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Abstract: Monolayer and bilayer coatings of TiAlN, AlCrN, and AlCrN/TiAlN were deposited onto tungsten carbide inserts using the 
plasma enhanced physical vapor deposition process. The microstructures of the coatings were characterized using scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). The SEM micrographs revealed that the AlCrN and AlCrN/TiAlN coatings were uniform 
and highly dense and contained only a limited number of microvoids. The TiAlN coating was non-uniform and highly porous and contained 
more micro droplets. The hardness and scratch resistance of the specimens were measured using a nanoindentation tester and scratch tester, 
respectively. Different phases formed in the coatings were analyzed by X-ray diffraction (XRD). The AlCrN/TiAlN coating exhibited a 
higher hardness (32.75 GPa), a higher Young’s modulus (561.97 GPa), and superior scratch resistance (LCN = 46 N) compared to conven-
tional coatings such as TiAlN, AlCrN, and TiN. 
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1. Introduction 

To achieve high productivity and precision, nearly 80% 
of the cutting tools used in manufacturing industries at pre-
sent utilize hard coatings [1−2]. These hard coatings exhibit 
very attractive properties, such as high wear resistance and 
good thermal stability. More recently, nanostructured coat-
ings have been developed that consist of nanocrystalline 
phases that provide excellent protection to the substrates, 
even under extreme machining conditions [3]. Several tech-
niques, including physical vapor deposition (PVD) and 
chemical vapor deposition (CVD), are used to deposit the 
nanostructured coating over cutting tools. The cathodic arc 
process is one such PVD technique, where high-ioniza-
tion-level plasma is used to produce a dense coating [4]. The 
design of nanostructured coatings depends on various fac-
tors, including the crystal size, layer thickness, texture, in-
terface volume, surface, and interfacial energy [5−6]. Com-

pared with TiN coatings, TiAlN, AlCrN, TiCrN, CrN, and 
TiCN coatings synthesized by the PVD process exhibit im-
proved mechanical properties, such as better oxidation re-
sistance and superior wear resistance [7−8]. The (Ti,Al)N 
gradient coatings exhibit better qualities, such as the absence 
of pores and cracks, and high bonding strength [9−10]. 
Among the coatings developed, TiAlN has been very suc-
cessful in recent years because of its improved oxidation re-
sistance and hardness compared to those of TiN. In com-
parison with TiN-based coatings, AlCrN coatings have been 
reported to exhibit higher oxidation resistance because both 
chromium and aluminum can form protective oxides, which 
suppress the diffusion of oxygen. The desired mechanical 
properties, such as hardness, strength, and Young’s modulus 
of the substrate material, are to be retained when these ma-
terials are applied as coatings to extend the use of the cutting 
tools in extreme machining conditions [11]. Chang et al. [10] 
have reported that TiAlN/CrN coatings exhibit high resis-
tance to plastic deformation and better adhesion strength 
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because of the presence of a dense columnar structure. 
Dobrzański et al. [2] have studied various coatings, includ-
ing Ti/TiN, Ti/TiAlN, Ti/ZrN, TiAl/TiAlN, and Cr/CrN, 
and analyzed their structure, texture, and chemical composi-
tion. The microstructure of the hard PVD coatings exhibits a 
fine columnar crystallite structure. Therefore, the resultant 
coatings have exhibited greater strength and hardness. 
Dobrzański et al. [4] have reported that the Ti(B,N) coating 
exhibits a better adhesion with sintered carbide substrates. 
The hardness and strength of the coating increased as a re-
sult of smaller grains present in the coating.  

The literature contains numerous reports on TiAlN coat-
ings combined with TiN, CrN, TiAl, etc. In the present work, 
the combination of AlCrN and TiAlN coatings was investi-
gated for its application to cutting tools. A cathodic arc va-
por deposition (CAVD) process was used to deposit TiAlN, 
AlCrN, and AlCrN/TiAlN coatings. We then compared the 
coating characteristics of the TiAlN, AlCrN, and 
AlCrN/TiAlN materials using scanning electron microscopy 
(SEM), X-ray diffraction (XRD), nanoindentation, scratch 
tests and atomic force microscopy (AFM).  

2. Experimental 

A Balzer’s Oerlikon coating machine (Oerlikon Balzers 
Ltd., India) was used to deposit the coatings. The machine 
was equipped with eight cathodic arc sources. Four sources 
(customized sintered targets of Ti) were used to deposit a 
0.5 µm-thick TiN sublayer (base coating) over the carbide 
tool insert. The remaining four sources (50at%Ti−50at%Al 
customized sintered targets) were used to deposit the TiAlN 
coating. The eight sources (70at%Al−30at%Cr customized 
sintered targets) were used to deposit the AlCrN coating. 
The circular disc-shaped customized sintered targets were 
placed inside the chamber during the coating process.  

The summary of the coating deposition parameters is 
presented in Table 1. Prior to deposition, all the substrates 
were cleaned in two steps: first with an ultrasonic 
pre-cleaner and then with an ultrasonic cleaning machine 
with 11 tanks, including a hot-air dryer, for 1.5 h. A sche-
matic diagram of the deposition system is illustrated in Fig. 
1. Aluminum/chromium or aluminum/titanium materials 
were placed as targets on the inner sides of the chamber 
walls to deposit AlCrN and TiAlN coatings, respectively, 
onto the tool substrate, and a substrate current of 18.5 A was 
supplied. The argon and N2 gases were supplied into the 
chamber, and the gas pressures were maintained on the basis 
of the chamber pressure.  

The temperature of the substrate was measured by a 

K-type thermocouple positioned near the substrate. The mi-
crostructure of the coatings was analyzed using a field-emis-
sion scanning electron microscope (FE-SEM) (model SU-
PRA 55, Germany) equipped with an energy-dispersive 
X-ray spectroscopy (EDS) apparatus. The phase analysis 
was conducted using an X-ray diffractometer (model 
D8−Advance, BRUKER, Germany). The hardness of the 
coated samples was studied using a nanoindenter (CSM In-
struments, Switzerland). The scratch resistance of the coated 
samples was tested with a Ducom scratch tester, which was 
equipped with a conically shaped Rockwell C diamond in-
denter tip; the test were performed according to the standard 
C 1624–05 (ASTM). The surface morphology of the coated 
samples was studied using AFM (Nanosurf ® Easy Scan 2 
controller, Switzerland).  

Table 1.  Summary of coating deposition parameters 

Argon flow rate / (mL⋅min−1) 800 
N2 flow rate / (mL⋅min−1) 1100 
Chamber pressure / Pa 3.2 × 10−2 
Current / A 80 
Voltage / V 200 
Feed rate for each target / (g⋅min−1) 0.1 
Distance between substrate & target / mm 150 
Pressure during deposition (Base pressure) / Pa 4.5 × 10−2 
TiAlN coating thickness / µm 4 ± 0.5 
AlCrN coating thickness / µm 3 ± 0.5 
AlCrN/TiAlN coating thickness / µm 6 ±1 
Substrate temperature / °C 450 ± 10 
Targets power / kW 7 

 

 
Fig. 1.  Schematic diagram of the physical vapor deposition 
(cathodic arc) system (source diagram: Oerlikon Balzers, Ltd.). 
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3. Results and discussion 

3.1. Microstructural analysis 

The EDS spectra and elemental compositions of the 
TiAlN, AlCrN, and AlCrN/ TiAlN coatings are shown in 
Figs. 2(a)−2(c), respectively. The cross-sectional and sur-

face views of the TiAlN, AlCrN, and AlCrN/TiAlN coatings 
over the substrates are shown in Figs. 3(a)−3(c), respec-
tively. The measured thicknesses of the TiAlN, AlCrN, and 
AlCrN/TiAlN coatings are 4, 3, and 6 µm, respectively. The 
TiAlN coating exhibits an irregular surface, which is not 
dense because of the presence of coarse grains.  

 

 
 

The SEM images in Fig. 3(a) show that the TiAlN layer 
is bonded perfectly with the substrate. Furthermore, good 
bonding is observed between the AlCrN and TiAlN layers 
as a result of interdiffusion. The AlCrN and AlCrN/TiAlN 

coatings exhibit a regular surface, which is dense because of 
the presence of fine grains [12−13]. The microstructure 
shown in Fig. 3(a) clearly indicates that the TiAlN coating 
contains fewer pores and fewer microvoids because of the 

Fig. 2.  Elemental composition of coat-
ings obtained through EDS analysis: (a)
TiAlN coating, (b) AlCrN coating, and
(c) AlCrN/TiAlN coating. 

Fig. 3.  Cross-sectional and surface 
views of (a) TiAlN coating, (b) AlCrN 
coating, and (c) AlCrN/TiAlN coating. 
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presence of droplets/lumps, which may give rise to a lower 
hardness value for the coating.  Fig. 3(b) and Fig. 3(c) 
show that the AlCrN and AlCrN/TiAlN coatings exhibit 
highly dense structures with few pores/microvoids. The in-
terface of the bilayer coating between the AlCrN and TiAlN 
was not sharp because of interlayer diffusion [14−15]. 

3.2. XRD analysis  

The XRD patterns of the TiAlN, AlCrN, and AlCrN/TiAlN 

coatings are presented in Figs. 4(a)−4(c), respectively. The 
scan rate was maintained at 2°/min and the scan range was 
from 20° to 120°. The XRD patterns confirm that all three 
different coatings contain phase-pure TiN, CrN, and AlN. 
The coatings exhibit different patterns for the TiN, AlN, CrN, 
and TiAlN films with mixed orientations. The intensities of 
the diffraction peaks gradually decrease with increasing 
layer thickness, which indicates a gradual decrease in grain 
size and the weakening of the preferred orientation [16−19].  

 
 
The XRD pattern of the TiAlN coating indicates that the 

AlN (102) and TiAlN (109) planes have a dominant orienta-
tion at 49.602° (2θ), as shown in Fig. 4(a). The average 
crystallite size (Dp), as calculated by the Scherrer equation 
(Dp = 0.94λ/(βcosθ), where β is the full-width with 
half-maximum of the peak (in rad), λ is the wavelength of 
the X-rays (in Å), and θ is the Bragg angle), for the TiAlN 
coating ranges from 20 to 73 nm. In contrast, in the case of 
the AlCrN coating, the AlN (102) and CrN (111) planes 
have a dominant orientation at 49.637° (2θ), as shown in Fig. 
4(b). The average crystallite size (Dp) for the AlCrN coating 
ranges from 24 to 68 nm. In the case of the AlCrN/TiAlN 
coating, the TiN (111) plane has a dominant orientation, as 
shown in Fig. 4(c). The TiN peaks indicate a B1–NaCl 

crystal structure. The sharp peaks in the XRD pattern in Fig. 
4(c) indicate a high crystallinity of the AlCrN/TiAlN coat-
ing. Fig. 4 also indicates a predominant amount of AlN, fol-
lowed by TiN and CrN; this result was confirmed by EDS. 
Because no peak broadening is evident, the grain size of the 
coating is assumed to be nanocrystalline. We also confirmed 
that both AlCrN and TiAlN are immiscible because of pow-
der heat of mixing, as indicated by the lack of observed 
solid solubility. The lack of peak broadening indicates that 
this process resulted in a strain-free coating. During the ini-
tial stage of coating, Al, Ti, and Cr exist in elemental form; 
as the process progresses, the embedding of Ti particles in 
Al results in the formation of composite particles. The AlN 
(102) reflection is intense, and the AlN peaks indicate 

Fig. 4. XRD patterns recorded for
coatings: (a) TiAlN coating, (b) AlCrN
coating, and (c) AlCrN/TiAlN coating. 
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(dominant orientation) a wurtzite structure (i.e., B4 hexago-
nal phase). The CrN (220) plane is the dominant reflection, 
and the CrN peaks indicate a B1–NaCl crystal structure. The 
average crystallite size ranges from 30 to 90 nm. 

3.3. Nanoindentation tests 

The nanoindentation tests were conducted to measure the 
hardness and the Young’s modulus of the coatings. A 
Berkovich diamond indenter was used to make indentations. 
The load vs. displacement curves of the TiAlN, AlCrN, and 
AlCrN/TiAlN coatings are shown in Figs. 5(a)−5(c). The 

loading/unloading curves show similar responses with re-
spect to stiffness and deformation. The penetration of the 
Berkovich diamond indenter tip was restricted to less than 
one-tenth of the coated thickness to preclude any effects of 
the substrate response. The load was increased after the ini-
tial contact of the indenter on the surface at a predetermined 
rate (100 mN/min) to the desired maximum load (50 mN) 
and was then decreased at the same rate (100 mN/min) to 
zero. The measurements of hardness and Young’s modulus 
are mainly based on the unloading curve according to the 
Oliver and Pharr method [20].  

 
 
The TiAlN, AlCrN, and AlCrN/TiAlN-coated samples 

were subjected to seven trials. The results of their mean 
values with error bars are given in Table 2. The error bars 
indicate a ± 1 standard deviation of the mean values. The 
99% confidence level (CL) was used to calculate the error 
bars. The standard deviation values were smaller for all of 
the mechanical properties of the coating, which indicates 
that the data points tend to be very close to their mean value. 
The TiAlN coating exhibited a lower hardness, and the 
AlCrN coating exhibited a higher hardness, which, however, 
was less than that of the AlCrN/TiAlN coating. The results 

clearly indicate that the hardness (H) and Young’s modulus 
(E*) of the AlCrN/TiAlN coating was higher. A higher value 
of H3/E*2 indicates high resistance to plastic deformation. 
Because of the difference in the dense structure and porous 
nature of the microstructure of the TiAlN, AlCrN, and AlCrN/ 
TiAlN coatings, we obtained different hardness values among 
the coatings. The elastic recovery (We) and plastic recovery (Wp) 
values were obtained for the AlCrN/TiAlN coating. The 
mechanical behavior of the coating is understood to strongly 
depend on its hardness and Young’s modulus. The dense 
structure of the coating leads to higher hardness [21−22].   

Fig. 5.  Load vs. displacement curves
for the coatings: (a) TiAlN coating, (b)
AlCrN coating, and (c) AlCrN/TiAlN
coating. 
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Table 2.  Mechanical properties of coatings calculated from the nanoindentation test for a load of 50 mN 

Coating 
Hardness, H / 

GPa 
Vickers hardness, 

HV 
Young’s modulus / 

GPa 
E* / GPa 

Elastic recov-
ery, We / % 

Plastic recovery, 
Wp / % 

H3/E*2 / 
GPa 

TiAlN   26.76 ± 0.944   2478.32 ± 87.530 526.45 ± 41.018 578.52 ± 45.075   36.88   63.11 0.0572
AlCrN   31.26 ± 2.782   2914.04 ± 257.740 469.99 ± 75.814 516.47 ± 83.318   48.92   51.07 0.1167

AlCrN/TiAlN   32.75 ± 2.614 3033.015 ± 242.126 561.97 ± 57.620 617.55 ± 58.629   41.34   58.65 0.0921

 

3.4. Surface morphology  

The 3D AFM images of the TiAlN, AlCrN, and 
AlCrN/TiAlN coatings are presented in Figs. 6(a)−6(c), re-
spectively. The scanner extends the tip along the Z axis to 
probe for the sample surface. The Z sensor maximum scan 

range varies from 2 µm to 22 µm. The surface was scanned 
at a maximum speed of 0.1 mm/s to a range of 10 to 110 µm. 
The AFM results for surface roughness values are presented 
in Table 3. The average surface roughness values of the 
AlCrN/TiAlN bilayer coating was smaller than those of the 
TiAlN and AlCrN coatings.  

 
 

Table 3.  Surface roughness of coatings, as measured by AFM 

Coating Sa / nm Sq / nm Sy / nm Sp / nm Sv / nm Sm / pm
TiAlN 258.20 374.21 2766.8 1688.7 –1078.1 –10.020
AlCrN 255.45 337.58 2726.0 1946.7 –779.33 –10.014

AlCrN/TiAlN 191.00 281.00 3618.0 1662.0 –1955.0 196.00

Note: Sa―roughness, Sq―root mean square, Sy―peak-to-valley 
height (Sp – Sv), Sp―peak height, Sv―valley depth, and Sm―mean 
value. 

 
The irregularities of the surface may form nucleation 

sites for cracks or corrosion, which can be determined using 
the surface roughness value. A rough surface usually wears 

more quickly and has a higher friction coefficient than a 
smooth surface. The waviness  observed on a rough 
surface indicates misorientation of the grains/droplets 
[23−26]. The surface roughness of the coatings can be 
increased by improper selection of process parameter values, 
such as the gas flow rate, the chamber pressure, the current, 
and the voltage. The TiAlN and AlCrN coatings exhibit sur-
face irregularities and pits; hence, these coatings have higher 
surface roughness values compared to that of the 
AlCrN/TiAlN coating. The mixed particle sizes were meas-
ured to range from 30 to 582 nm for the TiAlN, AlCrN, and 
AlCrN/TiAlN coatings. 

Fig. 6. 3D AFM images: (a) TiAlN
coating, (b) AlCrN coating, and (c)
AlCrN/TiAlN coating. 
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3.5. Scratch-test analyses 

The adhesion and scratch resistance of the coatings were 
tested using scratch tests. The indenter had a conical tip with 
a radius of 200 µm and a geometry of 120°. The scratch 
length was 3 mm, and the scratch speed was 30 mm/min. 
The loading rate was 300 N/min. The constant loads were 
20, 30, 40, and 50 N. The incremental loading rate for the 
progressive load was 10 N/mm, and the progressive load 
was 20 N (initial) to 50 N (final). Fig. 7(a), Fig. 8(a), and 
Fig. 9(a) show the relationship between the traction force 
and the stroke (length) for the TiAlN, AlCrN, and 
AlCrN/TiAlN coatings, respectively. The load at which the 
coating failure occurs is called the critical load (LCN). The 
traction force and coefficient of friction (μ) can change be-
cause of the different types of damage that occur during 
scratching. These changes can occur as a result of changes 
in the microstructure, surface roughness along the scratch 

track, change in the stylus drag, and stress. The uniform 
dispersion of small particles throughout the substrate causes 
good adhesion strength. The AlCrN/TiAlN coating exhib-
ited a high critical load of 46.0 N, which indicates that the 
bonding strength (adhesion strength) of the TiAlN coating 
with the substrate (base material) is relatively high [27−29].  

For the progressive load scratch test, the failure modes of 
the TiAlN monolayer coating were indicated as LC1, coating 
cracks (cohesive failure), at 27.5 N; LC2, adhesive chipping 
at crack edges (adhesive failure), at 32.5 N; LC3, initial fail-
ure of the coating, at 36.0 N; and LC4, total failure of the 
coating, at 41.5 N. For the progressive load scratch test, the 
failure modes of the AlCrN monolayer coating were indi-
cated as LC1, coating cracks (cohesive failure), at 22.5 N; LC2, 
adhesive chipping at crack edges (adhesive failure), at 33.0 
N; LC3, initial failure of the coating at 42.0 N; and LC4, total 
failure of the coating, at 45.0 N. For the progressive load 
scratch test, the failure modes of the AlCrN/TiAlN bilayer  

 
Fig. 7.  (a) Traction force vs. stroke curves recorded during a scratch test of the TiAlN coating; (b, c) constant load and progressive 
load scratch tracks using an optical microscope. 

 
Fig. 8.  (a) Traction force vs. stroke curves recorded during a scratch test of the AlCrN coating; (b, c) constant load and progressive 
load scratch tracks using an optical microscope. 



T. Sampath Kumar et al., Comparison of TiAlN, AlCrN, and AlCrN/TiAlN coatings for cutting-tool applications 803 

 

 

Fig. 9.  (a) Traction force vs. stroke curves recorded during a scratch test of the AlCrN/TiAlN coating; (b, c) constant load and pro-
gressive load scratch tracks using an optical microscope. 

coating were indicated as LC1, coating cracks (cohesive fail-
ure), at 21.8 N; LC2, adhesive chipping at crack edges (adhe-
sive failure), at 29.2 N; LC3, initial failure of the coating, at 
36.0 N; and LC4, total failure of the coating, at 46.0 N. The 
values of the failure mode (N) were obtained using Eq. (1), 
and also the critical load for the progressive type can be 
calculated by this equation. 

( )CN rate N rate start/L L I X L= +⎡ ⎤⎣ ⎦   (1) 

where, Lrate is the rate of force application (N/min) in the 
specific scratch test, IN is the distance in mm between the 
start of the scratch track and the starting point of the defined 
type of damage in the scratch track, Xrate is the rate of hori-
zontal displacement (mm/min) in the specific scratch test, 
and Lstart is the preload stylus force (N) established at the 
start of the scratch test. 

The optical images of the scratched region of the TiAlN, 
AlCrN, and AlCrN/TiAlN coatings are shown in Figs. 7(b) 
and 7(c), Figs. 8(b) and 8(c), and Figs. 9(b) and 9(c), respec-
tively. In the TiAlN and AlCrN monolayer coatings, the 
splintering of the coatings occurred during the initial stage 
and the adhesive and delaminating failure occurred because 
of the increase in the scratch length with respect to time. 

In the AlCrN/TiAlN coating, the splintering of the coat-
ing occurs in the initial stage because of plastic deformation. 
However, the splintered coating remains adhered to the sub-
strate. Furthermore, the adhesive failure and delaminating 
failure occur in the coating because of an increase in the 
scratch time. The wedging spallation or spalling of the coat-
ing occurs in the scratch track because of its ductile nature 
[30−31]. Furthermore, the adhesive failure occurs in the 
coating during the second stage (spallation or interface fail-
ure). Finally, the coating delaminates, and the total failure of 

the coating occurs when the scratch time is increased. Thus, 
the AlCrN/TiAlN bilayer coating has high bonding strength 
and good scratch resistance, in comparison to the TiAlN and 
AlCrN monolayer coatings because of its high traction 
force. 

4. Conclusions  

TiAlN, AlCrN, and AlCrN/TiAlN coatings were depos-
ited onto tungsten carbide tool substrates using the cathodic 
arc evaporation process, and the characteristics of the coat-
ings were investigated. The following conclusions are drawn 
from the test results: 

(1) The SEM micrographs show that the AlCrN and 
AlCrN/TiAlN coatings are denser and have fewer micro-
voids and microdroplets, which resulted in a uniform struc-
ture.  

(2) The AFM images show that the AlCrN/TiAlN bilayer 
coating has low surface roughness (Sa = 191 nm) because it 
contains fewer macroparticles and fewer surface irregulari-
ties. The TiAlN and AlCrN coatings have greater surface 
roughness values of 258.20 and 255.45 nm, respectively.  

(3) The XRD analysis of the deposited bilayer coating 
shows prominent principal reflections along the (111)/(002) 
and (102) planes for the AlCrN/TiAlN coating. The crystal-
lite size of the AlCrN/TiAlN coating ranges from 30 to 90 
nm.  

(4) The nanoindentation test results show that the 
AlCrN/TiAlN bilayer coating has a hardness of 32.7 GPa 
and a Young’s modulus of 561.97 GPa. The TiAlN coating 
has a lower hardness of 26.76 GPa and the AlCrN coating 
has a hardness of 31.26 GPa. 



804 Int. J. Miner. Metall. Mater., Vol. 21, No. 8, Aug. 2014 

 

(5) The scratch test results show that the TiAlN, AlCrN, 
and AlCrN/TiAlN coatings have critical scratch loads (LCN) 

of 41.5, 45.0, and 46.0 N, respectively, under a progressive 
load.  
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