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ABSTRACT
In this work, titanium nitride (TiN) and titanium aluminum nitride (TiAIN) films have been obtained via triode 
magnetron sputtering. The films were deposited using a direct current source on plasma nitrided AISI D2 tool 
steel (duplex treatment), non-nitrided steel, and silicon. The nitrided layer was characterized by scanning elec-
tron microscopy (SEM), Vickers microhardness, and X-ray diffraction (XRD). The films were characterized by 
SEM and XRD. The mechanical properties of the coatings were determined using the instrumented indentation 
technique (IIT) and the adhesion of the film to the substrate was qualitatively evaluated using the Rockwell C 
test. Both films presented no significant variation in hardness (H) and elastic modulus (E). However, compared 
to the films obtained in non-nitrided steel, the duplex treatment improvided the film-substrate adhesion.  The 
improvement in adhesion can be attributed to the preliminary plasma nitriding treatment and the compressive 
loads acting on the nitrided surface.
Keywords: AISI D2 steel; duplex treatment; plasma nitriding; reactive deposition; triode magnetron sputtering.

1. INTRODUCTION
The AISI type D tool steels are usually used in metallic materials such as dies, thread rolling, punches, and 
chucks for cold working [1]. During the forming process, the friction between the steel and the material to be 
plastically deformed raises the working pressure and generates stress concentration. As a result, the surface of 
tool steels overheats, and their wear rate increases [2].

A technology used to increase the useful life of these products is the surface hardening of the steel using 
treatments such as quenching, electrodeposition, plasma treatment, ion implantation, thermal spraying, chemical 
vapor deposition, and physical vapor deposition [3].

Among the treatments mentioned, physical vapor deposition using compounds based on nitrides such as 
TiN, Ti(1–x)AlxN, CrN, and Ti(1–x)CxN allows the obtaining of films with high hardness, high wear resistance, and 
low friction coefficient without modifying the properties in the substrate core [4].

Another technique used to increase the wear resistance of tool steel is duplex treatment. This method 
combines two surface treatments, plasma nitriding and thin film deposition via magnetron sputtering [5]. The 
compressive loads acting on the nitrided layer provide mechanical support to the substrate surface [6], increas-
ing the load loading and unloading capacity, which may improve the film-substrate adhesion quality [7–9].

TiN and TiAlN films were obtained on plasma-treated and untreated steel in this work. Plasma nitriding 
was performed in a working atmosphere containing nitrogen, hydrogen, and argon gases. The depositions were 
carried out on the surface of untreated and plasma treated steel (duplex treatment). Both depositions were carried 
out in the reactive mode using a mixture of argon and nitrogen gases.

Therefore, this study has aimed to evaluate the influence of the duplex treatment on the intrinsic and 
functional properties of TiN and Ti0.41Al0.59N films that were obtained via triode magnetron sputtering on AISI 
D2 tool steel.
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2. MATERIALS AND METHODS

2.1. Raw materials
As substrates, AISI D2 tool steel cylinders for cold working and silicon plates (100) were used. The steel 
has a diameter of 15.9 mm and a thickness of 9.8 mm. The silicon has a rectangular shape of approximately 
20.0 ± 2.0 mm × 15.0 ± 2.0 mm × 0.6 ± 0.1 mm thick.

Table 1 shows the chemical composition of the steel substrate in weight percentage, measured by optical 
emission spectroscopy, in a Shimadzu equipment model OES-5500 II.

Using steel, it was possible to qualitatively evaluate the adhesion of the films to the substrates, determine 
the crystalline structure, and measure the mechanical properties of the nitrided layer and the films. Silicon plates 
were used to determine the average thickness and microstructure of the films [10].

Ti (99.99% purity) and Ti0.5Al0.5 (99.50% purity) by weight were used as targets. Both targets consist of 
metallic cylinders with a diameter of 100 mm and a thickness of 6 mm.

2.2. Surface treatments
Figure 1 shows a schematic of surface treatments performed on AISI D2 steel.

This work used plasma nitriding and reactive deposition treatments in different reactors, which charac-
terizes the discontinuous duplex treatment.

Initially, the residues present on the surface of the substrates were removed through the following proce-
dures: the steel surface was sanded using silicon carbide sandpaper with a granulometry of 100, 240, 320, 400, 
600, and 1200 MESH and polished using an abrasive based on alumina particles (Al2O3) with 1.0 µm granu-
lometry. Then, the steel samples were submerged in isopropyl alcohol in an ultrasonic cleaner for 10 minutes. 
The silicon samples were cleaned with liquid detergent submerged in running water and washed with isopropyl 
alcohol in an ultrasonic cleaner for 10 minutes.

Figure 1: Schematic surface treatment performed on AISI D2 steel.

Table 1: Chemical composition of AISI D2 steel, in weight percentage.

ELEMENT CHEMICAL COMPOSITION (wt. %)
Carbon (C) 1.4 ± 0.1
Silicon (Si) 0.3 ± 0.1

Manganese (Mn) 0.3 ± 0.1
Nickel (Ni) 0.1 ± 0.1

Chromium (Cr) 13.3 ± 0.1
Molybdenum (Mo) 0.8 ± 0.1

Cobalt (Co) 0.1 ± 0.1
Tungsten (W) 0.2 ± 0.1
Vanadium (V) 0.9 ± 0.1

Iron (Fe) Balance
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Plasma nitriding was performed in a working atmosphere containing 5% nitrogen (N2), 74% hydrogen 
(H2), and 21% argon (Ar) by volume for 120.0 ± 0.5 minutes. Temperature, current, and voltage were kept con-
stant and equal to 500 ± 5 ºC, 240 ± 2 mA, and 762 ± 2 V, respectively [10].

The reactive depositions of the TiN and Ti0.41Al0.59N films were performed using a magnetron system 
composed of a stainless steel grid [11] and a voltage source in direct current. During the depositions, flow rates 
of 4.6 ± 0.1 sccm of N2 in the TiN films and 6.8 ± 0.2 sccm of N2 in the Ti0.41Al0.59N films were used. Between 
the substrate and the TiN film, an intermediate layer of titanium (Ti) was deposited. The metallic Ti layer was 
obtained using an Ar flow rate of 2.8 ± 0.1 sccm, the pressure of 0.4 ± 0.1 Pa, and a current of 2.0 ± 0.2 A for 
2.0 ± 0.5 minutes [10].

The target plasma cleaning was performed on all depositions using an Ar flow rate of 2.8 ± 0.1 sccm at 
2.0 ± 0.2 A direct current for 2.0 ± 0.5 minutes.

The process parameters used in the film depositions are shown in Table 2.
Temperature, pressure, current density, and Ar flow were kept constant at 300 ± 5 ºC, 0.9 ± 0.1 Pa, 2.0 ± 0.5 A, 

and 2.8 ± 0.1 sccm, respectively [10].

2.3. Characterizations
Table 3 correlates the substrates used, the type of treatment, and the characterization techniques performed. The 
steel nitrided layer was characterized by X-ray diffraction (XRD), Vickers microhardness profile, and scanning 
electron microscopy (SEM). The coatings were characterized by XRD, Rockwell C, instrumented indentation 
technique (IIT), and SEM.

To measure the microhardness of the nitrided layer of the steel, a Shimadzu HMV-2T microhardness 
tester was used, consisting of a diamond indenter with a pyramidal base. The first indentation was performed on 
the top of the surface of the nitrided layer with a load of 980.7 mN, which was applied for 10 seconds. A total 
of fifteen measurements were performed. Then, a load of 245.2 mN was applied for 10 seconds at 10 μm and 
20 μm below the surface of the nitrided layer. The subsequent measurements were performed every 10 μm up 
to 180 μm concerning the top of the surface of the nitrided layer. In these indentations, the applied load and test 
execution time were constant and equal to 980.7 mN and 10 seconds, respectively. For each load application 
point, five measurements were performed. The measured values were analyzed using the Easy Test software.

The X-ray diffraction patterns were obtained using the Shimadzu XRD-600 model diffractometer. The 
diffractograms were collected from the nitrided surface of the steel and the deposited films on nitrided steel 
(duplex treatment). Copper K-α1 radiation with a wavelength of 1.5406 Å, a voltage of 40 keV, a current of 
30.0 mA, and a scanning speed of 2.0º per minute were used. The crystalline phases were identified through the 
diffracted lines (2θ) and the respective interplanar distances, which were analyzed using the OriginPro software 
adjustment and compared with the Inorganic Crystal Structure Database (ICSD).

To analyze the microstructure of the nitrided layer of the steel and the coatings deposited on the silicon, a scan-
ning electron microscope with the field emission gun Jeol JSM-670 1F was used. To reveal the microstructure of the 
nitrided layer of the steel, the substrate was sectioned on an Isomet 4000 cutting machine with a diamond disc. Then the 

Table 2: Films deposition process parameters.

FILM TREATMENT N2 FLOW 
(sccm)

TIME 
(min)

V BIAS 
(V)

TiN Reactive deposition 4.6 ± 0.1 54.0 ± 0.5 − 30 ± 2
TiN Duplex: plasma nitriding and reactive deposition 4.6 ± 0.1 54.0 ± 0.5 − 30 ± 2

Ti0.41Al0.59N Reactive deposition 6.8 ± 0.2 60.0 ± 0.5 − 50 ± 2

Ti0.41Al0.59N Duplex: plasma nitriding and reactive deposition 6.8 ± 0.2 60.0 ± 0.5 − 50 ± 2

Table 3: Substrates and characterization techniques.

SUBSTRATE TREATMENT CHARACTERIZATION TECHNIQUES
Silicon Reactive deposition SEM

AISI D2 Plasma nitriding XRD, Vickers microhardness, EDS-SEM
AISI D2 Reactive deposition XRD, Rockwell-C, IIT
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two sections were glued together with the nitrided surfaces laid out against each other. To analyze the microstructure 
and determine the average thickness of the films, the silicon substrates were fractured to reveal the cross-section.  The 
images generated via SEM were processed using the ImageJ software. Nine measurements were performed per coating.

The coating’s hardness (H) and elastic modulus (E) were determined using the CETR-Apex indenter 
coupled to the atomic force microscope. The tip used was a Berkovich diamond, and the indenter tip penetrated 
a maximum of 10% of the total thickness of the coatings. The value considered for Poisson’s ratio (ν) in the TiN 
films was 0.19 [12] and in the Ti0.41Al0.59N films was 0.26 [13]. Thirty-two indentations were performed using 
loads between 6.0 mN and 7.0 mN. The two highest and two lowest values of hardness and elastic modulus  
measured were not considered for calculating the mean value.

The quality of the adhesion of the films to the substrates of non-nitrided steel and nitrided steel (duplex 
treatment) was evaluated through the Rockwell C test according to the DIN-CEN/TS 1071-8 standard. In this test, 
a microhardness tester Brivo VA Reicherter with a maximum load of 1470 N and an optical microscope Olympus 
CX31, Infinity 1 TH4-100, were used. Three indentations were performed in each deposition condition. An optical 
microscope developed the images of the damage caused to the film’s surface with an image magnification of 100:1.

3. RESULTS

3.1. Plasma nitrided surface

3.1.1. Hardness profile
The thickness of the diffusion layer was determined indirectly using the DIN 50.190 standard and the micro-
hardness profile, measured from the surface of the plasma nitrided steel to the core of the sample. According 
to the indentations, the nitrided steel had a diffusion layer with an approximate thickness of 60 ± 10 µm and 
microhardness in the core of approximately 712 ± 6 HV.

Depending on the amount of N2 gas used during the plasma nitriding process, a layer of compounds 
(γ'-Fe4N and ε-Fe2-3N) can be formed [14, 15]. Among the mentioned phases, the diffusion coefficient of nitro-
gen in the compound γ'-Fe4N (8.1 × 10–14 m2/s) is approximately two orders of magnitude smaller than the 
diffusion coefficient of α-iron (6.5 × 10–12 m2/s), which favors the formation of the γ'-Fe4N phase and a thinner 
diffusion zone [16]. To increase the ion bombardment and obtain a thicker diffusion layer, N2 or Ar is inserted 
into the reactor. Ar ions (higher atomic mass) provide energy to the lattice and promote the greater diffusion of 
nitrogen atoms. With greater diffusion of nitrogen atoms, the layer of compounds tends not to be formed and the 
diffusion zone increases in thickness [17].

Figure 2 illustrates the microhardness profile performed on nitrided steel.

3.1.2. Crystalline structures
Figure 3 shows the X-ray diffraction spectra of plasma nitrided AISI D2 tool steel.

Chromium nitride (CrN) (ICSD-192945) with face-centered cubic structure (space group 225) was 
observed in the 2θ positions at 37.5º, 43.5º, and 63.2º; the Cr2N phase (ICSD-67400) with trigonal structure 

Figure 2: Vickers microhardness profile of AISI D2 tool steel nitrided with 5% N2 by volume for 120.0 ± 0.5 minutes.
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Figure 4: (a) Microstructure of the nitrided steel layer. Cross-section, with 1.0% nital etching for 10 ± 1 seconds, obtained 
by SEM, (b) Elemental mapping of plasma nitrided steel using EDS-SEM.

Figure 3: X-ray diffraction pattern (XRD) of the nitrided steel surface.

(space group 162) in the 2θ positions at 37.5º and 43.5º; and tetragonal nitrogen-martensite phase (α’-Fe(N))  
[1, 18] in the 2θ positions at 44.4º, 64.9º, and 82.2º, with preferential plan development (110).

The primary carbides present in AISI D2 tool steel are rich in Cr. During the plasma nitriding process, 
nitrogen diffuses into the martensitic matrix and carbides close to the surface, which favors the formation of 
chromium nitride, in this case, CrN (ICSD-192945) with a face-centered cubic structure (space group 225) and 
Cr2N (ICSD-67400) with trigonal structure (space group 162). The presence of primary carbides in plasma 
nitrided steel was revealed by cross-section via SEM and is illustrated in Figure 4.

The X-ray diffraction spectra of nitrided steel did not detect the formation of diffraction lines of the crys-
talline phases constituting the layer of compounds (γ'-Fe4N and ε-Fe2-3N).

In this work, the flow of N2 gas and the process parameters were determined to inhibit the formation of 
the layer of compounds. The absence of the white layer can induce compressive residual stresses on the nitrided 
surface. The diffusion zone, absent of γ'-Fe4N and ε-Fe2-3N  nitrides, increases the substrate’s ability to withstand 
loading, thus improving the film-substrate adhesion [19].

3.1.3. Microstructures
Figures 4-a and 4-b show the elemental mapping of plasma nitrided steel using EDS-SEM.

The cross-sectional image shows the martensitic matrix, primary carbides (PC), and secondary carbides 
(SC). Retained austenite and the composite layer (white layer) were not observed.
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Figure 5: X-ray diffraction pattern of TiN films deposited on plasma nitrided steel.

The EDS-SEM spectrum revealed that the analyzed region contains nitrogen, chromium, and iron. The 
primary carbides are rich in chromium and the martensitic matrix in α’-iron. Secondary carbides are formed by 
chromium and nitrogen. EDS-SEM analysis conforms to the XRD spectrum shown in Figure 3.

3.2. TiN and Ti0.41Al0.59N films

3.2.1. Crystalline structures
Figure 5 shows the X-ray diffraction pattern of TiN films deposited on plasma nitrided AISI D2 steel 
(duplex treatment).

Through the X-ray diffractogram, two diffracted lines approach the α-Ti crystalline phase with a compact 
hexagonal structure in the 2θ positions at 35.2 and 38.5º with preferential plane development (002). The α-Ti 
phase corresponds to the intermediate layer deposited between the coating and the substrate.

The diffraction lines of the martensitic matrix were identified in the X-ray diffraction spectra in the 2θ 
positions at 44.8º with preferential plane development (110), 65.1º, and 82.6º.

The X-ray diffraction spectra also confirmed the presence of the TiN phase (ICSD-152807) with a 
face-centered cubic structure (space group 225). Figure 5 and Table 4 show that diffraction lines approach-
ing the TiN phase were identified in six different 2θ positions with the development of the preferential 
plane (111).

Figure 6 shows the X-ray diffraction pattern of Ti0.41Al0.59N films deposited on plasma nitrided AISI D2 
steel (duplex treatment).

The X-ray diffraction spectra in Figure 6 show that diffracted lines approaching the Ti0.41Al0.59N phase 
(ICSD-58012) with face-centered cubic structure (space group 225) were identified in the 2θ positions at 37.7 º, 
43.3º, 63.6º, and 74.9º with the development of a preferential plan (200).

3.2.2. Microstructures
Figures 7-a and 7-b show that columnar microstructures were formed in both films, similar to the microstructure 
of the T zone proposed by Thornton [20]. The fibrous grains do not have well-defined boundaries. This char-
acteristic may be related to the deposition conditions used during the nucleation and growth of the films. The 
formation of the Ti phase between the TiN coating and the silicon substrate is still observed. The middle layer 
of Ti is 80 ± 5nm thick.
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Figure 6: X-ray diffraction pattern of Ti0.41Al0.59N films deposited on nitrided steel.

Table 4: Reference values of the TiN crystalline phase shown in the X-ray diffractograms of Figure 5.

NUMBER CRYSTALLINE 
PLANE

2Θ (º) Dhkl (nm) EXPERIMENTAL a 
(nm)

THEORETICAL a 
(nm)

1 (111) 36.9 ± 0.1 2.44 ± 0.05 4.22 ± 0.01 4.24
2 (200) 42.8 ± 0.1 2.11 ± 0.05 4.22 ± 0.01 4.24
3 (220) 61.9 ± 0.1 1.50 ± 0.05 4.24 ± 0.01 4.24
4 (311) 74.1 ± 0.1 1.28 ± 0.05 4.24 ± 0.01 4.24
5 (222) 78.1 ± 0.1 1.23 ± 0.05 4.24 ± 0.01 4.24
6 (400) 93.2 ± 0.1 1.06 ± 0.05 4.24 ± 0.01 4.24

Figure 7: Microstructure images of films via SEM. (a) TiN and (b) TiAlN.
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Table 6: Hardness (H) and  elastic modulus (E) of TiN and TiAlN thin films via IIT.

COATING TREATMENT HARDNESS 
(GPa)

YOUNG MODULUS 
(GPa)

TiN Duplex: plasma nitriding and reactive deposition 25 ± 1 331 ± 25
TiN Reactive deposition 24 ± 2 296 ± 21

TiAlN Duplex: plasma nitriding and reactive deposition 23 ± 2 320 ± 30
TiAlN Reactive deposition 21 ± 4 317 ± 28

Table 5: Average thickness of films deposited on silicon.

FILM AVERAGE FILM THICKNESS 
(µm)

DEPOSITION TIME 
(min)

DEPOSITION RATE 
(nm/min)

TiN 0.8 ± 0.1 54.0 ± 0.5 15 ± 1
Ti0.41Al0.59N 0.9 ± 0.1 60.0 ± 0.5 15 ± 1

Figure 8: Rockwell C test of film adhesion to the substrate. (a) TiN obtained via duplex treatment, (b) TiN obtained via 
reactive deposition, (c) Ti0.41Al0.59N obtained via duplex treatment, and (d) Ti0.41Al0.59N obtained via reactive deposition.

Table 5 shows the average film thickness and deposition rate values.
The TiN and Ti0.41Al0.59N  films were obtained with a thickness of 0.8 ± 0.1 µm and 0.9 ± 0.1 µm, respec-

tively. The deposition rate was determined through the ratio between the average thickness of the films and the 
total deposition time. The deposition rate in both films was 15 ± 1 nm/min.

3.2.3. Hardness and elastic modulus
Table 6 shows the average values for the hardness and the young modulus of the films deposited on the plasma 
nitrided AISI D2 tool steel and non-nitrided steel.

There were no significant variations in the hardness and elastic modulus values between the coatings 
obtained by reactive sputtering deposition and duplex treatment. However, large values can be observed for the 
mean standard deviation in the elastic modulus of TiN and Ti0.41Al0.59N  films deposited on plasma nitrided AISI 
D2 tool steel and non-nitrided steel. This is explained by the low load (between 6.0 mN and 7.0 mN) applied in 
the instrumented indentation test and the surface roughness.
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3.2.4. Film-substrate adhesion
The adhesion of TiN and Ti0.41Al0.59N films to plasma nitrided AISI D2 tool steel and non-nitrided steel was 
qualitatively evaluated – DIN Standard – CEN/TS 1071-8.

Figures 8-a and 8-b show the damage caused to the indented surfaces of TiN films deposited on plasma 
nitrided steel (duplex treatment) and non-nitrided steel, respectively. The images show the presence of micro
cracks and some circular cracks. These films have acceptable adhesion and are rated HF-1 and HF-2, respec-
tively.

Ti0.41Al0.59N coatings with a N2 flow rate of 6.8 ± 0.2 sccm deposited by duplex treatment have moderate 
spalling and few microcracks (Figure 8-c). The samples are characterized with the HF-4 index. Coatings depos-
ited on non-nitrided steel produced a large peeling area, characteristic of the HF-6 adhesion index (Figure 8-d).

It is observed that the films obtained by the duplex treatment, compared to those deposited on non-
nitrided steel, presented the best indices of quality of adhesion of the coatings to the substrates. The compressive 
loads acting on the nitrided layer may have influenced the adhesion of the films to the substrates. Compres-
sive loads provide mechanical support to the substrate surface thus promoting an increase in load loading and 
unloading capacity [9, 21, 22].

The improvement in the quality of adhesion of the coating to the plasma nitrided substrate discussed in 
this work conforms to the research by Recco et al. [5] and Dalke et al. [22]. Recco et al. [5] evaluated the adhe-
sion quality of TiN on H13 steel substrates. They concluded that the improvement in the coating-substrate adhe-
sion occurred due to the pre-treatment of the substrate via plasma nitriding. Likewise, Dalke et al. [22] obtained 
Cr-Al-Ti-B-N films via duplex treatment. The authors concluded that the surface hardening of the substrate via 
nitriding influenced improving the coating-substrate adhesion quality.

4. CONCLUSIONS
In both films obtained, the formation of the face-centered cubic phase (space group 225) can be observed. TiN films 
showed preferential plane development (111), and  Ti0.41Al0.59N films showed preferential plane development (200).

The coatings obtained by duplex treatment exhibited hardness and elastic modulus highest values using 
the same deposition conditions as those deposited on non-nitrided steel.

The films obtained via duplex treatment were evaluated as having the best indices of quality of adhesion 
of the film to the substrate when compared with the films deposited on non-nitrided steel. TiN samples depos-
ited on plasma nitrided steel and non-nitrided steel with a N2 flow rate of 4.6 ± 0.1 sccm were characterized as 
HF-1 and HF-2 index (acceptable adhesion), respectively. Ti0.41Al0.59N coatings deposited with a N2 flow rate of 
6.8 ± 0.2 sccm on plasma nitrided steel were characterized by HF-4 index (acceptable adhesion). However, the 
films deposited on the non-nitrided steel exhibited a large exposed surface area of the substrate, thus character-
ized by the HF-6 index (non-acceptable adhesion).
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