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In this present research work, TiZrN and TaZrN multilayer coating was deposited on 4140 steel by RE/DC magnetron sputtering
for comparative work also prepared in single layer. The flow rate ratio of Ar/N2 was set to 15:3 sccm and the thin film was
prepared by the PVD (physical vapor deposition) method by RF/DC magnetron using a Ti-Zr and Ta-Zr target with a purity of
99.99%. The crystal structure, surface morphology microstructure, and component arrangements were explored by X-ray
diffraction (XRD), scanning electron microscope (SEM), and atomic force microscopy (AFM). It has been found that the crystal
structure, surface morphology, microstructure, and elemental composition of the membrane are strongly dependent on de-
position parameters. It is mechanically characterized by corrosion and Vickers hardness. In AFM measurements, coarse cluster
particles with increasing Ti and Ta values not only increase the average roughness (Ra) by 2.341 nm (200°C) and 2.951 nm (400°C)
but also have a continuous average thickness which was shown to increase by 1.504 nm and 781.75 nm. With the increase of
hardness, the roughness decreases correspondingly. The TiZrN multilayer microhardness augmented to 314 GPa at 200°C and
371 GPa for TaZrN (400°C).

1. Introduction

There are various methods and processes for depositing
TiZrN thin films, as most of them are made by a large applied
arc current. However, the advantage of the deposition
technology is that there is no additional request form, no
polarized substrate, and a low temperature, which can re-
duce production time and thus manufacturing costs. The
aim of this work was the deposition of nano structured thin
TiZrN layers on unheated substrates without polarization of
the substrate at different Ti sputtering currents with

simultaneous asymmetrical DC magnetron sputtering [1-3].
The effect of the Ti sputtering current on the crystal structure
morphology was analyzed.

Tantalum nitride is chemically inert, corrosion resistant,
and hard. TaN thin films are thus gaining increasing at-
tention for thin film resistors and diffusion barriers in the
microelectronics industry. These films are known for their
high temperature stability and their ability to resist oxidation
up to 8000°C. TaZrN coatings can resist oxidation up to
13000°C [4, 5]. There have been investigations carried out on
the mechanical properties of TaN films, which clearly
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indicate their potential of being used as high hardness
coatings. Some compounds present in TaN at high N, flow
and higher substrate temperature, such as orthorhombic
Ta4N and FCC TaN have theoretical hardness of 61 and
50 GPa, respectively, although other researchers have re-
ported the FCC phase to have hardness around 20 GPa.

On the other hand, when we use these two high-k
materials individually, there was a problem with the elec-
tronic instabilities of zirconium oxide on Si substrate [6].
Eventually, there would be an unstable interface at ZrO,/Si
stacks TiO,/Si. Due to the very low offset of the conduction
band, high leakage currents occur even at low temperatures.
In order to accumulate the benefits of both oxide layers
simultaneously in one device, we propose interface engi-
neering that supports the chemical composition and physical
structure of the titanium-doped zirconium oxide (ZrTiO,)
layer. Zr-doped TiO, thin films can be prepared by plasma-
assisted pulsed laser deposited and atomic layer deposition,
electron beam evaporation, DC magnetron sputtering, RF
magnetron sputtering, and chemical deposition methods,
namely, chemical bath deposition, chemical spray pyrolysis
method, and sol-gel spin coating method.

2. Materials and Method

The TiZrN/TaZrN nanocomposite film is made by depos-
iting titanium (Ti) and zirconium (Zr). The target and the
tantalum (Ta) are each 99.99% pure. The initial pressure was
reduced to 4 x 10> mbar and the target was presprayed for 5
minutes to remove contaminants from the target surface
before injection. A high purity reactive gas (99.999%) is
introduced into a vacuum chamber to form a thin TiZr/
Ta-Zr film. Argon and nitrogen flow rates were adjusted to
constant values throughout the investment. Table 1 shows
the deposition parameters for the TiZrN coating [7]. Table 2
shows the chemical compositions of E19 steel.

3. Results and Discussion

3.1. Crystal Structure. Figures 1(a)-1(c) show the XRD
shapes of samples S1 and S2 (TiZrN and TaZrN). The angle
of incidence of X-rays was 0.5° and angle 2 was scanned from
20° to 59.983". The 2 angles of the vertices were obtained by
adjusting each vertex based on the Gaussian or Lorentz
distribution hypothesis. The XRD models showed no ad-
ditional phases not observed by the XRD. The crystalline
level of TiZrN, i.e., (101), (101), (102), (103), and (200), was
observed in the XRD pattern of sample S1 (Figure 1(a)). S2
sample models (Figure 1(b)) show that there were two
phases in these bands, namely, TiZrN. As the current in-
creased, the XRD intensity of level (101), (220), and (222)
increased but decreased for level (200) [7]. The intensity of
the plane (200) changed significantly, indicating a preferred
orientation with maximum intensity. The development of
the crystal structure is attributed to the additional energy of
the deposition atoms on the substrate surface during the
formation of the membrane, which leads to greater mobility
of the Ad atom and therefore to greater crystalline of the
membranes due to longer deposition time (60 minutes)
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TaBLE 1: Operating parameters for deposition of TiZrN/TaZrN thin
film coating.

Parameters TiZrN TaZrN
Chamber base pressure 4x10°mbar 4x10"°mbar
Deposition pressure 4x107> mbar 4x107> mbar
Ar:N, flow rate 15:3 sccm 15:3 sccm
Target distance 70 mm 70 mm
Substrate temperature 200°C and 400°C  200°C and 400°C
Interlayer 60 min 60 min

Ti (DC) and Ta (DC) 100 W 100 W

Zr (RF) 100 W 100 W

[8-13]. In addition, the observation is that the XRD 20
peaks shift at lower Bragg angles than in the standard TiN
refraction model, which shows the extraction of the lattice by
replacing Zr atoms with Ti atoms in the TiN structure. Full
width at half maximum (FWHM) is 0.4047 and I/Io is
143.31. Rp is the calculated model Rp =72.4% and (200) the
simple cubics present in the 45 present can have a base of
multiple atoms. It has been found that the growth films
consist of a simple cubic Ti-Zr-N structure. The crystal
system is tetragonal, and the space group is I 4/mm (139).
Cell characteristics were estimated using XRD analysis for
the Ti-Zr-N structure and carried out using a wavelength of
1.541874 A.

It can be easily confirmed by XRD data from TaZrN
samples (Figure 1(c)). The full diffraction spectrum shows
the typical plane distance of the TaZrN structure. Figure 1(c)
shows the spectra of samples S1 and S2, which correspond to
two extreme cases in terms of composition (Table 3). These
data show clear directions (111) and (200), although other
diffractions are also observed. A physical property of the cal.
density is 13.434 g/cm® wave length 1.5309 A to the FWHM
0.4047 and the 20 is 41.81 (Sample S2 Figure 1(c)). The lack
of separate diffraction groups for the two cubic grids in-
dicates that the film studied is not an amphiphilic mixture of
Ta and Zr due to the similarity between the two structural
properties [14]. Figure 1(c) shows the grid parameters as a
function. Tantalum material is represented by the compo-
sition Ta/(Zr + Ta), which clearly shows that the stored tape
is a step. The data range is 20°-59.983°, and the wave length
is 1.541874 A [4]. Cubic cell parameters was taken at
a=4.43400 A (sample S1 in Figure 1(c)).

4. Scanning Electron Microscope

Figures 2(a) and 2(b) show SEM cross-sectional images of
the remaining samples at constant nitrogen and argon flow
rates. Although the column is not visible in the sample
remaining at 200°C, the structure becomes clearer as the flow
rate increases. The thickness of the TiZrN tape ranges from
500 to 1000 nm and decreases with increasing temperature
within a fixed storage time of 60 minutes [9]. The storage
time is calculated by dividing the thickness by the storage
time. The difference between the storage rate and the
temperature ratio is shown in Figure 2. When the constant
nitrogen flow rate increases, the decrease in the supply of Ti
and Zr atoms decreases with increasing temperature so that
the rate of precipitation decreases. In this process, the high
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TaBLE 2: Chemical compositions of E19 steel.

C (%) S (%) Si (%) Cr (%) Mn (%) Mo (%) P (%)
0.35 ~0.45 < 0.050 0.10 ~0.35 0.90 ~1.50 0.50 ~0.80 0.20 ~0.40 <0.035
Bold shows % of chemical composition mixing in E19 steel.
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FIGURE 1: X-ray diffraction patterns of TiZrN/TaZrN films with different temperature contents.
TaBLE 3: Surface roughness and hardness of coated material.
Coating Temperature ~ Hardness Surface Root mean Smooj[ h Sel. frequency Amplitude, Scan
type C) (GPa) rougnness (Ra), square (Rq), Coefhicient (Hz) om rate
YP nm nm (Rku) (Hz)
TiZrN 200 (S1) 314 3.222 4.057 3.226
400 (S2) 272.3 2.951 3.742 3.459
TaZrN 200 (S1) 371.3 2.341 3.126 5.319 287.523 309 0.5
400 (S2) 286 2.359 3.186 6.040

Bold values indicate that AFM was used to examine the surface roughness and hardness of two materials. The frequency, amplitude, and scan rate were all kept

at the same value.

N, input reduces the concentration and energy of the
Ar +ions in the plasma so that a lower Ta content is expected
in the coating. Multilayer TaZrN coating is under various R/
N, inputs [11]. There was an overlap of the columnar crystal
structure and the ym residue formed under R/N, =15/3 gave
a smooth and abnormal image (see Figure 2(d)).

4.1. Atomic Force Microscope. The AFM images (auto probe
NC microscope) in Figure 3 show a three-dimensional image
of the morphology of the coated surface (5 ym piezoelectric
scanner with up to 5um background scan area and up to 5
vertical scan area surface maps). Prepared sample temper-
atures were 200°C and 400°C (TiZrN/TaZrN). The scanning
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FIGURE 2: Cross-section SEM image of TiZrN/TaZrN films with different temperatures: (a) S1 (TiZrN) at 200°C, (b) S2 (TiZrN) at 400°C, (c)
S1 (TaZrN) at 200°C, and (d) S1 (TaZrN) at 400°C.

@ (b)

FiGgure 3: Continued.
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(d)

F1GURE 3: Surface morphology (3D view 5 x 5 yum) of TiZrN/TzZrN deposited at different temperatures: ((a), (¢)) 200°C and ((b), (d)) 400°C.

rate, sel. frequency, and amplitude are commonly set by NC-
AFM (0.5 Hz, 287.52E3 Hz, and 30.9 nm) Most grains of the
same size and mixed grains are stored at 200°C. All grains at
400°C look large on the surface, elongated, and unfolded.
Gradually, increase the number of seeds by filling most of the
triangular shapes. Adjust the particle volume to form a larger
triangle [15-19]. The valley theme and open superstructure
are seen on TaZrN. The original root of the sample is Rq
4,057, 3.742nm (TiZrN), and 3.126, 3.186 nm (TaZrN), re-
spectively (refer Figure 4). AFM shows average thickness
3.222, 2.951 nm for TiZrN and increasing value at TaZrN
from 2.341 and 2.359nm by increasing the temperature
(refer Table 3 and Figure 5). The results are related to in-
creased atomic energy and increased temperatures of tita-
nium and tantalum. The thickness of the film is more
affected by the Ti and Ta particles coming out of the target.
The smooth coefficient (Rku) value increased by corre-
sponding temperature of the given sample. The values are
3.226 and 3.459 for Ti-based and 5.319 and 6.040 for Ta-
based (refer Figure 4)

The Vickers hardness (Hv) followed to find the hardness
in microscale of Hv0.1 for the test force F=0.9807 N (Const.
X test force/surface area of indentation). The hardness of
TaZrN/TiZrN samples was measured at three diagonal
widths between the grooves. Calculate the mean and stan-
dard deviation of hardness and modulus:

2FSin1236 /2' (1)
d

Hv =0.102 x

The concentration of titanium (isotope element) thermal
expansion and electrical resistance is 8.6 yum/m.k at 25°C and
420 nQm at 20°C, mechanical stability in that pure target was
$#=032, E=116GPa, 7=44GPa, and p=4.506g/cm’.
Tantalum has a low thermal and electrical resistance when
compared to Ti because of its bcc and tetragonal structure
(a-Ta, 5-Ta). The mechanical characteristics of pure Ta are
=0.34, E=186GPa, 7=186GPa, and p=16.69g/cm’.
Common layer of Zr (91.22 atomic mass unit)-based target
has the density and melting point of p=16.49 gms/cc and
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FIGURE 4: Temperature vs root mean square (Rq) and smooth
coefficient (Rku).

1852°C. Multilayer coating hardness and modules are be-
tween single TaZrN/TiZrN layers. This means the law of
mixing in mechanical behavior. The multilayered structure
of this one-component zirconium nitride system helps
improve hardness and modulus [20]. Figure 6 shows the
hardness of the film and the relationship between tantalum
and zirconium materials. The hardness of the film consisting



6 Advances in Materials Science and Engineering

200°C - 3.222 nm 200°C - 2.341 nm
325 ., . )
| . 400°C - 2.951 nm 2.360 400°C - 2.359 nm
4 -
320 2.358 -
2.356
T 3157 T 2354 -
£ £ 1
& 3.10 &~ T
< < 2350 -
: 23 ]
S 3.05 - 5 %]
& S 2346
3.00 2.344
2.342
- 1 L
2.95 - 2.340
T T T T T T T T T ' T T T T T T T T T
200 250 300 350 400 200 250 300 350 400
Temperature (°c) Temperature (°c)
—s— TiZrN —s—  TaZrN
FIGURE 5: Temperature vs Avg. roughness (Ra).
400 - 330 -
200°C - 3713 G 200°C - 314.3 Gpa
] -2/ apa 4 400°C - 272.3 G
380 1 400°C - 286 Gpa 320 pa
360 4 3104 g
B . B
Qo O 300
= 340 | =
9] $
= =
8 S 290 -
< . <
= 320 T
280 -
300 A L
u 270 A I
|
280 -
T T T T T 260 T T T T T
200 250 300 350 400 200 250 300 350 400
Temperature (°c) Temperature (°c)
—— TaZrN —=— TiZrN
FIGURE 6: Temperature vs hardness (GPa).
TABLE 4: Details of testing parameters in constant humidity condensation atmosphere test (ref. 6270:2005 (E)).
1 8% when measured with a hygrometer during a
Humidity 98% w w e &
test
Temperature 35 to 45 degrees Celsius
. . Infinitely variable from 2 to 3 bar with pressure
Pr. of air for atomizing
regulator

Mixed with brine (5% of sodium chloride, 1% of magnesium chloride, and deionized
water 94%

For 1 liter of solution

Maintained at 7.5 by the addition of a buffer
solution

pH improvement Measured every 8 hours

Some service providers Tied with plastic wire and hanged on the hanger

pH of the solution
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TaBLE 5: Important parameters evaluated from the coated samples of TiZrN/TaZrN tested in salt spray ASTM B-117 (ISO 9227:2017 (CASS

TEST)).
pH Samples Temp‘. of Concentration
solution
TiZrN (200°C and Sodium chloride (5.2% of NaCl+0.26 g of CuCl2.2H,0 + acetic acid to maintain
3.13 to 400°C) o o pH) - 52-53 g/l
3.18 TaZiN (2000C and 523 €#2C
400°C)
HZeN (290 € and Pr. of compressed air 15 psi, collection of sol. Per hr 1.3-1.5ml
67107 400°C) 49.5°C+2°C
’ TaZrN (200°C and T
400°C)
0.150 ~ 0.132 ~
0.148% 0.131%
0.130 -
0.145
0.128 -
s 5
= =
g 8
.S‘ 0.140 'g 0.126 -
3 3
o o
0.124 -
0.135
0.122 A
0.137% 0.121%
0.130 T T T T T 0.120 T T T T

200 250 300 350 400
Temperature (°C)

E=] After 24 Hrs (TiZrN)

200 250 300 350 400
Temperature (°C)

E=1 After 24 Hrs (TaZrN)

FIGURE 7: Temperature vs corrosion rate (%) for humidity test.

of Ta (Figure 6, TaZrN) gradually increases to 371.3 GPa.
This is about 1.8 times the evenly collected diagonal length of
ZrN in the same case. Due to the slight change in the load,
the value of the hardness measured under the load has not
changed [7, 21]. Due to the hard crystalline phase of TIN, the
highest hardness and modulus of approximately 4,314.3 GPa
were found in the C-type layer, respectively [11]. The
hardness value decreased due to the temperature value in-
creased for Ta and Ti-based and the highest value produced
at 200°C in the density of 13.434g/cm’ for TaZrN and
6.82200 g/cm3 for TiZrN.

5. Corrosion Behavior

Salt spray technique and humidity fog test made it possible
to investigate the corrosion behavior of the TiZrN/TaZrN
coating on AISI 4140 steel [11]. This measurement initially
initiated the investigation of corrosion behavior. The fog
humidity test is shown in Table 4. Then, the salt spray

samples were polarized in sodium chloride (5.2% of
NaCl +0.26 g of CuCl,.2H,0 + acetic acid to maintain pH)
- 52-53 g/1, pressure of compressed air 15 psi, and collection
of solution per hour 1.3-1.5 ml at air saturated at various pH
3.13 to 3.18 and 6.7 to 7 (Table 5). Effect of TiZrN/TaZrN
coatings with anticorrosive behavior 7 shows the polariza-
tion curves for various temperature samples with the studied
changes in surface roughness [22-28]. The important pa-
rameters estimated from the polarization curves are listed in
Table 4. It is clear that the multilayer coating significantly
affects the corrosion properties of AISI 4140 steel, in par-
ticular the corrosion current density (Icorr). In comparison
with the corrosion rate of TiZrN/TaZrN samples, the cor-
rosion rate significantly increases with surface roughness
(Table 3 and Figure 7). The corrosion rate of humidity test
carried temperature increases with increase in corrosion rate
of 0.121-0.131% for TaZrN and surface roughness slightly
affects the corrosion rate of 0.131-0.148% for TiZrN (Fig-
ure 7). This is because a high degree of irritation leads to



more defects in the coating, as well as a smaller sample with
fuller coverage. Concentration in 5.2% of NaCl at air sat-
urated at pH 7 exhibited better corrosion resistance. The
result of a humidity test at 44°C + 2°C with a pH of 7.5 was
that no rust formed after 24 hours [14, 29-36].

6. Conclusion

Ti-Zr-N/TaZrN coating was synthesized by the method of RF/
DC magnetron sputtering by 99.99% purity of targets. With
increase of current, the XRD intensities of (101) plane (220)
and (222) plane were increased. The Ti-Zr-N/TaZrN coating
was done with an XRD intensity of 0.4047 at TiZrN (FWHM),
space group I 4/mm (139), and a tetragonal crystal system with
cell parameters of a=4.01900 A and ¢=9.57700 A. The data
revealed strong (111) and (200) preferred orientations though
other diffraction lines were also observed at TaZrN. A physical
property of the cal. density is 13.434 g/cm® (FWHM) which is
0.4047 and the 26 value is 59.30 (1.5571 A) space group which
is Fm-3m (225) and the crystal system is cubic [37-44]. The
surface roughness of substrate of TiZrN/TaZrN film during
corrosion testing is the corrosion rate increased with in-
creasing surface roughness of substrate. Concentration in 5.2%
of NaCl at air saturated at pH 7 exhibited better corrosion
resistance. The corrosion rate of humidity test carried tem-
perature increases with increase in corrosion rate of
0.121-0.131% for TaZrN and surface roughness slightly affects
the corrosion rate of 0.131-0.148% for TiZrN (Figure 7). The
hardness of the film (Figure 6, TaZrN) will gradually increase
with the Ta value of 371.3GPa. A highest hardness and
modulus are around 314.3GPa (Figure 6, TiZrN). The
hardness value decreased due to the temperature value in-
creased for Ta and Ti-based and the highest value produced at
200°C in the density of 13.434 g/cm’ for TaZrN and 6.82200 g/
cm® for TiZrN. AFM are 0.5 Hz, 287.52E3 Hz, and 30.9 nm.
The compact morphology of 200°C-stored samples and 400°C-
stored whole grains tends to be larger and longer and spread
over the surface [37, 38, 45-51]. The particle size gradually
increases in a triangular pattern. AFM shows that with in-
creasing temperature, the average thickness continuously
decreases from 3.222 to 2.951 nm for TiZrN and the value at
TaZrN increases from 2.341 to 2.359nm by increasing the
temperature (see Table 3 and Figure 5). Interatomic energy
and temperature of titanium and tantalum increased. It also
affects the film thickness of some off-target Ti and Ta particles
[4, 5, 39, 52-55]. The transported TiZr NSEM film thickness
ranged from 500 to 1000 nm, which decreased with increasing
temperature velocity over a 60-minute deposition time (Fig-
ure 2). This is probably due to the decrease in the number of Ti
and Zr atoms with a constant increase in nitrogen flow.
Precipitation decreases as the temperature rises. This will
reduce the accumulation rate of Ar/N=15/3 [42].
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