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ABSTRACT 

The aim of this paper was to study the effectiveness of N2/Ar gas ratio on the mechanical and 

tribological properties of Ti-Zr-N films coated on (AISI 304 stainless steel) substrate. The thin films 

were produced at 150 W pulsed magnetron sputtering (PMS) technique operated for 90 min. The 

structure and tribo-mechanical properties of the Ti-Zr-N coatings were investigated at different N2 /Ar 

gas pressure ratio. X-ray diffraction (XRD), microhardness, surface roughness, wear and friction, 

corrosion performance and surface energy were investigated. The analysis of X-ray diffraction (XRD) 

indicated a formation of solid solution phase of (Ti-Zr)N with (FCC) structure and a chemical 

compound phase of TiN. The solid solution phase (Ti-Zr)N has the orientation (111). The 

microhardness of the thin films has high values compared to associated value of (AISI 304 stainless 

steel) substrate; up to 4-folds. Furthermore, the wear performance was improved from 73.06 mm
3
/m 

for AISI substrate to 5.01 mm
3
/m after depositing Ti-Zr-N. The coefficient of friction was decreased 

from nearly 0.69 for the austenitic substrate to nearly 0.12 after coating with Ti-Zr-N. Over and above, 

the corrosion resistance substantially improved (factor of 1000 times) after the coating.  

1. Introduction 

Hard protective films were hired to protect different metallic tools and components for 

various industrial applications [1, 2]. Nitride transition metal coatings are employed for 

reinforcing the tribological and mechanical performance and the service quality of heavy use in 

industrial machinery tools and automobile parts [3, 4].  Binary nitride coatings such as TiN, 

ZrN and CrN are now commercially used for such purposes [5-7]. However, the low oxidation 

temperature of binary nitride coatings obstructs some of their applications, particularly in dry 

and high-speed machining operations. TiN and ZrN coatings are isothermally oxidized at 

temperature around 400
o
C [8, 9]. Instead, hard protective ternary nitride coatings were 

presently used in relatively sever applications in significance of an increase in their starting 

oxidation temperature by more than 200
◦
C compared to that of TiN [10]. Among these, Ti-Zr-

N and Ti-Al-N coatings have properties as excellent tribological properties retain a low 

coefficient of friction (0.6–0.8) compared with TiN [11, 12] and good corrosion performance. 

Various physical vapor deposition (PVD) as arc deposition [13], electron beam evaporation 

[14], arc ion plating [15], and magnetron sputtering [16] are employed for coatings preparation. 
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(PMS) has become an excellent option for the coating of metallic, low conductive and insulator 

materials for industrial application. This technique has some advantages comared to normal 

DC sputtering in which arcing is absent and deposition rate is high [17, 18]. Little previous 

studies [19, 20] reported that the nitrogen gas concentration considered as an important factor 

to control the mechanical properties of Ti-Zr-N coating. The purpose of this work is to 

investigate the effectivness of N2 / Ar gas pressure ratio on the structure, tribological and anti-

corrosive of Ti- Zr- N coatings produced by (PMS) technology. 

2. Experimental 

2.1. Specimen preparation 

The austenitic stainless steel AISI 304 sheets were used in this study as a substrate material. 

The chemical composition of AISI 304 in wt% is 0.075 C, 1.2 Mn, 19.1 Cr, 8.5 Ni, 0.5 Si and 

Fe balance. The AISI 304 stainless steel were machined to the size of 10 × 20 × 1 mm
3
, ground 

on the surface and subsequently polished mirror like with a silicon carbide paper ranging from 

600 to 4000 grit on a grinder. The samples were ultrasonically cleaned in ethanol for 10 min 

before they were mounted on the substrate holder in the deposition chamber. 

2.2. Coating Preparation 

The (PMS) system consists of a stainless steel sputtering chamber of 35 cm diameter. 

The AISI substrates are set on a 50 mm diameter substrate holder, which is centered in 

front of the sputter gun in the deposition chamber. A disk form with 50 mm diameter and 3 

mm thickness composed of 90%Ti and 10%Zr (purity 99.99%) is used as a sputtering 

target material. The distance between the target and the substrate holder was secured at 3 

cm. After loading the substrates into the PMS chamber, the system is evacuated by two 

stage rotary and turbo pumps from atmospheric pressure to a base pressure of 

approximately 7x10
-6

 mbar. Pure argon plasma sputtering (150 W and 100 KHz) was 

applied on the TiZr target for 3 min to eliminate the oxide layer effect, sputter the localized 

states of the grown nitrides and to remove the sharp surface defects that responsible for 

sparking effects .The deposition of the Ti-Zr-N coatings was carried out in a mixture of Ar 

and N2 atmosphere under a constant power of 150 W for running time of 90 min at 

working pressure of 5x10
-3

 mbar. The N2 gas ratio was varied from 10% N2 to 50% N2 with 

respect to the total fixed gas pressure of 7x10-6 mbar. The sample temperature was 

measured during the pulsed magnetron sputtering process by a chrome-alumel 

thermocouple, which is placed close to the surface of the sample. The measured sample 

temperature has a wide range from 35˚C to 40˚C. As the deposition process is completed, 

the chamber is allowed to cool down before venting to atmospheric pressure. 

2.3. Surface characterization and testing 

The crystal structure of the uncoated and coated substrates was examined by X-ray 

diffraction (XRD) using Philips-PW1710 diffractometer with Cu Kα radiation of λ = 

1.541838 Å. The XRD patterns were obtained with a step interval of 0.02° over a wide 

angular range from 20° to 100°. The surface morphology of the uncoated and coated 

substrates was examined by Olympus BX51 optical microscope. The microhardness 

measurement was evaluated using a Leitz Durimet microhardness tester equipped with the 

Vicker's diamond indenter; under a static load of 25 gmf. The obtained microhardness value 

for each sample corresponds to the mean of random 5 measures. The hardness tests were 

performed according to ASTM E384-11 standard test method at temperature of 25°C ± 3°C 
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[21]. The Vickers microhardness tester has been accredited according to the requirements of 

ISO/IEC 17025:2005. Wear and friction measurements were made by a ball-on disk 

tribometer without lubrication at room temperature in air atmosphere with humidity of 38% 

± 5%. Wear measurements were performed according to ASTMG133-10 standard test 

method. The friction coefficient was performed at a mean sliding speed of 10 mm/s with a 

normal load of 1N. A 3 mm ball of tungsten carbide (WC) was used as counterpart material. 

The friction coefficient was continuously determined using a force sensor during the wear 

measurements. The oscillating ball-on-disk type tribometer has been accredited according to 

the requirements of ISO/IEC 17025:2005. The wear rates were determined according to the 

equation K = V/SF; where V is the wear volume in mm
3
, S is the total sliding distance in mm 

and F is the applied load in N. The surface roughness of the samples was performed using a 

Form Talysurf 50 which has been accredited according to ISO/IEC 17025:2005 

requirements. Water contact angle and surface energy were achieved using Phoenix 300, at 

room temperature (manufactured by S.E.O Co. Ltd). The Phoenix 300 utilized a precision 

camera and advanced PC technology to capture the static droplet image and determine the 

contact angle by Sessile Drop method. The electrochemical corrosion measurements were 

completed in 5% H2SO4 + 0.05 KSCN solution using the potential dynamic technique at 

temperature of 25°C ± 3°C and humidity of 38% ± 5%. The effective area of the sample 

exposed to corrosive solution was adjusted to be 0.36 cm
2
. In this study, the electrochemical 

test was made using three-electrodes; silver-silver chloride saturated electrode as a reference 

electrode, platinum as a counter electrode and the investigated sample as a working 

electrode. The potential–current corrosion curve of all specimens was recorded with potential 

scan rate of 1 mV/s using Gill AC instrument and ACM program version 5. 

3. Results and discussion  

3.1. Microstructure analysis 

Figure 1 shows the XRD of the AISI 304 substrate without coating  and that coated 

with Ti–Zr–N at various N2/Ar gas ratio. The microstructure of the substrate without 

coating is associated to austenitic stainless steel, γ-phase. After coating, the γ-austenite 

phase is still detected with lower intensities owing to that the coat layer thickness lies in 

the penetration depth of the X-rays. The XRD of the coated substrates indicate the solid 

solution phase of (Ti, Zr) N and the chemical compound phase of TiN. The (Ti, Zr) N has a 

face centered cubic lattice structure. It is observed from Fig.1 that the highest intensity 

reflection peaks with a preferred orientation of (111) are revered to (Ti, Zr) N coated at 

nitrogen gas ratio of 10%. However, TiN phase is also detected with much lower intensity.  

The (Ti, Zr) N phase with the same preferred orientation was observed in similar coatings 

deposited by other PVD techniques as vacuum-arc deposition [22], DC magnetron sputtering 

[23], cathodic arc vapor deposition [24, 25] and unbalanced magnetron sputtering [26]. At 

nitrogen gas ratio of 20%, the structure shows that the TiN becomes the major phase with 

preferred orientation (200) and weak reflections from (Ti, Zr) N phase. Then with more 

increase in nitrogen gas ratio, both nitride phases are randomly detected with lower peak 

intensities. Grimberg et al. [27] observed weak intensities of Ti-Zr nitride phase at relatively 

high nitrogen pressures and this was ascribed to the genesis of a less dense Ti-Zr-N structure. 

The decrease in the thickness of the coating with the increase of N2 gas ratios can be 

considered as a further reason that affects the diffraction intensity.  Otherwise, the lattice 

parameters of TiN and (Ti,Zr)N phases were calculated and found to be 4.24 and 4.27, 
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respectively. Typical value of lattice parameter of TiN is previously reported [23, 28]. The 

increase in the lattice parameter of (Ti, Zr) N coatings compared to that of TiN has been 

previously ascribed to the substitution of Ti with Zr in the TiN lattice    [19, 23]. 

 

 

 

 

 

 

 

 

 

Fig. 1. XRD of AISI 304 substrate and Ti-Zr-N thin films deposited at different N2% gas ratios. 

3.2. Film thickness and deposition rate 

Figure 2 shows the variation of coating thickness and the deposition rate as a function 

of N2% gas ratio. The coating thickness is calculated in average of five times taken along 

the step surface created between the coated and uncoated austenitic substrate. The 

deposition rate is determined using the formula of t/s, where t is the average thickness of 

the thin film in nm, and s is the total deposition time in sec.  It is observed that the 

thickness and the deposition rate decrease continuously with increasing N2 ratio from 10% 

to 50%.  These results agree well with several previous works were discussed the relation 

between the N2 gas ratio and deposition rate [29-32]. The decreasing in deposition rate can 

be attributed to the reduced sputtering efficiency of reactive gas ions or a lower sputtering 

yield resulting from the nitrogen absorption on metal target [33]. 

 

 

 

 

 

 

 

 

 

Fig. 2. Film thickness and deposition rate of Ti-Zr-N thin films as a function of N2% gas ratio. 
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3.3. Microhardness 

Figure 3 illustrates the microhardness values of the Ti-Zr-N thin film samples as a 

function of N2 gas ratio. One can see from the figure that the highest value of 

microhardness is recorded at 10% N2 and after that it significantly decreases with the 

increase of the N2 gas ratio. The microhardness is recorded a maximum value of an 

approximately 939.3HV at 10% N2 sample, which represents nearly 4 folds in comparison 

with the austenitic stainless steels AISI 304 substrate  (234.4 HV). This improvement is 

mostly attributed to a solid solution strengthening mechanism which provides an energy 

barrier to the movement of dislocations all around the crystals that have distortion of the 

periodic lattice caused by the add atoms of Ti and Zr during deposition [20].  

 

 

 

 

 

 

 

 

Fig. 3. Microhardness values of the Ti-Zr-N thin film as a function of N2% gas ratio. 

The decrease in the hardness values of the samples at gas ratio higher than 10% could 

be due to the decrease of the solid solution (Ti,Zr)N (111) in the deposited samples. It is 

appeared that the behavior of microhardness is correlated with the intensity reflection 

peaks of metal nitride (111) which is the hardest orientation in transition metal nitride [20].   

3.4. Surface energy and surface roughness  

Figure 4 illustrates the relation between the water contact angle and surface energy of the 

Ti-Zr-N thin film samples as a function of N2 gas ratio. One can see from Fig. 4 that the 

contact angle decreases to a minimum value as the N2 gas ratio increases to 30% N2. On the 

other hand, the surface energy increases to a maximum value as the N2 gas ratio increases to 

30% N2 due to the formation of (Ti,Zr) N hard phases. It has been reported where else [34] 

that, low contact angle and high surface energy refers to the high surface wettability and vice 

versa which is agree well with the present study. One can see also that the water contact 

angle is less than 90°, which could mean hydrophilic surface for all samples. 

Different previous studies demonstrated a direct relationship between surface roughness, 

represented by Ra, and wettability of the surface [35-37]. Moreover, Feng et al. [38] reported 

that the greater the roughness of a surface the larger the surface energy and higher wettability. 

The Ra parameter is obtained from mean height of peaks and valleys on the surface. Figure 5 

gives the relation between Ra of the Ti-Zr-N thin film samples as a function of N2 gas ratio. It 

can be seen that the surface roughness of the thin film increases up to a maximum value at 30% 

N2, and then after it decreases with further increase in N2 gas ratio. The increase in surface 

roughness is revered to ion bombardment during the deposition process [39].  
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Fig. 4. Water contact angle and surface energy of the Ti-Zr-N thin films as a function of N2% gas ratio. 

 

 

 

 

 

 

 

Fig. 5. Surface roughness (Ra) of the Ti-Zr-N thin films as a function of N2% gas ratio. 

Beside the average roughness (Ra), there are other roughness parameters such as 

maximum profile peak heights (Rp), maximum profile valley depths (Rv) and (Rz) is the 

sum of (Rp) and (Rv) [40]. Moreover, Rp/Rz describes the surface roughness shape. When 

the surface peaks are sharp the ratio Rp/Rz is greater than 0.5, and when the surface has 

rounded peaks the ratio lower than 0.5, which is in favor to spread out the liquids on the 

surface [40]. According to this assumption and the results reported in Table 1, the ratio 

values of  (Rp/Rz) of all TiZrN surface samples are lower than 0.5 and therefore the 

surface exhibit rounded peaks and this lead to higher surface wettability.  

       Table . 1.   
       Rp/Rz of Ti-Zr-N thin film deposited at different N2% gas ratios. 

Rp/ Rz Rp 

(μm) 

Rz 

(μm) 

Rv 

(μm) 

 

Samples 

0.56 0.0732 0.13 0.0972 AISI304 

0.19 0.37752 2.0285 1.561 10%N2 

0.29 0.90556 3.1523 2.24678 20%N2 

0.45 1.8053 4.05076 2.24558 30%N2 

0.23 0.32962 1.43544 1.10586 40%N2 

0.31 0.10286 0.33606 0.23322 50%N2 
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3.5. Wear and friction coefficient  

The wear behavior of substrate AISI 304 and Ti-Zr-N films deposited for different N2 

gas ratios was evaluated using oscillating ball-on-disk type tribometer.  Figure 6 shows the 

optical micrograph of the wear track width of these samples. It shows that the wear track 

width of the10%N2 sample has narrow width than that of AISI 304 sample, signifying the 

enhancement in the wear resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Optical micrograph of wear track width of AISI 304 substrate and Ti-Zr-N thin films as a 

function of N2% gas ratio. 

The improvement in the wear resistance is recognized to the surface strengthening 

resulting from adding Zr  into TiN structure forming hard phase of (Ti-Zr) N possess 

excellent wear resistance. Previous reporters [41, 42] stated that the titanium nitride based 

coatings have low friction coefficient and high wear resistance. However, the TiN coatings 

have a high friction coefficient and low wear resistance with respect to that of TiBN, 

TiAlN and TiCN [43-47]. Lugscheider et al. [48] reported that the effect of adding Zr into 

TiN structure to form Ti-Zr-N films possess excellent wear resistance due to formation of 

the stable oxide layers on the film and increased hardness by solid solution strengthening. 

Figure 7 depicts the variations in the wear track width for the AISI 304 and Ti-Zr-N 

films deposited for different N2 gas ratios. The 40% N2 and 50%N2 samples have the 

greatest wear track width due to the absence of hard phases (Ti-Zr)N with orientation (111) 

and existence of  TiN phase which possess low wear resistance and high friction 

coefficient ( 0.6 to 0.8) [43–45].  
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Fig.7. The wear track width of the AISI 304 substrate and Ti-Zr-N thin films         as a function 

of N2% gas ratio. 

The friction coefficient of the AISI 304 substrate and Ti-Zr-N samples is shown in Figure 

8. From this figure, the friction coefficient decreases approximately from 0.69 for AISI 304 

substrate to 0.12 for the Ti-Zr-N sample prepared at 10% N2. At this condition, the Ti-Zr-N 

coating sample exhibit the best low friction coefficient nearly 5 times higher than the 

uncoated AISI 304. The change in surface chemical composition and the lower thickness of 

the coating for high N2% are reasons for the decrease in the friction coefficient. 

 

 

 

 

 

 

 

 

 

Fig. 8. The friction coefficient of AISI 304 substrate and Ti-Zr-N thin films          as a 

function of N2% gas ratio. 

The corresponding friction coefficients versus the sliding distance for the AISI 304 and 

Ti-Zr-N coating samples are shown in Figure 9. It can be found from this figure that, the 

40%N2 and 50%N2 samples are the least performance of sliding rate due to the relatively 

small thickness of the coating and the influence abrasive wear mechanism. On the other 

hand, the 10%N2 and 20%N2 samples are the best performance of sliding rate which 

recorded no brittle failure during the wear test and it shows approximately fixed coefficient 

of friction at 0.12. However, the 30%N2 sample shows good performance where no brittle 

failure during the wear test up to 12 m sliding distance. 
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Fig. 9. Friction coefficient and sliding distance for of AISI 304 substrate and Ti-Zr-N 

thin films as a function of N2% gas ratio. 

One can monitor from the figure that, the wear rate increases up to a maximum value as 

the N2 increases up to 40% N2 and then after it decreases at 50% N2. 

Figure 10 represents the wear rate of the investigated Ti-Zr-N coatings deposited for different 

N2 gas ratios, where the wear rate is calculated as (the wear area x track length/ total sliding 

distance). One can monitor from the figure that, the wear rate increases up to a maximum value as 

the N2 increases up to 40% N2 and then after it decreases at 50% N2. From this result, it can be 

inferred that the N2 gas ratio is vital factor for controlling the wear resistance [49].  

 

 

 

 

 

 

 

 

 

Fig. 10. The Wear rate of AISI 304 substrate and Ti-Zr-N thin films as a function of 

N2% gas ratio. 

3.6. Corrosion performance 

Figure 11 represents the results of potentiodynamic polarization scans for AISI 304 

substrate and Ti-Zr-N films in a 0.5M H2SO4+0.05M KSCN solution were measured at 

room temperature. Moreover, the corrosion potential (Ecorr) and the corrosion current 

density (Icorr) which are determined from the polarization curves for all investigated 

samples are tabulated in table 2.  
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The results show that, the AISI 304 substrate has the highest corrosion potential and the 

highest corrosion current in comparison with the associated values of the Ti-Zr-N coating 

samples. This is in good agreement with the results reported in previous literature [50, 51]. 

Figure 12 illustrates the optical micrograph of the AISI 304 substrate and Ti-Zr-N coating 

deposited at different N2% gas ratios before and after immersing in corrosive media. One 

can detect that the changes on the surfaces after exposure to corrosive media are visible at 

40%N2 sample which is similar to that of AISI 304 one. The changes in the other samples 

are indistinguishable. No pitting corrosion on the surface of the samples can be detected by 

optical micrograph. From the results presented in table2, Figure 11 and Figure 12 one can 

verify that, the corrosion resistance of AISI 304 substrate is substantially improved 1000 

times when the substrate was coated with Ti-Zr-N thin film.  

     Table. 2.  
     Corrosion data for AISI 304 substrate and Ti-Zr-N films deposited at different N2% gas ratios. 

Gas Ratio (N2) 

 

Icorr 

(x10
-5

 mA/cm²) 

Ecorr 

(mV) 

Corrosion Rate 

(x10
-4

 mm/year) 

AISI 304 5331.7 202.06 5720.914 

10% N2 3.759  -8 4.03341 

20% N2 215.16 -270 241.5967 

30% N2 2.702  -229.14 2.899246 

40% N2 719.5 -261.67 772.0235 

50% N2 50.18 -310.24 53.84314 

 

 

 

 

 

 

 

 

 

Fig. 11. The potentiodynamic polarization curves for AISI 304 substrate and Ti-Zr-N thin films 

as a function of N2% gas ratio. 

4. Conclusion 

1- A ternary Ti-Zr-N thin film was successfully deposited on AISI 304 stainless steel 

substrate using a pulsed magnetron sputtering technique at different N2% gas ratios. 

2- N2/Ar gas ratio is critical parameter for controlling the properties of deposited Ti-

Zr-N thin film. 

3- Low N2% gas ratio (10%) produces relatively thick film contains mainly Ti-Zr-N 

phase with high (relative to that of AISI 304 substrate) hardness, wear resistance, 

corrosion resistance, high surface energy and lower friction coefficient. However, 
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increasing the N2% gas ratio up to 50% produces less thickness films which contain 

mainly TiN phase with lower hardness, wear resistance and corrosion resistance. 

Meanwhile, the surface energy has a maximum value at 30N2% gas ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Optical micrograph of AISI 304 substrate and Ti-Zr-N thin films deposited for different 

N2% gas ratios before and after immersing in a 0.5M H2SO4+0.05M KSCN solution 
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 " تأثير نسبة غاز النيتروجين على خصائص طبقات نيتريد التيتانيوم 

 المرسبه باستخدام الماجنيترون المنشط النبضى "زركونيوم 

 الملخص العربى:

الهدد من دداناددحانال دددسناددثنر اسدد نادد)الننتردد  نأددونن الىلانخصلاص  صددثاننكيدد نال  ددو  نال ل وتل لدد ن

ن.304خالاناي ثلثصل نلط قوتنتلاني نالالاوتلثمنن كثتلثمنال نس  نكي ن كلزةن اناالساوتيسنساللن

نرقلق .ن90خاتنخن انن150هونبطنيق نال وصىلانخانال ىشطنالى ض نكى نق  ةناوبا ناحهنالط قوتنامنانسل 

اددمنصددد نالانكلددلنال ييددث ئنخال  ددو  نالاناي ث ل وتل لدد نلهددحهنالط قددوتنكىدد نترددلن  اي دد ن ددانأددونن

ن الىلانخصلاص  صثان.ن

ال قوخ دد نلياآكددلنن–الاآكددلنخات ا ددو نن–خشددثت نالسددط نن–ال ددةرةنن–خاددمنقلددوون لددثرنالسددي نالرددلىل ن

نالطوق نالرطدل نخذلكنليط قوتنال نس  .نن–ال ل لو  ن

خقد ن ههدنتن لدثرنالسدي نالردلىل نا دثانمددث نال ديدثلنال ديلنال دحا ن دانتلانيد نالالادوتلثمنن كثتلددثمن

بىظومن  يلن نكدزئنالثصدمن دلنالطدث نال نكدلنال ل لدو  ن دانتلانيد نالالادوتلثم.نخقد نااضد ن انمدث نتلانيد ن

نن.111تلثمنن كثتلثمنال يلنال حا نلمناتاجوهن الالاو

خكى نقلوونصةرةنالط قوتنال نس  نخص ن انلهونقلمنكولل نبول قو ت نب ةرةنالنكلزةنن لسنامننيوراهدونب دون

 66.64  ناتن انقل  نصةرةنسط نالنكلزة.نالكثنن انذلكن ان ي لنالاوكلنال لزيو  نالدحئنسدجلنن4ي وصئن

mm3/Nm 5.01ى ونادرانبي نالطةءنال لينكلزةنبلن mm3/Nm نك ون ان يو لناال ا و نياىوق ناقني دو ن.

لييلىددوتنبيدد نالطددةءنن  ددونيددارةنيلدد ننيددورةن قوخ دد نالاآكددلنال لزيددو ا.نن 0.12لينكلددزةنيلددان ددثال ن0.69 ددان

ننكلزة.ن نةنبول قو ت نبرط نالن1000خالكثنن انذلكن تمنامننيورةنال قوخ  نلياآكلنال ل لو انبدثال ن

 
 

 

 


