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ABSTRACT

The paper presents evaluation of the surface topography obtained after turning of AISI 1045 steel with the use of
cemented carbide tools diversified in terms of applied titanium-based coatings. During the research, three types of
coatings deposited with the PVD method on a P25 sintered carbide insert were compared: nitride-titanium TiN,
nitride-aluminum-titanium TiAIN and carbon-titanium TiC in a wide range of variable cutting speeds 125-325 m/min
and variable feeds 0.05-0.25 mm/rev. The quality of the machined surface was assessed on the Sensofar S neox
System optical profile meter using the confocal method. The paper presents the results of 3D parameters, contour
maps, isometric views and material ratio curves. The surface topography analysis showed that for the TiAIN
coated insert, lower surface roughness parameters were observed in the range of lower cutting speeds and higher
feeds, while for higher cutting speeds, lower values of the selected 3D parameters were found for the insert with
TiC coating. For the insert with TiC coating, the most even distribution of the valleys and ridges of the machined
surface roughness was also observed. The research results determined the range of cutting parameters that allow
the selection of the appropriate type of titanium-based coating when machining AISI 1045 steel.

Keywords: titanium coatings, surface topography, dry machining, turning, AISI 1045 steel.

INTRODUCTION with higher values of the Sa parameter, which is
the arithmetic mean surface roughness height,

The essence of machining is to produce parts ~ showed greater durability. Moreover, its highest

that are characterized by the required geometry
and surface quality. This process should also be
characterized by the lowest possible production
cost. Currently, materials that are also difficult-to-
cut are processed with ever higher cutting speeds
and feeds [1, 2]. Increasing these parameters in-
creases the temperature in the cutting zone, and
thus leads to faster wear of the cutting tools [3].
The dependence of the surface topography on the
type of fatigue load that affects the machined sur-
face should also be taken into account. The re-
search of Mack et al. [4] indicate that the samples

values were obtained at loads characterized by a
high ratio of maximum stresses, and with its de-
crease - the Sa value decreased. Although it was
unequivocally established that the surface topog-
raphy depends on the type of load, a special cor-
relation was observed in the case of the torsional
load t, which largely influenced the morphology
of the fracture surface Sa, therefore this is one
of the challenges that scientists dealing with re-
search on tool life [2, 5]. Another important issue
that must also be taken into account nowadays is
the protection of the environment. That is why the
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German Research Foundation in 2010 announced
a priority program aimed at offering solutions to
the problems of the application of dry machin-
ing [6]. Dry machining has many advantages,
but also related disadvantages. The advantages of
dry machining include: dry and clean surfaces of
manufactured parts, reduction of costs related to
the production and recycling of chips due to the
absence of oil contamination.

Savings resulting from the use of dry machin-
ing, however, require a lot of research and scien-
tific work in order to reduce the excessive wear of
tools [7, 8]. In the United States, a national nano-
technology initiative was launched in 2001 that
focuses on providing nano-structured coatings
and materials that can be successfully applied to
cutting tools in dry machining. In 2006, US Presi-
dent George W. Bush donated $ 497 million to
support nano-scale research [9].

One of the effective methods of protecting
cutting tools against wear, while ensuring their
greater efficiency and productivity, is the appli-
cation of coatings [10, 11]. The use of coated
tools often has a positive effect on the condi-
tion of the machined surface integrity, and in
combination with high-speed dry machining, it
is an efficient and environmentally friendly so-
lution [12, 13]. However, care should be taken
to ensure that the coating has good adhesive

Nomenclature

a, depth of cut (mm)

A unit elongation (%)

CVD  chemical vapor deposition

DLC  diamond-like carbon

f feed (mm/rev)

HB Brinell hardness

PVD  physical vapor deposition

r, corner radius (mm)

Ra arithmetic mean roughness (um)
R, yield strength (MPa)

R ultimate strength (MPa)

Sa arithmetic mean of the surface (um)
Sp maximum peak height (um)

Sv maximum pit height (um)

Sz maximum height of surface (um)
v, cutting speed (m/min)

7, rake angle (°)

K, main tool angle (°)

K’ auxiliary tool angle (°)

3 tool inclination angle (°)
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properties. Otherwise, during machining, hard
particles contained in a workpiece, can lead to
increased wear of the cutting edge [14]. Initial-
ly, the coatings were applied in the form of a
single layer, but the development in this area
resulted in the use of multilayer coatings, com-
bining, for example, the abrasion resistance
provided by coatings containing titanium with
chemical stability guaranteed by oxides [15].
Basically, two methods are distinguished in the
coating application process: physical vapor de-
position (PVD) and chemical vapor deposition
(CVD) [2, 16]. Currently, 50% of all cutting
inserts available on the market are sintered car-
bide inserts, and as much as 80-90% of them are
PVD or CVD coated, which proves the positive
effect of the coating on machinability indica-
tors [17, 18]. During the study, scientists found
that PVD coatings are more suitable for finish-
ing, while CVD coatings show better properties
during roughing [19, 20]. However, the selec-
tion of a specific type of coating is based on
the conditions in which the cutting process is
carried out. Not only the machined material and
the cutting speed are taken into account, but
also the types of wear that usually occur under
the adapted machining conditions [21].

The use of a coating on the cutting insert
results in: increased thermal resistance, hard-
ness, better thermal properties, greater chemical
stability, temperature resistance, tool life and a
lower friction coefficient [5, 22]. Coatings aimed
at increasing the wear resistance of the tool in-
clude: nitrides, carbides or carbonitrides, which
results from their metal-like and ceramic prop-
erties [23, 24]. The most commonly used coat-
ings are: AL O,, TiCN, TiC, TiAIN and TiN [20,
25]. The use of coatings based on metal nitrides
based on titanium (e.g. TiN) began in the 1970s,
but it was not until 20 years later that they were
enriched with other elements, obtaining, among
others, TiAISiIN [19, 26]. Numerous studies show
that Ti (C, N) coatings, in addition to wear resis-
tance, have properties such as high resistance to
plastic deformation or good ductility. Moreover,
their effectiveness in increasing the durability of
the cutting edge can also be improved by adding
boron [27, 28]. Due to their increased hardness
compared to TiN and TiAIN coatings [29], they
effectively prevent abrasive wear and are used
mainly during milling or thread cutting [30, 31].

DLC (diamond-like carbon) coatings are also
becoming more and more popular, which are
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especially used in the machining of aluminum.
They prevent the adhesion of the machined ma-
terial to the tool, and moreover, they are charac-
terized by high hardness, chemical stability and
thermal conductivity, lower friction coefficient,
and lower machined surface roughness [32, 33].
Research is still ongoing, focusing on the ef-
fects of coated cutting tools in machining. Celik et
al. [34] performed dry turning of Ti-6Al-4V alloy
with the use of tools with coatings: TICN + AL O,
+ TiN applied by CVD method and TiAIN applied
by PVD method. It was observed that for lower
cutting parameters the wear of the cutting edge
with the PVD coating was lower compared to the
effects reached during cutting with the tool with
CVD coating. On the other hand, after increasing
these values, the obtained results were opposite. In
this case, the greater wear of the PVD coated tool
was due to the chemical interaction between the
workpiece and the tool. The surface roughness for
lower cutting parameters was lower than for their
higher values, however, in the case of machining
this alloy, the authors recommend additionally
grinding in order to obtain the desired quality of
the machined surface. However, they emphasize
that the values of the Ra parameter after increas-
ing the depth of cut and feed were higher for the
PVD coating compared to the CVD coating.
Ozkan et al. [35] conducted tests with the use
of H13 tool steel samples, on which AITiSiN +
TiSiN coatings, as well as CrN, TiN and AICrN as
intermediate layers, were applied using the PVD
method. The tribological tests were carried out dry
and under lubrication conditions with the use of
mineral oil containing 5% zinc dithiophosphate.
As a counter-sample, balls made of aluminum with
a diameter of 6 mm were used. The tests showed
that the best lubrication conditions were provided
by the coating consisting of AITiSiN + TiSiN, for
which the friction coefficient was respectively 0.11
and 0.18 with and without the use of lubricating
oil. In turn, the sample with the coating containing
an additional TiN intermediate layer was
characterized by the highest wear resistance. This
resulted, inter alia, from high adhesion and grain
size of 14 nm, and moreover, the deposition of a
thin layer of TiSiN on a thicker layer of AITiSiN
ensured the best mechanical properties of the TiN
layer. On the other hand, when using the AICTN
layer, less friction was observed, but also lower
efficiency in terms of sample wear. The research
showed that the type of the intermediate layer
affects the degree of wear, and the best results in

conditions with and without lubricating oil can be
obtained thanks to the AITiSiN + TiSiN coating
with a TiN intermediate layer.

In another study, Velmurugan and Venkatesan
[36] used waspaloy alloy as the workpiece. This
time, dry turning was also carried out with the
use of TIAIN (PVD) and TiN-ALO,-TiCN (CVD)
coatings. It was shown that thanks to the PVD
coating, the cutting force was reduced by about
60% compared to the cutting tool with the CVD
coating. However, the machined surface had a
higher surface roughness in this case. For the CVD
coated tool, the surface roughness parameters val-
ues decreased by approximately 67% compared to
the values reached during cutting with PVD coat-
ing. The analysis of the chips also showed that the
chips obtained during cutting with the CVD coated
tool had a segmented shape, showed lateral flow
and had a golden color, which indicated intensive
tool wear and high temperatures accompanying the
cutting process. The chips obtained with the PVD-
coated tool, in turn, were silver in color, as the heat
increase at the contact point of the tool with the
chip was eliminated in this case.

Martinho et al. [37] milled duplex steel with
the use of inserts with two types of coatings: Al-
TiN (PVD) and TiN/TiCN/ALO, (CVD). The
study showed that in this case the AITiN coated
tool was more susceptible to damage compared
to tool equipped with TiN/TiCN/ALO,. Wear on
the CVD-coated tools was lower, however, no
better surface quality was obtained then. For this
reason, the authors indicate that this type of coat-
ing on cutting tool works better during roughing,
because obtaining the appropriate surface rough-
ness is then not necessary. On the other hand,
PVD-coated tools are more suitable for finishing.
Such differences are due to the fact that compared
to the multi-layer CVD coating, the PVD coating
consisting of one layer is thinner. Finishing is not
as demanding for cutting inserts as it is for rough-
ing, therefore tools with thin coatings are able to
provide good results. Conversely, during rough-
ing operations, the thin coatings that are expected
to withstand the stresses generated during cutting
wear out quickly. Therefore, in this case, coatings
with increased thickness work better.

Fernandez-Abia et al. [38] focused on turning of
AISI 304L austenitic steel using four types of PVD
coatings: AITiSiN, TiAICrN, AITiN, AICrSiN. As
a result of the performed turning, it was proved
that tools with AITiSiN and AITiN coatings pro-
vide the best results under the adapted machining
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conditions. This conclusion was drawn on the basis
of: low Ra surface roughness parameter values en-
suring good surface quality, low flank wear values
and reduced cutting forces compared to the other
tested coatings. Comparing AITiN and AITiSiN
with each other, it was also found that the second of
the mentioned coatings allows for the best machin-
ing results, which is caused by its nanocrystalline
structure. As a result, aluminum diffuses towards
the surface of the cutting edge, which quickly forms
a protective layer. In turn, thanks to it, the adhesion
of the workpiece material is reduced, and what is
more - thermal conductivity is reduced.

Liu et al. [39] carried out dry turning using
tools with PVD TiAIN and CrAIN coatings. In
addition, they were combined with cutting tools
without any coatings. Gray cast iron HT250 was
used as the workpiece material. As a result of
machining with speeds in the range of 200-300
m/min, it was observed that the coatings contrib-
uted to the extension of the tool life, with better
results in this range obtained for CrAIN. This
was due to the microstructure of the coating,
characterized by higher surface hardness, higher
density and smaller grains compared to TiAIN.
The main type of wear that occurred on the cut-
ting inserts was abrasive wear. Adhesive wear
played a slightly smaller but also significant
role, and it occurred more intensively in the case
of coated cutting inserts. In terms of the quality
of the machined surface, it was found that the
best results were obtained during cutting with
uncoated inserts and those with CrAIN coating.
The TiAIN coating in this case contributed to the
higher Ra parameter values.

Table 1. Cutting parameters applied in the research

Due to ecological trends and the continuous
development of dry machining, the main goal
of this study is to assess the impact of a cutting
edge with three types of titanium-based coatings
on the surface topography formed during turning
of AISI 1045 steel with variable feed values and
cutting speeds. In addition to the analysis of 3D
height parameters, the focus was also on the ma-
terial ratio curve, which provides information on
the operational properties of the surface.

EXPERIMENT

Cutting tools and workpiece

The tests were carried out on the CU-502 uni-
versal lathe with the use of the SNUN120408-PF
insert and the CSRNR2525 toolholder with the
following cutting insert geometry: corner radius
.= 0.8 mm, entering angle of the main cutting
edge 1 = 75°, entering angle of the secondary
cutting edge k,’= 15°, cutting edge helix angle A,
= —6°; rake angle y = —6°. The cutting insert is
made of P25 cemented carbide, which has been
coated with three types of coatings:

a) nitride-titanium TiN, thickness 2.2 um - PVD
method;

b) 2 um thick nitride-aluminum-titanium TiAIN —
PVD method;

¢) 2.2 pm thick carbon-titanium TiC - PVD method.

Cutting parameters were selected in accor-
dance with the manufacturer recommendations
for the coated tools. During the experiment, the
cutting speed range was v, = 125-325 m/min,

N Test point number
Machining parameters
1 | 2 | 3 | 4 | s 6 7 8 9 10
v, [m/min] 250 125 175 225 275 325
f [mm/rev] 005 | 01 | 015 | 02 | o025 0.15
a, [mm] 0.5

Table 2. Chemical composition, mechanical properties and microstructure of AISI 1045 steel

Chemical composition (%)
C Sii o S, ox P o Mn Cr o Cu,. Ni .
0.42-0.5 0.4 0.045 0.04 0.5-0.8 0.3 0.3 0.4
Mechanical properties
R, (MPa) R (MPa) A, (%) HB
305 580 16 250
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feed /= 0.05-0.25 mm/rev and constant cutting
depth @ = 0.5 mm. The cutting parameters were
applied for a finishing process. The values of in-
dividual cutting parameters applied during ma-
chining tests are depicted in Table 1.

During the tests, the AISI 1045 steel was
used, which is widely applied for the production
of equipment and machinery elements, e.g. shafts,
levers, axes, spindles, etc. The mechanical proper-
ties, chemical composition of AISI 1045 steel were
taken from the certificate attached by the manufac-
turer and the values are presented in Table 2, while
the microstructure is shown in Figure 1.

Measurement apparatus

The surface topography analysis was per-
formed on the Sensofar S neox optical profile
meter system (Figure 2) that allows samples to
be scanned using three different technologies: Fo-
cus Variation, Confocal and Interferometric. The
confocal method was used during the research, as
it is a method that is used for demanding surface
topography and inspection of complex geometries
(e.g. almost vertical slopes). The filtration during
the measurements was performed in accordance
with the ISO 3274 standard. In accordance with
the standard, the authors used As filtering to re-
move microcracks, which are usually caused by
instrument or ambient noise. Then a Ac filter was
applied to separate the waviness from the rough-
ness. The surface topography was analyzed with
the use of height parameters: the arithmetic mean
of the surface height Sa, maximum pit height
Sv, the maximum peak height Sp, and the maxi-
mum height of surface roughness Sz. The paper
also presents contour maps and isometric views,

Pearlite

Fig. 1. Microstructure of AISI 1045 steel

which revealed the specific features of the sur-
face affecting the functional properties of the
surface. The results of the material ratio curve
provided information about the shape of sur-
face irregularities, therefore it is mainly used to
analyze surfaces generated by multi-operation-
al surface shaping. The material ratio curve in
combination with amplitude density distribution
histogram is a very useful tool in describing the
surface texture of the tested object. The histo-
gram shows the density of the distribution of
points (amplitudes) in the analyzed profile [40].

RESULTS AND DISCUSSIONS

The dependencies between the applied coat-
ings and the obtained Sa parameter during cut-
ting with variable cutting parameters are shown
in Figure 3.

When analyzing the values of the Sa param-
eter at variable feed (Fig. 3a), it was observed
that for feeds /< 0.1 mm/rev, the smallest values
of the arithmetic mean surface height were ob-
tained during cutting with the TiAIN coating on
the cutting edge. For the feed value in the range
0.11-0.2 mm/rev, the lowest Sa values were
found during cutting with tool with TiC coating.
From the feed value of 0.2 mm/rev during turn-
ing process with tools equipped with TiAIN and
TiC coatings, similar values of the Sa parameter
were found. In the entire range of variable feed,
the highest values of the arithmetic mean surface
height were found for a surfaces machined with a
tool equipped with the TiN coating. The reduction
of the selected Sa parameter by the TiC coating
is due to its greater hardness compared to other
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Main electronic
controller

Optical objectives

3D OPTICAL PROFILER

oy Sensofar S neox

Sensor head with
motorized Z movement

- Antivibration table

SensoView software
for preliminary
data analysis

Fig. 2. Sensofar S neox System applied in experiment

coatings, in particular to the TiN coating [41].
The use of the TiC coating has a positive effect
on the resistance of the cutting insert to abrasive
wear, and as a result enables obtaining a surface
with reduced surface roughness [30]. On the other
hand, for variable cutting speed at v. = 125 m/min
(Fig. 3b), the use of the TiC coating contributed
to the increase of the value of the Sa parameter,
compared to the cutting inserts with TiIAIN and
TiN coatings. Up to the cutting speed of 225 m/
min, the smallest values of the arithmetic mean
surface roughness height were noticed when us-
ing a tool with a TiAIN coating. This is due to
the addition of aluminum, which increases the
hardness of the coating and improves the thermal
properties of the coating. The TiAIN coating is
therefore resistant to the effects of temperature
in the cutting zone, resistant to oxidation, which
ensures a higher quality of the machined surface
[42]. The increase in the cutting speed caused the
reduction of the selected 3D parameters for all the
applied coatings, which is a typical phenomenon
accompanying the cutting of metallic materials
[43]. Above the speed of 225 m/min, the lowest
values of the Sa parameter were observed when
using the TiC coating, where a decrease of the
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considered 3D surface roughness parameter was
noted, respectively, by 34.02% compared to the
TiAIN coating and by 27.27% for the TiN coating.

The effect of the type of coating deposited on
the cutting edge on the Sz parameter depending
on the variable feed and cutting speed is shown
in Figure 4. Up to the feed value of 0.15 mm/rev,
the maximum surface height values for all types
of coatings ranged from 10 um to 17.5 pm with
no clear trend (Fig. 4a). After exceeding the feed
/> 0.15 mm/rev, the Sz parameter increased with
the feed increase. For the lowest feed of 0.05 mm/
rev and the average value of 0.15 mm/rev, the low-
est values of the Sz parameter were found for the
surface after machining with a TiC coated insert,
while for a TiAIN coated insert, the lowest Sz val-
ues were reached above the feed of 0.15 mm/rev.
Reducing the surface roughness in this case can be
correlated with an increase in the resistance of this
coating to oxidation compared to the TiN coat-
ing, which results in the protection of the tool
in the range of higher temperatures, from 850—
900 °C [44]. In almost the entire range of the vari-
able feed, the highest values of the Sz parameter
were observed for the insert with the TiN coating.
Although the application of a tool with TiN coating
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3.0

2:5

2.0

1.5

Sa, um

1.0

0.5

0.05

0.15
£, mm/rev

——TiN -==TiAIN TiC

b)

Sa, um

125 175

225 275 325

v, m/min

==TiN -==TiAIN TiC

Fig. 3. The influence of the type of cutting edge coating on the values
of the Sa parameter for: a) variable feed f; b) variable cutting speed v,

can cause a reduction in tool wear, it also has a low
fracture toughness and, moreover, an increased re-
sidual stress. As a result, it is often not able to fully
meet all the requirements for coatings applied to
cutting tools used during machining [45].

In the case of an increase in the cutting speed
(Fig. 4b), a decrease in the 3D surface roughness
parameters values were observed for machining
with tools with each of the tested coatings. For
lower cutting speeds, up to 225 m/min, the lowest
value of the maximum surface height was found
for cutting with tool equipped with the TiAIN
coating, and the highest for the machining with
TiN coated tool. This observation is confirmed
by the fact that with the increase of aluminum

content in the coating, the hardness of the cutting
insert increases [20, 46], thanks to which it is able
to reduce the machined surface roughness. From
the value of 225 m/min, the values of the consid-
ered 3D roughness parameter for tools equipped
with different coatings are more similar. For the
highest cutting speed, the lowest value of the Sz
parameter was observed for the surface machined
with the TiC coated tool, but the percentage of re-
duction of a given parameter did not exceed 10%
compared to other coatings.

Figure 5 and Figure 6 show the values of the
Sp, Sv parameters and their sum being the param-
eter Sz obtained on the surfaces machined with
tested inserts. The Sp parameter is of particular
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——TiN -=-TiAIN TiC

b)

60

50

——

40

30

Sz, um

20

10

225 275 325

V., m/min

——TiN -=-TiAIN TiC

Fig. 4. Influence of the type of cutting edge coating on the values
of the Sz parameter for: variable feed f; b) variable cutting speed v,

importance in the case of surfaces whose appli-
cation includes sliding applications, while Sv is
used especially when the aspect of fluid retention
on a given surface is important. In such a situa-
tion, great importance is attached to the depth of
the valleys formed during machining [47].
During cutting with variable feed (Fig. 5), the
change in the values of Sp and Sv parameters was
observed analogous to the Sz parameter. With the
increase of the feed to the value of 0.15 mm/rev,
there were no significant increases in the selected
3D surface roughness parameters. However for a
higher feeds a sharp increase in the surface rough-
ness values was observed during cutting with the

260

tested tools. Among the three cutting parameters
(feed, depth of cut and cutting speed), the feed
is the factor influencing the surface roughness to
the greatest extent [34, 48]. In the entire range
of variable feed, the lowest values of the surface
roughness parameters were observed for the sur-
face machined with a tool with a TiAIN coating.
The exception was the value of Sp for /= 0.15
mm/rev, where the lowest value was recorded
during turning with the TiN coated tool. The low-
est values of the Sv parameter were found for the
surface machined with a cutting insert with a TiC
coating (three considered feed values) and with a
TiAIN coating (for two feed values).
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Fig. 5. Influence of the type of cutting edge coating on the values of Sp and Sv parameters
depending on the variable value of the feed after turning of AISI 1045 steel

The change in cutting speed (Fig. 6) was
characterized, by a decrease in the values of Sp
and Sv parameters with an increase in the cutting
parameters for all three types of coatings. This is
due to the fact that an increase in v, leads to a
reduction in the contact zone of the chip with the
cutting edge. Consequently it causes a reduction

of friction and the risk of: flank wear and ther-
mal cracks. As it is known, tool wear adversely
affects the quality of the machined surface, hence
increasing the cutting speed may contribute to its
improvement. However, for this to be possible,
the coatings must withstand increasing thermal
loads, resulting from an increase in the value of

60 60
[A-TiN | B- TIAIN [c-Tic | msp WSy

50 50

40 40
g
<~ 30 30 g_
A =
: l o :
Q
(%)

20 20

. B B .

0 0

125 175 225 275 325
V., m/min

Fig. 6. Influence of the type of titanium coating on the values of Sp and Sv parameters
depending on the variable value of the cutting speed during cutting of AISI 1045 steel
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Fig. 7. Isometric view and contour map of the machined surface after turning AISI 1045 steel with cutting
parameters /= 0.15 mm/rev, v, = 250 m/min, a, = 0.5 mm for insert with a coating: a) TiN, b) TiAIN, ¢) TiC

v_ leading to an increase in temperature in the
cutting zone. Otherwise, the cutting tool may be
deformed [10, 49]. For lower cutting speed v_ val-
ues, the lowest machined surface roughness, both
in terms of the Sp and Sv parameters, was found
for the TiAIN coated tool. The application of this
coating resulted in obtaining the lowest values
of the Sp parameter for lower cutting speeds, up
to 225 m/min, and above this value for the TiC
coated tool (the only exception was v_= 225 m/
min, for which the lowest surface roughness val-
ues were observed for the TiN coated tool). A
similar relationship was found when considering
the Sv parameter. For the cutting speed v_ < 225
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m/min, the lowest value of the Sv parameter was
noticed when using the tool with TiAIN coating,
and above this value for the TiC coated tool. Due
to the fact that the Sp and Sv parameters are influ-
enced by single valleys or peaks formed on the
machined surface [47], the obtained values indi-
cate that (thanks to the TiC coating) the problem
related to formation of peaks and pits was most
effectively reduced for higher cutting speeds cor-
responding to finishing turning.

The isometric view and the contour map for
each tested insert after turning of AISI 1045 steel
in the conditions of using the average values of
cutting parameters are shown in Figure 7.
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When analyzing the topography of the ma-
chined surface (Fig. 7a) using an insert with a
TiN coating, an even distribution of valleys and
ridges resulting from the applied feed value was
noticed. This surface is characterized by very
high ridges and a higher average surface rough-
ness compared to the surfaces machined with
other tools. When analyzing the contour map of
this surface, it was noticed that some of the ridg-
es merge with each other, causing the irregular
shape of the valleys. The surface machined with
the TiAIN coated insert was characterized by
wide valleys, which may be due to the increased
hardness of this coating. The isometric view
(Fig. 7b) also revealed a few single peaks due to
deformations or vibrations resulting from the in-
stantaneous built-up-edge [49]. The sample after
turning with the TiC coated tools was character-
ized by the lowest surface roughness despite nu-
merous irregular peaks. The application of this
coating resulted in an even distribution of val-
leys and ridges on the machined surface.

In the last stage of the surface topography
analysis, the material ratio curves for selected
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variable values of cutting parameters were ana-
lyzed, taking into account all applied coatings,
which allowed for obtaining information on the
surface unevenness and its operational properties.
The shape of the material ratio curve depends
mainly on the shape of the surface topography
and is an important tool for describing the surface
texture in combination with the amplitude density
distribution histogram. The histogram shows the
point distribution density in the analyzed surface
roughness profile. Figure 8 shows the material ra-
tio curves of the machined surfaces formed during
turning with tested tools. All analyzed curves are
characterized by a degressive-progressive shape.
The analyzed surfaces are characterized by an
even distribution of the material over the surface
with a slightly more concentrated distribution of
amplitude density for the TiN coated tool. The
shape of this surface is closer to the surface after
grinding, without excessive peaks on the surface.
Surfaces made with tools coated with a TiAIN
and TiC coatings are characterized by the densi-
ties of point distributions in the analyzed profile,
less concentrated on average values.
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Fig. 8. Material ratio curves of the surfaces after turning with cutting parameters = 0.15 mm/rev,
v, =250 m/min, a,= 0.5 mm and tools with coatings: a) TiN, b) TiAIN, c) TiC
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CONCLUSIONS

The conducted research allowed for a detailed
analysis of the surface topography of the AISI
1045 steel machined with the use of three cutting
inserts diversified in terms of coatings and tak-
ing into account variable cutting parameters. The
test results allow the selection of the appropriate
type of coating and cutting parameters in order to
obtain a machined surface with a highest quality.
The results obtained for the following coatings
were summarized and on this basis the following
conclusions were formulated:

e The use of TiC coating on sintered carbide in-
serts affects the reduction of machined surface
roughness in the range of higher cutting speeds
(v.>225 m/min) and higher feeds (f<0.15 mm/
rev). The TiAIN coating is used for machining
of AISI 1045 carbon steel in the range of the
lowest feed values (> 0.15 mm/rev) and lower
cutting speeds (v, <225 m/min).

e The use of titanium-based coatings for cut-
ting inserts can be employed for a formation
of surface topography with evenly distributed
valleys and peaks. The TiN coating as the low-
est hardness coating enabled the obtainment of
machined surface with a contour map charac-
terized by the wide ridges, while the use of a
harder TiAIN coated tool showed the forma-
tion of wide valleys on the machined surface.
The surface machined with the hardest TiC
coated tool, despite a few irregular peaks, was
characterized by the most even distribution
and the lowest surface roughness.

e The values of the Sa parameter affect the
material ratio curve, contributing to the con-
centration of ordinates, which was observed
during cutting with the TiC coated insert at a
slightly higher cutting speed. This indicates an
improvement in the operational suitability of
the obtained machined surface.

e In order to obtain a higher quality of the ma-
chined surface during turning of AISI 1045
steel in conditions consistent with the test, it
is recommended to use a TiC coated tool for
the feed value not exceeding 0.15 mm/rev and
cutting speed above 225 m/min.

Subsequent research will be devoted to the
study of the impact of the type of selected cutting
edge coatings on the tool wear and parameters
of the machined surface integrity. The authors
will determine the influence of coatings on the
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microhardness of AISI 1045 steel and the stresses
in the surface layer. The cycle of these tests will
allow for a detailed analysis of the use of the type
of coating when turning the selected carbon steel,
both in terms of tool wear and obtaining the ap-
propriate properties of the surface layer and the
corresponding range of cutting parameters.

Acknowledgments

The financial support from the program of the
Polish Minister of Science and Higher Education
under the name “Regional Initiative of Excellence”
in 2019-2022, project no. 003/RID/2018/19, fund-
ing amount 11 936 596.10 PLN.

REFERENCES

1. Gupta K.M., Ramdev K., Dharmateja S., Sivarajan
S. Cutting Characteristics of PVD Coated Cutting
Tools. Materials Today: Proceedings. 2018; 5(5):
11260-11267.

2. Inspektor A., Salvador P.A. Architecture of PVD coat-
ings for metalcutting applications: A review. Surface
and Coatings Technology. 2014; 257: 138—153.

3. Thakur A., Gangopadhyay S. Influence of tribo-
logical properties on the performance of uncoated,
CVD and PVD coated tools in machining of Incoloy
825. Tribology International. 2016; 102: 198-212.

4. Macek W., Marciniak Z., Branco R., Rozumek D.,
Kroélczyk G.M. A fractographic study exploring the
fracture surface topography of S355J2 steel after
pseudo-random bending-torsion fatigue tests. Mea-
surement: Journal of the International Measure-
ment Confederation. 2021; 178: 109443.

5. Bag R., Panda A., Sahoo A.K., Kumar R. Cutting
tools characteristics and coating depositions for
hard part turning of AIST 4340 martensitic steel: A
review study. Materials Today: Proceedings. 2019;
26:2073-2078.

6. Biermann D., lovkov I. Modelling, simulation
and compensation of thermal effects for complex
machining processes: The priority programme
1480 “CutSim.” Production Engineering. 2015;
9(4): 433-435.

7. Liu W, LiA., WuH.,, He R, Huang J., Long Y., et
al. Effects of bias voltage on microstructure, me-
chanical properties, and wear mechanism of novel
quaternary (Ti, Al, Zr)N coating on the surface of
silicon nitride ceramic cutting tool. Ceramics Inter-
national. 2016; 42(15): 17693-17697.

8. TuG.,WuS.,, Liul.,, Long Y., Wang B. Cutting per-
formance and wear mechanisms of Sialon ceramic
cutting tools at high speed dry turning of gray cast



Advances in Science and Technology Research Journal 2021, 15(4), 253—-266

iron. International Journal of Refractory Metals and
Hard Materials. 2016; 54: 330-334.

9. Jackson M.J., Morrell J.S. Machining with Nano-
materials. Springer-Verlag US; 2009.

10.Kivak T. Optimization of surface roughness and
flank wear using the Taguchi method in milling of
Hadfield steel with PVD and CVD coated inserts.
Measurement: Journal of the International Mea-
surement Confederation. 2014; 50(1): 19-28.

11. Sousa V.E.C., Silva F.J.G., Alexandre R., Fecheira
J.S., Silva F.P.N. Study of the wear behaviour of
TiAISiN and TiAIN PVD coated tools on milling
operations of pre-hardened tool steel. Wear. 2021;
476: 203695.

12. Kumar C.S., Patel S.K. Effect of chip sliding veloc-
ity and temperature on the wear behaviour of PVD
AICrN and AITiN coated mixed alumina cutting
tools during turning of hardened steel. Surface and
Coatings Technology. 2018; 334: 509-525.

13.Zhao J., Liu Z., Wang B., Hu J. PVD AITiN coating
effects on tool-chip heat partition coefficient and
cutting temperature rise in orthogonal cutting In-
conel 718. International Journal of Heat and Mass
Transfer. 2020; 163: 120449.

14.Neves D., Diniz A .E., Lima M.S.F. Microstructural
analyses and wear behavior of the cemented carbide
tools after laser surface treatment and PVD coating.
Applied Surface Science. 2013; 282: 680—688.

15.Mkaddem A., Ben Soussia A., El Mansori M. Wear
resistance of CVD and PVD multilayer coatings
when dry cutting fiber reinforced polymers (FRP).
Wear. 2013; 302(1-2): 946-954.

16.Koyilada B., Gangopadhyay S., Thakur A. Com-
parative evaluation of machinability characteris-
tics of Nimonic C-263 using CVD and PVD coated
tools. Measurement: Journal of the International
Measurement Confederation. 2016; 85: 152—-163.

17. Boing D., de Oliveira A.J., Schroeter R.B. Evaluation
of wear mechanisms of PVD and CVD coatings de-
posited on cemented carbide substrates applied to hard
turning. International Journal of Advanced Manufac-
turing Technology. 2020; 106(11-12): 5441-5451.

18. Garcia J., Collado Ciprés V., Blomqvist A., Kaplan
B. Cemented carbide microstructures: a review. In-
ternational Journal of Refractory Metals and Hard
Materials. 2019; 80: 40—68.

19. Ginting A., Skein R., Cuaca D., Herdianto, Pieter,
Masyithah Z. The characteristics of CVD- and
PVD-coated carbide tools in hard turning of AISI
4340. Measurement: Journal of the International
Measurement Confederation. 2018; 129: 548-557.

20. Bobzin K. High-performance coatings for cutting
tools. CIRP Journal of Manufacturing Science and
Technology. 2017; 18: 1-9.

21.Naskar A., Chattopadhyay A.K. Investigation on

flank wear mechanism of CVD and PVD hard coat-
ings in high speed dry turning of low and high car-
bon steel. Wear. 2018; 396-397: 98—106.

22.He Q., Paiva J.M., Kohlscheen J., Beake B.D.,
Veldhuis S.C. An integrative approach to coating/
carbide substrate design of CVD and PVD coat-
ed cutting tools during the machining of austen-
itic stainless steel. Ceramics International. 2020;
46(4): 5149-5158.

23.El Azhari 1., Garcia J., Soldera F., Suarez S., Ji-
ménez-Piqué E., Miicklich F., et al. Contact dam-
age investigation of CVD carbonitride hard coat-
ings deposited on cemented carbides. International
Journal of Refractory Metals and Hard Materials.
2020; 86: 105050.

24.Deng Y., Chen W., Li B., Wang C., Kuang T., Li
Y. Physical vapor deposition technology for coated
cutting tools: A review. Ceramics International.
2020; 46(11): 18373-18390.

25. Chinchanikar S., Choudhury S.K. Wear behaviors
of single-layer and multi-layer coated carbide in-
serts in high speed machining of hardened AISI
4340 steel. Journal of Mechanical Science and
Technology. 2013; 27(5): 1451-1459.

26.Das S., Guha S., Ghadai R., Swain B.P. A compara-
tive analysis over different properties of TiN, TIAIN
and TiAISiN thin film coatings grown in nitrogen
gas atmosphere. Materials Chemistry and Physics.
2021; 258: 123866.

27.QiuL.,DuY., WuL.,Wang S., Zhu J., Cheng W, et
al. Microstructure, mechanical properties and cut-
ting performances of TiSiICN super-hard nanocom-
posite coatings deposited using CVD method under
the guidance of thermodynamic calculations. Sur-
face and Coatings Technology. 2019; 378: 124956.

28. Holzschuh H. Chemical-vapor deposition of wear
resistant hard coatings in the Ti-B-C-N system:
Properties and metal-cutting tests. International
Journal of Refractory Metals and Hard Materials.
2002; 20(2): 143-149.

29.Randhawa H. Cathodic arc plasma deposition of
TiC and TiCxNI1-x films. Thin Solid Films. 1987;
153(1): 209-218.

30.Das S., Guha S., Das P.P., Ghadai R.K. Analy-
sis of morphological, microstructural, electro-
chemical and nano mechanical characteristics of
TiCN coatings prepared under N2 gas flow rate
by chemical vapour deposition (CVD) process
at higher temperature. Ceramics International.
2020; 46(8): 10292-10298.

31.Knotek O., Loffler F., Kramer G. Deposition, prop-
erties and performance behaviour of carbide and
carbonitride PVD coatings. Surface and Coatings
Technology. 1993; 61(1-3): 320-325.

32. Martini C., Morri A. Face milling of the en AB-43300
aluminum alloy by PVD- and CVD-coated cemented

265



Advances in Science and Technology Research Journal 2021, 15(4), 253-266

carbide inserts. International Journal of Refractory
Metals and Hard Materials. 2011; 29(6): 662—673.

33.Rubshtein A.P., Vladimirov A.B., Korkh Y.V.,
Ponosov Y.S., Plotnikov S.A. The composition,
structure and surface properties of the titanium-car-
bon coatings prepared by PVD technique. Surface
and Coatings Technology. 2017; 309: 680—686.

34. Celik Y.H., Kilickap E., Giiney M. Investigation of
cutting parameters affecting on tool wear and sur-
face roughness in dry turning of Ti-6Al-4V using
CVD and PVD coated tools. Journal of the Brazil-
ian Society of Mechanical Sciences and Engineer-
ing. 2017; 39(6): 2085-2093.

35. Ozkan D., Alper Yilmaz M., Szala M., Tiirkiiz C.,
Chocyk D., Tung C., et al. Effects of ceramic-based
CrN, TiN, and AICrN interlayers on wear and fric-
tion behaviors of AITiSIN+TiSiN PVD coatings. Ce-
ramics International. 2021; 47(14): 20077-20089.

36. Vetri Velmurugan K., Venkatesan K. Experimental
investigation and comparative assessment of PVD
and CVD insert on dry machining of waspaloy. Ma-
terials Today: Proceedings. 2021.

37.Martinho R.P., Silva F.J.G., Martins C., Lopes H.
Comparative study of PVD and CVD cutting tools
performance in milling of duplex stainless steel.
International Journal of Advanced Manufacturing
Technology. 2019; 102(5-8): 2423-2439.

38. Fernandez-Abia A.1., Barreiro J., Fernandez-Larri-
noal., Lopez de Lacalle L.N., Fernandez-Valdiviel-
so A., Pereira O.M. Behaviour of PVD coatings in
the turning of austenitic stainless steels. Procedia
Engineering. 2013; 63: 133—141.

39.Liu W., Chu Q., Zeng J., He R.,, Wu H., Wu Z,, et
al. PVD-CrAIN and TiAIN coated Si3N4 ceramic
cutting inserts-2. High speed face milling perfor-
mance and wear mechanism study. Ceramics Inter-
national. 2017; 43(12): 9488-9492.

40. Nadolny K., Kaptonek W. Analysis of flatness devi-
ations for austenitic stainless steel workpieces after
efficient surface machining. Measurement Science
Review. 2014;14(4):204-212.

266

41.Karlsson L., Hultman L., Johansson M.P., Sundgren
J.E., Ljungcrantz H. Growth, microstructure, and
mechanical properties of arc evaporated TICxN1-x
(0<x<1) films. Surface and Coatings Technology.
2000; 126(1): 1-14.

42. Bouzakis K.D., Michailidis N., Skordaris G., Bouza-
kis E., Biermann D., M’Saoubi R. Cutting with coated
tools: Coating technologies, characterization methods
and performance optimization. CIRP Annals - Manu-
facturing Technology. 2012; 61(2): 703—723.

43. Twardowski P., Wojciechowski S., Wieczorowski
M., Mathia T. Surface roughness analysis of hard-
ened steel after high-speed milling. Scanning.
2011; 33(5): 386-395.

44.Das S., Ghadai R., Guha S., Sharma A., Swain B.P.
Correlation of Microstructural and Mechanical
Properties of CVD Deposited TiIAIN Coatings. Ara-
bian Journal for Science and Engineering. 2020;
45(2): 967-975.

45. Shang H., Li J., Shao T. Mechanical properties and
thermal stability of TiN/Ta multilayer film deposited
by ion beam assisted deposition. Advances in Mate-
rials Science and Engineering. 2014; (1-2): 1-8.

46. Endler 1., Héhn M., Herrmann M., Holzschuh H.,
Pitonak R., Ruppi S., et al. Aluminum-rich TiAICN
coatings by Low Pressure CVD. Surface and Coat-
ings Technology. 2010; 205(5): 1307-1312.

47.Krolczyk G.M. Morfologia powierzchni sta-
li duplex po procesie toczenia na sucho i z
chtodzeniem. Opole: Oficyna Wydawnicza Po-
litechniki Opolskiej; 2015.

48.Ramesh S., Karunamoorthy L., Palanikumar K.
Measurement and analysis of surface roughness in
turning of aerospace titanium alloy (gr5). Measure-
ment: Journal of the International Measurement
Confederation. 2012; 45(5): 1266—-1276.

49. Horng J.T., Liu N.M., Chiang K.T. Investigating the
machinability evaluation of Hadfield steel in the hard
turning with A1203/TiC mixed ceramic tool based on
the response surface methodology. Journal of Materi-
als Processing Technology. 2008; 208(1-3): 532-541.



