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Abstract

This paper shows tribological compatibility enhancement in dry turning of a low carbon steel (AISI 1020) with High-speed steel
cutting tools, due to physical vapor deposition (PVD) of hafnium and vanadium nitride multilayer coatings ([HN/VN],)), with
different bilayer number system in each tool (n = 1, n =30, n = 50, and n = 80). Tool wear mechanisms were assessed by means of
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) techniques, and surface integrity by
roughness measurement and SEM inspection. Results show these multilayer coatings increase tool life up to 43%, and modify
contact at tool/workpiece interface, as a function of bilayer number (n), due to their outstanding mechanical and tribological
properties as a low coefficient of friction, high thermal conductivity, and high hardness; this produces a decrease of chip
compression ratio, from 3.6 to 2.7, and workpiece roughness almost 1.6 um lesser with the tool [HfN/VN]go. Moreover,
improvement of workpiece integrity includes its corrosion resistance, from a corrosion rate of 1.5 mmy, which decrease expo-
nentially with higher bilayer number, to a corrosion rate lower than 0.1 mmy obtained with 80 bilayers, due to the change of chip
morphology. Therefore, [HfN/VN], coatings could enhance productivity and quality in an industrial manufacturing application,
as these protective thin films increase tribological compatibility of tool/workpiece system.

Keywords Hard coating - Hafnium nitride - Vanadium nitride - Metal machining - Tool wear - Cutting tool - Multilayer -
Tribology - Surface integrity

Highlights

* Hafnium and vanadium nitride multilayer coatings enhance tribological
compatibility in dry turning of a low carbon steel with a coated high-
speed steel cutting tool.

* Deposition of [HfN/VN], coatings increase workpiece surface integrity

1 Introduction

One of the major problems in industries involving mass pro-
duction processes is the impact of wear and cracks caused by

and tool life.

» Workpiece corrosion and tool weight are also performance indicators.
* Tribological compatibility at workpiece/tool interface increases as a
function of bilayer number.

 Chip compression ratio and tool wear decreased as functions of the
[HN/VN], bilayer number.
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friction between moving parts, use of worn tooling decreases
the quality and quantity of the produced elements [1], causing
supplementary costs in manufacturing processes, in addition
to downtimes in the operations because of high frequency of
stop of production, due to change of tool and reprocessing of
the workpiece [2]. Cutting tools are a key consumable, and its
consumptions is an indicator of manufacturing growth in a
country economics, only in 2016 the total annual US con-
sumption of cutting tools up to $2.042 billion dollars [3],
and $2.195 billion dollars in 2017, due to a continuous rising
machine tool orders [4, 5], an economical worldwide behavior
throughout 2017 [6, 7]. Accordingly, researches to improve
tool lifetime and workpiece quality are of extremely signifi-
cant for industrial applications. Hard coatings deposition has
been investigated and applied onto cutting tools to enhance
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performance in industrial processes, due to the enhancement
of the tribological characteristics of coated cutting tools,
which improves tool lifetime and workpiece surface integrity,
achieving a high degree of tribological compatibility within
the cutting tool/workpiece system [8, 9]. Consequently, in
2007, it was estimated that coated cutting tools covered a
53% of the global market [10], and in 2016, 85% of all
cemented carbide tools were coated [11].

Even though, hard coatings such as TiN, TiAIN, WC, ZrN,
SiC, CrN, among others, have been studied and are deposited
onto various cutting tools for machining of diverse materials
[12—19]; there is a current interest in hafnium nitride (HfN)
and vanadium nitride (VN) as an alternative or additional
coating component, for a wide range of industrial applications,
mainly by means of physical vapor deposition (PVD) or
chemical vapor deposition (CVD) technique [20-29]. In the
1980s, HfN coatings were studied as a replacement of TiN
coatings for gear cutting tools, due to this coating could offer
a greater thermal barrier and hot hardness, but in that dates
their production costs and times were so high related to TiN
deposition processes [30]; thus, a more advanced technology
were required for new PVD coatings on a base of transition
metal nitride compounds [31]. However, due to the state-of-
the-art equipment able nowadays, HfN monolayers, VN
monolayers, and hafnium nitride-vanadium nitride multilayer
([HfN/VN],) coatings have been deposited onto a huge range
of substrates, and their microstructure, chemical composition,
morphology, topography, and layer thickness have been char-
acterized; identifying properties as high hardness, high mod-
ulus of elasticity, and a critical load increase; which give an
outstanding tribological behavior, with lesser friction coeffi-
cient; highlighting, performance of these thin films is better as
multilayer and proportional to the bilayer number [32—41].

VN coating shows outstanding properties for tribological
applications, as this nitride exhibits a low coefficient of fric-
tion (~0.65), increasing the lifetime of the tool on which it is
deposited; on the other side, HfN has a hardness (~20 GPa)
superior to most carbides and other nitrides such as TiN. In
addition, HfN stoichiometry is one of the most stable com-
pounds among transition metal mono-nitrides at high temper-
atures, making it an ideal candidate as a diffusion barrier [42].
Both nitrides (VN and HfN) are of interstitial-type, with me-
tallic characteristics such as high thermal and electrical con-
ductivity. Moreover, both materials have a high melting point,
high hardness, and are chemically inert with properties of a
refractory material [43, 44]. Therefore, HIN and VN coatings
are an excellent alternative as a protective material for high-
speed and high-temperature cutting tools.

These coatings have been deposited onto some cutting
tools as thin films; C. Escobar et. al [45—47] characterized
and studied HfN, VN, and [HfN/VN] thin films deposited
onto tungsten carbide (WC) inserts, and their results
showed flank wear decreases proportionally to bilayer
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number and suggest using [HfN/VN] multilayers as a pro-
tective coating for manufacturing processes. In addition,
in previously published investigations, high-speed steel
(HSS) cutting tools were coated with HfN, VN, and
[HfN/VN], thin films, and coating performance was eval-
uated by measurement of cutting temperature as a func-
tion of coating characteristics [48—53]. It was found their
protective properties reduce cutting temperatures and ther-
mal stress, which enhance workpiece surface roughness,
due to [HfN/VN], mechanical and tribological properties
increase as function of bilayer number [45-48]; these
studies output the potential of this multilayer coating for
industrial application in manufacturing process, with
higher wear resistance and tool lifetime.

In this work, the main purpose is to study the tribology
compatibility of an HSS cutting tool/workpiece system in
dry machining of AISI 1020 steel, with physical vapor depo-
sition (PVD) of [HIN/VN], multilayer coatings onto HSS
tools. To achieve this, the resulting surface integrity of ma-
chined steel and tool wear were characterized, identifying a
change in the manufacturing productivity and quality, as a
function of [HfN/VN], bilayer number.

2 Experimental details
2.1 Coating deposition

Firstly, for mechanical characterization purposes [HfN/VN],
multilayers were deposited onto silicon (100) substrates; suc-
cessively, high-speed steel (HSS) cutting tool ASSAB 17
3/8" x 3" were coated for machining tests. These coating pro-
cesses were realized using a multi-target r.f. magnetron
sputtering system, with an r.f. source (13.56 MHz) for the
applied negative voltage bias on each substrate, with 10-cm
diameter targets of hafnium (Hf) and vanadium (V) with
99.9% purity; intermittently enclosed with a steel shutter.
Previously, targets and substrates were sputter-cleaned during
a 15-min period, an N,-Ar gas-relation was injected into the
chamber. The total measured thickness of the deposited HfN/
VN multilayered coating was approximately 1.2 um for all
samples. The bilayer period thickness varied in function to
the bilayer number from n = 1 to 80, producing bilayers period
with thicknesses from 1200 to 15 nm, respectively [48].
Table 1 shows the deposition parameters applied to each cut-
ting tool.

2.2 Coating mechanical properties characterization

The crystallographic structure characterized via X-ray diffrac-
tion (XRD), surface analysis by using a scanning electron
microscope (SEM), chemical composition by X-ray photo-
electron spectroscopy (XPS), coating thickness and coating
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Table 1 [HfN/VN], multilayer deposition parameters

Parameter HiN VN
Power density 4.5 W/em 5.1 W/em
N,/Ar proportion 20-80% 20-80%
Gas flow 10 sccm 10 sccm

12 %1072 mbar
2.5%10° mbar

1.2 %1072 mbar
2.5% 10" mbar

Working pressure

Vacuum pressure

Substrate temperature 250 °C 250 °C
Substrate-target distance 50 mm 50 mm
Deposition rate 385 nm/h 180 nm/h
R.f power 300 W 400 W
Polarization voltage -30V -30V

curvature determined by means of a profilometer, and multi-
layer numbers () measured by transmission electron micros-
copy (TEM) micrographs, have been reported previously for
the same substrates and cutting tools used in this work [48]. In
this research, the elasticity modulus (Er) and hardness (H)
values were obtained by Oliver and Pharr’s method [54, 55]
in multilayered coatings deposited onto silicon (100) substrates,
in nanoindentation test using an Ubil-Hysitron device and a
diamond Berkovich tip with a 10-mN maximum load [45, 47].

2.3 Machining test

With the aim of evaluating tribology compatibility of [HfN/
VN],, multilayers in an industrial application, cylindrical turn-
ing in dry conditions of low-carbon steel rounded bars (AISI
1020), were carried out for the coated HSS ASSAB 17 cutting
tool, and an uncoated tool as reference, using orthogonal array
in a computer numerical controlled (CNC) lathe, PL6000M-
DL6TM by Samsung machine tools with FANUC 0i-T control
panel [48, 56, 57]. The chemical composition for the work-
piece and the uncoated tool were provided by their manufac-
turers and are showed in Table 2.

Machining tests were performed in absence of lubrication
(i.e., dry cutting) to expose [HfN/VN], coatings under extreme
tribological conditions and diverse wear mechanisms occurred
due to higher cutting forces, higher cutting temperature, and no
wet contact at the tool/workpiece interface [58, 59]. In addition,
not only dry machining is considered as an environmentally
friendly alternative, selection and effectiveness of the lubricant

and the coating depend on cutting parameters, workpiece and
tool materials, and coating composition, which modifies cutting
forces and temperature, tool/chip contact length, surface rough-
ness, tool life, and chip thickness [60—64].

In these tests, 5 different cutting tools were evaluated,
one uncoated tool as the reference system, and 4 coated
tools with different bilayer number system each (n=1,
n=30, n=50, and n=280), 6 cutting tests per tool per-
formed sequentially, for a total of 30 cutting tests.
Testing conditions were, constants for each tests [48,
65], as follow: cutting speed (v) 125 mm/min, feed rate
(f) 0.25 mm/rev, spindle speed (N) 500 rpm, surface
speed of workpiece (V) 19.95 m/min, depth of cut (doc)
1 mm, steel bars diameter 12.7 mm (0.5 in), machined
steel length per test 100 mm, cutting time per sample
48.3 s. Total cutting time per tool 290 s, cutting length
(SCL) per sample 14.7 m, total cutting length per tool
88.2 m.

As workpiece surface integrity is influenced by tool wear
and cutting performance [66, 67], the arithmetic average of the
roughness profile (Ra) was selected as the variable of study,
analyzed through a PCE-RT-1200 roughness tester, with a
wavelength of 2.5 mm, palpation length of 5 mm, and resolu-
tion of 0.01 um, taking 10 samples at each machined steel bar;
hence, a total of 300 roughness measurements were performed
[48, 56]. From SEM Jeol NeoScope JCM 5000, surfaces in-
tegrity of workpiece and worn tools were sequentially evalu-
ated to observe coating influence. Tool wear was analyzed
progressively, through optical microscopy, according to the
tool-life testing international standard ISO 3685 [56, 68]; in
addition, SEM and energy-dispersive X-ray spectroscopy
(EDX) were used to investigate the morphology of the
worn-cutting edges [8, 69]. Finally, to identify other possible
changes in tribological compatibility (coating performance and
surface integrity), the following evaluation methods were car-
ried out: (I) tool mass of each cutting tool was measured with a
resolution of 0.0001 g; (II) potentiodynamic-polarization test
to identify corrosion rate of machined workpiece surfaces by
the Tafel extrapolation method; (III) collecting chip samples
during experimental tests followed by determining the average
measurement of chip thickness to calculate chip compression
ratio; and (IV) the chip underside was examined by means of
SEM; all the above mentioned were performed to identify
changes in the workpiece material removal process [70, 71].

Table 2 Chemical compositions

and hardness for workpiece and Material C Si Mn P S Cr Mo \% w Hardness
uncoated cutting tool wt% (Brinell)
AISI 1020 0.20 0.30 040 <004 <0.05 - - - - 120

ASSAB 1.26 0.50 0.30

17

- - 4.20 5.00 3.10 6.40 260
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3 Results and discussion
3.1 Coating mechanical properties characterization

From nanoindentation tests, load-displacement depth curves
for multilayer coatings are shown in Fig. 1, curves illustrate
elastic and plastic deformation of each [HfN/VN],, coating.

Hardness and elastic modulus were estimated through Oliver
and Pharr’s method [54, 55]. The results are shown in Table 3,
which illustrates a continuous increase in mechanical properties
as a function of bilayer numbers, hardness and elastic modulus
fluctuate from 25 up to 37 GPa, and from 264 up to 351 GPa,
respectively. This offers a compressive stress relieving due to
heterostructure effect, as bilayer period (A) is lower in [HfN/
VN] thin films with a higher bilayer number [45, 47].

3.2 Workpiece superficial integrity analysis
3.2.1 Roughness surface analysis

Machined steel quality was quantified by measurement of the
arithmetic roughness (Ra), as surface finish is influenced by tri-
bological compatibility and interactions at the tool/workpiece
interface, also roughness changes as tool wear increases and
variations could indicate a failure or lifetime limit of the cutting
tool [67, 72]. Figure 2 illustrates the average roughness of ma-
chined AISI 1020 steel bars by using each tool, and the error bars
were obtained by standard deviation of the acquired data. It
shows that workpiece have a lower roughness when is machined
with coated tools, and for higher bilayer numbers (7 =50 and n =
80), roughness decreases up to 26.5% with lesser standard devi-
ation; hence, this suggests a greater stability of the cutting pro-
cess, due to HIN and VN coating characteristics, as has been
reported by other studies [45, 49-52]. This roughness variation

n=280
——n=50
10 | n
n=30
n=10
n=1

Indentation Load (mN)
o

( Mechanical properties
/( vary with bilayer number

= 1 1
0 20 40 60 80 100 120 140
Displacement (nm)

Fig. 1 Load-displacement depth curves for [HfN/VN], multilayer
coatings as function of bilayer number (1)
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Table 3 Mechanical properties of [HfN/VN], multilayer coatings
[HIN/VN], Hardness H Elastic modulus E,
bilayer number (n) (GPa) 0.1 (GPa) £1

n=1 25.1 264

n=10 29.6 292

n=30 322 314

n=250 35.6 319

n=380 37.0 351

indicates a reduction in coefficient of friction and an enhance-
ment of tribological compatibility by using [HfN/VN], coatings
to manufacture a smoother workpiece surface.

3.2.2 Optical and scanning electron microscopy surface
analysis

Workpiece surfaces were evaluated by optical and scanning
electron microscopy, and according to Ra values
(Section 3.2.1), surface morphology changes as a function of
bilayer number (n). Figures 3 and 4 display diverse workpiece
surfaces, and it can be noticed a smoother and better surface
was machined by increasing bilayer number.

The SEM micrographs of AISI 1020 steel machining sur-
face after cutting test, at low (left figures) and high (right
figures) magnifications, (Fig. 4a—j), expose abrasive wear
and a huge amount of adhesive particles in the surfaces ob-
tained with the uncoated tool (Fig. 4a, b), showing an abrasive
mechanism such as cracks and variations of feed marks due to
constant formation and break of BUE, which modifies nose
radius and increase workpiece roughness. Instead, as [HfN/
VN], bilayer number upsurge more homogeneous surfaces
are achieved (Fig. 4c—j), and feed grooves remain around
0.25 mm according to cutting parameters; in addition, more

[HFN/VN],,
" A smoother surface as
‘7 bilayer number increases |

g
2
[
[7)]
Q
f=
=
S
o 481
o
4.6 -
44+
i3 —8— Workpiece Roughness (Ra)
. 1 1 1 1 1 1 1 1
0 1 30 40 50 60 70 80

Bilayer number (n)

Fig.2 Surface roughness (Ra) of machined steel with cutting tools coated
with [HfN/VN], multilayers, as a function of bilayers number
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Fig. 3 Optical micrograph of
machined surface morphology
(steel bars) obtained with: a
uncoated tool and b coated tool
with bilayer number [HfN/VN]g,

frequent plastic deformation marks appear, from 0.25 mm re-
duce down to 0.16 mm proportional to [HfN/VN], bilayer
number, which suggests a change in chip formation due to a
higher thermal stability and lower coefficient of friction at
tool/chip interface, leading to have shorter chips
(Section 3.3) and less rake tool wear (Section 3.4), enhancing
workpiece surface finish.

3.3 Workpiece chip morphology and corrosion rate
3.3.1 Optical microscopy of chip morphology

The general chip formation were detected among the samples,
and it was obtained chips of three form categories, according
to ISO 3685—Table G.1 [68, 70], as shown in Fig. 5, i.e.,
washer-type helical chips (uncoated and [HfN/VN],;), ribbon
type chips ([HEN/VN]30), and short spiral chips ([HfN/VN]s,
and [HfN/VN]go)

This variation indicates a change in frictional behavior
due to the coating properties, which influence cutting
forces, shear stress, rake angle, and shear plane angle.
Discontinuous chips are obtained at low cutting speeds
in cutting tools with high thermal conductivity, leading
to lower cutting temperatures, and continuous, tangled
chips are at produced at higher average chip temperature,
as a steady plastic flow of the workpiece material occurs
on the tool face [73]. This shows that cutting tools with a
high [HfN/VN], bilayer number (n =50 and n = 80) offer
a more thermal stable process, with less friction, lower
cutting temperature and energy dissipation onto chips, ac-
cordingly to the results of a previous work [48]. The tran-
sition from continuous to discontinuous chip formation is
a gradual change of chip thickness ratio, due to an in-
crease in shear angle and a decrease in cutting forces
and shear strain within the primary shear zone [74, 75].

These chips were inspected in an optical microscope as a
function of [HN/VN], bilayer number (Fig. 6) and by means
of scanning electron microscopy (Fig. 7). It was identified that
chip/tool interface area presents a smoother surface as bilayer

number increases, with plastic deformation marks at steel ma-
chined with uncoated tool and [HfN/VN]; coated tool, due to
higher thermal stability and a lower friction force in cutting tools
with a high bilayer number, which reduce temperature at rake
face as has been reported in other investigations [48, 53, 76].

3.3.2 SEM microscopy of chip underside

Chip underside was examined by SEM (Fig. 7), the chip un-
derside produced by the uncoated tool shows the highest in-
tensity of adhesion and abrasive marks. And chips obtained
with a coated tool shown a decrease of chip thickness and
adhesive particles adhered, due to a reduction of friction co-
efficient and heat dissipation at tool/chip interface as function
of bilayer number, causing a lesser contact between the tool
and the chip; and thus, the adhesion and built up edge (BUE)
formation are reduced [76, 77]. In BUE formation in a con-
tinuous chip, particles adhere to the chip underside and path to
the workpiece, raising poor surface finish, as was observed in
Section 3.2, on the machined surface and accelerate wear on
tool faces. So, discontinuous chip formation and chip under-
side indicate a lower wear at rake face and a higher tool life
[67, 78, 79].

3.3.3 Chip compression ratio

The morphology results obtained in Sections 3.3.1 and 3.3.2,
can be associated to changes in friction coefficient at the
tool/chip interface due to increase in the bilayer number and
[HfN/VN], mechanical properties, this friction coefficient re-
duction causes a decreasing of chip compression ratio (CCR)
[73]. CCR is the proportion between the deformed and the
undeformed chip thickness, which represents the energy spent
during plastic deformation, and wear mechanisms occurring
during cutting, so higher CCR values indicate greater friction
coefficients [69]. Hence, deformed chip thickness was mea-
sured 30 times, at every sample per cutting cycle of each tool,
using a digital micrometer (Insize 3109), with 10-pum resolu-
tion, and the uncertainty of the carried out measurements of

@ Springer
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Fig. 4 SEM micrographs (50x [— T T
and 300%) of surface morphology
of machined steel with a uncoated
tool, coated tool with bilayer
number b tool/[HfN/VN];, ¢
tool/[HEN/VN];, d tool/[HfN/
VN]s0, and e tool/[HfN/VN]gq

4016/ mm

500 pm

500 pm!
&) =40.25mm
90
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Fig. 5 AISI 1020 steel chips obtained from cutting test with: a uncoated tool, coated tool with bilayer number: b tool/[HfN/VN];, ¢ tool/[HfN/VN]s0, d

tool/[HfN/VN]s, and e tool/[HfN/VN]gq

the chip thickness was around 10% [69]; thus, a total of 900
deformed chip thickness measurements were performed.
Undeformed chip thicknesses and chip compression ratio
were estimated according to Wright and Trent’s methodology
[80], which has been applied in previously published works
[69, 75, 81, 82]. The chip compression ratio obtained for all
cutting tools as a function of bilayer number is showed in
Fig. 8.

Figure 8 reveals that cutting tools coated with [HfN/VN],
multilayers produce thinner chips, as CCR decreases when
bilayer number is higher, due to the lower friction coefficient
and outstanding tribological properties of this multilayer coat-
ing. In this sense, CCR decreases up to 25.5%, proportional to
bilayer number, which creates lesser adhesion between the
cutting tool and the workpiece material, thus decreasing wear
rate (Section 3.4) [82].

40x P s0x

40x \ 40X \ ¥ 40x

e

Fig. 6 Optical microscopy images (24x and x 40) of AISI 1020 steel chip obtained from cutting test with: a, b uncoated tool, coated tool with bilayer
number ¢, d tool/[HfN/VN];, e, f tool/[HfN/VN];, g, h tool/[HfN/VN]sq, and i, j tool/[HfN/VN]g,
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200 pm

Fig. 7 SEM micrographs (150x%) of produced AISI 1020 steel chip underside using diverse cutting tools: a uncoated tool, coated tool with bilayer
number b tool/[HIN/VN];, ¢ tool/[HfN/VN]sg, d tool/[HfN/VN]sg, and e tool/[HfN/VN]g,

3.3.4 Electrochemical measurements of the workpiece surface

Changes in workpiece surface (machined AISI 1020 steel
bars) after machining process could include microstructural
variations due to high-pressure zones and chemical compati-
bility at tool/workpiece interface, as shown above in SEM
micrographs (Fig. 4—Section 3.2.2), which along with the
cracks and irregular surfaces reduce fatigue and corrosion re-
sistance of machined piece [67, 83]. Thus, potentiodynamic-
polarization test was performed for workpieces, and the results
reveal corrosion behavior and corrosion resistance change as
function of the bilayer number (n). Figure 9 shows corrosion

4.0

3.8

3.6

3.4

3.2

3.0 -

2.8

2.6

24

Chip Compression Ratio (CCR)

22

2_0 1 1 1 1 1 1
0 1 30 40 50 60 70 80

Bilayer number (n)

Fig. 8 Chip compression ratio, as a function of [HfN/VN], bilayer
number
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potential and current density (Tafel curves) on machined AISI
1020 steel by HSS cutting tools coated with [HfN/VN], sys-
tem, evidencing a corrosion resistance increasing when great-
er bilayer number was used.

The corresponding corrosion rates were obtained from
Tafel extrapolation method [84], resulting in a remarkable
difference among workpieces, (Fig. 10); steel bars machined
with the reference uncoated tool will have a corrosion rate of
around 1.5 mm per year (mmy), which reduces to 1.1 mmy in
steel machined with [HfN/VN],, coated cutting tool withn =1,
and this rate decrease exponentially as bilayer number is
higher; hence, steel machined with tool coated with n =80
([HfN/VN]g,) has a corrosion rate lower than 0.1 mmy; these

0.1

n=0
0.0

u}
fod
A
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o

04 |
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-06 |
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Fig. 9 Potentiodynamic-polarization curves of the machined AISI 1020
workpiece surfaces, by using an uncoated tool (HSS) and HSS tools,
coated with [HfN/VN], multilayers
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Fig. 10 Correlation between corrosion rate and roughness of machined
AISI 1020 steel with cutting tools coated with [HfN/VN],, as a function
of bilayer number (1)

Fig. 11 Optical image of
cylindrical machining bars
surface, 1000 days after cutting
test: a workpiece obtained with
uncoated tool exhibits a high
corrosion layer; and b workpiece
obtained with a [HfN/VN]g,
coated tool, exhibits a low
corrosion layer

Fig. 12 Optical microscopy
images of machined AISI 1020
steel bars, after 1000 days since
cutting test with: a, b uncoated
HSS tool and ¢, d HSS tool coated
[HfN/VN]go multilayers

Many corroded
zones

Few corroded zones

results indicate that workpiece corrosion resistance is en-
hanced as superficial roughness decrease, both proportional
to the bilayer number increasing in the cutting tools coated
with [HEN/VN], system.

To ratify corrosion rate results, a machined AISI 1020 steel
obtained with uncoated HSS tool and a machined steel bar
obtained with HSS tool coated [HfN/VN]g, were stored for
1000 days, after this period these bars were evaluated by op-
tical inspection (Fig. 11) and optical microscopy (Fig. 12).
Workpiece machined with HSS tool coated [HfN/VN]gog mul-
tilayers present a poorer oxide layer over the cutting zone
compared to steel machined with uncoated HSS cutting tool;
this indicates a higher corrosion resistance, accordingly to
previous Tafel results (Fig. 9). These results shows that work-
piece surface integrity are enhanced by using cutting tools
coated with [HfN/VN], multilayers, due to a reduction of
corrosion rate and roughness proportional to bilayer number

Steel bars machined with a [HfN/VN]
coted tool had a lower oxide layer

25 mm

Many corroded
zones

Few corroded zones
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Fig. 13 Cutting tools mass reduction as a function of [HfN/VN], bilayer
number, after machining test

(Fig. 10), which is evidenced by a change in chip formation
(Section 3.3.1), due to a change in the metal removal and tool
performance by using like protective coating [HfN/VN], mul-
tilayer thin films.

3.4 Tool life, wear resistant, and wear mechanisms

Wear mechanisms can be detected in relation to material re-
moval, material surface, and mass transfer [67, 85, 86]; so,
changes in tool weight can show wear resistance; hence, the
weight of all tools was continuously measured through cutting
tests. Figure 13 illustrates final mass reduction is lower as

Uncoated
tool

[HfN/VN], bilayer number increases, which indicates a higher
wear resistance due to the protective action of these coatings.

To quantify tool lifetime and identify wear mechanisms,
the cutting tools (burins) were observed by optical microscopy
to analyze the superficial changes (e.g., flank wear and rake
wear) (Fig. 14). The flank wear of all cutting tools (ASSAB 17
burins) was small and similar due to the low cutting length
(90 m) [87]. In contrast, in all the tools, it was observed noto-
rious wear area at rake face, suggesting predominant wear is a
combination of abrasion and diffusion wear [88], due to high
temperature and contact within tool rake face and chip; it
should be highlighted that built-up-edge (BUE) formation
was visually identified only in the uncoated tool; hence, this
reveals that [HEN/VN],, coatings contribute to decreasing ad-
hesive wear due to their low friction coefficient, high hard-
ness, and high-plastic deformation resistance; in rake face,
worn areas were smaller with higher bilayer number ([HfN/
VN]go) (Fig. 15). It should be mentioned that no optical dif-
ference was identified between [HfN/VN]; and [HIN/VN]5o
coated tools.

Thus, is possible to observe that HfN/VN coatings
minimize adhesive interaction at the tool/chip interface
and abrasive contact [89]; in other words, these multi-
layers do not only enhance tool wear resistance; in addi-
tion, these coatings modify friction, wear, and chemical
interactions of the tribo-couple [90], which indicates a
better tribological compatibility has been achieved, and
decrease wear area which exhibits a change in coloration,
due to a reduction of temperature and stress in tool/chip
interface, as a function of bilayer number.

Fig. 14 Optical microscopy images of worn area for all cutting tools after machining test: a, b uncoated tool; cutting tool coated with ¢, d [HIN/VN], e, f

[HfN/VN]so, g, h [HEN/VN]g,
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Rake Face

Uncoated
tool

Fig. 15 Comparative image in optical microscopy (32x) of rake face after
machining test: a uncoated tool and b cutting tool coated with [HfN/
VNIso

3.4.1 Wear curves

Figure 16 presents the flank wear (VB) curves for HSS cutting
tools coated with [HfN/VN], multilayers, VB analyses for
HSS cutting tools were presented to 0, 30, and 90 m of cutting
length. The coated tools with [HfN/VN], exhibited lower VB
compared to uncoated tool; wear was reduced as a function of
reduced bilayer number. This behavior corresponds to exces-
sive adhesive wear characteristic for this tribological system
when the coating shows delaminating, which corresponds to
reduced flank wear from 0.087 to 0.05 um (88-m cutting
length) for HSS uncoated to HSS coated deposited with n=

80 (A=15nm).

Figure 17 shows worn area growth in rake face, as crater wear
is crucial for tool life limit according to the ISO standard, and
could present different wear mechanism compared to flank wear
[68, 87]. In the worn area, the higher wear rate occurred at
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Fig. 16 Flank-wear curves of HSS cutting tools in dry turning of AISI
1020 steels
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Fig. 177 Worn area at rake face of HSS cutting tools, throughout dry
turning of AISI 1020 steels

uncoated tool, while coated tools experience gradual and steady
wear throughout cutting test. In rake face, variation of worn area
indicates a change in thermal behavior as a function of bilayer
number. In the worn area, the wear shows a decrease with higher
bilayer numbers, which indicates [HfN/VN],, coating increase
tool life up to almost 45%. The good performance (45% en-
hanced tool life) for HSS cutting tools coated with high bilayer
number presented on surface tool material can be attributed to
high harness with relative high elastic modulus (Fig. 1). Low-
friction coefficient produces a exceptional edge wear resistance,
high strength, and resistance to deformation and depth of cut
notch wear. These properties are adequate to endure the thermal
and mechanical stresses produced in machining AISI 1020 steel,
without suffering the inherent limitations of the PVD coatings
(e.g., low adhesion and residual stresses on sharp edges that can
induce coating delamination).

3.4.2 Wear mechanisms analyzed by SEM

Following, worn area (rake face) was inspected and analyzed by
SEM, observing the wear mechanisms at SEM micrographs
(Fig. 18), indicate adhesion was predominant wear mechanism
in the uncoated tool; however, in coated tools, abrasive wear is
dominant mechanism and the tool with [HfN/VN]; coating
showed the biggest worn area. According to these micrographs,
[HEfN/VN] coatings reduce cutting temperature and cutting
forces, due to their low-friction coefficient and higher thermal
stability, which decrease adhesion and BUE formation [76].
Accordingly, abrasive marks reduce as a function of bilayer num-
ber, with an average width of 20 um in the surface of [HfN/
VN]go-coated tool (Fig. 19), this indicates a more resistant capa-
bility against abrasive particles, due to low friction, hot hardness,
and mechanical properties of these coatings. In addition, in the
coated tools it was not identified surface damage or cracks for-
mation (no critical failure).
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Uncoated tool
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Coated tool
n=1
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Fig. 18 SEM micrographs of the tool/chip contact area on the rake face exhibiting the worn area: a uncoated tool, coated b tool/[[HIN/VN], ¢ tool/[HfN/
VN30, d tool/[HfN/VN]s, and e tool/[HfN/VN]g
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Fig. 19 SEM micrograph of abrasive marks at rake face of the [HfN/
VN]go-coated tool

Cutting edge

3 +Spectrum 1

+Spectrum 2

Worn area

! 900pm ' Electron Image 1

Fig. 20 EDX—spectrum on rake face after cutting test. a Spectrum 1 =
cutting edge and b spectrum 2 = worn area

Table 4 Chemical composition of worn surface in [HIN/VN], coated tools

3.4.3 Chemical composition in the wear mechanism analyzed
by EDX

Chemical composition analyzed by EDX was carried out to
evaluate wear mechanisms in two dissimilar zones at rake
face, associated to coating properties, such as cutting edge
and worn area at cutting tools coated with [HfN/VN], multi-
layer system after cutting test, shown in Fig. 20. Likewise, as a
reference system, uncoated and [HfN/VN];-coated tools were
also evaluated before cutting test. EDX results are shown in
Table 4.

The results of EDX spectra on the rake face only identified
nitrogen in the unused coated tool, which also presents the
higher content of hafnium (Hf) and vanadium (V); this indi-
cates that the coating is missing or damaged in the observed
areas in all the tools after machining tests, including the BUE
area; low content of Hf and V also suggests no formation of
tribo-films (transferred or generated films), as these structures
are usually formed in high-speed or high-temperature cutting
process [69, 91]. In the cutting edge surface, carbon content
decrease as a function of bilayer number, due to a reduction of
BUE formation and workpiece material adhered, accomplish a
better adhesive wear resistant, according to SEM micrographs
(Section 3.4.2).

In this sense, the tribological pair was compound by HfN/
VN bilayer and AISI 1020 bar; therefore, interaction of the
cutting tool/workpiece system can produce iron (Fe) particles
(debris), so the (Fe) was the major element present in the
tribological surface, due to the Fe comes out from steel sub-
strate and steel bars. Taking in account last discussion, the
workpiece and uncoated tool major element (Fe) can be an
indicator to quantify wear intensity [87], where the higher
percentages were found in the [HIN/VN]s, and the [HfN/
VN]go-coated tools, and indicates a lower wear concentration
is required, in cutting tools uncoated and coated with low
bilayer number, to increase wear area and accelerate crater

Sample Content (atomic percentage)
CK CrK MnK FeK CoK MoL WM OK CIK NK SiK HfL VK Total

[HEN/VN]1 Edge 29.12 296 - 4301 626 0.8 074 1029 - - - 543 139 100

Worn area 2945 196  0.38 50.17 3.74 081 1.18 879 024 - - 0.4 2.88
[HIN/VN]30 Edge 2694 099 - 27.66 193 — - 1922 - - - 11.7  11.56

Worn area 2342 — 052 5937 - - - 1632 - - 037 - -
[HfN/VN]50 Edge 19.67 344 035 64.13 8.03 1.11 135 - - - - - 1.92

Worn area  11.53  0.18  0.64 7743 - - - 997 - - 025 - -
[HfN/VN]80 Edge 106 324 052 5841 7.61 088 094 1641 - - - - 1.39

Worn area 272 — 0.57 61.94 — - - 995 - - 034 - -
Reference system Uncoated 21.78 3.81 0.33 5942 9.21 1.27 1.62 - - - - - 2.56

Coated 847 - - 64 066 - - 23.03 - 16.84 - 1946 25.14
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Table 5 Percentage change in the results, as a function of [HfN/VN], bilayer number

[HfN/VN], Workpiece Chip compression Corrosion Tool mass Tool Wear area at rake

bilayer number  roughness—reduction rate—reduction (%) rate—reduction loss—reduction life—increase face—reduction (%)
(%) (%) (%) (%)

n=1 10.5 9.2 302 50.0 10.3 19.6

n=30 11.6 19.5 76.0 53.0 18.0 41.5

n=50 219 222 90.8 75.0 29.9 43.8

n=80 279 25.6 96.2 90.0 432 53.8

wear formation, according to the intensity of the abrasive wear
identified above (Sections 3.4.1 and 3.4.2).

3.5 Tribological compatibility enhancement—coating
performance

The results show that wear performance improvement is great-
er on the rake face than at flank face, which suggest [HfN/
VN], coatings reduce the tool temperature and adhesive dam-
age, and once heat generation is reduced the major character-
istics of machining rose simultaneously [8], as it was observed
in a previous research about cutting temperature in a turning
process with these multilayer coatings [48]. In addition, the
reduction of wear rate in both tool faces is also due to lower
coefficient of friction and the increase of hardness, elastic mod-
ulus, and thermal strength on the coated tools, which has a
major impact against abrasive wear [71]. All coated cutting
tools had alike predominant wear mechanisms: adhesive wear
on the flank surface and abrasive wear on the rake surface, with
a significant reduction of built-up edge formation.

Therefore, tribological compatibility is higher as [HfN/
VN],, multilayer coatings minimize adhesive interaction at
the tool/chip interface and increase resistant to abrasion con-
tact [89]; in other words, these multilayers do not only en-
hance superficial wear resistance of the cutting tools; in addi-
tion, these coatings modify friction, wear, and thermochemical
interactions of the tribo-pair [90], increasing workpiece sur-
face integrity as function of bilayer number (1), which indi-
cates a better tribological compatibility has been achieved,
with a reduction of stress in tool/chip interface; and thus,
achieve a lower surface roughness and higher corrosion resis-
tant of workpiece, with an enhancement of tool life by means
of a slower material reduction and thinner chip formation
throughout the machining process; all these results are sum-
marized in Table 5.

4 Conclusions
A tribological compatibility enhancement among a HSS cut-

ting tool and a low carbon workpiece, throughout dry machin-
ing, was achieved by deposition of [HfN/VN], multilayers

@ Springer

coatings, which increase wear resistance in the flank face
and rake face, due to their physical-chemical properties, re-
duce friction coefficient and enhance tool life.

An improvement of workpiece superficial integrity is
achieved by using a cutting tool with [HN/VN],, multilayer
coatings, as they reduce coefficient of friction and increase
thermal stability proportional to bilayer number, which causes
a formation of discontinuous chips, lower surface roughness,
and an increase of corrosion resistance in machined low car-
bon steel.

The characterization of wear mechanisms, chip formation,
and surface integrity of the machined part were performed
after aggressive dry machining conditions using cutting tools
with hard PVD coatings, by means of SEM; where in all the
evaluated parameters, it was obtained a growing enhancement
as a function of bilayer number. Furthermore, corrosion resis-
tance of machined material is raised due to lesser formation of
superficial damage and cracks throughout the cutting process,
which is influenced by the properties of the deposited coating.

[HfN/VN], multilayer thin films as protective coating de-
posited onto a HSS cutting tool, increase the tribological com-
patibility in a turning process of a low carbon steel, increasing
tool lifetime and machined workpiece integrity, due to their
outstanding tribological properties, which do not only raise
wear resistant of the cutting tool; they have a low coefficient
of friction so cutting forces are reduced, along with their be-
havior as a thermal barrier, modify interactions of the tribo-
pair. Consequently, chip compression ratio is lower with a
thinner chip formation as adhesive contact between tool and
workpiece is lesser reducing forces and temperature in at in-
terface, producing a smoother surface in the machined steel,
that improve workpiece integrity by means of rising corrosion
resistance. Therefore, [HfN/VN], multilayer coatings modify
interactions of the tribo-pair, increasing workpiece surface in-
tegrity and tool lifetime, as a function of bilayer number (7),
which suggests this coating could be applied to enhance the
manufacturing productivity and quality in an industrial case.
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