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ABSTRACT
Multi-element  high-entropy alloys systems

(more than five elements) are alloy with X (5 < X <
13) principal elements each possess an atomic
percentage no more than 35%. This paper determines
the coating thickness for the high-entropy alloy
(HEAS) nitride films using reactive direct current
magnetron sputtering, that are deposited on ceramic
insert tools and glass substrates. Using equimolar
AICrNbSIiTiV HEA target and Ar plasma and N
reactive gases. The coated nitride films are
characterized using scanning electron microscopy
(SEM), energy dispersive X-ray analysis (EDS),
transmission electron microscopy (TEM) and a
nano-indentation technique. The TEM patterns show
that the (AICrNbSiTiV) N films have a simple
face-center-cubic (FCC) structure. The
(AICrNbSITiV) N films are homogeneous, very
compact and adhere perfectly to the substrate. The
films are uniform and dense, adhere perfectly to the
substrate, the results of the Rockwell indentation test
are categorized as HF1. The experimental results
show that after cutting, the coated tool has a
minimum flank wear of 16.91 pum and a surface
roughness Ra of 3.79 um for a sputtering time of 25
min and a film thickness of 431 nm. When the
coating thickness exceeds 431nm the elastic recovery
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and the hardness of the (AICrNbSiTiV) N film
increases However, further increases in the coating
thickness results in a decrease in the cutting qualities.

INTRODUCTION

Transition metal nitride and carbide films that
are synthesized by physical vapor deposition or
chemical vapor deposition have been extensively
studied. Sputtering technology (ST) is used to
improve or modify the mechanical properties and
surface quality of tools, parts and structures to save
on manufacturing costs and are the subject of many
studies. Solid ceramic nitride hard coatings, such as
TiN, CrWN, TIiAIN and CrAlSiN, find various
industrial applications because of their high hardness,
excellent wear resistance and high thermal and
chemical stability. Chen et al. (2016) showed that the
surface roughness of a workpiece and the flank wear
are significantly reduced for tool that is coated with
CrAISiN hard films using direct current (DC)
reactive magnetron co-sputtering. It is found that the
optimized CrAlISiN hard films deposition conditions,
the hardness, Young's modulus and friction
coefficient were 31.26 GPa, 258.58 GPa and 0.50,
respectively. Hsieh et al. (2017) reported the effect of
transition metal nitride (ZrN, WN and ZrWN) films
on the mechanical performance and cutting tool
properties. Cutting of AISI 316 stainless steel was
studied with and without CrWN films coated tools,
which show that use of a CrWN films coated tool
remarkably decreases surface roughness and flank
wear. Wu et al. (2019) The study shows that samples
that are coated with ternary nitride (ZrWN) perform
better than samples that are coated with binary nitride
(ZrN and WN). A comparison of the experimental
results shows that samples coated with ZrWN give a
better cutting property and have better mechanical
characteristic than samples coated with ZrN and WN.

Traditional metallic alloys use one or two main
elements in the primary phase and minor alloys
elements are added to improve the material properties
(Li et al. 2016). However, high entropy alloys
(HEAs), which represent a new concept in metallic



materials, are not like metallic alloys (Tsai et al.
2014). In general, HEAs contain at least five principal
elements in  equimolar or  near-equimolar
concentrations: the concentration of each element is
between 5% and 35%. Huang et al. (2009) noted that
HEA nitride films have a characteristic of FCC phase
structure. After interrupted turning, tools that are
coated with a HEA nitride film have a much longer
tool life than uncoated tools. The correlation of the
results with structure analysis and tool life shows that
using high power impulse magnetron sputtering
discharge produce higher (AICrNbSIiTiV) N film
density, a smoother surface structure and a higher
hardness surface (Chang et al. 2018). Wan et al.
(2018) deposited HEA nitride film onto a cutter insert
using reactive DC magnetron sputtering with an
equimolar HEA target. The study determined the
effect of a negative substrate bias on the structure, the
hardness, the elastic recovery and the performance of
the cutting tool. The machined surface for a coated
tool for which the substrate bias is =100 V exhibits
fewer surface defects, such as pockmarks or cracks.
Chang et al. (2018) reported the influence of the
nitrogen flow ratio (from 0 to 40%) on the chemical
composition, structure, mechanical characteristics and
cutting tool properties of the (AICrNbSITiV) N film.
The machining surface of a coated tool shows fewer
surface defects and the tool flank wear is decreased.
The ions are highly energetic ions so the films
deposited using HIPIMS are smoother, denser and
better crystallized. Hsieh et al. (2018) deposited a
HEA nitride film using reactive DC magnetron
sputtering with an equimolar HEA target. The TEM
patterns confirm that the HEA nitride films have a
simple FCC structure. The HEA nitride film coatings
are homogeneous, adhere perfectly to the substrate
and exhibit good tribological characteristics.
Experimental results show that a (AICrNbSiTiV) N
film coating significantly enhanced the mechanical
characteristics. Other studies show that the substrate
temperature (Erdogan et al. 2019; Amroun et al.
2019), the sputtering time (Astinchap et al. 2019; Ge
et al. 2019), the substrate negative bias (Deng et al.
2019; Liu et al. 2017) and the ratio of the nitrogen to
argon gas flow (Peygambarian et al. 2019; Pamuk et
al. 2018) have a significant effect on the
characteristics of coated objects. Using the sputtering
conditions mentioned  previously, this study
determines the effect of (AICrNbSITiV) N coatings of
different thickness on the structural and mechanical
performance.

EXPERIMENTAL METHOD

This experiment uses anti-oxidation elements
(Al, Cr, and Si), lubricating elements (V) and high
solid solution strengthening elements (Ti, Nb) to
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form a (AICrNbSiTiV) HEA system. The
(AICrNbSITiV) N films were deposited on discarded
ceramic insert tools (TNMG160404R-UMT1200A)
and glass, in order to determine the effect on the
mechanical properties and dry cutting quality of
substrate temperature, sputtering time, substrate bias
and the nitrogen to argon ratio, as shown in Table 1.

Table 1. The various deposition parameters and the

levels
Deposited Level Level Level Level Level
parameter 1 2 3 4 5
Substrate
temperature (°C) 25 100 200 300 400
Sputtering time
(min) 15 25 35 45 55
S”bs“(rf};* bias o 50 100 -150 -200
N2/(N2 + Ar) ratio
(%) 0 10 20 30 40

The effect of sputtering time (15, 25, 35, 45, 55
min) on a (AICrNbSITiV) N film that is growth using
a DC power of 180 W, a substrate bias of —-100 V, a
substrate temperature of 100°C, a chamber pressure
of 1x1072 torr and a nitrogen to argon ratio of 20% is
shown in Table 2. The sputtering and reactive gases
are Ar (purity: 99.995%) and N2 (purity: 99.995%),
respectively. The respective diameter and thickness
of HEA (AICrNbSITiV) target are about 50 mm and
6 mm. The substrates were ceramic insert cutting
tools and soda-lime glass, which were ultrasonically
cleaned in isopropyl alcohol (IPA) for 15 min, rinsed
with de-ionized water and dried in nitrogen. The
target was pre-sputtered for 10 min to remove any
contamination.
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Table 2. Deposition parameters for the
(AICrNbSITIV) N film
Substrate Soda-lime  glass  and
discarded ceramic insert
tools  (TNMG160404R-
-UMT1200A)
Working pressure 1x1072 torr
Base pressure 5x107° torr
Substrate-to-target 85 mm
distance
Target 50 mm/6 mm
diameter/thickness
Substrate rotate speed 50 rpm
DC power 180 W
The  magnetron  sputtering  system is

microprocessor controlled. The effect of different
coating thicknesses on the surface microstructure and
the mechanical properties of the (AICINbSITiV) N
coatings when they are used for turning S45C were
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determined. A micro-shape analyzer (a-Step,
KOSAKA, ET-4000A) was used to determine the
surface morphology and the thickness and deposition
rate for the (AICrNbSiTiV) N coatings. A field
emission scanning electron microscope (FESEM,
JEOL JSM-6500F) was used to observe the surface
morphology and the cross-section of the coatings.
The composition ratio of the coatings was determined
using Energy-dispersive X-ray spectroscopy (EDS).
XRD (Rigaku 2200 X-ray generator) with a 6~26
configuration was used to generate Cu K, radiation
(A=1.54056 A), using an electron-excited copper
target as an incident light source to obtain an XRD
diffraction pattern. Microstructural observations used
an analytical transmission electron microscopy
system (Philips Tecnai F20 G2 FEI-TEM). The
JCPDS card was used to determine the type and
crystal structure of the (AICrNbSITiV) coatings. The
coefficient of friction was measured using a
Ball-on-disk ~ Tribometer =~ (CSM  Instruments,
Switzerland). The (AICrNbSIiTiV) coatings that were
deposited on glass using a 6.0 mm diameter Al,O3
ball, tangential speed of 10 cm/s and a sliding
distance of 30 m under a load of 1 N. After the test,
the wear depth for the test specimen was measured
using a micro-shape analyzer (o-step). The film
hardness was measured using a dynamic micro
hardness tester (Fischer, HM-2000).

A series of turning experiments for S45C
(®40mmx400mm) used a cutting velocity of 200
m/min, a 0.2 mm/rev feed rate, a 2 mm depth of cut
and a 300 mm cutting length, using a CNC lathe
(LEADWELL T-6). For dry cutting, instead of using
coolant, nonpollutant machining processes with
coated tool inserts will improve cost effectiveness
and reduce pollution in the environment. All
experiments were performed three times using no
coolant. After turning, the flank wear was measured
using a tool microscope (Micro Vu, Vertex 220). A
surface roughness instrument (Mitutoyo, SJ-410) was
used to measure the surface roughness of the turned
S45.

RESULTS AND DISCUSSIONS

Table 3 shows the film thickness, the flank wear
and the surface roughness for different sputtering
times. The deposition rate ranges from 17.28 to 18.85
nm/min, the value for film thickness ranges from
261.5 to 979.6 nm. It is seen that the deposition rate
has little change with different sputtering times. The
results in Table 3 show that after dry turning S45C,
the coated tool has the lowest deposition rate (17.28
nm/min), a minimum flank wear of 16.91 um and the
least surface roughness Ra of 3.79 um for a
sputtering time of 25 min and a film thickness of 431
nm. The flank wear and the surface roughness for a
coated tool that is sputtered for 25 min show a
respective improvement of 31.42% and 6.05%. When

the thickness of the (AICrNbSiTiV) N film coating
exceeds 431 nm, the flank wear and the surface
roughness increase. However, further increases in the
coating thickness results in a decrease in cutting
qualities. After dry cutting with an (AICrNbSITiV) N
film coated tool inserts, we achieved much longer
tool life than that uncoated tools. Fig. 1 shows the
SEM images for the surface roughness (left) and
flank wear (right) with a (AICrNbSITiV) N film
coating at different sputtering times: (a, b) 15 min, (c,
d) 25 min, (e, f) 35 min, (g, h) 45 min and (i, j) 55
min.

Table 3. The film thickness, flank wear and surface
roughness for different sputtering times
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Sputtering  Film Deposition Flank  Surface
time thickness rate wear roughness
(min) (nm) (nm/min)  (um) Ra (um)
uncoated O 0 24.66  4.05
15 261.5 17.43 17.931 3.87
25 431.9 17.28 16.91 3.79
35 613.9 17.54 17.64  3.90
45 803.5 17.85 17.65 3.92
55 979.6 17.81 1735 3.79
e
Ra=3.87um
x2.0k 30um
(©)
Ra=3.79um

| (é) e

. s R;;390um :

x2.0k 30um




Fig. 1. SEM images showing the surface roughness
(left) and flank wear (right) with a
(AICrNbSITiV) N film coating at different
sputtering times: (a, b) 15 min, (c, d) 25 min,
(e, ) 35 min, (g, h) 45 min and (i, j) 55 min.

Fig. 2 shows the cross section and surface
morphology of(AICrNbSIiTiV) N films with different
sputtering times. The shorter the sputtering time is,
the thinner the film thickness. It is seen that the
(AICrNbSITiV) N films are homogeneous, very
compact and adhere perfectly to the substrate. No
cracking or peel-off is examined after coatings. In
some regions of the (AICrNbSiTiV) N film, a growth
morphology in the form of columnar structure. The
surface of the coating exhibits a grain like structure.
Fig. 3 shows the EDS composition of(AICrNbSITiV)
N films with different sputtering times. The
experimental results show that the influence of EDS
composition for (AICrNbSITiV) N film is not
significant to change the sputtering time. However,
the nitride has the largest concentration (at. %) in the
overall(AICrNbSiTiV) N film compositions.

(a) (b)
17 Sy ———

10.0kV 100nm
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Fig. 2. The cross section and surface morphology of
(AICrNbSITiV) N films that are sputtered for:
(a, b) 15 min, (c, d) 25 min, (e, f) 35 min, (g,
h) 45 min and (i, j) 55 min.
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Fig. 3. The EDS composition of (AICrNbSITiV) N
films for different sputtering times.
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Fig. 4 (a) shows the bright-field TEM
micrographs and Fig. 4 (b) shows the corresponding
selected area electron diffraction (SAED) pattern for
the HEA (AICrNbSiTiV) N films. As can be seen,
this film shows a typical columnar microstructure,
and composed of a series of concentric circular
diffraction  rings, which shows a simple
face-center-cubic (FCC) crystal phase. These results
are similar to those of Chang et al. (2018) Due to
stress relaxation away from the interface between the
HEAs nitride films and the substrate, the lattice
begins to form nanograins and the columnar structure
of the FCC is developed (Liang et al. 2016).

Fig. 5 shows the hardness of (AICrNbSIiTiV) N
film with different sputtering times. The hardness
ranges from 604.2 to 807.3 Hv. It can be seen from
Fig. 5 that the maximum hardness generated is 807.3
Hv at sputtering time of 25 min. Fig. 6 shows the
correlation between friction coefficient and wear
distance for (AICrNbSiTiV) N films with different
sputtering times. It can be seen from Fig. 6 that the
minimum friction coefficient is 0.78 at sputtering
time of 25 min.

(b)
Fig. 4. (a) TEM image and (b) the selected area
electron diffraction pattern for the HEA
(AICrNbBSITiV) N films.

-25-

800 A
\ ,-'
780 /
> /
=
W 7004 /
E | L) /..’
E /
5 650 1 \
/ LY
- \
600 < .
10 IIO 310 4Tll 51“ 6l
Sputtering times (min)
Fig. 5. The hardness of (AICrNbSiTiV) N film for
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Fig. 6. The correlation between the coefficient of
friction and the wear distance for
(AICrNbSITiV) N films for different

sputtering times.

A Rockwell C indentation test (maximum
applied force 1471 N) was used to determine the
adhesive strength of the coatings. An Indentec
hardness tester was used to determine the
Rockwell-C adhesion. For the adhesion analysis
techniques reported by Yang et al. (2015) defined six
classes (HF1-HF6) of indentation that qualitatively
estimate the adhesion of thin films to their substrates.
Fig. 7 shows the indented contours of the coated
samples. The indentation is smooth and some radial
cracks originate from the center. The (AICrNbSITiV)
N films that are produced by this study are classified
as HF1, which represents good adhesive strength.

Nano-indentation is used to study the
nanomechanical performance of these thin films. The
hardness (GPa), the elastic modulus (GPa) and the
elastic recovery (%) are measured by means of the



load-displacement curve and the film’s wear
resistance. The nanomechanical performance of the
films are measured in terms of indentor penetration
depth at maximum load (hmax), the depth of the
residual indent (hr), and the elastic recovery (Re).

Fig. 8 shows the  nano-indentation
load-displacement curves for (AICrNbSiTiV) N films
under different sputtering times. All of the curves
show consecutive loading and unloading processes. It
can be seen from Fig. 8 that the magnitude
relationships ~ of  load/sputtering  time  for
(AICrNbSITiV) N films in order are 7.7 mN/55 min,
7.6 mN/25 min, 6.7 mN/ 45min, 6.7 mN/35 min and
6.5 mN/15 min, respectively. With different
maximum loads (6.5, 7.6, 6.7, 6.7 and 7.7 mN), the
depths of indentor penetration (hmax) are 204.27,
207.13, 206.36, 206.48 and 206.48 nm. The depths of
the residual indent (hr) are 107.11, 108.04, 125.01,
122.16 and 122.16 nm, and obtained the elastic
recovery (hmax—hr)/hmaxx100% (Re) are 47.56,
47.84, 39.42, 40.83 and 40.83%. As a result for using
sputtering times of 25 min, shows the high hardness
of 807.3 Hv from Fig. 5 and elastic recovery of
47.84%.

10.0kV

SEI X200 100 xm WD 82mm

Fig. 7 Fracture morphology for samples that are
coated with a (AICrNbSITiV) N film,
measured using a Rockwell-C hardness

tester.
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Fig. 8. The nano-indentation load-displacement

curves for (AICrNbSiTiV) N films under
different sputtering times from 15 to 55
min.

CONCLUSIONS

This study determines the effect of
(AICrNbSITiV) N coatings of different thickness on
the structural, mechanical property and dry cutting
performance. The important results are summarized
as follows:

1. The dry cutting result shows that a sputtering time
of 25 min gives a minimum flank wear of 16.91
pum and a surface roughness Ra of 3.79 um. The
rate of flank wear and surface roughness are
respectively reduced by 31.42% and 6.05%,
compared with the figures for an uncoated tool.

. The deposition rate of (AICrNbSIiTiV) N films has
little change with different sputtering times.

. Nitride has the largest concentration (at.%) in the
overall (AICrNbSITiV) N film composition.

. TEM micrographs for the HEA (AICrNbSIiTiV) N

films, which shows a simple face-center-cubic

(FCC) crystal phase structure.

For a sputtering time of 25 min, the hardness of

(AICrNbSITiV) N films has a maximum value and

the coefficient of friction has a minimum value.

. As a result for using sputtering times of 25 min,
shows the elastic recovery of 47.84%.
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