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In this study, thin layers of titanium nitride (TiN) were deposited on 

H13 steel substrates at different duty cycles and temperature of 

520˚C using plasma assisted chemical vapor deposition (PACVD). 

Uniaxial residual stress was calculated by X-ray diffraction (XRD) 

and Sin2 Ψ method. Then the residual stress of the samples were 

measured by Grazing Incidence X-ray Diffraction (GIXRD) method 

and lattice parameter diagrams versus f(Ψ). Depth of penetration and 

texture coefficient in the samples were also evaluated. The surface 

morphology was examined using field-emission gun scanning 

electron microscope (FESEM) and the relationship of the stress and 

micro hardness test was also expressed. The results showed that by 

reducing duty cycles, residual stress decreases as well as with more 

changes of the lattice parameter, more changes of residual stress will 

be seen. Also, the microstructure result was in good agreement with 

theory and clearly displayed spherical morphology and uniform 

distribution of the created phases. 
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1-Introduction 

Nowadays, TiN coatings have been extensively 

used in industrial applications like protection of 

cutting tools and forming and decorative 

applications due to their unique characteristics 

like high hardness, high corrosion and wear 

resistance as well as golden appearance [1]. One 

of the mechanical properties which is effective 

on the control of these factors is residual stress. 

The fracture of the coatings through the 

formation of holes and cracks and loss of 

adhesion is related to the type and magnitude of 

residual stresses [2]. TiN layers have been 

produced and evaluated by different methods 

which include magnetron sputtering [3,4], 

evaporation [5], ion plating [6], reactive ion 

beam [2], plasma immersed ion implantation 

[7]. Novotna et al. [8] couldn’t succeed to 
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calculate residual stresses of the produced TiN 

layers by sputtering method due to low 

intensities of TiN peaks which seems deposition 

has not been implemented well. Gomez et al. [3] 

obtained minimum residual stress at incident 

angle of 1.5˚ (-3 Gpa) by GIXRD method. In this 

study by applying low bios voltage such value 

was observed. Hernandes et al. [5] were 

deposited TiN layers on the steel by evaporation 

method (electric arc) and achieved compressive 

stress (-3 Gpa) by increasing bios voltage. King 

et al. [2] confirmed this result using reactive ion 

method 

by increasing the temperature to 800˚C and 

cooling to room temperature. Matsue et al. [6] 

were reported residual stress (-3.5 Gpa) by 

heating the sample and applying bios voltage. 

According to this study, this residual stress 

https://www.rigaku.com/en/products/xrd/ultima/app029
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arises from ion bombardment and is intrinsic. 

This reduction of stress during firing is as a 

result of strain relief related to the inherent 

stress. Liu et al. [7] were deposited TiN layers 

using plasma immersed ion implantation and 

reported residual stress of -1.163 GPa by 

GIXRD analysis and increasing the thickness of 

the layer. PVD processes which have been 

mentioned above possess directional nature and 

don’t provide coating of the samples having 

complex geometric shapes. The processing 

temperature of CVD is about 1000 ˚C which is 

higher than tempering temperature of the steel 

and causes reduction of the strength of substrate 

after processing. These two limitations justify 

use of plasma for chemical vapor deposition. 

Application of plasma in CVD process 

decreases the temperature of the process by the 

production of ions and free radicals. Thus, 

PACVD process has provided development of 

hard layers against corrosion and wear including 

deposition of TiN layers on steel samples with 

complex geometrics at temperatures lower than 

their tempering temperature [9]. The residual 

stress in hard coatings affects the wear resistance 

[10].  

The residual stresses in TiN layers which have 

been developed by PACVD method have not 

been evaluated yet. This study is aimed to 

evaluate residual stresses in these layers. 

 

2-Materials and Methods 
Three disc samples with diameter of 5 cm and 

thickness of 8 cm were provided from H13 steel 

bars. Then, the samples were machined by 

magnetic grinding and polished by sand papers. 

In order to obtain good surface finishing, 

samples were polished with alumina powders of 

0.5 μm and then washed with distilled water and 

alcohol and dried rapidly by hot air blowing. In 

order to obtain suitable structural strength, the 

samples were subjected to quench and 

tempering processes before plasma processing. 

Tempering process was performed on the 

samples for 1 h at 550˚C to remove created 

stresses. 

After heat treating the samples, plasma assisted 

chemical vapor deposition was performed on the 

samples. This process was done in PACVD 

instrument. The samples were coated by TiN at 

520˚C and three different duty cycles of 33%, 

40% and 50%. The stress in the samples was 

calculated by XRD instrument (PANalytical 

X'Pert PRO XRD (Philips Analytical BV, 

Almelo, The Netherlands) using Cu Kα 

radiation with λ = 0.15406 nm ) using Sin2ψ 

method and X’ Pert Stress software.  

In order to analyze the coatings by XRD at low 

angles (GIXRD), small samples were cut in to 

1cm × 1 cm dimensions by EDM machining and 

then were thinned by electrical discharge 

process. In order to examine the TiN coating, 

GIXRD method is used due to very thin 

thickness of the coating and that only the coating 

would be examined. In order to better 

characterize the available phases and use of X-

ray elastic constants to calculate residual stress, 

X-ray diffractometer of Panalytical Co. ( X’Pert 

Pro MPD model) was used. The diffractions of 

all samples at incidence angle of 2θ between 5-

85˚ have been done continuously. The positions 

of the samples were held on constant angle of 

(W) and the detector was recorded different 

diffraction peaks related to reflection (hkl) 

planes. The incidence angles of X-ray with the 

surface of the sample were selected at 1, 3 and 

5˚. This test was performed by Cu Kα radiation 

with wavelength of 1.54 A˚, voltage of 40 kw, 

current of 40 mA and step of 0.039 angle/sec. 

The surface morphology of the samples with 

33% duty cycle was examined by FE-SEM 

(MIRA3 TESCAN). In order to measure the 

hardness of the sample’s coatings, Shimadzo 

micro-hardness instrument and load of 50 gr was 

used to obtain just the hardness of the coatings. 

Every sample was evaluated by hardness test 5 

times at least and the average value was reported 

as the hardness of the sample. The hardness tests 

were done at enough distances with each other 

to prevent the test error.  

 

3-Results and Discussion 
In order to evaluate TiN coatings, GIXRD 

method was used. This method was selected due 

to its ability to characterize the available phases 

at surficial layers. Samples which have been 

coated by TiN at 520˚C and duty cycles of 33%, 

40% and 50% were evaluated by this method. As 

can be seen in Fig. 1 and 2, TiN peaks are 

observed at 36.8, 42.8, 62, 74.4 and 78.1 angles 

and are consistent with TiN powder peaks 

according to standard reference ( JCPDS 38-

1420). These peak positions correspond to 

crystallographic planes of (111), (200), (220), 



M. Raoufi et. al., Journal of Advanced Materials and Processing, Vol. 6, No. 3, 2018, 3-12 5 

(311) and (222), respectively. The incident angle 

was selected between 1 to 5˚, so the depth of X-

ray penetration was different for different 

samples. The depth of X-ray penetration was 

calculated based on the Eq. (1).  
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In which Xe is the depth of penetration, w and is 

incident angle, 2θ is the brag angle and μ is 

linear absorption coefficient which its value for 

the ideal structure of TiN without any defects is 

876 cm-1. The penetration depth for incident 

angles of 1, 3 and 5˚ was calculated and 

represented in Table (1). As can be seen in Table 

(1), by the increase of incident angle to 5˚ at 

constant 2θ as well as increase of 2θ angles at 

constant w, increase of penetration depth is 

obviously seen. As can be seen in Table (1), by 

the increase of w, 2θ is getting closer to its actual 

value according to standard reference (JCPDS 

39-1420) because more planes were detected. 

The degree of preferred direction of TiN coating 

growth for different planes using texture 

coefficient (Tc) is defined as the following [11]:  
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In which Im(hkl) is the reflection intensity of 

(hkl) crystalline planes from the coating, I0(hkl) 

is the reflection intensity for the reference 

sample and n is the sum of the number of 

reflections. 

 

 

 

 

 

 
Fig. 1. GIXRD diagrams of TiN coating at duty cycle of 33%. 
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Fig. 2. GIXRD diagrams of TiN coating at duty cycle of 50%. 

 
Table1. Change of penetration depth versus 2θ and w at duty cycle of 33%. 

2θ(°) ,w=1 Penetration 

depth (μm) 

2θ(°) ,w=3 Penetration 

depth (μm) 

2θ(°) ,w=5 Penetration 

depth (μm) 

36.846 0.1893 36.83 0.5459 36.73 0.8544 

42.988 0.1936 42.882 0.5518 42.77 0.8545 

62.250 0.1941 62.165 0.5633 61.967 0.9012 

74.620 0.1941 74.46 0.565 74.27 0.9094 

78.453 0.1942 78.27 0.5661 78.09 0.822 

The values of texture coefficient which have 

been represented in Table (2), showed that the 

preferred direction of growth for TiN coating 

was the normal of (200) plane that its value for 

duty cycle of 33% was more than that of duty 

cycle of 50%. In addition, the diffraction 

intensity of (200) planes at GIXRD diagrams 

supports it. The value of Tc(hkl) =1 indicated the 

crystalline layers with random orientations 

whereas higher values suggest abundance of 

oriented grains at certain direction of (hkl). 

Actually, reduction of duty cycles caused to 

increase of texture coefficient at (200) planes 

and this behavior suggested improved preferred 

orientation of (200) planes as a result of the 

reduction of duty cycle. The preferred directions 

for TiN coatings which have been deposited 

from evaporated phase changed with the 

growing conditions [11]. For example, the wear 

resistance of cutting tools depends on the 

direction of TiN coating growth as [111] 

direction is known as the direction which has the 

highest wear resistance in such coatings [12]. 

Pelleg et al. suggested that the driving force 

which causes growth at preferred directions for 

thin layers of TiN arises from minimum energy 

that is composed of surficial and strain energy 

[13].    
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Table 2. Values of texture coefficient of the matrix for crystalline planes at different duty cycles. 

Tc (222) Tc (311) Tc (220) Tc (200) Tc (111) Duty cycle 

(%) 

1.0481 0.7051 0.9194 2.12 0.2067 33 

0.6477 0.7554 0.7815 2.1498 0.6651 40 

0.9723 0.6419 0.9395 1.8999 0.5459 50 

           

They predicted that when the surface energy is 

dominant, the preferred direction of growth of 

TiN coating is (200) plane having least surficial 

energy and when the strain energy is dominant, 

the preferred direction of growth is (111) plane 

with least strain energy. Recently, other authors 

also confirmed this model of surface and strain 

energy [14-15]. Diffraction patterns showed that 

the degree of preferred growth was (200) plane 

and this implies that during the growth of the 

layer, the state of surficial energy was dominant. 

However, for TiN coatings which have been 

deposited using magnetic sputtering, the 

preferred direction of the layer is (111) plane 

[16]. Particles were created with greater 

momentum in magnetic sputtering in compared 

to PACVD method [17].    

The intrinsic stresses within the layers which are 

created by bombardment of particles depend on 

their momentum [18]. Therefore, the layers 

which are created by magnetic sputtering have 

greater intrinsic stress and strain energy than 

thin layers which are deposited by PACVD 

method. Therefore, it is expected that atoms 

arrange at planes with lower strain energy 

namely (111) planes so that finally, the energy 

of the created layer would have the least amount 

[18]. According to the aforementioned 

discussion, the atomic arrangement of TiN layer 

by PACVD method at (200) planes is not 

unexpected and is completely consistent with 

theoretical discussion.  

GIXRD method also was used to measure the 

diameter of crystallites of the layers. The 

geometry of the GIXRD analysis is represented 

in Fig. 3. The diameters of crystallites were 

calculated by Willamson-Hall equation (Eq. (3)) 

which their values are expressed in Table (3) 

[15].  




 sin2
91.0

cos A
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                           (3) 

Where β is the full width of the peak at half 

maximum (FWHM) and λ is the wavelength of 

the used X-ray.  

 

 
Fig. 3. Orientation of diffraction planes versus sample surface. 
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For a certain peak position of 2θ which 

corresponds to diffraction peak of (hkl) plane, ψ 

is the angle between a line perpendicular to the 

sample plane and the line perpendicular to 

diffraction plane of (hkl) which is defined as: 

w                                                                       (4) 

In order to calculate the residual stress at the 

surface, it is supposed that the available stresses 

at the layer possess biaxial state. In this regard, 

the following equation is valid for determination 

of lattice parameter (a) and residual stress (σ) 

[12-13]: 
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In these equations, ψ angle is related to the 

diffraction angle of (hkl) planes and a0 is the 

lattice parameter with no stress. Elastic 

constants of X-ray (2S1, ½ S2) for different (hkl) 

planes of TiN layer have been represented in 

Table 3. Thus, with the help of obtained values 

for lattice parameter, diagram of (a) versus f(ψ) 

can be plotted for different (hkl) planes. 

Assuming a linear relationship between the 

lattice parameter (a) and f (ψ) in equation (5) 

must be kept, σ values can be calculated by y-

intercept of lattice constant a0 as well as slope of 

the diagram. Fig. 4 showed the plotted diagrams 

for different conditions of deposition to 

calculate a0 and σ. According to the following 

equation that expresses the relationship of lattice 

parameter and inter-planar distance, lattice 

parameter (a) can be obtained [15]: 

222 lkh

a
d




                                               (6) 

According to the standard (JCPDS 38-1420) and 

in powder state, the size of the lattice parameter 

is 4.24 A˚. The values of lattice parameter which 

have been obtained from equation (6) and with 

respect to the diagram differ from standard state. 

One of the reasons of the difference in lattice 

parameter can be caused by impurities. For 

example, if these impurities would be carbon or 

chlorine atoms could increase the lattice 

parameter whereas if hydrogen or oxygen atoms 

would be as impurities, decrease of lattice 

parameter occurs. In addition, due to the 

formation of vacancies, lattice parameters for 

non-stoichiometric layers decreases. 

In this study, the calculated value of lattice 

parameter for the formed thin layer in most cases 

was smaller than the values which have been 

reported for this structure with perfect lattice and 

without defects. This can be due to nitrogen 

vacancies. Because of the effect of sputtering 

process, nitrogen atoms which are lighter than 

titanium atoms were detached easier from the 

surface and create nitrogen vacancies [11].  

The values of residual stress in the samples 

before cutting were obtained using Sin2ψ 

method (Table 3). It is observed that by the 

increase of duty cycle, the value of residual 

compressive stress increased but hardness 

unlikely decreased. Thus, increase of hardness 

through residual stress was not justified. Raoufi 

et al. [19], have reported that with the increase 

of duty cycle, the roughness of the surface 

increase and hardness decreases. By the increase 

of roughness, unevenness of the sample surface 

increases and conjunctions of the atoms will be 

less and as a result hardness decreases. The 

residual stress was also calculated using GIXRD 

method after cutting. As can be observed from 

Table (3), reduction of duty cycle from 50% to 

40% leads to the increase of residual 

compressive stress. 

It is worth to note that with increasing the 

changes of the lattice parameter after cutting at 

w=1 in compared to before cutting, further 

increase of residual stress is obvious that is not 

unexpected. While with the increase of residual 

stress (compressive or tensile) in the material, 

because the atoms are pressed to each other, 

external object can force hardly into the material 

and suggests more hardness. In other words, by 

the increase of residual stress, achieving high 

hardness in not unexpected and as can be seen in 

Table (3), increase of hardness was consistent 

with the increase of compressive stress after 

cutting. 
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Fig. 4. change of lattice parameter versus f(ψ) at different duty 

 cycles of deposition including a) 33% b) 40% and c) 50%. 
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Table 3. Comparison of residual stress of the layers before and after cutting by lattice parameter changes. 

Calculate 

average 

grain size 

(nm) 

hardness 

(HV0.050) 

Average 

crystallite 

size (200) 

(nm) 

a0 (A°) Δa(A°) a(A°), 

w=1 

Stress 

after 

cutting 

(GPa)  

a(A°) 

 

Stress 

before 

cutting 

(GPa) 

Duty 

cycle 

(%) 

15 1798 15 4.2591 0.01 4.20 18 4.21 -1.4907 33 

29 1732 28 3.9067 0.04 4.19 -148 4.23 1.282 40 

30 1680 27 4.0428 0.03 4.20 -86.5 4.23 -6.1714 50 

One of the mechanisms of increasing hardness, 

is the reduction of grain size (or increasing the 

amount of grain boundaries). According to Hall-

Petch equation (equation (5)), hardness value 

varies inversely with the grain size. This means 

that reduction of grain size leads to the increase 

of material hardness. 

D
H

1


                                                                    (7) 

In this equation, H is the final hardness of the 

material and D is the grain size of the coating. 

Table (3) represents the average grain sizes 

which have been obtained by Debye-Sherrer 

equation. It is observed that with the increase of 

duty cycle, grain size increases which was 

consistent with the reduction of the hardness.  

Fig. 5 shows FE-SEM image of the surface of 

the sample at different magnifications which has 

been coated with TiN at duty cycle of 33%. As 

can be seen in Fig. 5, surface of the sample was 

composed of fine spherical TiN particles which 

were located together. As is observed, the 

particles which were seen as grain at lower 

magnifications, they were themselves composed 

of very finer grains. Actually, large grains of 

TiN have been created by the accumulation of 

finer TiN grains. The boundary between these 

small grains was very small and they were 

hardly distinguishable. The actual grain size was 

obtained 39 nm which is comparable with the 

value of debye-sherrer equation. 

 

 

Fig.5. FESEM images of the sample at duty cycle of 33% with different magnification. 
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4. Conclusion 

In this study, the residual stresses in TiN layers 

which have been developed by PACVD method 

have been evaluated. Based on the results, the 

following are obtained. 

 By the reduction of duty cycle, texture 

coefficient of (200) increases which was 

not unexpected with respect to the 

reduction of residual stress because by 

the increase of texture coefficient, 

crystalline order of the coating 

increased and experienced lower 

pressure.  

 By the reduction of duty cycle, residual 

stress decreased and hardness increased 

which was a tribological characteristic 

of a good compound.  

 By the reduction of duty cycle, grain 

size decreased which was consistent 

with the increase of hardness.  
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