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Abstract: To enhance the cutting performance of TiAISiN coated cemented carbide tools by inserting
Ti interlayers and to explore their mechanism, TiAISiN/Ti multilayer coatings with different Ti
thicknesses, including 0 nm, 25 nm, 50 nm, 100 nm, and 150 nm, were deposited onto cemented
carbide (WC-10 wt%, Co) substrates by high power impulse magnetron sputtering (HiPIMS).
The microstructure, hardness, grain orientation, residual stress, adhesion, and toughness of those
coatings were measured, and the cutting performance against Inconel 718 was analyzed. Meanwhile,
finite element method (FEM) indentation simulations were performed to gain detailed insight into
the effects of Ti interlayer thickness on mechanical properties of TiAISiN/Ti multilayer coatings.
Results demonstrated that mechanical properties of TiAISiN multilayer coatings were significantly
changed after the Ti interlayer was introduced, and the multilayer coating #M2 with 25 nm Ti
layer showed the excellent toughness and adhesion without sacrificing hardness too much. As Ti
interlayer thickness increased, both toughness and adhesion decrease owing to the plastic mismatch
between individual layers, and these changes were discussed detailedly with finite element method.
Moreover, the result of the cutting experiment also revealed that the tool flank wear Vb can be reduced
by the multilayer structure. This improvement is believed to be due to the increasing toughness,
which alleviated the damage caused by the continuous impact load of hard phases generated by
Inconel 718 during cutting.

Keywords: cutting performance; fracture toughness; tough-yet-hard coating

1. Introduction

Inconel 718, with its capability of maintaining superior, excellent mechanical properties under
extreme conditions, is a type of superalloy widely used in the aircraft and nuclear industries. However,
it is also characterized by high work-hardening tendency, the appearance of abrasive carbide particles,
built-up edge formation, and low thermal conductivity [1-3]. Over the past years, although considerable
researches have been conducted worldwide, the machining of Inconel 718 is still a tricky issue. One of
the promising solutions is to protect the surface of cutting tools with superhard coatings [4].

Extensive researches have been made on TiAIN hard coatings in cutting Inconel 718, as this
material possesses high hardness, high wear resistance, high high-temperature stability, and superior
mechanical properties [5-7]. With Si added, TiAISiN coatings have better mechanical properties
than TiAIN due to the microstructure of TiAISiN, who's crystalline nc-TiAIN phases are wrapped in
amorphous a-S5i3N4 phase at nanometer scale [8,9]. This kind of microstructure can refine grains of
TiAIN, and help improve the hardness of the coatings due to the Hall Patch effect [10-12]. Besides, a lot
of papers demonstrate that the high-temperature oxidation resistance [13,14], thermal stability [15],
and tribological behavior [16-18] of the coatings are improved after Si is added to TiAIN coatings.
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All these characteristics of TIAISiN meet the cutting requirements of Inconel 718, which is characterized
by severe work-hardening and high cutting heat. However, until now, researchers seldom study the
application of TiAISiN coatings in the machining of Inconel 718.

During the cutting process, Inconel 718 will generate a quantity of hard phases (TiC, NbC,
MoC) [19,20], which can produce a continuous and intensive shock load on the coatings of tools.
Under such conditions, the coatings have to possess higher toughness to resist such shock. However,
TiAISIN with high-level hardness often has low toughness and brittle nature [21,22]. Therefore,
improving the toughness of TiAISiN coatings without sacrificing too much hardness is a necessary
condition for its wider application in the cutting of Inconel 718. The main methods to increase the
toughness of hard coatings include introducing a toughening agent, utilizing phase transformation,
and introducing toughening agents, compressive stress, or the multilayer structure [22].

The multilayered structure consisting of alternating ceramic/metal materials is considered as
an effective way to improve the toughness of the hard coating. The main toughening mechanisms
can be summarized as the relaxation of the strain field around the crack tip through the ductile phase,
crack deflection at the interface among the sub-layers, and interface opening or delamination to
reduce the stress concentration [8,23-25]. Vogli et al. [26] studied the residual stresses and mechanical
properties of multilayer TIAIN/Ti with various designs and found that the multilayer coatings with the
thickest ceramic layers have the highest hardness and the lowest wear rate, as well as the minimum
compressive residual stress. Bonu et al. [27] investigated the mechanical properties of multilayer Ti/TiN
coating with various bilayer thicknesses. Their results showed that the film with a bilayer thickness of
7.5 nm demonstrated the highest hardness and highest erosion resistance at 400 °C. However, there are
few studies investigating ceramic/metal multilayered coatings with TiAISiN nanocomposite coatings.
In view of the above, TiAISiN/Ti multilayer coatings with varying Ti thicknesses were synthesized in
an attempt to overcome the innate brittleness of TiAISiN nanocomposite coatings, and explore the
thickness-dependent mechanical properties.

High power impulse magnetron sputtering (HiPIMS) has received extensive interest from
researchers because of its high-level ionization rate (70% for copper) of sputtered target material since
its introduction by Kouznetsov et al. [28]. The characteristics of high metal ion concentrations and
multiple ionization not only make it possible to deposit coatings with increased density, improved
crystallinity, and excellent adhesion, but also enable more direct control over the deposition process [29].
Even for complex-shaped tools, the HiPIMS-coating can obtain good thickness homogeneity [30],
because a large number of ions are attracted on the whole surface of substrates by adjusting the bias
voltage [31] and the shadowing effect becomes weak. Therefore, the HiPIMS technology has great
application potential in the field of cutting tools.

In this research, TiAISiN/Ti multilayer coatings with fixed TiAISiN layer thickness and varied Ti
layer thicknesses were prepared by HiPIMS. Then, a systematic investigation on the microstructures
and mechanical properties of those coatings was conducted, and the cutting performance against
Inconel 718 was studied. Moreover, the finite element method (FEM) was used to further identify the
effect of Ti layer thickness on the mechanical properties of TiAISiN/Ti multilayer coatings. The results
showed that the hardness, residual stress, toughness, and adhesion of TiAISiN coating were significantly
changed after Ti interlayers were inserted, and that the multilayer coating with 25 nm Ti interlayer
exhibited excellent mechanical properties. The cutting performance of TiAISiN coatings also gained
remarkable improvement by designing TiAISiN/Ti multilayer structure. This study not only provides
a method to improve the cutting performance of TiAISiN coated tool in cutting Inconel 718, but also
can be used as a reference for the application of brittle coatings under high impact load conditions.
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2. Experimental Details

2.1. Coating Preparation

The deposition process was accomplished in a hybrid deposition apparatus with a base pressure
of 2 X 1072 Pa, as shown in Figure 1. All the coatings were deposited on the uncoated cemented carbide
inserts (YT15-4160511, 16 x 16 mm?) by HiPIMS method. After mechanically polished and ultrasonically
cleaned, all substrates were further cleaned by glow discharge for 30 min at 1.5 Pa Ar pressure and
1000 V substrate bias voltage in order to ensure the maximum degree of cleanliness. During the coating
preparation, the deposition was carried out by a hybrid ion implantation and deposition apparatus
with a mixture of high purified (99.999%) argon and nitrogen gases [32] at a deposition temperature
regulated at 150 °C. The apparatus was equipped with Tig g4 Al 3Sip g5 and Ti targets (99.99% purity) in
the form of rectangular plates mounted vertically. The pulse width and frequency of HiPIMS were set
at 200 pus and 50 Hz, respectively. When the TiAISiN layer was deposited, bias voltage, supply voltage,
and pressure were kept at 400 V, 950 V, and 0.8 Pa, respectively, while those parameters were set as 0V,
850V, and 0.6 Pa for Ti layer deposition. Meanwhile, in order to maintain high hardness, the thickness
of TiAISiN layers was designed to be larger than that of Ti layers. Moreover, nitrogen ion implantation
technique was employed prior to TiAISiN deposition to improve the adhesion. The substrate was
moved in a circular motion between the two sputtering targets using the stepper motor, which took
about 10 min to switch the power. Based on the above-mentioned processing parameters, the TIAISIN
layer thickness was maintained at 270 nm. The deposition time was adjusted so as to have a Ti sublayer
thickness of 0 nm, 25 nm, 50 nm, 100 nm, and 150 nm. The schematic drawing of the TiAISiN/Ti
multilayer coatings is summarized in Figure 2.
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Figure 1. Deposition apparatus for TiAISiN/Ti multiayer coatings.
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Figure 2. The schematic drawing for TiAISiN/Ti multilayer coatings. The number of TiAISiN and Ti
sublayers is eight and seven, respectively.
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2.2. Coating Characterization

All TiAISiN/Ti multilayer coatings were characterized by using a series of analytical techniques.
Scanning electron microscope (SEM-ZEISS-Gemini SEM 500, Oberkochen, Germany) was used to
acquire the cross-sectional morphology, as well as the thickness of coatings. In order to analyze the
phase and crystal structures, X-ray diffractometry (XRD, D/Max 2500, Rigaku, Tokyo, Japan) with
CuKa radiation (A = 1.54 A) was studied. In addition, the residual stress was analyzed by the 20-sin?
method [33]. According to the test requirements, the 20 of measured peaks needs to be more than 60°,
thus the (201) peak (20 = 84.08°) of WC (substrate) was chosen in this research. Nanoindentation tester
(Nano-Indentor, Agilent-XP/G200, Nano-Indentor XP, Agilent, Milpitas, CA, USA) with a load precision
of 50 nN was also used to measure nano-hardness and modulus of the coatings. The continuous
stiffness method (CSM) [34] was adopted to obtain displacement-hardness values from initial to final
indentation depth. The average hardness was calculated by hardness-displacement curves collected
at the indentation depth of 30-300 nm from six random sites. The measured results were showed in
Table 1, where H and E are the hardness and elasticity modulus measured by nanoindentation tester,
the HRM is the hardness value calculated by the mixture formula (Equation (3)), and H/E represents
elastic strain to failure [35]. Rock-well indentation with a C tip (200 pm radius) was accomplished to
evaluate the adhesion strength. The indentation toughness was evaluated using a micro Vickers tester
(Vickes-Indentor, Wolpert-401MVD, Chicago, IL, USA) with an applied load of 100 g

Table 1. Thickness of Ti interlayer and mechanical properties of all the samples.

Thickness of Ti H H E Residual
Sample Interlayer RM H/E Plasticity =~ Stress  Rockwell
(nm) (GPa) (GPa) (GPa) (MPa)
#51 0 34 - 367 0.093 0.43 -78.0 Hé6
#M2 25 31 32.0 277 0.112 0.51 -77.8 H2
#M3 50 27 30.3 286 0.094 0.52 -59 H4
#M4 100 24 27.5 265 0.091 0.54 -58.7 Heé
#M5 150 19 25.33 227 0.083 0.68 —66.4 H5
#56 Monolayer Ti 7.5 - 190 - 0.85 - -

2.3. FEM Numerical Simulation

Indentation process of all the coatings was simulated by the finite element model (FEM) with
software ABAQUS (Abaqus/CAE2018, Dassault Systems, Johnston, RI, USA), and the axisymmetric
simulation model was used to save the computation time (Figure 3). The thickness of TiAISiN
monolayer coating (#51) and bonding layer were 2160 nm and 250 nm, respectively. The thickness of
TiAlISiN sublayers of the multilayer coatings was 270 nm while that of Ti sublayers was set as 25 nm,
50 nm, 100 nm, and 150 nm, respectively. To ensure calculation precision, the mesh sizes of TIAISiN
and Ti layers were set as 20 nm and 5 nm, respectively, and the 2D, 4-node structural solid element was
used in all the finite element models. The elasticity modulus was based on the nano-hardness test of
TiAlISiN and Ti layers (Table 1) The indenter was modeled as analytical rigid without friction with
the coating surface, and its semi-vertical angle in the vertical direction was set as 75°. The maximum
indentation depth was set as 600 nm.
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Bonding layer

Figure 3. Finite element model geometry of TiAISiN/Ti multilayer coatings.

2.4. Cutting Experiments

The Inconel 718 round bars (45 mm in diameter and 200 mm in length) served as the material
in this study. Prior to each test, the workpiece would be prepared by removing an approximately
1.5-mm-thick layer from the outside surface, so as to eliminate any effect exerted by workpiece surface
inhomogeneities on the experimental results. This is followed by wet turning tests conducted on
a CGK6125A CNC lathe Machine, with the cutting depth V), set as 0.5 mm, the feed rate f2 0.08 mm/r
and the cutting speed as high as 50 m/min. Since the tool’s flank wear (V},) is an important parameter
used to evaluate the failure of tools, it was defined as the average width of the middle position in
flank’s banded wear zone In order to compare the initial segment wear of the coated tools, all tools
were required to turn the bars for 180 s under the same processing conditions and the tool flank wear V,
was observed every 30 s under a standard optical microscope so as to monitor the wear of coated tools.

3. Results and Discussion

3.1. Microstructure and Residual Stress

The cross-sectional morphologies of TiAISiN coatings with varied thicknesses of Ti layers (0 nm,
25 nm, 50 nm, 100 nm, 150 nm) were observed by SEM. The TiAISiN/Ti multilayer structure could be
identified clearly, which agrees well with the schematic representations shown in Figure 2. As shown in
Figure 4a, the monolayer TiAISiN coating has a dense structure and no columnar crystal structure, which is
consistent with the structure of nanocomposite (nc-TiAIN/a-Si3N4) found by some researchers [36]. From
Figure 4, it can be seen clearly that the thickness of Ti layers of Samples #M2 to #M5 increases gradually,
and Ti layers in #M5 are observed to demonstrate the columnar crystal structure.

Figure 5 illustrates the XRD patterns of investigated TiAISiN monolayer and TiAlISiN/Ti
multilayer coatings. According to Figure 5, these preferential orientations are in agreement with TiN
(JCPDF#87-0631), TisAIN (JCPDF#37-1140), Ti (JCPDF#44-1294), SizsN4 (JCPDF#51-1334), and WC
(JCPDF#89-2727) from ICCD cards. Moreover, we also found that there were no AIN phases in the
XRD results due to the high ratio of Ti/Al, implying that the Al element is likely to exist in the form
of TisAIN compound with NaCl-type crystal structure [37]. (111), (200), and (220) planes of TiN and
Ti3AIN phases are identified in Figure 5a. It is well known that the preferred orientation of the film is
decided by the lowest overall energy condition resulting from a critical competition between the strain
energy (Unk) and surface energy (Shi1) [38]. The (111) plane has the smallest strain energy among three
principal orientations since (111) plane possess the lowest elastic moduli E (refer to Equation (1)), and
the (200) plane has the lowest surface energy in the fcc lattice of NaCl-type crystal structure [38,39] as it
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has the lowest number of broken bonds (1) per square centimeter (refer to Equation (2)). Under the
same principal stresses, the strain energy can be expressed as

Up = €E (1 - V) 1)

where E is the Young’s modulus, v the Poisson ratio and ¢ the strain in the plane. The surface energy

can be expressed as
S = 6.5+ 10 ny/z J em™> )

where ny,;; denotes for the number of broken TiN or TiAIN bonds per square centimeter for different
orientations, and z is the coordination.

«Ti
TiAISIN—s |

Figure 4. Cross-section of Scanning electron microscope (SEM) images of TiAISiN/Ti coatings with
different Ti thicknesses (a) #51 (Ti-0 nm), (b) #M2 (Ti-25 nm), (c) #M3 (Ti-50 nm), (d) #M4 (Ti-100 nm),
(e) #M5 (Ti-150 nm).
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Figure 5. (a) The X-ray diffractometry patterns of monolayer TiAlSiN and TiAlSiN/Ti multilayer

coatings (b) Enlargement of (111) and (200) peak.

In order to compare the planes of TiN phase more accurately, the texture coefficient (Tc) of (111)
and (200) planes is calculated by the method mentioned in reference [40]. As shown in Figure 5,
the preferred orientation of all the coatings is (111) plane, and the (111) plane of TiN and TiAIN becomes
stronger with the continuously increasing of the thickness of Ti layers. This can be explained by two
reasons. One is the increase of thickness. Strain energy Uy increases linearly with the thickness
of the coatings increasing [41]. However, (111) plane has the minimum strain energy, since at large
thickness, it is more expected to appear (111) orientation to minimize the overall energy of the coatings.
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The other reason lies in the thermal strain. For the multilayer coatings, as the thickness of Ti layers
increases, the thermal strain caused by the thermal expansion difference between TiAISiN and Ti layers
also increases gradually [42,43]. In this case, the strain energy of the coatings increases accordingly,
which makes (111) peak become stronger.

From Figure 5b, it can be seen clearly that (200) peak becomes weaker with the thickness of the
coatings increasing. This can be explained by the fact that at small film thickness, the coatings show
obvious surface energy, while for thicker coatings, its strain energy replaces the surface energy and
becomes dominant. Therefore, (200) peak with the minimum surface energy becomes weaker gradually.
Moreover, compare monolayer coating with multilayer coatings, the former has higher compressive
stress as shown in Table 1, which leads to a lattice parameters (a) shrink, enabling the number of
broken bonds per square centimeter (1) to increase accordingly. Therefore, the monolayer coating
(#5S1) has a higher surface energy (refer to Equation (2)) and stronger (200) plane than the multilayer
coatings. Besides, as expected, the diffraction intensity of Ti becomes stronger as the thickness of Ti
layers increases (Figure 5a), which indicates that the crystallinity of Ti is gradually increasing. This
result is consistent with the finding of SEM result in Figure 4e.

In order to investigate the influence of TiAISiN/Ti multilayer structure on residual stress,
the residual stress of the film-substrate interface was evaluated by analyzing the substrate WC
peak with 20-sin”{p method. Residual stress values of the sample substrates are shown in Table 1 All
the residual stresses of substrates are in the compressive state. It can be seen that the compressive
stress (=78 MPa) of the substrate with the TiAISiN monolayer coating (#51) is higher than that detected
in substrates with multilayer coatings. a possible explanation for this phenomenon may be that the Ti
layer can contribute to the stress relief of multilayer systems [9,44], but the thickness of #M2 (25 nm)
does not have enough volume to release the stress of TIAISiN coatings. This result is compatible with
the results provided by Vogli.et al. [45].

3.2. Hardness Analysis

The hardness and mechanical properties of TiAlISiN/Ti multilayer coatings with various Ti
thicknesses, tested by CSM-mode, are shown in Figure 6 and Table 1. The average hardness is
calculated with the platform in the depth range of 50 to 300 nm. As expected, the monolayer TiAISIN
coating (#51) had the highest hardness (34 GPa), and it formed a platform in the depth range of
100-300 nm. For multilayer coatings, the hardness and modulus decreased with Ti thickness increasing
from 25 to 150 nm. This result could be explained by the effect of the softer layer Ti, as the rule of

mixture (RM) (Equation (3)).

FTiAISIN b
Hgwm = %'HTiAlsiN + %'HTi 3)

where Hgy is the hardness resulting from the rule of mixture, t1jaisin and t is the thickness of TIAISIN
(270 nm) and Ti sublayers, Hriaisin and Hr; is the hardness of TiAISiN (34 GPa) and Ti (7.5 GPa) single
layer, and A is the bilayer period. Compare the experimental values (H) with predicted value (Hry) of
hardness (Table 1). In those coatings, monolayer TiAISiN coating #51 has the widest platform in the
depth range of 50 to 300 nm. An interesting phenomenon found is that the hardness of #M5 shows
a second platform (see Figure 6) in the depth range of 60 to 140 nm. This indicates that fracture occurs
on the surface of coatings when the indenter is pressed into #M5 coating, which is well consistent with
the result produced by fracture toughness test (see Figure 7(e-x)). The mechanism of cracking will be
elaborated in FEM analysis.



Metals 2019, 9, 918 8 of 16

——#S1

40 — #M2
———#M3
— #M4
—— #M3

w
S
|

N
o

Hardness (GPa)

,,,,,,,,,

T T T T T
0 200 400 600 800 1000 1200
Displacement

Figure 6. Hardness of coatings with the tip displacement at (0~1200 nm), #51 (Ti-0 nm), #M2 (Ti-25 nm),
#M3 (Ti-50 nm), #M4 (Ti-100 nm), #M5 (Ti-150 nm), #56 (Ti monolayer coating).

Figure 7. The surface morphology of the indentation generated by Vickers indenter with the load of
100 g. (a) #51 (Ti-0 nm), (b) #M2 (Ti-25 nm), (c) #M3 (Ti-50 nm), (d) #M4 (Ti-100 nm), (e) #M5 (Ti-150 nm),
(e-x) partial enlarged image of (e).

3.3. Toughness and Adhesion Analysis

It is known that fracture characteristics of the film depend on material properties such as adhesion,
hardness, residual stress, plasticity and thickness of the coatings [45,46]. In this work, since all the
coatings were deposited on the same substrate, the difference of fracture characteristics could only
be caused by different properties of the coatings. Figure 7 presents the surface morphology of the
indentation generated by Vickers indenter with a load of 100 g. It can be seen that the monolayer
TiAISiN coating (#51) exhibits obvious cracking, which is attributed to its high hardness and residual
stress. Moreover, the diagonal of the indentation grows longer as the thickness of Ti layers in multilayer
coatings increases, which results from that fact that the declined coating hardness enables the indenter
to be pressed deeper. Compare the fracture toughness of multilayer coatings with that of monolayer
coatings, we can see a significant improvement in the fracture toughness in the former. There are
two reasons for that. Firstly, in TIAISiN/Ti multilayer coatings, the cracks will be deflected when they
pass through the interfaces. Secondly, the plastic deformation and ductile bridging of the Ti layer can
dull and weaken the cracks, which will cause extra energy consumption and dissipation during crack
propagation, thus contributing to the enhancement of fracture toughness [47,48].

However, as the thickness of the Ti layer increases, the fracture toughness will be reduced as shown
in Figure 7, which is ascribed to plasticity mismatch. The reason is that when the indenter is pressed
into TiAISiN/Ti coatings, the Ti layer will undergo a severe plastic deformation whereas TiAISiN
sublayer has a small deformation due to its hard and brittle characteristics. In this case, the multilayer
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coatings will crack when the difference between TiAISiN and Ti layers plastic deformation exceeds
a certain value. Moreover, the #M5, the coating with the thickest Ti layer, has deep cracks at the
junction of diagonal inside the indentations where they have the maximum deformation curvature of
the coatings.

The morphology of Rockwell indentations on coatings is presented in Figure 8. It can be seen that
the monolayer TiAISiN coating exhibits severe flaking (HF6) while for multilayer coatings, when the Ti
thickness is 25 nm, there are only a few cracks and tiny detachments, indicating excellent adhesion
strength. However, the adhesion becomes worse as the thickness of the Ti layer increases. #M4 shows
the most obvious flaking among all the multilayer coatings. Samples #M2 to #M5 can be classified as
HF2, HF4, HF6, and HEF5 respectively listed in Table 1, which is consistent with the result in toughness
analysis. According to Figure 8, the type of coating flaking of monolayer coating is different from that of
multilayer coating, as evidenced by the fact that the flaking areas of monolayer coatings keep a certain
distance from the edge of the indentation, as shown in Figure 8a, while that of the multilayer coatings
are adjacent to the peripheral edge of the indentation. Since the indentation edge has the largest shape
variable, the TiAISiN sublayer and the Ti sublayer will be separated (as shown in Figure 8e-x) at this
area due to the large difference in deformation, which is consistent with the fracture morphology of
#MS5 (Figure 7e-x) observed in the toughness test.

@)Ti= 0 pm >

\

-
3
\

7

\ \/ /substrate

interlamina?&cture /;’
\ 4

\
e | V4
IS

8 um

Figure 8. Rockwell indentation images of sample (a) #51 (Ti-0 nm), (b) #M2 (Ti-25 nm), (c) #M3
(Ti-50 nm), (d) #M4 (Ti-100 nm), (e) #M5 (Ti-150 nm), (e-x) partial enlarged image of (e).

3.4. Computational Aspects

When Berkovich indenter is pressed to 600 nm, Von Mises stress distribution for coatings is
shown in Figure 9, from which it can be seen clearly that the stress distribution for monolayer coatings
shows gradient semi-circle behavior while the semi-circle edge becomes jagged for multilayer coatings.
Moreover, this behavior becomes increasingly prominent as the thickness of the Ti layer increases,
indicating that Ti layers with larger thickness can worsen the uniformity of stress distribution within
the multilayer coatings. As displayed in Figure 9, the right bottom of each picture provides an enlarged
image of zones where have the maximum Von Mises stress, in which the red semi-circle part represents
high stress zones, which means the stress is greater than or equal to 1.8 x 10° Pa. According to Figure 9,
the monolayer coatings have the largest high stress zone, while for multilayer coatings, the high stress
zone reduces with the increase of Ti layer thickness, indicating that the coatings with thicker Ti layers
are under less stress. This changing pattern can also explain the phenomenon that coatings hardness
decreases with the thickness of Ti layers increasing.
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Figure 9. Contours of the Von Mises stress generated in TiAISiN monolayer coatings and TiAISiN/Ti
multilayer coatings (a) #51 (Ti-0 nm), (b) #M2 (Ti-25 nm), (c) #M3 (Ti-50 nm), (d) #M4 (Ti-100 nm),
(e) #M5 (Ti-150 nm), (e-x) the partial enlarged image of (e), the stress unit is in Pa.

To illustrate the effect of Ti layer thickness of the stress distribution within coatings more clearly,
Von Mises stress distribution of coatings along the symmetric axis from the top surface to the substrate
was plotted in Figure 10a. To identify the Von Mises stress distribution clearly, the stress distribution of
the coatings ranging from 0 to 550 nm was enlarged in Figure 10b. According to Figure 10, when the
indenter is pressed to the same depth (600 nm), the higher of Ti layer thickness is, the less stress will be
applied to the coatings, which is consistent with the change of pressed depth (the diagonal length of
the indentations) in the toughness analysis (Figure 7).

(b) 220,000

—#S1
—#M2
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T — T T
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Distance from the surface (nm)

Figure 10. (a) Von Mises stress distribution along the symmetric axis from the top surface to the
substrate, (b) the Von Mises stress in the depth range of 0 to 100 um. AF is the Von Mises stress
difference between the upper and lower interfaces of Ti layer.

At a small Ti layer thickness, the toughness of the coating is ameliorated due to interfaces, plastic
deformation and ductile bridging [22,46]. However, the toughness is reduced with the increase of the
thickness of Ti layers, which can be explained as follows. For TiAISiN/Ti multilayer coatings, since the
plasticity of Ti layers is greater than that of TiAISiN layers (see Table 1), the coating with thicker Ti
layers has larger plastic mismatch between Ti and TiAlSiN layers. When the indenter is pressed into
the coatings to the same depth, as shown in Figure 10b, the multilayer coatings with thicker Ti layers
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have a larger AF, (AF represents the Von Mises stress difference between the upper and lower interfaces
of Ti layer), and when the stress components of AF along the interfaces are greater than the interlaminar
bonding strength of TiAlSiN and Ti interlayers, cracks will occur between interlayers, resulting in
worse toughness. Moreover, this rule can also expound the fracture behavior observed in #M5 coating
(Figure 6) in the hardness test.

Therefore, it can be concluded that the effect of Ti layer thickness on toughness results from
the combination of multilayer toughening mechanism and plastic mismatch mechanism. When the
thickness of Ti layers is small, the toughness of the coatings will be significantly improved owing to the
dominance of multilayer toughening mechanism. However, as the thickness of the coatings increases
gradually, the plastic mismatch between individual layers becomes increasingly obvious, resulting in
decreased toughness and interlaminar fracture.

3.5. Cutting Experimental

The tool flank wear Vb versus the turning length was plotted in Figure 11a for five coatings with
different Ti thicknesses. According to Figure 11a, it can be concluded that tool flank wear Vb of the
coated tools can be decreased effectively by TiAISiN/Ti multilayer structure, and that tool flank wear
changes significantly with varying thicknesses of Ti layers. There are various characteristics of the
coating, including microstructure, hardness, adhesion, toughness, etc., that can influence the cutting
performance. To analyze the relationship between mechanical properties and wear morphology more
accurately, the wear morphology of tool flank wear was observed by SEM, as shown in Figure 12a,
from which it can be seen that the main damage forms of the coatings are abrasive wear and coating
spalling. Then the tool flank wear edge is further divided into wear edge and spalling edge as
illustrated in Figure 12b, where W represents the sum of length of the wear edges (w) protecting tools
that are subjected to normal abrasive wear, S represents the sum of length of spalling edges (s) from
the tool, and coatings in this area are not involved in the cutting process, and k represents W versus S.
Furthermore, the influence distance (d) of the coating spalling caused by broken WC particles was
analyzed in Figure 12b.
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Figure 11. (a)Tool flank wear Vb curve versus cutting length of different coated tools. (b) Tool flank
wear Vb and length ratio k curve versus Ti layers thickness of different coated tools, k = W/S = Y (w)/Y.(s).
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Figure 12. (I) Tool flank wear profiles of different coatings. (II) The partial enlarged image of (I) (a)
#S1 (Ti-0 nm),Vbygy = 150 um, (b) #M2 (Ti-25nm), Vb = 85 um, (c) #M3 (Ti-50 nm), Vb3 = 104 um,
(d) #M4 (Ti-100 nm), Vbygg = 123 pum, (e) #M5 (Ti-150 nm), Vbhys = 187um. (w) wear edge, (s) spalling
edge, W = }\(w), S = Y.(s), (d) influence distance of the coating spalling cause by broken WC.

As is shown in Figure 11a, #M2 exhibit the minimum Vb and spalling edge due to excellent
toughness and relatively higher hardness. a comparison between #M3 and #51 in Figure 11a shows
that, although the coating hardness of #51 is higher than that of #M3, tool flank wear of #51 is greater
than that of #M3, indicating that in the cutting process of Inconel 718, the coating hardness is not
a key factor influencing tool flank wear. According to Figure 11b, the coatings with high k value
like #M2 and #M3 demonstrate low tool flank wear, which is ascribed to the high toughness of the
coatings. In the cutting process, there are lots of carbides (such as TiC, VC, NbC, WC, TiN, VN, NbN)
and dispersedly distributed interphase compounds (FeCr, CoCr, FeCrMo) within Inconel 718 [49,50].
Those compounds can easily combine with C or N element coming from the cutting fluid or air to
generate dispersedly distributed hard phases at elevated temperatures. During the cutting operations,
these hard phases will produce intensive shock load intermittently on the surface of the coatings. It
can be seen from Figure 12 that broken WC particles occur on tools. This can be explained by the fact
that since Co element serving as the blinder in the cemented carbide tools and Ni and Fe elements
are VIIIB group elements, they have high chemical affinity at elevated temperatures so as to produce
diffusive wear, which contributes to the loss of Co element, thus resulting in broken WC particles.
The broken WC particles will cause the spalling of the coatings within certain influence distance (d).
As shown in Figure 12(II), #M5 has wider influence distance (d) than #M2, which is not even affected
by the cracking and still belongs to the wear edge (w) due to its high toughness.
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Abrasive wear is the main wear mechanism within wear zone. Since severe work hardening
phenomenon occurs during the Inconel 718 cutting due to metallurgical (phase) changes [51] resulting
from plastic deformation, the coatings with higher hardness are required to decrease the wear rate.
For example, although there is no significant difference in the k value of #51 and #M5, #M5 demonstrates
more serious flank wear as #51 coatings have higher hardness. Moreover, notch wear is observed
at the tool flanks during the cutting of Inconel 718, which is ascribed to two reasons. Firstly, notch
wear occurs in the fringe area where the tool flank is in contact with the unfinished metal surface,
which has a high stress gradient. Secondly, the cutting burrs formed on the unfinished and finished
metal surfaces can also lead to serious notch wear in this zone.

It can be found that in these coatings, the hardness of the coatings decreases, and plasticity
increases with the thickness of inserted Ti layers increasing. In addition, although the multilayer
structure can reduce residual stresses in the coatings, no regular relationship between residual stresses
of the coatings and the thickness of Ti layers is observed. In addition, in indentation tests involved
three kinds of indenters (Berkvich, Vickers and Rockwell indenter), the coating #M5 with a Ti layer
whose thickness is 150nm exhibits cracking due to the plastic mismatch between Ti layers and TiAISiN
layers. In all coatings, #M2 can help the coatings maintain high toughness without sacrificing too much
hardness, and it also has the lowest flank wear in the cutting, which demonstrates that inserting Ti
layers with suitable thickness is an effective way to improve the cutting performance of coated tools in
cutting Inconel 718. Moreover, a comparison of flank wear of the coated tools reveals that the coating
hardness of tools used in cutting Inconel 718 should be improved as much as possible under conditions
that high toughness is maintained, thereby extending tool life.

4. Conclusions

In this paper, a series of TiAISiN/Ti multilayer coatings with different Ti layer thicknesses (0 nm,
25 nm, 50 nm, 100 nm, 150 nm) were prepared by high power impulse magnetron sputtering (HiPIMS),
the effect of different coatings on mechanical properties was investigated and the mechanism was
further expounded by means of the finite element method (FEM). Finally, the cutting performance of
coated tools with TiAISiN/Ti multilayer coatings was studied by the cutting experiment against Inconel
718. The main conclusion can be reached as follows.

(1) The varying thicknesses of the Ti layer can bring obvious changes to the properties of the
coatings. When the thickness increases, the hardness and elastic modulus decrease significantly
from 34 GPa, 367 GPa to 21 GPa, 227 GPa, respectively, and the plasticity increases from 0.43 to 0.68.
In addition, the multilayer coatings with Ti layers can reduce the residual compressive stress of TIAISIN
coatings, which can be explained by the fact that in TIAISiN/Ti multilayer coatings, the stress of the
hard layer TiAISiN/Ti can be released to the Ti layer.

(2) The high brittleness of TiAISiN can be markedly improved by introducing Ti layers, and the
improvement degree changes with varying thickness of Ti layers. When the thickness of Ti layers is
small, the interfaces within the coatings and plastic deformation, and ductile bridging of Ti layers
can result in significant improvement of the toughness of the coatings. However, if the thickness
of Ti layer continues to increase, the greater interlayer stress difference and plasticity mismatch will
result in cracking of the coatings in areas where have the largest deformation, resulting in the declined
toughness of the coatings. After experiments, it was found that the coatings with Ti layers whose
thickness is 25 nm (#M2) exhibit the excellent toughness without sacrificing too much hardness.

(3) The cutting experiment the performance of TiAISiN can be significantly enhanced by inserting
Ti interlayer, and the coatings with high toughness also exhibit good cutting performance, which is
ascribed to the fact that the coatings will suffer from intensive shock load of hard phases precipitated
by Inconel 718 at elevated temperature.
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