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Abstract: AICTN/AICrVN multi-layer coatings with different numbers (1, 2, 4, 6) of bilayers were deposited by arc ion plating

method. The effects of multi-layer structure on microstructure, mechanical properties, tribological properties, and cutting performance

were investigated. The results show that the deposited AICTN/AICrVN multi-layer coatings are mainly composed of solid solution

(Al, Cr)N with preferred growth orientation of [111] crystal orientation. Compared with other multi-layer coatings, the lowest

coefficient of friction (~0.46), the lowest wear rate of 0.15x10™"" m*/N-m, the highest hardness of HK

=38 000 MPa, and coating-

0.05

substrate bonding strength of L.,=53+1 N can be achieved for AICtN/AICrVN multi-layer coating with 6 bilayers at high temperature.

The improvement in hardness and wear resistance is due to the formation of more interfaces between adjacent layers. Cutting test

results reveal that AICrN/AICrVN coating with 6 bilayers has the longest cutting length of 7.4 m under the cutting wear standard

condition of flank wear VB=0.2 due to its relatively higher hardness and better wear resistance.
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Many nitride coatings deposited by physical vapor
deposition (PVD) method, especially the chromium nitride
(CrN) coating, are employed as protective coatings because of
their outstanding mechanical and tribological properties'™.
AICrN coating formed by doping Al into CrN coating is an
improved tool-coating system due to its high hardness, high
wear resistance, good thermal stability, and fair oxidation
resistance”. However, the growing trend of high-speed dry
cutting in the machining industry significantly reduces the
tool life. Coated tools usually suffer abrasive and adhesive
wear and have various types of coating defects, such as
thermal cracking, structure failure, and built-up edges, which
cannot satisfy the industry requirements.

The self-lubrication mechanism is employed recently to
overcome these problems. The influence of self-lubrication
caused by different transition metal oxides, such as oxides of
W, Mo, and V, during the turning process was investigated®”.
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These transition metals can be oxidized easily to form a
lubricant layer at higher temperature which is beneficial to
lower coefficient of friction (COF) ™. Various Mo/V-based
nitride coatings are used to achieve low COF and improve
wear properties of substrates due to the formation of the
lubricious oxide layer on the contact surface!"”. However, the
formation of lubricious oxides on the contact surface is not
always helpful in decreasing the wear rate or COF which also
depend on the morphology and chemical properties of the
resulting oxides. The multi-layer coating system is another
appropriate method to enhance the wear resistance and
adhesion for improving tool life!""". Multi-layered interfaces
provide a certain extent of crack inhibition, thus ameliorating
the fracture performance and wear resistance!>". Compared
with that with single-layer coatings, the substrate with multi-
layer coatings exhibits
mechanical strength owing to the specific interfaces. Many

excellent wear resistance and
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CrAIN-based multi-layer coating systems, such as CrN/
W,N™L CrAIN/ZeN", CrAISiN/CrAIN™, and TiN/CrAIN™,
have been widely studied to improve hardness and wear
properties
adhesion, and the thickness of each individual layer™”.

Although the microstructure, adhesion, and wear resistance
of VN-based multi-layer coatings were investigated, the
number of bilayers of the AICrN/AICrVN coatings is rarely
investigated. This research used arc ion plating method to
create a new AICrN/AICrVN multi-layer coating and to study
the influence of the number of bilayers on the microstructure,
mechanical properties, tribological properties, and cutting
performance.

which depend on microstructure, interface

1 Experiment

The AICTN/AICrVN multi-layer coatings were prepared on
mirror-polished high-speed steel (HSS, M2 steel) substrates
via arc ion plating technique using AL Cr,, and Cr,,V,, alloys
(purity of 99.96%). Initially, all substrates were treated with
Ar” ion to remove contamination from the surfaces under the
Ar (purity of 99.999%) atmosphere at a pressure of 4.0 Pa and
bias voltage of =400 V for 10 min. Then, the AICrN/AICrVN
multi-layer coatings were deposited under the pure N,
atmosphere at a pressure of 3.5 Pa. The temperature of
deposition process was 450 °C. The number of bilayers in
multi-layer coatings was 1, 2, 4, and 6, and the specimens
were named as AICrN/AICrVN-1, AICrN/AICrVN-2, AICrN/
AlICrVN-4, and AICrN/AICrVN-6, respectively. The detailed
operating parameters are listed in Table 1.

The surface and cross-sectional morphologies of the as-
deposited AICtN/AICrVN multi-layer coatings were observed
by scanning electron microscope (SEM, Phenom XL,
Netherlands). Energy dispersive spectrometry (EDS) was
applied for element composition analysis. The surface
roughness was quantitatively analyzed using the Alpha-Step
1Q surface profiler (KLA-Tencor P7, Netherlands). X-ray
diffraction (XRD, Bruker DS, Germany, Cu Ka) was used to
analyze the phase structure of the as-deposited coatings.
Transmission electron microscopy (TEM, FEI Tecnai G2 F20,
USA) was adopted to study the microstructures using the
focused ion beam (FIB) method at 4.5 keV, and the test angle
was 3°~8°. The hardness was measured by a microhardness

Table 1 Deposition parameters of AICrN/AICrVN multi-layer

coatings

Deposition parameter Value

Bias voltage/V -80

N, flow rate/mL-min”' 100

Temperature/°C 450

Pressure/Pa 3.5

Arc current of AlCr target/A 130

Arc current of CrV target/A 120

Number of bilayers 1,2,4,6
Total deposition time/min 180

tester under 0.49 N. The scratch test was performed by a
scratch tester (acoustic emission method, HT-3001) with the
load of 0~80 N. The tribological behavior was evaluated by
the CSM HT1000 (Switzerland) at room
temperature and 500 °C with ALO, balls of 6 mm in diameter.

instrument

The wear characterization was tested at the rotation speed of
400 r/min, load of 5 N, and sliding speed of 0.0732 m/s under
the dry-sliding condition. The wear tracks were analyzed by
step profiler, SEM, and EDS. The milling test using HSS
cutters was conducted on a CNC VMC-85 Hoton (China)
machine to examine the cutting performance through the
standard wear value of flank wear VB at 0.20 mm. The cutting
test was conducted at the linear speed (V) of 60 m/min and
the spindle speed of 1910 r/min with the feed per tooth (f)) of
0.2 mm/r, axial depth (a,) of 2 mm, and axial depth (a,) of 2
mm.

2 Results and Discussion

2.1 Cross-section and surface morphologies

Fig.la~1d illustrate the SEM cross-section morphologies of
as-deposited AICrN/AICrVN multi-layer coatings. The AICrN/
AICrVN multi-layer coatings contain the dense columnar
structures and adhere to the substrate. The coating thickness is
3.59, 3.81, 3.61, and 3.45 pm for AICtN/AICrVN-1, AICrN/
AICrVN-2,  AICrN/AICrVN-4, and  AICrN/AICrVN-6
coatings, respectively. As the number of bilayers is increased,
the sharp interfaces gradually disappear in AICrN/AICrVN
multi-layer coatings, thereby improving the adhesion strength
of coatings™.

Fig. 2a~2d show the surface morphologies of AICrN/
AICrVN-1, AICrN/AICrVN-2, AICtN/AICrVN-4, and AICrN/
AICrVN-6 multi-layer coatings, respectively. The main
concern of multi-layer coatings deposited via arc ion plating is
the macro-particles (MPs) formed by the evaporation of metal
targets”". The three-dimensional surface morphologies of
AICrN/AICrVN multi-layer coatings are shown in Fig.2e~2h.
It can be observed that the roughness of multi-layer coatings
is decreased with increasing the number of bilayers. The
AICrN/AICrVN-1 coating has a high surface roughness R, of
0.34+£0.02 pm, while other AICIN/AICrVN multi-layer
coatings have a relatively lower surface roughness R, of 0.20+
0.02 pm. Improvement of surface roughness can be ascribed
to the increase in internal stress with increasing the number of
interfaces™.

2.2 Microstructure analysis

Fig.3 presents XRD patterns of AICrN/AICrVN-1, AICrN/
AICrVN-2, AICrN/AICrVN-4, and AICrN/AICrVN-6 multi-
layer coatings. All coatings have the face centered cubic (fcc)
(Al Cr, V)N solid solution with the diffraction peaks of (111),
(200), (220), and (311) crystal planes. All these multi-layer
coatings show similar XRD patterns with strong diffraction
peak of the (111) crystal plane, indicating the preferential
growth direction along (111) plane during deposition. The
average crystal size of multi-layer coatings calculated by
Scherer’s formula is listed in Table 2, which is decreased from
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Fig.1 SEM cross-section morphologies of AICtN/AICrVN-1 (a), AICrN/AICrVN-2 (b), AICtN/AICrVN-4 (c), and AICtN/AICrVN-6 (d) multi-
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Fig.2 SEM surface morphologies (a~d) and 3D surface morphologies (e~h) of AICtN/AICrVN-1 (a, e), AICtN/AICrVN-2 (b, 1),
AICrN/AICrVN-4 (c, g), and AICtN/AICrVN-6 (d, h) multi-layer coatings

25.14 nm to 18.08 nm with increasing the number of bilayers, i ®Fc A (ALCON
suggesting that the increased interfaces can interrupt the grain T e 220) AR
growth and change the preferred orientation and thus the —'J‘ ACNACTS e,
multi-layer coatings with more bilayers have fine grain size. 3 AIARAn D

The microstructure of AICrN/AICrVN-6 coating was :;‘ g S
investigated by TEM, EDS, high resolution TEM (HRTEM), g— SIS
inverse fast Fourier transform (IFFT), and selected area - am 290y ppF35-0768 (0 G
electron diffraction (SAED), as shown in Fig.4. Fig.4 shows (“|1) @O PDF11—0065(22|0) GIn
the light and dark layers (Fig.4a) representing the AICTN and (1D DA ppF2s-1495(230) CD
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AICrVN sub-layers, respectively, and the grain growth
20/°)

direction (Fig. 4b), which indicates the existence of the
columnar microstructure. The AICrVN layers are much

thicker than the AICrN layers; the ratio of thickness of AICrN Fig.3 XRD patterns of AICrN/AICrVN multi-layer coatings



Iram Sidra et al. / Rare Metal Materials and Engineering, 2022, 51(1):74-82 77

sub-layer to that of AICrVN sub-layer is about 1:2 in the
AICrN/AICrVN multi-layer coatings (Fig. 4c). The element
composition of each layer can be obtained by TEM-EDS line-
scanning method. The EDS spectra (Fig. 4d) of AICrN and
AICrVN layers confirm the presence of Cr, Al, V, and N in the
coating. Both the AICIN and AICrVN sub-layers show a
crystalline grain structure without amorphous regions, as
shown in Fig.4e. Two lattice planes with d=0.24 nm and d=
0.21 nm can be identified as the CrN (111) plane and VN
(200) plane, respectively, indicating the existence of VN phase
in  AICrN/AICrVN  multi-layer The IFFT
measurement precisely confirms a correlation between the
AICrN and AICrVN sub-layers: the interplanar distance d of
the AICrN layer is longer than that of the AICIN layer, as
shown in Fig.4f. Different lattice orientations at the interfaces
of AICrN/AICrVN-6 multi-layer coating can also be observed.
These interfaces can generate a stress field to block the
movement of dislocations at interfaces, thereby enhancing the
hardness™. In addition, SAED patterns in Fig. 4g and 4h
reveal that the AICrN layer contains a CrN crystal plane and

coatings.

the polycrystalline planes of CrN and VN can also be
observed in AICrVN layers. These phases play a positive role
in improving the mechanical properties and tribological
performance.

2.3 Mechanical properties

The hardness HK ; of AICrN/AICrVN multi-layer coatings
is shown in Fig.5. In AICrN/AICrVN multi-layer coatings, the
average hardness is increased with increasing the number of
bilayers. The AICrN/AICrVN-6 multi-layer coating has the
maximum hardness of 38 000 MPa. As the number of bi-
layers is increased, the periodic interfaces between adjacent
layers block the dislocation movement, which increases the
hardness™*.

The adhesion strength of the AICrN/AICrVN multi-layer
coatings was evaluated by the scratch test, as shown in Fig.6.
Generally, the scratch track can be characterized into three
phases: L, L,, and L, (L, refers to the adhesion strength of
the coatings) ™. Adhesion strength (L) of 33%1, 35+1, 47«1,
and 53+1 N is achieved for AICrN/AICrVN-1, AICrN/
AICrVN-2, AICrN/AICrVN-4, and AICrN/AICrVN-6 multi-

Table 2 Surface roughness R, average crystal size, coefficient of friction, and wear rate of AICrN/AICrVN multi-layer coatings

. Average crystal Wear rate at RT/ Wear rate at HT/
Specimen Roughness, R /um ) COF at RT COF at HT a4 IR
size/nm x107 " m’*N"'m x107 m*N"'m
AICrN/AICrVN-1 0.34 25.14 0.46 0.55 0.43 3.26
AICrN/AICrVN-2 0.24 22.02 0.42 0.57 0.23 0.24
AICrN/AICrVN-4 0.23 20.67 0.41 0.49 0.20 0.18
AICrN/AICrVN-6 0.20 18.08 0.39 0.46 0.24 0.15
N
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Fig.4 TEM cross-section morphology (a) and magnified TEM image of area A in Fig.4a (b) of AICtN/AICrVN-6 multi-layer coating; TEM cross-

section morphology (c) and corresponding EDS spectra (d) of AICrN/AICrVN-6 multi-layer coating; HRTEM image of area B in Fig.4b (e)
and corresponding IFFT image (f) of AICrN/AICrVN-6 multi-layer coating; SAED patterns of AICrN layer (g) and AICrVN layer (h)
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Fig.5 Hardness of AICrN/AICrVN multi-layer coatings
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Fig.6 Scratch images and adhesion strength of AICrN/AICrVN

multi-layer coatings

layer coatings, respectively. The AICrN/AICrVN-6 multi-layer
coating shows less delamination in the coating surface under
the applied load, indicating a higher adhesion strength.
Therefore, the scratch test results reveal that the adhesion
strength  of AICIN/AICrVN  multi-layer
significantly improved with increasing the number of bilayers;

multi-layer coatings therefore achieve a better resistance to
26]

coatings is

crack initiation'
2.4 Tribological properties

COF of AICTN/AICrVN multi-layer coatings against Al,O,
balls at room temperature (RT) and high temperature (HT) of
500 °C is illustrated in Fig.7a and 7b, respectively. All AICrN/
AICrVN multi-layer coatings have a similar trend of COF
during the dry-sliding test. In Fig. 7a, COF of the AICrN/
AICrVN-4 and AICrN/AICrVN-6 multi-layer coatings is
slightly higher firstly, then decreased after 400 s, and finally
stabilized, which demonstrates a better result compared with
AICrN/AICrVN-1 and AICrN/AICrVN-2 multi-layer coatings
at RT. This increase in COF from the beginning can be a result
of the variation in contact stress and the surface roughness®”.
In general, COF ranges in 0.39~0.46 for all coatings at RT.
The maximum COF of AICIN/AICrVN-1 and AICrN/
AICrVN-2 multi-layer coatings at around 0.55 and 0.57 can be
obtained, respectively. COF of AICrN/AICrVN multi-layer
coatings is decreased with increasing the number of bilayers,
and the minimum COF value of 0.49 and 0.46 can be obtained
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Fig.7 COF of AICrN/AICrVN multi-layer coatings at room

temperature (a) and high temperature (b)

for the AICrN/AICrVN-4 and AICrN/AICrVN-6 multi-layer
coatings, respectively, at HT. A similar trend can also be found
for the CrN-based coatings containing vanadium™,

The calculated wear rates of different multi-layer coatings
are shown in Table 2. AICrN/AICrVN-1 multi-layer coating
exhibits the largest wear rate at RT of 0.43x10™7 m*/N-m,
while AICrN/AICrVN-2, AICrN/AICrVN-4, and AICrN/
AICrVN-6 multi-layer coatings have the wear rate of 0.23x
1077, 0.20x107"7, and 0.24x10™"7 m*/N-m, respectively. As the
testing temperature is increased from RT to HT of 500 °C, the
wear rate of the AICrN/AICrVN-1 multi-layer coating is
increased to 3.26x10™"" m’N'm. The wear rate at HT of
AICrN/AICrVN-2, AICrN/AICrVN-4, and AICrN/AICrVN-6
multi-layer coatings is 0.24x107"", 0.18x10™", and 0.15x10™"
m’/N-m, respectively. Therefore, the increasing bilayer
number is conducive to improving the wear properties at
elevated temperature due to the better adhesion strength and
higher hardness of multi-layer coatings and the formation of
oxide layer. In addition, more interfaces have multiple barriers
against the propagation of cracks. Wang et al™ found that
CrAIN/VN multi-layer coatings with more interfaces always
provide positive effects through stress relaxation and crack
deflection for reducing wear rate, compared with the single-
layer coatings™.

Fig. 8a~8d show wear track morphologies of AICrN/
AICrVN multi-layer coatings at RT. The worn morphology of
AICrN/AICrVN-1 and AICrN/AICrVN-2 multi-layer coatings
shows abrasion and adhesion wear parallel to the relative
sliding movement due to the lower hardness; however, no
obvious abrasive wear can be found on AICrN/AICrVN-4 and
AICrN/AICrVN-6 multi-layer coatings, which can be ascribed
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Fig.8 Wear track morphologies (a~d) and EDS spectra of red points A~D in Fig.8a~8d (e~h) of AICtN/AICrVN multi-layer coatings at room
temperature: (a, ) AICtN/AICrVN-1, (b, ) AICtN/AICrVN-2, (c, g) AICtN/AICrVN-4, and (d, h) AICrN/AICrVN-6

to the improved hardness and strong interaction of interfaces.
Tribological behavior was further studied via EDS analysis, as
illustrated in Fig.8e~8f. Al, Cr, O, N, and V can be observed
as major elements on the wear tracks. The surface
morphologies and EDS spectra of the wear tracks at HT are
shown in Fig. 9. At HT, the abrasion and adhesion wear is
more obvious on the surface of all multi-layer coatings. The

wear track of AICrN/AICrVN-1 coating is wider, indicating

that the protection against friction is weakened at HT.
Meanwhile, AICIN/AICrVN-4 and AICrN/AICrVN-6 multi-
layer coatings have narrow wear tracks and thus possess
better wear properties under lower abrasion condition. This
phenomenon is due to the improved hardness for resisting
abrasion. The corresponding EDS analysis shows that there
are high concentrations of O, V, Cr, and Al elements. The high
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Fig.9 Wear track morphologies (a~d) and EDS spectra (e~h) of AICrN/AICrVN multi-layer coatings at high temperature:
(a, e) AICtN/AICrVN-1, (b, f) AICTN/AICrVN-2, (c, g) AICtN/AICrVN-4, and (d, h) AICrN/AICrVN-6
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content of O element on the surface of the AICtN/AICrVN-4 and
AICrN/AICrVN-6 multi-layer coatings indicates the formation
of vanadium oxides (V,0,) during the sliding test™*"1.

2.5 Cutting performance

The flank wear VB standard was set as 0.20 mm in this
research. As shown in Fig.10, when VB=0.20 mm, the cutting
lengths of AICrN/AICrVN coated cutters are 5.6, 5.4, 6.2, and
74 m for AICrN/AICrVN-1, AICrN/AICrVN-2, AICrN/
AICrVN-4, and AICrN/AICrVN-6 multi-layer coatings,
respectively. The AICrN/AICrVN-6 coated tools have the
longest service life, which is associated with its high adhesion
strength, great hardness, and low COF.

The worn morphologies and EDS spectra of the coated
cutters are shown in Fig. 11. The flank surface morphologies
can be divided into three areas: the fully worn area (substrate),
delaminated (partially worn) area, and area without wear.
Typical adhesion, chipping, and abrasive wear can be detected
as main components on the flank surface of the AICrN/
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increasing the number of bilayers, more interfaces are
introduced into the coating, which hinders the dislocation and
propagation of cracks and enhances the mechanical strength
and wear resistance of the coatings™”’
wear and chipping phenomena can be observed on AICrN/
AICrVN-4 and AICrN/AICrVN-6 coated tools, and only a
small amount of abrasion can be observed on the sides of the

1. No obvious adhesive

tool due to the higher hardness of coating and lower COF
between workpiece and tool". EDS analysis confirms the
presence of oxygen on the surface. Thus, AICrN/AICrVN-6
coated tool with more interfaces has better mechanical

properties and tribological performance.
3 Conclusions

1) The deposited AICrN/AICrVN multi-layer coatings pri-
marily consist of face centered cubic solid solution (Al,Cr)N
with [111] preferential orientation.

2) The lowest coefficient of friction around 0.46, the lowest
wear rate of 0.15x10™"" m*N-m, the highest hardness of
38000 MPa, and adhesion strength L., of 53+l N are
achieved for AICrN/AICrVN multi-layer coating with 6
bilayers at high temperature .

3) Owing to the greater hardness and lower wear rate,
AICrN/AICrVN multi-layer coating with 6 bilayers also has
the longest cutting life of 7.4 m under the condition of flank
wear VB=0.2 mm.

4) For AICrN/AICrVN multi-layer coating with 6 bilayers,
more interfaces can hinder the crack propagation, which
positively affects the mechanical properties and tribological
properties.
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TEIMELEH AICrN/AICrVN Z B2 BB H ¥ R M Re

Iram Sidra"??, % K2, F@# "3, BE&EHEDY, 5KEEC?, Ahmad Farooq'??, ki3
(1. RS et & Jm i B El % 5 R EARBE #H AU %, 2 Sl 243000)
2. R RS SRR T TR O, ZE0 Bl 243002)
Q. %R TR MERES TR, 280 D%l 243002)

B OE: RAWBINE TR RN S TARSHE (1. 2. 4, 6) SUZLHI AICIN/AICIVN Z 2R 2, HEHFIT T 2 245 MR R O 4
F Juse. FESEERIIHIVERE MR . 4R BOR, IS AICIN/AICTVN £ 232 £ HEVE (AL CONZLRR, 154 K7 i a1
M. 5HAMZZEIREML, BA 6 EXZ4 I AICIN/AICTVN IR JZTE m i N R BRI BB R (£90.46) FIEEHZE (0.15%107"
m'/N-m), PAKEmiEE (HK =38 000 MPa) FIE-JEAE&0RE (L =531 NDo ZEREMAZEZ LR TR Z M, HETe
B2 ZIRE R s . DIERIGSE SRR, U] B R VB=0.2 1, AICIN/AICrVN-6 2 B A 0w 1 SRR B 1, e K
VIBKFERN 7.4 mo

KR AICIN/AICTVN 2 2IRE: WOWai: 1% tkne, RS ERE: DIHITERE

fE& /. Iram Sidra, 2, 1992445, W4, ZH KGR EM RS aH & 5RNEAR A EHEALRE, 2/ Sl
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