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Abstract: This study focuses on a comparative analysis of AICrXN (X = Mo or V) coatings with
the reference AICrN coating via arc ion plating technique (AIP). The XRD and XPS results showed
that the AICrXN coatings were mainly composed of fcc-(Cr,A)N solid solution phases. Both the
AlCrMoN and AICrVN coatings exhibited much higher hardness and adhesive strength than the
AICrN coating. The addition of Mo or V decreased the coefficient of friction (COF) and wear rate,
which was due to the formation of lubricant oxides containing Mo or V on the coating surfaces.
The cutting results showed that abrasive wear, adhesive wear, and oxidation wear were the main
wear mechanisms for the coated tools at the cutting speeds of 60 m/min and 94 m/min. The addition
of Mo or V dramatically improved the cutting performance of AICrXN-coated tools by increasing the
anti-wear ability due to the high hardness and the formed lubricant VO, or MoOx films.

Keywords: AICrMoN; AICrVN; wear; cutting performance

1. Introduction

During the past few decades, transitional metal nitride coatings such as TiN, TiCN, CrN, CrCN,
and TiAIN [1] prepared by physical vapor deposition (PVD) have been extensively applied as a protective
coatings to enhance the lifetime and machining performance of the machining tools. The CrAIN system
has also been recognized as an improved coating system in aspect of their higher hardness, wear
resistance, excellent thermal stability, and high temperature oxidation resistance [2]. In the fields of
cutting, application of nitrides coatings as a protective layer has shown significant potential because of
their higher hardness and wear resistance, excellent thermal stability and oxidation resistance. However,
the assessment of the PVD nitride coatings was sophisticated and confronted with some problems, which
have not been solved until now. The cutting tools are usually performed under different machining
conditions for which the service temperature could reach up to 600-800 °C. This high temperature
accelerated the adhesion and wear between the tool and chip, shortening the service life of the coated
tools [3]. In addition, it seemed difficult to obtain both the large toughness and high hardness of the
tool coatings at elevated temperatures, which was very important for the cutting application. Recently,
the multilayer coatings such as AITiIN/MoN, AITiN/CrAlTiN [4], AICrN/TiAlSiN [5], AICrN/VN [6],
AICrN/AICrON [7] have also been extensively investigated because of their superior tribological
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and mechanical properties under elevated temperatures. These multilayer nitride coatings have also
demonstrated great ability to enhance the high-speed machining performance [8,9]. Besides, it was
also known that the coatings with lower friction coefficient could reduce the adhesive wear, which
was usually reported in the worn rake face of the cutter. Therefore, a modified coating was required
that could form thin lubricious oxide films at elevated temperatures. The addition of self-lubricating
elements such as molybdenum and vanadium various nitride coating created a new path for high
speed machining by improving friction properties and boosting the service tool life. Lower coefficient
of friction and higher wear resistance were observed in numerous V and Mo-alloyed based nitride
coatings, such as CrN/Mo,N, TiAIN/MoN [10], CrN/MoN [11], and TiAIN/MoN [12]. The coefficient
of friction and anti-wear of these coatings could be improved especially at high temperatures by
the formation of lubricant oxides of MoO3; and V,05 [13]. Numerous metal oxide has also been
used as wear-resistant coatings of various systems prepared by different methods such as PVD [14],
electroexplosive spraying etc., [15-17]. Although the AICrVN and AICrMoN coatings have been widely
investigated in term of the microstructure, hardness, and wear resistance, the cutting performance of
the AICrVN- and AICrMoN-coated cutters, especially the high-speed steel (HSS) cutter such as gear
hob, broach, and complex shaped tools, has not yet been concerned.

In this work, the AICTXN (X = Mo or V) coatings were prepared by arc ion plating (AIP). The main
objective of the present article is to explore the effects of self-lubricating elements such as Mo or V
on the phase structures, mechanical properties, tribological behavior, and cutting performance of
the AICrXN coatings. Moreover, the wear mechanism of the AICrXN-coated HSS cutters was also
discussed in detail.

2. Materials and Methods

2.1. Deposition of Coating Technique

The AICrN, AICrMoN, and AICrVN coatings were deposited on the polished cemented carbide
(CC) substrate (15 mm X 15 mm x 4.5 mm) for the tribological test, high-speed steel substrates (HSS)
(10 mm X 10 mm X 3 mm) for the examinations of SEM, XRD, XPS, and adhesion and hardness and
M2 straight shank vertical milling cutters (with the diameter of 10 mm for cutting experiment) by
using arc ion plating technique (Fade, Pro 1200, China). The used cemented carbides were WC-Co
8 at.%, and the chemical composition of used HSS substrates were C 0.85%, Cr 4%, Mo 5%, W 6%,
V 2%. First, the substrates were polished to an average surface roughness of ~0.05 pm by using
diamond paste and ultrasonically cleaned in a solution of acetone and ethanol for 30 min. The HSS
end mills (diameter = 10 mm) were preferred for coated tools. In this work, three different types of
target materials were used. One was AlCr alloy target (AlyoCr3g at.%, purity of 99.95%), and the
others were CrV and CrMo alloy targets (Cryy V3o and CrygMogg with the purity of 99.8%). The Nj
environment was applied during deposition. The deposition process was incorporated with four steps:
heating, glow discharging, ion etching, and deposition. Substrates were heated at 450 °C by using a
radiant heater located inside the chamber. First, AICrN coating was deposited on all substrates as
adhesion layer and the thickness was about 800 nm, and Al;oCrj3 target current was used at 120A.
When depositing the AICrVN coatings, both the AlyyCrzg and Cry;gV3g targets were opened, and the
currents of AlyoCrszp and CryV3g were 120 A and 130 A, respectively. Also for AICrMoN coatings, both
the AlyyCrzg and CrypMj3 targets were opened, and the currents of Aly,Crsp and CryoMasy were 120 A
and 130 A, respectively. The deposition parameters are also listed in Table 1.
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Table 1. Deposition parameters of the coatings by physical vapor deposition (PVD) process.

Coating Parameters AICrN AlCrN/AICrMoN AlICrN/AICrVN
Bias Voltage(V) -80 -80 -80
Arc Current (A) 120(A17()CI‘30) 120(A170Cr30)/130(Cr70M030) 120(A170CI‘30)/130((:1‘70\/30)
N2 flow rate (sccm) 100 100 100
Temperature (°C) 450 450 450
Pressure (Pa) 35 3.5 3.5
Time (min) 60 60 60

2.2. Coating Characterization Methods

The cross-sectional and surface morphology of AICrN, AICrVN, and AICrMoN coatings were
analyzed by using Phenom scanning electron microscopy (SEM JSM-6490LV, JEOL, Nieuw-Vennep,
the Netherlands). Phase structures of coatings were characterized by X-ray diffractometer (Bruker
D8 advance XRD, Karlsruhe, Germany). Binding energies of these coatings were observed by XPS
(Thermo ESCALAB 250, Dreieich, Germany) with an Al-Ko (hv = 1486.6 eV) radiation source recorded
at 150 W. Nano-indenter (Agilent Nano Indenter G200, Santa Clara, CA, USA) was used to examine
the hardness (H) and elastic modulus (E) with an indentation depth of 400 nm and a maximum load
of 500 mN. The duration is 10 s. For each sample, ten indentation tests were carried out for each
coating to obtain the average value. Rockwell C indenter method was used to analyze the adhesion
of the coatings, and the indention morphology was analyzed under Zeiss AxioLab.Al microscopy
(manufactured by Berlin, Germany). The coefficient of friction test was examined by (CSM HT-1000,
Monroe, LA, USA), Al,O3 ball with a diameter of 6 mm was used for the friction test. The test was
performed under 5 N of a load, 6 mm of diameter of wear tracks, 350 r/min of speed, 0.0732 m/s of
sliding speed, room temperature (~25 °C), and 3600 s of total time. The wear rate was calculated by
using the formula, K = Lz‘/—s”, where L is the load (N), Wv is the wear volume (m?), S is the distance per
circle, and d is the number of circles.

Milling test of HSS cutters was carried out by CNC (VMC-85 Hoton, Beijing, China) machine to
examine the cutting performance with cutting edges. 20CrMo workpiece material with the hardness
of 200 HB and M2 straight shank vertical milling cutters (® 10 mm) was used for cutting test.
Two parameters were employed: (1) 60 m/min linear speed (Vc), 1910 rpm spindle speed, 0.2 mm/r of
feed per tooth (f;), 2 mm axial depth (2.) and 2 mm axial depth (a,); (2) 94 m/min linear speed (V¢),
a 3000 rpm spindle speed, 0.2 mm/r of feed per tooth (f;), 0.2 mm axial depth (a.) and 2 mm axial
depth(ap). The wear standard VB was chosen as 0.15 mm for the cutting tools.

3. Results and Discussion

3.1. Cross-Sectional and Surface Morphologies

Figure la—c exhibited the cross-sectional images of AICrN, AICrMoN, and AICrVN coatings.
All these coatings were well adherent to the substrate with the dense and homogeneous structure.
The AICrN coating showed the thickness of 4.00 pm, while AICrMoN and AICrVN coatings showed
the thickness of 4.08 um and 3.96 um, respectively. Also, AICrN adhesion layer with a thickness
of 800 nm was used to enhance the adhesion strength of the AICrMoN and AICrVN coatings as
shown in Figure 1b,c. The surface morphologies of coatings were given in Figure 1d—f and all the
coatings consisted of micro-particle and pinholes. It could be found that the surface of AICrN coating
(Figure 1d) contained more pinholes and micro-particles. However, the surface of AICrVN coating
(Figure 1f) was much smoother and exhibited smaller pinhole and micro-particles than other two
coatings. The creation of micro-particle, pinhole, and craters on the coating surface was a typical
characteristic by using arc ion plating (AIP) method, which could be explained in reference [18].
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Figure 1. Cross-sectional on coated cemented carbide (CC) substrates and surface morphology on
the coated high-speed steel (HSS) substrates (a,d) AICrN coating (b,e) AICrMoN coating, and (c,f)
AICrVN coating.

3.2. Structure Analysis by XRD and XPS

Typical X-ray diffraction (XRD) patterns of the as-deposited AICrN, AICrVN, and AICrMoN
coatings are given in Figure 2a. The results revealed that the fcc-(Cr, AI)N phase existed in the three
coatings, in which the main phase were centered at the (111), (200), and (220) planes. The presence of
the fcc-(Cr, AI)N solid-solution phase and shift of diffraction peaks toward a lower angle were due to
that the smaller Cr atoms were substituted by larger Al atoms in the CrN lattice [19]. In this work,
broadening peaks were also found in AICrMoN coating. However, the VN and MoN phases were not
detected from the XRD pattern [20,21]. XPS experiment was performed to examine the binding states
of as-deposited coatings. From Figure 2b, it could be deduced that AICtMoN coating was recognized
to two binding states of Mo 3ds), (B.E =229.04 eV, 232.2 eV) and Mo 3d3, (B.E = 229.9 eV, 232.3 eV),
which corresponded to the Mo-N and Mo-O bonds [22]. For the AICrVN, the V 2p spectrum was
established two peaks at 514.4 eV and 513.2 eV (Figure 2c), which corresponded to the V 2p3/; and V
2p1y energy levels of V-N binding as reported in reference [23].

3.3. Mechanical Property Analysis

The adhesion of all deposited coatings was examined by using the Rockwell indentation test and
the indentation morphologies are shown in Figure 3. The AICrN coating exhibited some radial cracks
and peels around the indentation (see in Figure 3a), which could be regarded as the grade of HF2 [24].
However, the AICrVN and AICrMoN coatings revealed no external cracks and delamination around
the indentation and showed the better adhesion (Figure 3b,c), which could be classified as HF1 grade.
Hardness (H) and elastic modulus (E) of the as-deposited coatings were examined by nano-indentation
test, and the results are given in Table 2. The results indicated that the hardness and elastic modulus
of AICrMoN coating are 29 GPa and 400 GPa. However, the AICrVN coating showed an increase in
hardness and elastic modulus of 33 GPa and 446 GPa than the other two coatings. This increase in
hardness might be attributed to the solid solution strengthening [25,26] caused by the solution of V in
(Al, Cr)N that the formed lattice distortion restrained the mobility of the dislocations, resulting in the
enhancement of hardness.
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Figure 2. (a) X-ray diffraction (XRD) spectrum of the three coatings coated HSS substrates and
XP-spectrum of (b) AICrMoN coating coated HSS substrates, (c) AICrVN coating coated HSS substrates.

Figure 3. Rockwell morphologies of the coatings on coated HSS substrates (a) AICrN coating, (b)
AICrVN coating, and (c) AICrMoN coating.

Table 2. Adhesion, coefficient of friction, wear rate, hardness and elastic modules of the as-deposited

coatings on HSS substrates.

Coatings Adhesion Coefficient of Wear Rate Hardness Elastic
8 Friction (10-15m3/N-m) (GPa) Modules (GPa)
AICrN coating HF2 0.51 3.6 285+0.4 3029 +2.6
AICrVN coating HF1 0.5 1.52 33.9+0.8 446.7 + 2.1
AICrMoN coating HF1 0.42 2.42 29.3+0.5 4002 +2.0

3.4. Tribological Property

Variation in coefficient of friction versus sliding distance of the as-deposited coatings is given
in Figure 4 and all the curves exhibited the similar evolution trend. For the AICrVN and AICrMoN
coatings, the coefficient of friction achieved a steady state with a slight fluctuation during the friction
process. The average friction coefficients of AICrN and AICrMoN coatings are observed as 0.51 and
0.50, respectively. While the friction coefficient for AICrVN coating decreased to 0.42, which was
relatively lower than the other two coatings.
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Figure 4. Friction coefficients of the coatings on coated CC substrates.

Worn surfaces of the coatings after wear test were analyzed by SEM and the results are presented
in Figure 5. The worn tracks on AICrVN and AICrMoN coatings exhibit shallower grooves compared
with the AICrN coating (Figure 5b,c), which is due to the formation of Mo and V rich oxides (Magneli
type oxides) [27]. From the previous reports [28], it was well established that Mo- and V-containing
coatings usually could react with oxygen to form MoOs and V,05 phase during the friction process.
The Raman spectroscopy (Figure 5d) on the worn tracks confirmed the formation of MoO3 and V,0Os.
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Figure 5. Typical scanning electron microscopy (SEM) micrographs of worn track morphologies on
coated CC substrates (a) AICrN coating, (b) AICrVN coating, (¢) AICrMoN coating, and (d) Raman
spectroscopy on the worn track.
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The specific wear rates of the all coatings are shown in Table 2. The AICrVN coating showed the
lowest wear rate (1.52 x 10715 m3/(N'm) was due to the highest hardness and the formed lubricative
oxides (VOy). Thus the high enough hardness of AICrVN coating could effectively resist to the abrasive
wear. Moreover, the AICrMoN coating exhibited the higher wear rate of 2.42 x 107> m3/(N'm) than
AICrVN coating, although AICrMoN coating possessed the lowest friction coefficient. The AICrN
coating possessed the highest friction coefficient and wear rate (3.60 X 1071 m3/(N-m)) because of the
lowest hardness among the other deposited coatings. As a result, the AICrMoN and AICrVN coatings
showed the formation of thin tribo-films comprising lubricious phases such as VO, and MoOy oxides,
which was probably responsible for the excellent friction and wear performance.

3.5. Cutting Performance of the Coated Cutters

Figure 6a,b presented the cutting life curves of the AICrN, AICrMoN, and AICrVN coatings
under different cutting speeds. When the cutting speed was 60 m/min and the VB was set as 0.15 mm,
the cutting length of the AICrN coated end mill was 2.51 m as shown in Figure 6a. While the cutting
length of AICrMoN- and AICrVN-coated tools were extended to 3.25 m and 4.58 m, respectively.
When the cutting speed increased to 94 m/min (Figure 6b), the cutting lengths of the AICrN and
AICrVN coated tools were significantly reduced to 1.71 m and 1.78 m (VB was 0.15 mm). However,
the AlICrMoN-coated tools showed a slight decrease in cutting length of 2.97 m (VB = 0.15 mm).
From the results of cutting life curves, it could be found that both the cutting length decreased with
increasing the cutting speed. The higher cutting speed resulted in the increase of temperature, wear
rate, and the reduction in cutting tool life [29,30]. It also could be found that the AICrVN coating
showed the higher cutting length at the low cutting speed, while the AICrMoN coating showed the
higher cutting length at the high cutting speed.
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Figure 6. Cutting life curves of the coated HSS straight shank end milling cutter under different speeds
(a) 60 m/min and (b) 90 m/min.

Worn micrographs on flank surfaces of the coated straight shank end milling cutter under the
cutting speed of 60 m/min were examined through the combination of SEM and EDS and the results
are presented in Figure 7. It was clearly seen that the worn morphologies were composed of three
different areas: peeled off area (substrate), worn area (coating delamination), and the partial worn area.
According to the EDS results, the main elements in the coating peeled areas were Co, Fe, W, N, O, etc.,
which corresponded to the HSS tool. During the milling process, the abrasive wear occurred on the
end mill flank surface was the typical characteristic of the wear between the workpiece and chip on the
surface of the tool. In case of the AICtN coated tool (Figure 7a,b), the sharp chipping edge and large
peeled area on the surface edge were observed. However, the AICrVN (Figure 7d,e) and AICrMoN
(Figure 7g,h) coated tools showed less peeled off area as compared with the AICrN coating. That was
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due to the large hardness and adhesion, low COF and lubricant oxides formed on the surface, which
was beneficial to remove the chips effectively and also reduced the abrasive and adhesive wear [31,32].
In Figure 71,i, the main elements in delamination and partially worn coating area were Al, Cr, V, N and
Al, Cr, Mo, N, which were related to the AICrVN and AICrMoN coatings, respectively, indicating that
the coatings did not completely wear out.

@

Figure 7. Worn micrographs on flank surfaces of the coated HSS straight shank end milling cutter
under the 60 m/min speed: (a—c) AICrN coating; (d—f) AICrMoN coating; (g—i) AICrVN coating.

Similarly, the worn micrographs on flank surfaces of the coated straight shank end milling cutter
under the speed of 94 m/min are also shown in Figure 8a—i. Generally, the wear between the cutting
edge and work-piece becomes more serious at the higher and higher cutting speed. As a result,
the cutting temperature increased in cutting zone which played a crucial role in failure of coated
tools. From Figure 8, it was obvious that chipping area increased in all the coatings. The main failure
mechanism of coated tools at the high cutting speed was the strong plastic deformation due to the
large strain rates at the contact areas between the work-pieces and coated tools [32,33]. The decrease
of cutting life of AICrN (Figure 8a,b) and AICrVN (Figure 8d,e) coated tools was due to the abrasive
and adhesive wear which could be found on the worn flank face. However, the cutting life of the
AICrMoN coating decreased less than other two coatings, revealing that the Mo-based coatings showed
comparatively much better potential at the high cutting speeds. This might be that the formed MoOs3
oxides could provide stable lubricants at high temperatures as reported by Stone et al. [34]. From the
cutting results, it could be concluded that abrasive wear, adhesive wear, and oxidation wear were
the main wear mechanism for the coated tools. The addition of Mo and V improved the cutting
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performance of AICrXN-coated tools as increasing the anti-wear ability because of the high hardness
and the lubricant VO, and MoO, films.

Figure 8. Worn micrographs on flank surfaces of the coated HSS straight shank end milling cutter
under the 90 m/min speed: (a—c) AICrN coating; (d—f) AICrMoN coating; (g—i) AICrVN coating.

4. Conclusions

In this study, the AICrN and AICrXN (X = Mo or V) coatings were deposited by multi arc-ion
plating technology. Phase-structures, hardness, adhesion, tribological, and mechanical properties were
investigated by XRD, XPS, ball-on-disc tribometer, and nano-indentation. The results showed that
AICrXN(X = Mo or V) coatings possessed the solid solution fcc-(Cr,cAI)N phase with orientations
of (111), (200), (220), and (311). Both the AICrMoN and AICrVN coatings exhibited higher hardness
and adhesive strength than the AICrN coating. Addition of Mo or V also decreased the coefficient of
friction (COF) and wear rate because of the formation of lubricative Mo or V containing oxides on
the coating surfaces. Under the cutting speeds of 60 m/min and 94 m/min, the main wear mechanism
for the coated tools were abrasive wear, adhesive wear, and oxidation wear. The addition of Mo or V
improves the cutting performance and wear resistance of AICrXN-coated tools due to higher hardness
and the formation of lubricant VOx and MoOx films. Moreover, the MoOj3 oxides could provide stable
lubricants at high temperatures, which was further contributed to the cutting performance of the
AlCrMoN-coated tool under the high cutting speed.
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