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Influence of MultIlayer Structure on the Structural and MechanIcal ProPertIeS of tialn/crn 
coatIngS for advanced MachInIng aPPlIcatIonS

this study investigates single and multilayer tialn/Crn nanocomposite thin films developed using an rF magnetron sput-
tering system. the tialn and Crn layers showed a high degree of orientation, with the (200) peak being the strongest peak in both 
layers, and a multilayer structure was clearly observed. the surface roughness analysis using atomic force microscopy (aFm) 
and cross-sectional transmission electron microscopy (tem) revealed that the tialn/Crn coatings had a smoother surface than 
the single-layer coatings and minimal intermixing between the two layers. Depth-sensing indentation measurements were used 
to measure the hardness and young’s modulus of the coatings, demonstrating that tialn/Crn coating had the highest hardness 
(~16.38 GPa) and elastic modulus (~3.82 GPa) among all the coatings studied. this indicates that the tialn/Crn multilayer coat-
ing possesses superior mechanical properties due to its interface strength. our findings suggest that these multilayer coatings have 
potential applications in tribological and decorative coatings.
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1. Introduction

transition metal nitride-based coatings are widely used 
in various applications due to their unique properties, includ-
ing decorative and corrosion-resistant coatings for tribological 
applications [1]. Combining different materials, in particular, 
nitride materials with a few nanometers-thick layers in the form 
of multilayers, can produce coatings with superior properties 
compared to single-layer coatings in terms of enhanced hardness, 
better toughness, wear resistance, and oxidation resistance. these 
multilayers have been used to create a variety of nitride coatings, 
such as tin/tialn [2], tin/nbn [3], aln/Vn [4], and tialn/
Crn [5]. the improved properties of these multilayer coatings 
can be attributed to several mechanisms, including hall–Petch 
strengthening, the super modulus effect, dislocation blocking by 
layer interfaces, and strain effects at interfaces [6].

titanium nitride (tin) was one of the first coatings to be 
widely used for cutting tools due to its high hardness and wear 
resistance. however, tin has limited oxidation resistance and 
thermal stability, which can be a problem in high-temperature 

environments [7]. to overcome these limitations, titanium alu-
minium nitride (tialn) coatings were developed. these coatings 
have superior hardness, oxidation resistance, and thermal stability 
compared to tin, making them a better choice for cutting tools and 
other applications. Despite the improved performance of tialn 
coatings, there is still a need for further improvements, particularly 
in the face of high temperatures and wear. one way to achieve 
this is by using multilayers of tialn combined with other nitride 
compounds. Chromium nitride (Crn) shows excellent corrosion 
and wear resistance. Crn added to tialn coatings causes an 
increase in their oxidation resistance [8]. the tialn/Crn system 
has been shown to have excellent wear resistance, making it 
a promising candidate for advanced machining applications [9]. 

the surface roughness and hardness are important param-
eters that can affect the performance of coatings in various ap-
plications. several reports in the literature have demonstrated that 
these properties can vary depending on the deposition conditions 
and multilayer structure. in the study by Barshilia et al. [10], the 
tialn/Crn multilayer film was found to have a surface rough-
ness of 4.4 nm and a hardness of 38 GPa. Baojian et al. [11], 
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reported that the maximum hardness of the untreated tialn/
Crn coating was 25 GPa, but it increased to 36 GPa after nb 
implantation. tialn/Crn coatings deposited by cathodic arc 
evaporation had a hardness of 26 GPa [12]. ibrahim et al. [13], 
investigated the performance of tialn and tialn/Crn physi-
cal vapor deposition (PVD) coatings in resisting fretting fatigue 
failure of aisi P20 steel and found that the surface roughness 
and hardness of tialn were 16 nm and 23 GPa, respectively, 
while the corresponding values for tialn/Crn were 17 nm and 
30 GPa. m. Panjan et al. [14], prepared multilayer coatings with 
varying bilayer periods using magnetron sputtering and found 
that the coatings had a columnar structure in both thin and thick 
layers, with strong interfaces and no intermixing. the tialn and 
Crn layers had the B1 naCl-type crystal structure, and no other 
phases were observed. 

in this article, we prepared single and multi-layered na-
nocomposite thin films using the rF magnetron sputtering 
technique to further investigate the structural and mechanical 
properties of these coatings and provide a comprehensive un-
derstanding of their potential applications.

2. experimental details

2.1. deposition details

the tialn, Crn, and tialn/Crn coatings were deposited 
on si (100) substrates using a rF magnetron sputtering system. 
the substrates were cleaned using an ultrasonic bath in acetone, 
isopropyl alcohol and Di water for 5 minutes each and dried with 
nitrogen gas before being placed in the deposition chamber. the 
high-purity tial (99.99%) and Cr (99.95%) target materials were 
sputtered using ar and n2 gas as the sputtering gas at a pressure 
of 4 mtorr. the schematic diagram of the deposition system is 
shown in Fig. 1. to ensure uniform deposition, the substrate 

holder was rotated during sputtering. this helped to improve the 
structural and mechanical properties of the coatings and reduce 
the formation of defects and voids. the deposition was carried 
out at a substrate temperature of 300°C with a constant rF power 
of 100 w for tialn and 150 w for Crn. the multilayer films 
were then deposited by alternating the deposition of tialn and 
Crn layers with a bilayer period of 20 nm. the thickness of each 
layer was controlled by the deposition time, with a total thickness 
of the multilayer film ranging from 20 to 22 nm. 

2.2. characterization of coatings

to characterize the coatings, X-ray diffraction (XrD), 
tem, aFm, and nanoindentation measurements were used 
to investigate their structural, morphological, and mechanical 
properties. XrD measurements were performed to investigate the 
crystal structure and phase composition of the coatings, with the 
XrD patterns collected using a rigaku smartlab diffractometer 
with Cu Kα radiation at a scan rate of 0.02°/s in the 2θ range of 
10-70°. tem was used to study the interface characteristics of 
the multilayer films, with samples examined using a Fei tech-
nai tem, operated at 200 kV and equipped with a high-angle 
annular dark field (haaDF) detector and energy dispersive 
spectroscopy (eDs) system. the surface roughness and texture 
of the coatings were measured using aFm in tapping mode with 
an mFP-3D origin, asylum research atomic force microscope. 
the mechanical properties of the layers were evaluated using 
a nanoindentation test with a anton Paar high-precision surface 
mechanical analyzer. the hardness and elastic modulus were 
measured with a load range of 0.01-0.2 mn and a dwell time 
of 10 s. the measurements were performed at a temperature of 
25°C with a loading rate of 0.01 mn/s. the indentation data were 
analyzed using the oliver-Pharr method to obtain the hardness 
and elastic modulus values. 

Fig. 1. schematic illustration of sputter system with a rotating substrate holder
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3. results and discussion

3.1. Structure analysis

the XrD patterns of tialn, Crn, and tialn/Crn multi-
layer coatings are shown in Fig. 2. all the samples showed good 
crystallinity with a cubic structure characterized by (200), (211), 
and (021) diffraction peaks. the lattice parameters of tialn 
and Crn were calculated using Bragg’s law and the peak posi-
tions and were found to be a = 4.08 Å and 4.12 Å, respectively, 
which are consistent with the previously reported values [15]. 
the tialn and Crn showed a high-intensity major peak in the 
(200) direction at the 42° and 42.5° peak positions. it was ob-
served that substrate reflections from the detector caused some 
background peaks. the crystallite size was determined using the 
following equation [16] 

 
, 0.9
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where D is the crystallite size, k is the scherrer constant, β is 
the full width at half maximum in radian, λ is the wavelength of 
the X-ray, and θ is the Bragg’s diffraction angle. the obtained 
values were in the range of 9.66-24.87 nm and 13.43-40.05 nm 
for tialn and Crn thin films, respectively. the williamson-hall 
method [17] can provide more accurate information about the 
microstructure of the material and calculated the crystallite size 
from the following equation 

 
cos 4 sinhkl hkl hkl

k
D

       (2)

Fig. 2. XrD pattern for Crn, tialn, and tialn/Crn multilayer nano-
composite thin films

the calculated structural parameters of the deposited thin 
films are listed in taBle 1. the crystallite size and micro-
strain were calculated as 25.12 nm and 2.70×10–2 for tialn, 
and 32.50 nm and 2.10×10–2 for Crn coatings. the relation-

ship between crystallite size and hardness is governed by the 
hall-Petch effect [18], which states that the hardness of a mate-
rial increases with decreasing grain size. as a result, the Crn 
coating exhibits a lower hardness than the tialn coating due 
to its larger grain size. the higher hardness of the tialn/Crn 
coating is likely due to a combination of factors, including its 
phase condition, the strength of its Crn orientations, and the 
compactness of the coating.

taBle 1

structural parameters of tialn and Crn thin films deposited  
at 300℃ temperature

Parameters tialn crn
lattice parameters (Å) a = b = c = 4.08 a = b = c = 4.12

Debye-scherrer method (D, nm) 9.66-24.87 13.43-40.05
williamson-hall method (D, nm) 25.12 32.50

micro-strain 2.70×10–2 2.10×10–2

Dislocation density (1/D2, nm–2) 15.84×10–4 9.46×10–4

unit cell volume (V, Å3) 67.91 69.93

the XrD of multilayer films had a higher degree of ori-
entation than the single layer films, with the (200) peak being 
the strongest peak in both tialn and Crn layers. this suggests 
that the growth of the multilayer films was controlled by the 
orientation of the underlying layers, with the tialn and Crn lay-
ers preferentially growing in the (200) direction. the increased 
orientation of the multilayer films may contribute to their im-
proved mechanical properties, as it allows for better distribution 
of stress and strain within the coating. 

3.2. Multilayer thin film cross-section analysis

hr-tem analysis was performed on tialn/Crn multilayer 
thin films to investigate their multilayer structure. the resulting 
image, shown in Fig. 3a, reveals that the interface between the 
tialn and Crn layers is coherent and exhibiting the columnar 
grains starting from the tialn interlayer along the growth 
directions, which impacts the material’s strength, toughness, 
and corrosion resistance [14]. a clear multilayer structure with 
symmetrical thickness was observed, with a total film thickness 
of ~20 nm and individual layers of ~9.6 nm tialn and ~11.2 nm 
Crn. the Crn and tialn layers show minimal intermixing at 
the interface, indicating a well-defined boundary between them. 
the average bilayer thickness is 22 nm, and the modulation 
ratio is ~1:1.

the haaDF scanning transmission electron microscopy 
(stem) image, with the elemental concentration profiling of the 
tialn/Crn multilayer thin film, is shown in Fig. 3b. the image 
reveals the chemical composition of the film, with the tialn 
layers appearing dark and the Crn layers appearing bright. this 
is due to the difference in atomic numbers between Cr and the 
other two elements, ti and al. upon closure inspection reveals 
that the position of the al and ti concentration peaks are slightly 
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shifted with respect to each other. this shift indicates that slight 
decomposition of the tialn layers occurs during the deposition 
process. Fig. 3c presents an elemental color mapping of the mul-
tilayer coating, with ti and al represented by yellow and blue, 
respectively, and Cr and nitrogen represented by green and red. 
this image shows evidence of intermixing between the elements, 
likely due to the thinness of each layer (~10 nm).

3.3. Surface roughness analysis

the surface roughness and texture of coatings play a cru-
cial role in determining their quality, including their adhesion, 
friction, cohesion, and wear properties. aFm was used to 
evaluate these properties of the deposited nanolayered coatings. 
Fig.  4(a-c) shows the aFm images of the deposited materials 
with a 200 nm scale scanned in the 1×1 μm2 scanned area. the 
tialn and Crn thin film surfaces show an island-like structure, 
corresponding to the grains. the tialn/Crn multilayer coating 
appears to be uniform and dense. the tialn film has an rms 
roughness of 61.20 nm, the Crn film has an rms roughness 
of 80.75 nm, and the tialn/Crn multilayer film has an rms 
roughness of 29.06 nm. these results indicate that the tialn/Crn 
multilayer film has a much smoother surface compared to the 
single-layer tialn and Crn films. this could be because the 
tialn/Crn multilayer coatings create an intermediate buffer 
layer which prevents the growth of large grains and agglom-

erations. Furthermore, the tialn layer may help to inhibit the 
growth of dense and clustered grains, resulting in a smoother 
surface. this makes multilayer coatings a great choice for ap-
plications such as wear resistant coatings, corrosion protection, 
and heat/thermal management. 

3.4. Mechanical properties

to determine the hardness and young’s modulus of the 
single and multilayered thin films, the deposited samples were 
characterized using Depth-sensing indentation measurements. 
the load was applied and then released or unloaded on the sur-
face of the thin films at five different locations, and the resulting 
indentation was measured using a high-resolution microscope, as 
shown in Fig. 5(a-c). From Fig. 5, it was observed that the tialn 
coating scattered considerably compared to the Crn coating, 
while the tialn/Crn coating load-unload curves from different 
locations are almost overlapped. the hardness and elastic modu-
lus of the thin films were then calculated from the indentation 
depth, size, applied load, and unloading conditions. this process 
was repeated at each of the five locations in order to obtain 
a representative measure of the hardness and elastic modulus of 
the thin films. table 2 shows the mean and standard deviation 
of the hardness values for each of the three samples, using three 
different measurement techniques, indentation hardness (HIT), 
Vickers hardness (HVIT), and elastic indentation technique (EIT). 

Fig. 4. Surface topography of (a) TiAlN (b) CrN (c) TiAlN/CrN multilayer thin films in the scan area of 1×1 μm2
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the h/e ratio reflects the elastic strain to failure of a mate-
rial [19] which is the amount of elastic deformation a material 
can undergo before it yields or permanently deforms. these 
properties can be useful in predicting the behavior of coatings in 
wear applications. according to matthews and leyland’s theory, 
the higher H/E ratio denotes excellent wear resistance [20]. 

taBle 2

Comparison of mechanical properties for tialn, Crn,  
and tialn/Crn coatings

tialn crn tialn/crn
HIT (o&P) mean 13.747 11.921 16.282

[GPa] std Dev 1.399 0.696 0.270
HVIT (o&P) mean 1273.177 1104.023 1507.950

[Vickers] std Dev 129.654 64.501 25.040
EIT (o&P) mean 167.596 164.671 178.132

[GPa] std Dev 5.034 14.612 3.493

taBle 2 presents the results of nanoindentation tests 
performed on tialn, Crn, and tialn/Crn coatings. the values 
for the tialn coating indicate that it has a higher hardness and 
indentation toughness compared to the Crn coating. the tialn/
Crn coating has the highest values for all three properties, in-
dicating that it has superior mechanical properties compared to 

single-layer coatings. this is due to the strengthening effects of 
the interfacial layers in the multi-layer structure of the film. these 
interfacial layers can enhance the mechanical properties of the 
film through a combination of different strengthening mecha-
nisms, such as the alternating stress field effect and koehler’s 
modulus-difference theory [21]. these mechanisms can increase 
the hardness and other mechanical properties of the film, making 
it more resistant to deformation and wear. 

4. conclusions

in conclusion, the study showed that multilayer nano-
composite thin films, specifically tialn/Crn, have superior 
structural, morphological and mechanical properties compared 
to single-layered materials. the XrD, tem, aFm, and nanoin-
dentation results revealed that the multilayer film exhibited 
a coherent interface, with no intermixing of the tialn and Crn 
layers and a smoother surface. in addition, the multilayer struc-
ture created a buffer layer that prevented the growth of large 
grains and agglomerations, contributing to the higher hardness 
and elastic modulus values of the tialn/Crn multilayer coating. 
overall, the tialn/Crn multilayer coating has excellent wear 
and corrosion resistance, making it a promising candidate for 
advanced machining applications. 

Fig. 5. load-unload curves of (a) tialn (b) Crn (c) tialn/Crn thin films at five different locations (d) h/e ratio of tialn, Crn, and tialn/
Crn thin films
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