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Abstract: The development of advanced machining techniques requires high-performance tool
coatings. To improve the wear resistance and cutting performance of AITiN coatings, a structure
optimization strategy involving bias control and a nano-multilayer architecture strategy is presented.
The investigated AITiN coatings were deposited by cathodic arc evaporation and studied with
regard to phase structure, hardness, adhesion, and tribological properties by a combination of X-
ray diffraction, nanoindentation, scratch, and ball-on-disk friction tests. A high bias potential (up
to —120 V) with enhanced adatom mobility suppressed the formation of the wurtzite structure
AIN in AITiN. In addition, the epitaxial growth of AljgyTig33N on Alg5TipsN in the AITiN nano-
multilayer could also promote the single-phase structure. The hardness of AlTiN-based coatings
with a dominated cubic structure was 3—4 GPa higher than conventional ones. In addition, the
interlayer interfaces in the Algg7Tip33N/Alg5Tig 5N multilayer could deflect the cracks and thus
improve the fracture toughness. As a consequence, the Alj¢;Tig 33N/ Aly5Tip 5N multilayer with
enhanced mechanical properties obtained the lowest wear rate of 1.1 x 107> mm3/N-m and the
longest cutting lifetime of 25 min during dry turning the SUS304 stainless steel.

Keywords: AlITiN; cathodic arc evaporation; structure design; mechanical properties; dry turning

1. Introduction

Transition metal nitrides are perfect for wear-resistant coatings on mechanical parts
and cutting tools due to their high melting point and hardness. At the end of the 1980s, Al-
containing AITiN coatings were first explored [1]. The addition of Al significantly improved
the mechanical properties and oxidation resistance [2]. The Al,Oj3 scale that forms on the
AITiN coating during machining slows heat transfer and thus better protects the tool
material [3]. In addition, as demonstrated by Horling et al. [4] and Mayrhofer et al. [5],
the spinodal decomposition, originating from the supersaturated metastable state, leads
to the age-hardening of AITiN upon annealing. Excess Al content (typically greater than
65 at.% in the metal sublattice) results in the formation of wurtzite structured AIN in the
as-deposited state, which reduces the mechanical properties of AITiN coatings [6].

Nowadays, AITiN is one of the most well-known hard coatings and has become
a benchmark for metal cutting [7]. However, the development of advanced machining
techniques (such as dry cutting) and the expanded applications of difficult-to-cut materials
(such as Ti alloys) call for upgraded tool coatings. In recent years, improving the application
ability of AITiN coatings has attracted widespread attention in academia and industry.
Different methods, such as alloying, multilayer architecture, and regulating deposition
processes, have been employed to create high-performance AlTiN-based coatings. By
adding alloy elements such as refractory Ta [8], self-lubricating V [9], and non-metallic
Si [10], the thermal stability, oxidation resistance, and tribological properties can be well-
tailored. The multilayer architecture can combine the benefits of various nitrides, and it is

Coatings 2023, 13, 402. https://doi.org/10.3390/ coatings13020402

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13020402
https://doi.org/10.3390/coatings13020402
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings13020402
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13020402?type=check_update&version=3

Coatings 2023, 13, 402

20f11

feasible to improve hardness and toughness by rationally designing the modulation ratio
and period [11-13]. The epitaxial growth associated with forming coherent or semi-coherent
interfaces in nano-multilayer coatings can also tune the microstructure [14]. Dual-phase
AlTiTaN and nanocomposite TiSiN can be stabilized as a cubic structure by nano-multilayer
growth on AITiN, obtaining excellent thermal stability [15,16]. In addition, the multilayer
structure can also improve the corrosion resistance of AITiN coatings by blocking the
intrusion of corrosive media [17,18].

On the other hand, manipulation of the deposition process can also substantially affect the
properties of tool coatings. Various physical vapor deposition techniques, involving cathode
arc evaporation [19], magnetron sputtering [20], and hybrid arc-evaporation/sputtering [21],
have been applied to deposit AITiN coatings. Among them, cathodic arc evaporation has
the merits of a high ionization rate and deposition efficiency and is widely used in the
industrial production of tool coatings [22,23]. In addition to the Al content, deposition
parameters play an essential role in the structure and properties of AITiN coatings. A
negative bias potential applied to the substrates can accelerate charged ions, leading to
an ion bombardment effect and improved coating compactness [24,25]. Enhanced surface
mobility of the deposited atoms can increase the solubility of Al in TiN, inhibiting the
formation of wurtzite-structured AIN in AITiN-based coatings [26,27]. Furthermore, nitride
coatings with a high bias potential will have a high defect density and intrinsic stress [28,29].
High compressive residual stress is beneficial for increased hardness and wear resistance,
while it can also reduce coating adhesion. A bilayer structure with a low bias at the bottom
and a high bias at the top is a practical method for achieving good overall performance.
A bottom layer with a low bias helps to improve the adhesion strength between the
coating and the substrate. Additionally, a high bias at the top can enhance the mechanical
properties, resulting in a better wear resistance. However, conventional AITiN with a
bilayer structure applying low and high bias exhibits moderate mechanical properties and
is a universal tool coating grade. For high-speed dry cutting of stainless steel, it shows
an apparent lack of performance [30]. Additionally, the relationship between structure,
properties, and cutting performance is an essential scientific issue for tool coatings and
needs further clarification. In this study, to improve the performance of conventional
Al 67Tig 33N coatings, two methods were adopted: gradient bias design up to —120 V and
nano-multilayer architecture introducing AlysTig5N. A comparative study was conducted
on three AITiN coatings concerning the structure and mechanical and tribological properties.
Using continuous turning of SUS304 stainless steel, the cutting capabilities of coated inserts
were evaluated explicitly in terms of tool wear.

2. Materials and Methods
2.1. Coating Deposition

AlTiN-based coatings with total thicknesses of ~3.0 pm were deposited on mirror-
polished cemented carbide WC-6 wt.% Co blocks (with a hardness of 90 &= 2 HRA and
dimensions of 16 X 16 X 4 mm) using an industry-scale arc evaporation system (INNOVA,
Oerlikon Balzers, Balzers, Liechtenstein). Before being mounted on the substrate holder,
the substrates were ultrasonically cleaned in deionized water, followed by anhydrous
alcohol. When the chamber reached a base pressure of less than 5 x 1073 Pa, an ion-etching
procedure was carried out under an Ar pressure of 0.3 Pa and a bias voltage of —200 V
for 30 min to remove contaminants from the substrate surface. Coating deposition was
conducted at a temperature of 500 °C and a N pressure of 3.5 Pa. In addition, the target
current was set at 200 A. As illustrated in Figure 1, three coatings with different structures
were deposited using specific parameters. The AITIN_#1 coating was deposited from
six Alg;Tiss targets (at.%, @160 x 12 mm in size) for 40 and 80 min, respectively, at bias
potentials of 40 and 80 V. A gradient bias of —40 V to —120 V in steps of 20 V was applied to
the AITIN_#2 coating. For each bias potential, the dwell time was 24 min. For the AITiN_#3
coating, an Alg 47 Tip 33N interlayer with a thickness of 600 nm was first deposited at —40 V.
Then, a nano-multilayer structure was achieved by substrate rotation between four AlsTis
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and two Alg;Tiz3 targets with a bias potential of —80 V. According to a rotation speed of
2 rev/min and a deposition time of 96 min, a modulation period of ~12 nm was obtained
for the AITIN_3# coating.

AITiN -120V LAl T,
AITiN -80V AITiN =100V Al Ti ..N~80V.*

MIETT
. AITiN -60V [
AITiN -40V AITiN -40V Al, . Ti, ,N 40V
substrate substrate substrate
(a) AITIN_#1 (b) AITIN_#2 (c) AITIN_#3

Figure 1. Schematic diagram of geometric structures for investigated coatings.

2.2. Coating Characterizations

The phase structures of the coatings were studied using grazing incidence X-ray
diffraction (GIXRD, Bruker D8 Advance, Karlsruhe, Germany) operated at 40 kV and
40 mA with an incidence angle of 1°. The hardness and elastic modulus of the coatings were
measured using an instrumented nanoindenter (Anton Paar NHT?, Corcelles, Switzerland)
equipped with a Berkovich diamond tip, following the Oliver and Pharr method [31]. A
maximum load of 10 mN was used to eliminate interference from substrates, achieving
a penetration depth of less than 120 nm. Sixteen indents were measured for each sample
to calculate the arithmetic mean and standard deviation. An Anton Paar Revetest scratch
tester with a Rockwell C diamond tip (200 um radius and 120° cone angle) was used
to determine the adhesion strength between the coating and the substrate. The sliding
distance was 3.0 mm, the normal load ranged from 1 to 100 N, and the loading rate was
100 N/min for scratch tests.

The coefficients of friction (CoF) of the coatings were recorded at room temperature
(RT) using a ball-on-disk tribometer (Anton Paar THT1000, Corcelles, Switzerland) in an
ambient atmosphere (relative humidity of ~45%). SUS304 stainless steel and alumina balls
with a diameter of 6 mm were used as the counterpart materials. A normal force of 5N,
a track radius of 2.0 mm, and a sliding speed of 0.1 m/s were applied for friction tests.
The wear resistance was evaluated via the specific wear rate, k, calculated according to the
Archard equation: k = V/(F x L), where V is the wear loss (mm?), F is the normal load (N),
and L is the total sliding distance (m). The volume loss during wear was measured by a
confocal laser scanning microscope (Olympus LEXT OLS4000, Tokyo, Japan) with a height
resolution on the Z-axis of 10 nm.

Coated inserts (WC-6 wt.% Co, ISO CNMG120408-MA) for the machining of SUS304
stainless steel were tested using a CNC lathe (SMTCL ETC5075, Shenyang, China) at a
cutting speed (v¢) of 150 m/min, a depth of cut (ay) of 1.0 mm, and a feed rate (f) of
0.2 mm/rev. The wear of coated inserts was studied using a digital microscope (Keyence
VHX, Osaka, Japan). The criterion for measuring tool life is when the maximum flank wear
(VBjax) exceeds 0.2 mm.

3. Results and Discussion
3.1. Structural and Mechanical Properties

Figure 2 shows the GIXRD diffractograms of AITiN_#1 to #3 coatings. For the AITiN_#1
coating, three diffraction peaks in the 26 range of 30-70° can be detected, corresponding
to the (111), (200), and (220) crystalline planes of the face-centered cubic (FCC) structure,
respectively. The XRD peaks of the AITiN_#]1 shift to a high 26 angle compared to pure TiN
(ICDD 00-038-1420, a = 4.24 A), which can be attributed to the solid solution of Al into the
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TiN lattice. Al atoms with a radius of 1.35 A [32] are smaller than Ti atoms (1.40 A) [32],
and also, FCC AIN possesses a smaller lattice parameter (a = 4.12 A, ICDD 00-025-1495).
Therefore, the solid solution (Al, Ti)N exhibits a lattice parameter between TiN and AIN,
which has been well documented in previous studies [33]. A weak diffraction signal at
20 ~33.2° suggests the existence of wurtzite-structured AIN (ICDD 00-025-1133). With
a gradient bias design from —40 to —120 V, the AITiN_#2 coating shows a single FCC
structure. The high bias provides more adatom mobility, contributing to the formation
of a metastable FCC structure. It is worth noting that the detection depth of GIXRD is
uncertain. Only the outermost coating information is reflected in the GIXRD diffractogram.
A single FCC structure was also obtained for the AITiN_#3 coating. According to a previous
study [34], AlperTip33N can epitaxially grow on cubic AlysTipsN, inhibiting wurtzite-
structured AIN formation. Furthermore, the full width at half maximum (FWHM) of
the (200) peak for AITiN_#1, #2, and #3 coatings was 1.01°, 0.71°, and 0.79°, respectively.
The larger FWHM of the AITiN_#1 indicates a smaller grain size, which results from the
competitive growth of cubic and wurtzite phases [35].
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a Cl 8
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Figure 2. GIXRD diffractograms of AITiN_#1, #2, and #3 coatings on cemented carbide substrates.

The nanoindentation hardness, H, and elastic modulus, E, are depicted in Figure 3,
where the AITIN_#1 coating shows an H and E of 28.2 & 1.0 and 478 & 9 GPa, respectively.
When the bias potential was increased to —120 V, AITiN_#2 has a dominating FCC structure
and thus a higher H and E of 32.8 £ 0.8 and 528 £ 10 GPa, respectively. In addition, a
high compressive residual stress, derived from a high substrate bias, could increase the
hardness of AITiIN_#2 [36]. With a moderate bias of —80 V, the multilayer architecture by
introducing Alg 5Tip 5N can also lead to a single-phase cubic structure, promoting increased
mechanical properties. Additionally, the coherent strain at the interlayer interfaces could
block dislocation movement and is conducive to hardness enhancement [37]. Therefore,
when compared to AITIN_#1, a higher H (31.6 & 0.7 GPa) and E (536 + 8 GPa) were
obtained for the AITiN_#3 coating.

Scratch tests with progressive loading were performed to examine the adhesion
strengths of the three coatings. Figure 4 shows the optical images of scratch tracks left on
AITiN_#1, #2, and #3 coatings. All coating samples show typical scratch failure, including
crack propagation and coating exfoliation. The crack initiation occurs inside the scratch
tracks, which is related to the cohesive failure of AITiN coatings. A further increase in
normal load results in plenty of tensile-type cracks within the scratch tracks, as indicated in
Figure 4. Moreover, longitudinal cracks at the edges of scratch tracks can be noticed. Here,
the second critical load, L., corresponding to the first adhesive spallation at the border
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of the scratch track, is used to evaluate the adhesion strength of the coating on cemented
carbide substrates. The AITiN_#1 and #2 coatings show an L¢; of 74 and 77 N, respectively.
When the load is larger than L., a lot of adhesive spallation is detectable, and substrate
exposure can be seen. In contrast, the AITiIN_#3 coating, with a slightly higher L., of 79 N,
exhibits less flaking, suggesting an improved fracture toughness.
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Figure 3. Nanoindentation hardness and elastic modulus of AITiN_#1, #2, and #3 coatings.

tensile cracks

-

« . s s

longitudinal cracks = substrate exposure

I I
20 30 40 50 60 70 80 90 100
Normal force (N)

Figure 4. Optical scratch tracks left on (a) AITiN_#1, (b) AITiN_#2, and (c) AITiN_#3 coatings.

3.2. Tribological Properties

Figure 5 shows the CoF curves of AITiN coatings as recorded at RT. Two kinds of
counterpart materials, SUS304 and polycrystalline Al,O3 balls, were used. All curves
exhibit the characteristics of dry, non-intentionally lubricated sliding friction, where the
CoF increases rapidly to the steady state. At the running-in stage, surface irregularities
of the rubbing pair were quickly worn away, leading to more adhesion and a rise in
friction [38]. The CoF enters a steady state as the friction surface is in complete contact.
With stainless steel as the counterpart material, a significant fluctuation can be detected for
all AITiN coatings during the steady-state rubbing. The steady-state CoFs for AITiN_1#
(Figure 5a), AITiN_#2 (Figure 5b), and AITiN_#3 (Figure 5c) are 0.85 + 0.10, 0.73 & 0.14, and
0.82 = 0.10, respectively. When the Al,O3 balls were applied, a comparable steady-state CoF
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with a slight fluctuation could be obtained. The AITIN_#1 coating (Figure 5d) reveals a CoF
of 0.89 & 0.02, and those of AITiN_2# (Figure 5e) and AITiN_3# (Figure 5f) are 0.85 £ 0.02
and 0.80 £ 0.03, respectively. As reported in the literature [39], AITiN coatings exhibit a dry
friction coefficient in the range of 0.5-0.85, which is affected by the counterpart materials.

0.0

0.850.10 0.820.10

(c) AITiN_3# against SUS304 |

0.73%0.14
(a) AITIN_1# against SUS304 (b) AITIN_2# against SUS304

0 2,000 4,000 6,000 8,00010,000 0 2,000 4,000 6,000 8,00010,000 0 2,000 4,000 6,000 8,000 10,000

Friction coefficient

(d) AITiN_1# against Al,O, (e) AITiN_2# against Al,O,

S TRARS T ==
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Figure 5. Friction curves of (a,d) AITiN_#1, (b,e) AITIN_#2, and (c,f) AITIN_#3 coatings rubbed
against (a—c) SUS304 and (d-f) Al,O3 balls.

After ball-on-disk tests, the wear tracks on AITiN coatings were further investigated
by confocal laser scanning microscopy, as displayed in Figure 6. Figure 6a—c shows the top
views of wear tracks for AITIN_#1, #2, and #3 coatings rubbed against SUS304. The SUS304
counterpart material almost covers the worn surface. Due to its lower hardness and high
ductility, the SUS304 counterpart material tends to transfer to the hard coating surface,
forming an oxygen-containing Fe-based transfer film [40]. The continuous formation and
removal of transfer film cause a significant fluctuation in the friction curves, as seen in
Figure 5a—c. For the specimens rubbed against Al,O3, the adherence of the counterpart
materials on the wear tracks is hardly seen (Figure 6d—f). Some micro-furrows resulting
from abrasive wear can be observed, especially on AITiN_#1 and #2 coatings.

Additionally, the width of wear tracks when rubbed against Al,Oj3 is significantly
smaller than in those rubbed against SUS304. Due to the high hardness of AITiN coatings,
only the SUS304 balls were severely worn, resulting in a large contact area. Additionally, the
wear rate of the AITiN coatings after sliding tests against SUS304 is negligible. Figure 7a—c
shows the cross-sectional profiles of wear tracks left on AITIN_#1, #2, and #3 coatings,
respectively, after friction tests rubbed against Al;O3;. The AITiN_#1 and #2 coatings
are almost worn through, which can be inferred from a considerable abrasion depth of
~3.0 pm. In contrast, the AITIN_#3 coating has a shallow wear track, indicating mild
wear. The calculated wear rates for the three coatings are depicted in Figure 7d. The
AITiN_#1 coating shows a wear rate of 2.2 x 107> mm3/N-m. A slightly lower wear rate
of 1.8 x 107> mm3/N-m was obtained for the AITIN_#2 coating. In agreement with the
results of Liu et al. [41], the wear mechanism of AITiN coatings at RT mainly consists
of oxidation and abrasive wear. As a result of friction energy dissipation, a high flash
temperature would induce the surface oxidation of coatings. Under repeated rubbing,
the thin oxide scale was crushed to form oxide debris, including TiO, and Al,O3. Part
of the oxide debris was discharged to the edge of the wear track, while another part of
the oxide debris stayed in the wear track, acting as the medium for three-body abrasion.
With higher hardness, AITiN_#2 and #3 coatings have better resistance against abrasion
than the AITiIN_#1. On the other hand, the AITiN_#3 coating with the nano-multilayer
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structure exhibits improved fracture toughness, which can reduce the production of wear
debris. High hardness and well fracture toughness help increase the wear resistance of the
AITiN_#3 coating when rubbed against Al,Os. Therefore, the AITiN_#3 coating shows the
lowest wear rate of 1.1 x 10~° mm?®/N-m, only half that of AITiN_#1.

03 400 ‘_.' "

d0ainst Al

Ea

Figure 6. Top-views of wear tracks on (a,d) AITIN_#1, (b,e) AITiN_#2, and (c,f) AITiN_#3 coatings
after rubbing against (a—c) SUS304 and (d—f) Al,O3 balls.
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Figure 7. Cross-sectional profiles of wear tracks for (a) AITiN_#1, (b) AITiN_#2, and (c) AITiN_#3
coatings after rubbing against Al;O3. (d) Calculated wear rates of various AITiN coatings.



Coatings 2023, 13, 402

8of 11

3.3. Cutting Performances

To further evaluate the machining performance of various coatings, drying turning
tests on SUS304 stainless steel were carried out. Figure 8 presents the flank wear of coated
inserts as a function of cutting time. With an increase in cutting time or cutting distance, the
flank wear of the AITIN_#1 coated insert continuously increases. The AITiN_#1 coating fails
at a cutting time of 21 min, in which the maximum depth of flank wear reaches 0.2 mm. The
flank wear of the AITIN_#2 and #3 coatings change in a similar way. The cutting lifetime
of the AITiN_#2 coating is about 20 min during the turning of SUS304 stainless steel. For
the AITiN_#3 coating, a longer cutting time before failure can be achieved. Owing to the
improved hardness and fracture toughness with increased wear resistance, the AITIN_#3
coating shows the best cutting performance with a turning lifetime of 25 min. In addition,
the surface roughness of workpieces processed with different coated inserts is similar, with
a value of 100 nm.

Spiral cutting distance (m)
0 750 1500 2250 3000 3750 4500 5250

0'35 L) L] ) L} L] L}
0.30 —LF— AITiN_#1
’ — O— AITIN_#2
--A--AITiN #3
£ 0.254 N
£ A
EO.ZO-— —failure criterion- - - - - ‘—'9' ———————
g
< 0.15-
5
i 0.104 dry turning SUS304
1 v,= 150 m/min
0.05- a,= 1.0 mm
f=02mm/r
0.00< 1 2 1 N 1

5 10 15 20 25 30 35
Cutting time (min)

Figure 8. Flank wear of AITiIN_#1, #2, and #3 coated inserts during continuous turning of stainless steel.

Figure 9 shows the tool wear evolution of AITiN_#1-, #2-, and #3-coated turning
inserts. As seen from the optical images, the flank wear of tools increases with increasing
cutting distance. Moreover, a built-up edge can be observed on the main cutting edge. The
formation of a built-up edge is a well-known phenomenon at the tool-chip interface during
the machining of ductile materials (such as stainless steel) [42]. The stability of cutting is
affected by the built-up edge, which can be reduced by increasing the cutting speed. The
notch wear can be seen from the top of the rake face, which occurs on both the rake and
flank faces along the depth of cut. In short, the three AITiN-coated inserts show similar tool
wear during the dry turning of SUS304 stainless steel, including flank wear, notch wear,
and built-up edge formation.
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Figure 9. Tool wear as a function of cutting time of (a) AITiN_#1-, (b) AITiN_#2-, and (c) AITiN_#3-
coated inserts during turning of stainless steel.

4. Conclusions

The structural, mechanical, and tribological properties, as well as the cutting perfor-

mance, of arc-evaporated AITiN coatings with various geometric structures were investi-
gated. According to the results, the study’s principal findings can be summed up as follows:

@

@)

®)

The conventional AITIN_#1 coating shows a dual-phase structure consisting of cubic
and wurtzite phases, exhibiting a hardness of 28.2 GPa. A high substrate bias in
AITiN_#2 and a nano-multilayer architecture in AITiN_#3 result in a dominated cubic
structure, increasing the hardness to greater than 31 GPa. In addition, the AITiN_#3
coating has improved fracture toughness with good adhesion to cemented carbides.

The wear process of AITiN coatings was controlled by oxidation and abrasive wear.
The synergistic enhancement in hardness and toughness significantly improved
the wear resistance of the coating. The AITiN_#3 coating shows a wear rate of
1.1 x 107> mm?®/N-m, which is lower than that of AITiN_#1 and AITIN_#2.

The AITiN_#3-coated insert manifests a superior cutting performance when turning
SUS304 stainless steel, which might result from the enhanced mechanical properties
and wear resistance. The lifetime of the AITiN_#3 coating could increase by about
20% when compared to AITiN_#1 and #2.

In summary, this work provides an effective and practical way to enhance the me-

chanical properties and wear resistance of AlTiN coatings via nano-multilayer architecture,
which is promising for high-speed and dry-cutting applications.
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