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Abstract: A new family of physical vapor deposited (PVD) coatings is presented in this paper.
These coatings are deposited by a superfine cathode (SFC) using the arc method. They combine
a smooth surface, high hardness, and low residual stresses. This allows the production of PVD
coatings as thick as 15 um. In some applications, in particular for machining of such hard
to cut material as compacted graphite iron (CGI), such coatings have shown better tool life
compared to the conventional PVD coatings that have a lower thickness in the range of up
to 5 um. Finite element modeling of the temperature/stress profiles was done for the SFC
coatings to present the temperature/stress profiles during cutting. Comprehensive characterization
of the coatings was performed using XRD, TEM, SEM/EDS studies, nano-hardness, nano-impact
measurements, and residual stress measurements. Application of the coating with this set
of characteristics reduces the intensity of buildup edge formation during turning of CGI, leading to
longer tool life. Optimization of the TiAIN-based coatings composition (Ti/ Al ratio), architecture
(mono vs. multilayer), and thickness were performed. Application of the optimized coating resulted
in a 40-60% improvement in the cutting tool life under finishing turning of CGL

Keywords: TiAIN thick coating; coating process deposition; coating architecture; machining of CGI;
coating mechanical properties; FEM

1. Introduction

Compacted graphite iron (CGI) has been used in the automotive industry for different applications,
including engine blocks, due its improved mechanical properties compared to gray ductile iron.
The structure of graphite in CGI makes this alloy strong and stiff with better damping properties,
better thermal conductivity, and good castability. CGI has 75% higher strength, 40% higher elastic
modulus, and double fatigue strength compared to gray cast iron. The better mechanical properties
of CGI originate from its graphite structure and shape, which are vermicular or worm-shaped and
randomly oriented. However, the main problem that has prevented this material from being widely
used is its poor machinability [1-5].

Experiments have been carried out to compare the machinability of CGI and CI and have shown
a great decrease in tool life during machining of CGI [5,6]. Abele et al. [6] and Gastel et al. [7] showed
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that using a cubic boron nitride (CBN) cutting tool, the tool life is reduced up to 50% during interrupted
cutting and up to 10% during continuous cutting of CGI, and this effect is more significant at higher
cutting speeds. Therefore, a cutting speed of 100-120 m/min has been suggested for maximum
tool life. It is also reported that difficulties in machining of compacted graphite iron compared to
cast iron are due to the very low sulfur content. In machining of cast iron using high speed, sulfur
produces a manganese sulfide protective layer on the cutting edge. This protective layer can decrease
the abrasive wear of the tool by acting as a lubricant and increase tool life [8,9]. Gastel et al. [7]
stated that this protective layer can also protect the tool from oxidation and diffusion at higher cutting
temperatures. Heck et al. [5] investigated the tool wear mechanism when machining CGI; they stated
that improving machinability of CGI by adjusting its chemical composition is impossible. Therefore,
one of these three approaches should be used to improve tool life: (1) improve the cutting materials,
(2) use coated inserts at low cutting speeds and high feed rates, and (3) design tools in a way that
continuous cutting is replaced by interrupted cutting. With these strategies at hand, many researchers
have tried to improve tool life by using hard coatings [2,10-15].

To improve tool life in machining of CGI, Tooptong et al. [12] reported that using a multilayer
chemical vapor deposited (CVD) coating of Ti(C,N), Al,O3, and TiN (Sandvik 3205 and Sandvik
3210) in a turning operation improved tool life by more than 500% at a 250 m/min cutting speed.
They also mentioned that using a coated carbide tool could decrease crater wear in the same way:.
Grzesik et al. [11,16] measured cutting temperature, cutting forces, the coefficient of friction, and surface
roughness when turning nodular and CGI with coated and uncoated inserts. The results showed that
TiAIN coating successfully decreased cutting forces, the coefficient of friction, and tool-chip contact
length. Pavia et al. [2] used TiAIN/TiN, AICrN, and TiSiN/AICrN PVD coatings in a drilling operation
to improve tool life. Wang [17] compared uncoated and TiAIN-coated inserts in turning of alloyed cast
iron. The results showed that TiAIN coating was able to increase tool life and decrease cutting forces.

Based on the previous research, it is well known that hard PVD coatings can improve tool life
by protecting the cutting tool surfaces [18]. TiAIN coating has been commercially used for tools
since it shows good performance compared to other coatings in terms of tool life [19]. A number
of studies have investigated the effect of coating architecture, thickness, and deposition methods on
mechanical properties and cutting performance of PVD coatings [20-25]. These studies have shown
that the thickness of the PVD coatings is limited by residual stresses caused by the conventional
PVD method. A new method of PVD coating deposition, using a so-called “superfine cathode (SFC)”
allows deposition of hard PVD coatings as thick as 15-20 pm, which have shown better tool life when
compared to the conventional PVD coatings. The TiAIN-based family of coatings is the major coating
used in industrial practice for turning operations [26,27]. For that reason, in this research, we selected
a thick TiAIN PVD coating, deposited by SFC, to improve tool life in turning of CGI. Performance
of thick monolayer and multilayer PVD TiAIN coatings is compared to commercial (5 pm thick)
coatings. The properties of the thick coatings are evaluated and tool wear is measured under different
cutting conditions.

2. Experimental Procedure

In the present study, a family of TiAIN-based coatings with various Al/Ti ratios up to 0.73 have
been produced by a cathodic arc ion plating process using an upgraded version of a plasma-enhanced
arc fine cathode (FC) [28], named a superfine cathode (SFC). SFC is a magnetically controlled
new cathodic arc source, which enables the deposition of a low stress and smooth, thick coating
(see the details in Section 4.1).

The AITiN coatings were deposited by using Tip4Alg ¢ targets made up by a powder metallurgical
process on the polished cemented carbide WC-Co. substrates and Kennametal CNGG432FS turning
inserts. To deposit the coatings, an R&D-type hybrid PVD coater (Kobe Steel Ltd., Kobe, Japan) using
a SFC (superfine cathode) arc source was employed.
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The samples were heated up to 500 °C and soon after the samples were cleaned by means of an
Ar-ion etching process. The chamber was pressured with the mixture of gases Ar-N,. The total
pressure applied to the chamber was 2.7 Pa, being that an N, partial pressure of 1.3 Pa. For the coating
deposition process, two targets were employed and the parameters were as follows: the arc source was
operated at 100 A; a bias voltage of 100 V; a substrate rotation of 5 rpm. The thickness of the coated
cutting inserts obtained after the deposition was around 5, 10, and 15 pm.

The crystal structure and preferred orientation of the coating were determined with X-ray
diffraction (XRD, Rigaku ULTIMA-PC, Rigaku, Tokyo, Japan), using Cu-k« radiation. The residual
stress evaluation was by means of a conventional X-ray diffractometer using the sin? { method.
The thickness of the coatings for residual stress measurements was 5 pm. Residual stress measurements
were performed using a 2.0 mm round aperture with collection times for each X-ray diffraction peak
of about 180 s. The residual stress measurements were performed through the multiple exposure
technique with a minimum of % angles. This measurement was performed in the plane (101) being
the diffraction angle around 44°. For that, a Cu common target was utilized. A Gaussian function was
used to fit the diffraction peaks. Ni filters were utilized to suppress fluorescence.

The analyses of the cross-section of the coated samples were done by transmission electron
microscopy (TEM) made by JEOL (Tokyo, Japan) (FS2200) equipped with FIB (focused ion
beam). In addition, the selected area electron diffraction (SAED) studies were performed as well.
The acceleration voltage adjusted at the microscopy was 200 kV. Cemented carbide inserts coated with
different PVD coatings were tested for machining of compacted graphite iron (CGI).

To evaluate the wear behavior of the coated inserts, turning experiments were performed on
a Nakamura Tome SC450 CNC turning machine. The cutting tests were conducted for finishing
operations under the following conditions: cutting speed of 250 m/min, feed rate of 0.34 mm/rev,
and depth of cut of 0.25 mm with wet machining. The cutting tests were employed using cemented
carbide inserts with TIAIN coatings of different thickness (5, 10 and 15 um) under wet cutting conditions
via a nozzle positioned directly to the cutting tool at a flow rate of 15 L/min. The cutting tests were
carried out under finishing operations until the inserts reached the end of tool life, defined as flank
wear of 300 um. During the cutting tests, the tool flank wear was measured using an optical microscope
(Keyence-model VHX, KEYENCE America, Elmwood Park, NJ, USA) confirmed. After machining,
the rake wear and flank wear on the inserts were investigated by scanning electron microscopy
(SEM)/EDS.

The workpiece material —CGI—employed in this work was received as cylindrical bars with
200 mm diameter and 300 mm length. Metallography data on the CGI samples are presented in
Figure 1. The optical microscopy inspection revealed that the percentage of nodularity was 68.43%
pearlitic. The hardness of the CGI workpiece was 20 HRC.

Graphite: 20.32%
Ferrite: 11.25%
I pearlite: 68.43%

Figure 1. Structure of the compacted graphite iron (CGI); optical metallography data: (a) magnification
100x; (b) magnification 500 x.
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The mechanical properties of the coatings were measured through a Micro Materials NanoTest
system (Micro Materials Limited, Wrexham, UK). Nanoindentation was performed in order to measure
the hardness and elastic modulus of the coatings proposed in this work. The indentation was done
through a Berkovich diamond indenter. The load applied was 40 mN and the amount of 40 indentations
were performed for each coating. Nano-impact testing was carried out by a NanoTest System. A cube
corner indenter was employed during the tests at a frequency of 0.25 Hz. For this frequency, 25 mN
of force was applied to produce an impact every 4 s for a total test duration of 100 s. Fracture probability
was estimated by ranking the time-to-failure events in order of increasing fatigue resistance and then
assigning a probability of failure (Equation (1)):

P(f) = n/(N +1) (1)

to the nth ranked failure event in a total sample size of N, analogously to the treatment of distributions
of failure stresses in Weibull statistics.

3. Finite Element Process Modeling

Advances in computational technology have facilitated the access to powerful simulation
tools. In this context, the finite element method (FEM) can provide a deeper understanding
of the phenomena taking place within the tool/workpiece interface during the machining process.
Predictions of factors such as tool wear rates are made possible by the analysis of stress and temperature
profiles. The understanding of strain rates, as well as deformation and tribological phenomena,
become crucial for the conception of a well-structured simulation model. Severe plastic deformation
and dynamic friction conditions provide a high level of complexity to the modeling of machining
processes [29]. Another important parameter during machining is the temperature in the cutting zone,
which is important to consider during the cutting process [30]. For this paper, temperature and stress
profiles were obtained for the machining of CGI under wet cutting conditions, considering the cutting
tools coated with TiAIN SFC coatings with different thickness values. The results were then compared
to data acquired during the cutting tests.

The modeling was performed using Third Wave Systems AdvantEdge™ simulation software,
which associates unconventional finite element models through a Lagrangian formulation, allied to
adaptive remeshing capabilities [28], which are appropriate for machining operations. The workpiece
material was CGI-pearlitic and the tool substrate was cemented carbide (Grade K313) with a thick
TiAIN coating. The parameters and data related to tools adopted during the simulation can be seen in
Table 1.

Table 1. Cutting parameters applied during the finite element method (FEM).

Operation Finishing

Feed: 0.34 mm/rev
Depth of cut: 0.25 mm (F)
Cutting Parameters Cutting speed: 250 m/min (F)
Wet turning via a nozzle positioned directly to the cutting tool
Flow rate of 15 L/min
Machined length: 5 mm

Geometry: SNMA120408
Material: Cemented carbide (grade K313)

Tool Coating material: TIAIN
Coating Thickness: 5, 10, 15 um
Workpiece Material: CGI-Pearlitic

Dimensions: 75 mm x 20 mm
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Mechanical and thermal properties of the materials were acquired according to the FEM program'’s
database. In order to obtain more accurately predicted results, smaller elements (around 0.02 mm)
were modeled closer to the tool/chip interfaces, as temperature fields in those regions tend to have
a higher influence on tool wear rates. For the remaining sections, a coarser mesh was employed with
element sizes ranging around 0.1 mm. The element sizes and temperature conditions are presented in
Table 2.

Table 2. Cutting parameters applied during FEM.

Element Sizes

Maximum No. of Output Initial Room
Minimum Maximum Number of Nodes Frames Temperature
0.02 mm 0.1 mm 24,000 30 20 °C

For simplification purposes, the cutting edge was defined ideally as rigid since the main purpose
of this work was temperature evaluation and profile stresses on the cutting edge. Simulations were
carried out for a total cutting length of 5 mm for each tested condition (5, 10, and 15 um), thus allowing
the model to reach steady state temperature profiles. A constant friction coefficient was applied to
the tool-chip interface according to Coulomb’s friction. Also, 100% of the frictional work is considered
to be converted into heat.

FEM Results

Temperature profiles obtained for the coated cutting tools are presented in Figure 2. By analyzing
the gradient in Figure 2d for the 15 um TiAIN-coated tool, the temperature reduction was more intense
when coming from the rake surface into the carbide substrate, compared to the tools coated with
thinner layers of the same material (Figure 2e,f). For example, probing the 15 um sample at a point
located 20 pm from the center of its rake surface gave a temperature of 515 °C, whereas probing at
the same location for the 5 pm sample resulted in a significantly higher value of 562 °C, meaning that
for a 10 um layer increase, a near 50 °C reduction in temperature was achieved.

(b) 10 um (c) 5 um

a) 15 um

(d) 15 um (e) 10 um (f) 5 um

_t6um frvsning CO_10um_fishing COLSum_fnishing

Figure 2. Finite element method (FEM) temperature profile for wet machining of CGI using carbide
tools with superfine cathode (SFC) TiAIN coatings of different thickness: (a,d) 15 um, (b,e) 10 um,
and (c,f) 5 um.
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These results show a correlation between coating thickness and heat penetration, supporting
the idea that thicker coatings act as thermal insulators for the tool’s substrate and should be considered
for heat-intensive machining applications, such as CGI turning.

The thick-coated tools compared to the thinly coated tools offer better protection against
mechanical and thermal loads, which result in an improvement in wear resistance. In this case,
the results from FEM presented in Figure 3 allow us to determine machining-induced effective source
stresses present at the cutting edge for different coated tools.

(a) 15 um (b) 10 um (c)Spum

-6000 -4000 -2000 0 MPa -6000 -4000 -2000 0 MPa -6000 -4000 -2000 0 MPa
E.-5.3 GPa E.-4.5 GPa E.-4.3 GPa
l.-2.8 GPa l.-4.0 GPa

Figure 3. FEM stress profile for wet machining of CGI using carbide tools with SFC TiAIN coatings
with different thickness: (a) 15 um, (b) 10 um, and (c) 5 um.

The simulation achieved a good correlation for the stresses on the cutting edge versus coating
thickness. The maximum equivalent stress for the thick coating, determined by the finite elements
method (FEM), reached 5.3 GPa on the cutting edge roundness close to the flank (see Figure 3a),
while the thin coating reached 4.3 GPa (Figure 3c). However, the cemented carbide substrate was
less stressed for the thick coating than the thin coating. The results show that a thick coating can
support more stress during the cutting process and, as a consequence, it helps to reduce the stress that
comes into the substrate, which can lead to micro-chipping at the cutting edge and accelerate growth
of the wear values [31].

4. Results and Discussion

4.1. Coating Characterization

TEM/FIB cross-section images of the TiAIN coating deposited by fine cathode (FC) and SFC
are presented in Figure 4. The coating has a complex structure that combines a nano-multilayered
structure with modulating composition and columnar structure (Figure 4c,d). The HRTEM image
of the coating does not show epitaxial growth between the layers. The layers are similar and do not
have any preferential orientation as can be seen from the diffraction pattern (Figure 4d).

The surface morphology of the cemented carbide-coated samples was investigated by scanning
electron microscopy (SEM, Figure 5a,b) and Alicona (Alicona Imaging GmbH, Raaba, Austria) surface
roughness measurements (Figure 5c). The data presented show that SFC provides a smoother surface
finish than FC.

XRD data on TiAIN coatings deposited by FC and SFC are presented in Figure 6. It shows
that the crystal structure is identical for both FC and SFC coatings (Figure 6a). However, residual
stresses varied strongly with the bias voltage applied (Figure 6b) and low stress SFC coatings could
be deposited.
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(d)

Figure 4. Focused ion beam (FIB) TEM data on different TiAIN coatings: (a) thin FC monolayer
(thickness of 5 um); (b) thick SFC monolayer (thickness of 10 um); (c) thick multilayer (thickness
of 10 um), and (d) HRTEM image of thick multilayer coating (thickness of 10 um) with the selected
area electron diffraction (SAED) pattern inset.

(b)

SFC

FC

00 01 02 03 04 05 06 07 08 09
RA (um)

(©)

Figure 5. Scanning electron microscopy (SEM) data on surface morphology TiAIN coating deposited
by FC (a) and SFC (b) plasma sources; (c) comparative surface roughness measurement by Alicona.
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Figure 6. XRD data on TiAIN coatings: (a) critical structure of FC vs. SFC coatings; (b) residual stresses
vs. bias voltage.

The hardness and related characteristics of the SFC coatings studied are presented in Table 3.
The hardness of the coatings is similar. It is worth noting that the multilayer thick coating had greater
load support (resistance to plastic deformation) that scaled with the H®/E? ratio. Since the coatings
exhibited stochastic time-to-failure behavior in the nano-impact test, the results have been displayed
as the cumulative fracture probability within a given test time (Figure 7). When the data are displayed
in this way, it can be seen that the multilayer coating also presented lower fracture probability during
impact testing as compared to the monolayer (Figure 7). This may be related to its higher H>/E?,
which has been shown to improve coating resistance to crack formation by providing enhanced
load support.

Table 3. Nanomechanical data on SFC AlgTigoN coating.

Coating Thickness Hardness, H Elastic Modulus, E HIE H3/E?
Architecture (um) (GPa) (GPa) (GPa)
Monolayer 5 30.6 499.6 0.061 0.115
Monolayer 15 28.1 406.5 0.069 0.134
Multilayer 15 28.7 405.4 0.071 0.143

25 mN impact load

> 1
= Thick monolayer [ .3
E 0.8 \__:—il‘\ Thick multilayer
2 06 | R
¢ 04 pu
=] £
o e
O A
E 0.2 ./ i
'8

0

0 100

Time to fracture (s)

Figure 7. Fracture probability of TIAIN mono vs. multilayer coatings, 15 um thick. Frequency is deleted.
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4.2. Cutting Tests

The tool life of a number of SFC-deposited TiAIN-based coatings with different compositions
was investigated. The data presented in Figure 8 show that the Al/Ti ratio in SFC coatings affect
the cutting performance. The tool life was longest within Al/Ti ratio 50-60%. Tool life improvement

was around 60% compared to the commercial thin TiAIN coating. When the Al/Ti ratio is higher,
the tool life decreases.

20000 e
400 L / ]
TIAIN commercial (thin) Ti40AI60N SFC (thick) é : ‘,/.| :
_ \ ! E — 15000 |- P —
g. 300 r o » 9 * E’ A /'/ \ ]
= [ ] E o L 1 ]
g 4 goosenadsiees S 500 e ' ]
2 200 soss00 ®- TN 2 ) ! ]
x —®- Ti7T5AI2SN £ r \ 1
® ® - Ti70AI30N Y 5000 -, ! -
= 100 Ti6SAI35N g v i
TIS0AISON r -
® - Ti40AI60N oLttt @1y
0 PN YR T T N WY W SO N U —@— Ti25A175N 0 20 40 60 80 100
0 5000 10000 15000 20000

Cutting Length (m) Al Content / at%
(@) (b)

Figure 8. Cutting tool life of the TiAIN-based monolayer coatings with different Al/Ti ratios (finishing
operation): (a) flank wear vs. length of cut; (b) length of cut vs. Al content. Coatings were deposited by
SEC to a thickness of 10 um. The TiAIN commercial coating is 4-5 um thick.

SEM images of wear patterns show that during machining of CGI, the buildup edge formation
is less intensive on the surface of the cutting insert with the thick coating after a longer length of cut.
EDS elemental mapping presented in Figure 9 shows that from the beginning of the wear process

the buildup edge formation is more intensive on the surface of thin TIAIN compared to the thick
TigAlgoN SFC coating.

Figure 9. EDS elemental maps of the worn cutting tool with TIAN commercial (thin) coating during

machining of CGI (finishing operation) (a—d); and TiggAlggN SFC, 10-um thick coating (e-h). Length
of cut is 1000 m.
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SFC AlggTigN coatings with various architectures also show noticeable difference in tool life
(Figure 10). The tool life was improved by layering bias voltage of thick TiAIN coating (Figure 10).
This results in lower fracture probability of the coating layer (Figure 7), which is important for
machining of sticky materials with buildup edge formation such as CGI.

LAV o o e e e e e
’é‘ 15 B E @ monolayer E P —
2 —_ o ®— multilayer j ;
[ — e ®--------------
2 33005 : ;
S 5 F : a
o 10 R L E E ’
£ S 200F 1 O e
b ™~ E 3 ’
) = 3 i
@ § E E 2
g “ 100 3
5 5 I AITiN Monolayer | 3
= g =
= E
! . . ; ; G||||I|...I....I....I....-
0 4000 8000 12000 16000 20000 0 5000 10000 15000 20000 25000
Cutting Length machined (m) Cutting Length (m)
(@) (b)

Figure 10. (a) Effect of the thickness of monolayer AlgyTisoN SFC coatings with different thicknesses
on tool life during machining of CGIL and (b) effect of multilayer coatings on tool life of AlgyTisgN SFC
coatings (mono- and multilayered, 15 um thick) during machining of CGI (finishing operation) and
SEM fracture section indicating multilayer structure of the coating.

Therefore, the effect of the Ti40AI60N coating thickness on the tool life was studied. A noticeable
increase in the wear performance was shown, which was achieved in monolayer coatings once
the thickness grew from 5 to 10 um. A further increase in thickness (up to 15 um) did not result
in substantial growth in wear performance. However, a 15-um thick SFC coating with different
architectures showed a noticeable difference on the tool life (Figure 10a,b).

5. Conclusions

A new family of PVD coatings deposited by a superfine cathode (SFC) technique combines
a smooth surface, the hardness typical for this category of coatings, and low residual stresses.
SFC allows the production of hard PVD coatings as thick as 15 um and above. Data presented show that
application of the coatings with the outlined set of characteristics can result in better tool life compared
to the conventional PVD coatings for machining of hard to cut materials, particularly compacted
graphite iron (CGI). This is accompanied by a lower intensity of buildup formation, which is typical
for turning of CGI. Optimization of the TiAIN-based coating composition (Ti/ Al ratio), architecture
(mono vs. multilayer), and thickness were performed resulting in the cutting tool life improvement.

To support experimental data, a FEM model was built to predict the temperature and stress
profiles during wet turning of CGI with a cutting tool with different thicknesses of TiAIN coatings
under wet conditions. The FEM model can also give an efficient estimation of the stress state on
the tool cutting edge. It shows that the source of stress reaches lower values on the coating /substrate
interface for the thick coatings. In addition, FEM modeling shows that the heat flow generated during
the cutting is reduced in the cutting tool during machining with a thick coating. The combination
of these effects results in an increase in tool life.

The novelty of the results obtained are in the detailed optimization of the characteristics
of the newly developed SFC coatings with FEM data on stress/temperature profiles in relation to
the wear performance during the machining of hard to cut material such as CGL
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