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JADESADA RUJISOMNAPA : WEAR BEHAVIOUR OF DRILLING
TOOL SURFACE COATED BY PVD. THESIS ADVISOR :

ASST. PROF. PORNWASA WONGPANYA, Ph.D., 110 PP.

OXIDATION/MAXIMUM FLANK WEAR/COATINGS/COF

The objective of this research is to study wear behavior of TiN, AICrN and
TiAISIN coated on cemented carbide end mill deposited by cathodic arc physical
vapor deposition methods in comparison with uncoated end mill. Wear behavior was
investigated by nanoindentation hardness test, scratch test and cutting test. Oxidation
test was also done in air at temperatures of 700°- 900°C in order to evaluate oxidation
resistance. From the nanoindentation hardness and scratch tests, AICrTiSiN coating
exhibited higher hardness and adhesion ability than AICrN, TiAISiN and TiN
coatings, respectively. From the coefficient of friction (COF) results, AICrN coating
exhibited lower COF than AICrTiSiN, TiAISIN and TiN coatings. The cutting
performance, represented in terms of maximum flank wear as a function of cutting
length, was found to be highest in the AICrN coating. Oxides of these coatings are
TiO, for TiN, TiO, for TiAISiIN, TiO, for AICrTiSiN and Cr,O3; for AICrN. It was
found that AICrTiSiN and AICrN coatings, exhibited higher oxidation resistance than
TiAISIN and TiN coatings. From all of results, it revealed that the AICrN coated end
mills exhibited more excellent wear resistance than the uncoated, TiN coating,

TiAISIN coating and AICrTiSiN coated end mills.
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1 (Start) 19.2 58.5 20.2 58.2 19.7 58
2 20.1 57.9 20.8 58.2 19.2 58.2
3 20.6 58.4 19.2 58.9 20.1 58.4
4 20.4 58.9 19.1 57.8 19.9 58.4
5 19.9 58.1 18.9 58.3 20.9 58
6 19.3 58.1 20.8 57.4 19.2 58.9
7 19.8 57.5 19.6 58.9 19.7 57.9
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Load (N“) OLcl ELc2
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Distance (mm) Distance (mm)
0 3072 6054 9036 1202 150 0 30.72 6054 9036 1202 150
Load (N) Load (N)
f.) v.)
14 1
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42.1 WaMsSNAgOUMINANI
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Abstract. The objective of this research is to study wear behaviors of TiN, nanolaminated A1CrN and
nanocomposite TIAISIN coated on cemented carbide end mill deposited by cathodic arc physical
vapor deposition methods in comparison with uncoated end mill. Wear behaviors were investigated
by nanoindentation hardness test, seratch test and cutting test. Oxidation test was also done in air at
temperatures of 700°- 900°C in order fo evaluate resistance of oxidation. In the nanoindentation
hardness and scratch tests. nanocomposite T1IAISIN coating exhibited higher hardness than TiN and
nanolaminated AICiN coatings. The nanolaminated AICN coating represented the highest adhesion
ability in terms of critical load and the lowest coefficient of friction in comparison with the TiAISIN
and TiN coatings, respectively. The cutting performance, represented in terms of maximum flank
wear as a function of cutting length, was found to be highest in the AICIN coating. Oxides of these
coatings, le., Ti0, for TiN, TiO, for TiAlSIN and Cr.O; for AICiN, generated at different
temperatures of 700°, 800° and 900°C, respectively. From all of results, it is obvious that the AICTN
coating exhibited more excellent wear resistance and oxidation resistance than the uncoated end mill,
TiN coating and TiAISIN coating.

Introduction

It 1s well known that during service applications of cutting tools, they have to encounter not only
forces that are required to cut. mill and machine specimens. but they have to receive a friction force at
the interface between flank and surface of specimens that results in high temperature oxidation of
cutting tools [1]. In order to enhance performance of cutting tools and to extend service life of cutting
tools, the surface technology m particular for the physical vapor deposit (PVD) coatings, such as TiN,
AICIN, TiAISIN and etc., have been widely used on the cutting tools because of their high hardness,
low coefficient of friction (COF), and high wear resistance [2.3]. Many types of PVD coatings have
been developed for protecting the cutting tools, such as, TiN (binary hard coating), AITIN (with
adhesive TiN), CrAlSIN (nanocomposite), TiAISIN (nanocomposite) and ete. The advantages of
using PVD coatings, mainly composed of aluminum and chromium, are that after service application
they are oxidized and the products from oxidation are aluminium and chromium oxides. And, it is
believed that such oxides are useful and would be used as a lubricant for avoiding wear of cutting
tools because they have a low COF [4]. However, the performance of different PVD coatings still
remains in question since they have been applied for cemented carbide end mill. For this reason, a
comparative study of performance of PVD coatings, 1.e., TIN, AICIN and TiAlSiN films, has been
evaluated in this paper. Such performance in terms of wear and oxidation behaviors is studied by
using nanoindentation hardness test, scratch test, cutting tool test and oxidation test.

Experimental
Samples used in this study were two sets. The first sets of samples were cemented carbide end mills
(6wt% Co and 94wt% WC, ISO K10) with a diameter of 8 mm and 2-flute flat that were selected to be

a substrate material for coatings. The end mills were coated with TiN, AICiN and TiAlSiN coatings

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www ttp_net. (ID: 203.158.4 225-31/07/13,06:10:14)
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by cathodic arc physical vapor deposition methods (CAPVD). All of the coatings were synthesized in
an industrial coating machine developed by NanoShield PVD Hard Coating Thailand. The
nanolaminated AICrN (AIN/C1N) coating was synthesized by an unconventional method, using
separate targets of pure Al and pure Cr instead of using AICr alloy targets which is normally done in
the hard coating industry. The coated end mills were used for evaluating cutting performance by the
high speed machining of AISI D2 with a hardness of 58 HRC and cutting conditions were shown in
Table 1. The cutting performance was observed by evaluating tool flank wear as a function of cutting
length. Measurement of tool flank wear was repeated for three times and the measurement values
were averaged as the final values. A tool life criterion of maximum flank wear was determined at 200
um in accordance with ISO 3002/1 [5].

Table 1 Cutting conditions used in this study.

Condition Contents

Spindle revolution (rpimn) 7.000

Feed per tooth (mm/tooth) 0.01

Cutting speed (m/s) 2.90

Radial depth of cut (mm) 0.02

Axial depth of cut (mm) 2.00

Coolant type Flood coolant (wet)

The second sets of samples were also the cemented carbide ISO K10, but they were prepared to be
a cylindrical with a diameter of 20 mm and thickness of 2 mm. Subsequently, they were coated with
the same coatings as in the sets of end mills. These sets of samples were used to observe wear
behavior in terms of nanoindentation hardness, adhesion ability by nanoindentation hardness test and
scratch test. For oxidation experiments of samples, samples were placed in a tube furnace at
temperatures between 700°C and 900°C for 1 hour in air environment. After oxidation test, phase
formations of samples were characterized with X-ray diffraction using CuKa radiation. Scratch
resistance of samples, which represented in terms of critical loads, i.e., Lel and Le2, was analyzed
with the scratch tester (CSM Instruments) at initial and final loads between 0.9 and 150 N.
Nanoindentation tester (CSM instruments) was used to measure the hardness of coatings equipped
with Berkovich diamond indenter.

Results and Discussion

Wear Behaviors. Table 2 shows the thickness and hardness of TiN, AICrN and TiAlISiN coatings.
Coatings thickness was obtained from CSM Calotest machine with LOMO PMT-3M microscope. It
can be seen that the hardness value of Ti1AISIN coating was higher than those of TiN and AICIN
coatings, even though the thickness of TIAISIN coating was much lower than that of AICIN coating.
The reason why the TiAISIN coating exhibited higher hardness than the other coatings was that
nano-sized crystallites of TiIAIN were embedded in amorphous matrix of SisN; and were
homogeneously distributed throughout the coating. The hardness of TiAlSIN coating increased,
because interfaces between TiAIN and SizNy increased [6, 7]. Moreover, a combination of different
phases, 1.e., TIAIN and Si;Ny, inhibited the crack propagation in the amorphous matrix of Si;Ny under
high applied load during service time [6].

Table 2 Thickness and Hardness of TiN, AICrN, and T1AISIN coatings.

TiIN AlCIN TIAISIN

Thickness ({um) 2.18 5.19 2.54

Hardness (GPa) 35 32 41
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" (b)

(©
Fig. 1: Panorama optical images of the wear trace on the (a) TiN (b) AICrN and (c¢) TiAlISiN coatings
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Fig. 2: Results from scratch test (a) comparative critical loads of coatings and coefficient of friction
(COF) of (b) TiN, (¢) AICrN and (d) TiAISiIN coatings

Fig. 1 shows the wear trace of the coatings from the scratch test. It revealed that the delamination
of TiN coating was more visible than those of TiAISIN and AICIN coatings corresponding to the
critical loads as shown in Fig. 2. It can be seen that the smooth wear trace of AICTN coating was more
pronounced than those of TiN and TiAISiN coatings. By considering the wear trace related to the
hardness of all coatings, it can be seen that the T1AISIN coating displayed a larger delamination than
the AICIN coating, even though the TiAISIN coating exhibited higher hardness than the AICIN
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coating. This means that the hardness could not be used properly to interpret the wear resistance in
this study. The critical loads are used for interpretation of coating damage, i.e., the eritical load at
which the first crack appears (Lcl) and the critical load at which the full delamination of coating
occurs (Lc2). The AICIN coating was less sensitive to the first erack mitiation than the TiN and
T1AISIN coatings, as shown by the higher Lel. The full delamination (Lc2) of AICIN coating
disappeared even though the applied load increased up to 150 N (Lc2 exceeds 150 N). Even though
CSM scratch tester can apply load up to 200 N but in practice the load is usually limited to 100 - 150
N. Using 150 N load can prolong the life of the indenter tip used in the scratch tester. Anyhow, Le2
exceeding 150 N can be considered as a rare phenomenon also. The reason for disappearing of the full
delamination of the AICIN coating would be from its low coefficient of friction (COF). This means
that the AICrN coating would be a good lubricant due to the COF of AICTN coating was lower than
those of TiN and TiAlSiN coatings as shown in Fig. 2 (b)-(d). From Fig. 2(b)-(d), the scratch
resistance could be ranked in the order from the best to the worst one as followings, the AICIN,
T1AISIN and TiN coatings, respectively by considering the COF that is corresponded with the wear
trace as shown in Fig. 1.
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Fig. 3: The maximum flank wear as a function of cutting length for uncoated end mill, TiN, AICIN,
and TiAISIN coated end mills.

(a) (b)
Fig. 4: Flank faces of AICtN and T1AISiN coatings at a cutting length of 7.5 m.

The tool life of uncoated end mill, TiN, AICIN, and TiAISiN coated end mills were evaluated by
the cutting tool testing. And, the tool life was represented in terms of the maximum flank wear as a
function of cutting length. Fig. 3 shows the maximum flank wear patterns as a function of cutting
length for uncoated end mill, TiN, AICIN, and TiAISIN coated end mills under flooded coolant
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environments. From the cutting tool testing, it can be seen that the tool life of AICIN coating was
about 9.50 m and it was higher than those of T1AISIN and TiN end mills and uncoated end mill at
7.50, 5.00 and 3.50 m, respectively. This is because the COF of AICIN coating was lower than those
of the TiN and TiAISiN coatings, as previously described by Fig. 2 (b)-(d). A comparative flank face
of AICIN and TiAISIN coatings at a cutting length of 7.50 m was shown in Fig. 4. Obviously, the
flank face of AICIN coating exhibited lower damage than that of TIAISiN coating. As can be seen in
Fig. 3. the maximum flank wear at the cutting length of 7.50 m for the AIC1N coating was at 142 pm,
but such value for the TiAISIN coating was above the tool life criterion at 205 pm. Therefore, the
AICTN coating was the best for wear resistance. The results from the cutting tool testing showed the
same trend of wear behaviors as shown in the scratch test. From those behaviors, it might be said that
the coatings, 1.e., TIN, TiAISIN and AIC1N, are necessary for extending the tool life of end mill.

Oxidation Behaviors. By considering a relation between temperature generated during cutting
and speed of cutting tool, since the cutting speed increased, the cutting temperature of interface
between flank and specimen would be increased. Although the coolant (combined lubricant) was
used in the cutting process, the cutting temperature would be increased up to 920°C at a cutting speed
of 2.50 m/s [3]. In this research, the applied cutting speed was about 2.90 m/s; therefore, the cutting
temperature would be higher than 920 °C. Since the cutting tools were received the load force for long
time, the cutting temperature of tools would be increased. Then, the oxidation reaction would be
appeared at the cutting temperature of tools in the oxygen environment [8-10]. Thus, in this study the
simulation of oxidation test has been done m the tube furnace at temperatures between 700° and
900°C in air to observe the oxidation behaviors of TiN, AICrN and TiAISIN coatings. XRD patterns
of coatings were shown in Fig. 5.
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Fig. 5: X-ray diffraction patterns of coatings after oxidation for 1 h in air: (@) AICIN coating peak: (O0)
TiN coating peak; (©) T1AIN coating peak; (o) T10; peak: (0) Cr,O; peak; (S) Substrate peak.

For the TiN coating, the TiO; peaks started to appear after oxidation at 700°C. For the TiAISIN
coating, only the T1AIN peaks appeared, whereas the Si peaks disappeared. The reason for disappear
of the Si peaks is that the Si elements changed to be a SisN, phase and such phase is an amorphous
S1;N, matrix [7]. The TiO, peaks generated at 800°C for the T1AISIN coating. On the other hand, the
AICIN coating remain unchanged at temperatures between 700° and 800°C, the Cr,Os peaks started to
appear after oxidation at 900°C. From the XRD results of Fig. 5, the AICN coating exhibited higher
oxidation resistance than the TiAISiN and TiN coatings, respectively. The reason why the AICIN
coating showed high oxidation resistance would be from its dense oxide mixture layers of Cr,O; and
Al>,Os preventing further oxidation [4]. Moreover, those oxides are well known as a solid lubricant for
wear resistance [9, 10]. On the other hand, the hardness of TiAISIN (41 GPa) and TiN (35 GPa)
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coatings were higher than that of AICrN (32 GPa) coating, but the tool life of T1AISIN coating was
lower than the AICIN coating. It can be described that the formed Ti, Cr, and Al oxides showed
different effects. For the formed Cr and Al oxide films, they acted as the thermal protective and
enhanced lubrication ability, while the formed T1 oxide film increased wear and friction [11].

Su

mmary

From the hardness and scratch tests, the hardness of coatings was consecutively ranked from the
highest to the lowest as followings: nanocomposite TiAISIN, nanolaminated AICIN and
conventional TiN coatings. However, the hardness would not be used properly for prediction of
wear resistance because the T1AISIN coating exhibited higher delamination than the AICIN
coating. The reason for better wear resistance of the AICN was that it showed lower coefficient of
friction than TiN and TiAISiN coatings.

From the cutting tool tests, the AICIN coatings showed the lowest damage after the maximum
flank wear reached 200 pum. From the oxidation tests, the AICrN coating remained higher
oxidation resistance than TiAISiN and TiN coatings. Tool life of end mills was successfully
increased by PVD coatings such as TiN, AICtN, and TiAISiN coatings.

However, two characteristics of coating have been further studied. Firstly, the effect of thickness
on wear rate. It is questionable if the thickness of TiAISIN coating is as equal as the thickness of
AICN. will the wear rate be improved. Secondly, effect of coating's structure - Nanolaminated
AICIN, even though it exhibits the same hardness as the conventional AICTN but theoretically the
nanolayers of AIN/CrN should show the different behavior of wear, oxidation and crack
propagation. This can be a subject for further study.
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