n
g

sten
 ato

m
 (%

)



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

Fig.6 
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Fig 7 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

Fig 8 
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Fig. 6 
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Fig. 7 
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Highlights 

1. The TiN coating can be compact prepared by hot filament PEMS. 

2. The WN phase refined the crystalline and enhanced the hardness. 

3. The mechanical performance improved with increasing filament discharge current. 

4. The abrasive resistance of TiN coating was affected by substrate’s modulus. 

5. The adhesion of TiN coating to substrate depended on substrate’s modulus. 

 




