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INVESTIGATION OF THE TRIBOLOGICAL PERFORMANCE OF AITiN COATED CUT-
TINGTOOLS IN THE MACHINING OF Ti6Al4V TITANIUM ALLOY IN TERMS OF DE-
MANDED TOOL LIFE

BADANIE FUNKCJONALNOSCI TRIBOLOGICZNEJ NARZEDZI SKRAWAJACYCH
POWLEKANYCH POWLOKA ALTIN W OBROBCE STOPU TYTANU TI6AL4V

POD WZGLEDEM WYMAGANEJ TRWALOSCI NARZEDZIA*

This paper presents a multi-factorial approach to the tool wear evolution when machining Ti6AI4V titanium alloy using high
temperature resistant AITiN coated cutting tools. Machining conditions were selected based on the technological database of ma-
chining titanium alloys in aircraft plants. The main novelty of this study is that tool wear progress within the tool life of about 20
min is assessed integrally in terms of mechanical, thermal and tribological process outputs such as cutting forces, cutting energy
and cutting temperature. Moreover, the specific cutting energy (SCE), thermal softening effect and friction coefficient (CoF) were
determined when recording tool wear curves. Some important research findings concerns distinguishing the three characteristic
wear periods with distinctly different values of SCE and CoF. In particular, it was revealed that the formation of ceramic protective
layer (CPL) on the AITiN deposited coating influences friction and the tool wear mechanism.
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W artykule przedstawiono wieloczynnikowe podejscie do ewolucji zuzycia narzedzi podczas obrobki stopu tytanu Ti6AI4V przy
uzyciu narzedzi skrawajgcych powlekanych, odporng na wysokq temperature, powlokq narzedziowg AITiN. Warunki obrobki
zostaly ustalone w oparciu o technologiczng baze obrobki stopow tytanu stosowang w przemysle lotniczym. Gtowng nowoscig w
ocenie przedstawionych badan jest to, Ze postep zuzycia narzedzia w okresie jego trwatosci rzedu 20 minut jest oceniany integral-
nie, gtownie pod wzgledem mechanicznych, termicznych i trybologicznych efektow procesu skrawania, takich jak sity skrawania,
energia i temperatura skrawania. Ponadto wyznaczono, adekwatne do zarejestrowanych krzywych zuzycia narzedzia, wartosci
energii wlasciwej skrawania (EWS), zmigkczenia termicznego i wspotczynnika tarcia (WT). Niektore wazne ustalenia badawcze
dotyczq rozroznienia trzech charakterystycznych okresow zuzycia z wyraznie roznymi wartosciami EWS i WT. W szczegodlnosci
okazato sie, Ze utworzenie ceramicznej warstwy ochronnej (CWO) na narzedziowej powtoce z AITiN wplywa na tarcie i mecha-

nizm zuzycia narzedzia.

Stowa kluczowe: powlekane narzedzie weglikowe, zuzycie narzedzia, stop tytanu.

1. Introduction

At present titanium and nickel-based alloys, also termed heat re-
sistant superalloys (HRSAs) represent a significant percentage of
construction metallic materials used in the aircraft structural and en-
gine components [7, 9, 15]. In contrast to their attractive mechanical
and physical properties their machinability rates are poor in terms of
both productivity (short tool-life) and technological quality or sur-
face integrity criteria [3, 7, 9, 11]. One of the important machining
issues is appropriate cutting tool material selection in order to expose
high wear resistance [3, 16], high strength and toughness, high hot
hardness, chemical stability and thermal shock resistance. Some new
deposition techniques such as laser heat treatments of the substrate
surface [13] and nanocrystalline cemented carbides which results in
distinctly stronger cutting edge [12] are proposed to enhance cutting
performance.

The choice of cutting tools includes coated carbides, oxide and
silicon nitride ceramic, sialon materials and coated and uncoated CBN
tools [2, 7, 9]. In particular, carbide tools coated with super nitrides,
such as PVD-TiAIN, AITiN, AICrTiN and others are widely used
in the aircraft industry due to lower costs in the massive usage [2,
15, 18]. The reason is that ternary transition metal nitrides such as
PVD-TiAIN, AITiN (Ti;_ AlN) coatings can effectively reduce the
occurrence of abrasive wear in dry cutting but their thermo-mechan-
ical properties and machining performance depend on many factors
including mainly the stoichiometry ratio (Al/Ti ratio) [1, 2, 8, 14].
Crystal structure for TiAIN-based coatings is basically B1 but due to
a high amount of aluminium (X,,,~0.7), the AITiN coating contains
AIN domains. As a result, the oxidation occurs at temperature of about
800°C, when for TiN coating at 600°C [1, 4]. For instance, at the
ratio x=0.54, the coating hardness is about 34 GPa and air oxidation
resistance increases up to 700°C due to the formation of a dense pro-
tective Al-rich oxide layer [10]. Earlier author’s study concerning the

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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application of TiAIN coated carbide tools to the machining of nickel-
chromium based superalloy Inconel 718 are presented in Ref. [5]. The
main goal of this study is to document the above-mentioned properties
of AITiN in the turning of Ti6Al4V (a+p) titanium alloy and support
the selection of PVD-TiAIN coated tools in the aircraft plants under
real production conditions taking into account all important techno-
logical requirements and physical limitations which enhance the reli-
ability of cutting tools.

2. Experimental procedure

2.1. Workpiece material, tooling and machining conditions

The workpiece material machined was Ti6Al4V (Ti6-4) titanium
alloy with the o+ microstructure and with the following chemical
composition: 90%Ti, 6%Al, 4%V, max 0.25%Fe, max 0.2%0. Typi-
cally, the mechanical properties at ambient are: tensile strength of 950
MPa, compressive yield strength of 970 MPa, Young’s modulus of
113.8 GPa, average hardness of 36 HRC (it is a common practice in
the aerospace industry to keep the hardness below 38 HRC [17]).

Machining trials and wear tests were performed on the titanium
alloy bars, using a CNC 3-axis NEF 600 lathe equipped with a FA-
NUC 210i control system (Fig. 1). Rhombic cutting inserts of type
CNMG 120412-UP made of sintered carbide grade KC5010 coated
with PVD-Al 55Tiy 45N layer of about 3 pm thickness deposited by
plasma arc evaporation were used. They were clamped in ISO desig-
nation PCLNL 2525 M1 tool holder.

The following cutting parameters were selected: constant depth of
cut a,=0.25 mm and the feed rate /=0.1 mm/rev, and the variable cut-
ting speed of 110, 130, 150 and 170 m/min. This cutting speed range
was selected in the aircraft plants by highly experienced production
engineers. The main task of this study was to assess the tool wear for
the machining conditions specified. Hence, the experiments have to
rely on the industrial procedures. The small feed rate of 0.1 mm/rev
and the large tool corner radius of 1.2 mm guarantee finishing regime
of the turning operations. The demanded surface roughness parameter
Ra is 1.25 pm. The surface roughness was measured using laboratory
contact profilometer TOPO 01P from the polish Institute of advanced
manufacturing technology.

2.2. Measurement and visualization techniques

The experimental set-up is shown in Fig. 1. Three orthogonal
components of the resultant cutting force (Fz, Fy and Fx) were meas-
ured using a measurement system including a Kistler 9257B piezo-
electric dynamometer and a Kistler 5019 signal amplifier to amplify
the generated force signals. As shown in Fig. la the dynamometer
was clamped in the turret using a VDI clamping system. The signals
were transmitted to the DAQ board using a NI 6062E A/D transducer
by National Instruments. The measured data were recorded with the
frequency of 2000 Hz using a Cut Pro data acquisition program. Tak-
ing into account tool wear effect the average values of the three force
components were estimated using the last second of the recorded
spectrum which covers about 1000 force values.

Measurements of the wear scars on the tool corner (VB index)
and visualizations of worn tips were carried out on a Nikon SMZ 1000
stereoscopic optical microscope equipped with a CCD camera (Fig.
1b). Image processing was performed by means of an IM1000pro-
gram. Worn tool’s surfaces were examined using a Hitachi S-3400N
SEM scanning microscope equipped with an EDX spectral analyzer.

Measurements of the width of wear scars on the tool corner part of
the flank face and visualizations of worn tips were carried out on an
optical microscope equipped with a CCD camera model Nikon SMZ
1000. They were carried out in the post-process mode as shown in the
left window in Fig. 1b. Image processing was performed by means
of a NIS-Elements AR Nikon program. The magnification applied

Dynamometer

L= Cutting
—% tool

Workpiece

Chuck jaw

Fig. 1. Experimental set-up showing the force and natural thermocouple
measurement systems (a) and measurements of tool wear scars using
a CCD camera integrated with an optical microscope (b). 1-worn cut-
ting insert, 2-lighting, 3- optical system, 4- CCD camera SMZ 1000,
5-PC with NIS-Elements program.

was 10 times under the resolution of 2560x1920 pixels. Examinations
of the geometrical deteriorations of worn corners along with EDX
analysis of the wear products were carried out using a SEM scanning
microscope.

The cutting temperature was measured continuously during all
tool wear tests using classical thermocouple methods (the measuring
circuit of EMF signal is shown in Fig. 1) because a small amount of
cutting fluid was supplied in order to prevent the self-ignition of the
titanium chips at high temperature of above 800°C.

The changes of diffusivity for the Ti6Al4V alloy and pure alu-
minium versus temperature are shown in Fig. 2. It can be seen in
Fig. 2 that the diffusivity of Ti6-4 alloy determined experimentally
by a laser flash (LF) apparatus (model LFA-427 Netzsch) increases
by about 100% when the temperature increases up to about 900°C.
The methodology of the determination of thermal conductivity and
diffusivity using the LF method is described in Ref. [6]. In contrast,
the diffusivity of pure aluminium decreases but its values are ten
times higher than for a titanium alloy. It should also be noted that
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the cutting temperature should not exceed 947° due to a—f3 phase
transformation.

In addition, the true stress of the Ti6-4 alloy was determined using
a dilatometer model Bihr 850 D/L with inductive heating and helium
cooling. It was found out that the values of the true stress at the strain
rate of 12.5 5! decrease from 610 MPa down to 445 MPa when tem-
perature increases from 600°C up to 800°C. On the other hand, the
hot hardness of AITiN coating is practically constant at 1200 HV (2.6
GPa) [4]. As a result, the sliding contact conditions between the chip
and the tool will be modified substantially not only due to the increase
of cutting speed but also due to tool wear, and these aspects will be
taken into account in Sections 3.2 and 3.3.

3. Experimental results and discussion

3.1. Relationships between tool wear and process outputs

In this study, the tool wear progresses up to the limited value of
the wear width of the tool corner VB=0.3 mm is achieved. This tool
wear index was selected due to the small depth of cut and, on the other
hand, due to cutting time (tool life) demanded by aerospace plants to
keep the part dimensional tolerances (KE index is equal to about 30
um (see SEM image in Fig. 9a). It should be noted that in the aero-
space industry wear curves of flank wear (FLW) vs. removed material
volume (RMV) type rather than classical FLW vs. time are used.

As shown in Fig. 3, tool life corresponding to VB-~=0.3 mm is
set at about 5 min, 10 min, 20 min and 50 min for the cutting speed
of 110, 130, 150 and 170 m/min respectively. In this criterion, the
cutting speed of 150 m/min should be recommended for aerospace
practice because it guarantees the economic tool life of 7,=20 min and
further analyses were performed for this cutting speed (v,.,,=150 m/
min). Moreover, the cutting speed and the relevant cutting tempera-
ture should be limited due to a—f3 phase transformation. As shown in
Fig. 4, the cutting speed of 150 m/min is the highest cutting speed ap-
plied which fulfils this important practical criterion. For this case, the
measured temperatures during wear tests (curve #3 in Fig. 4) do not
exceed 750-800°C, so a safety margin of about 100-150°C is kept.
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Fig. 2. The experimentally determined relationship diffusivity vs. temperature
for Ti6Al4V alloy and pure aluminium.

Figs. 5 and 6 show the changes of the cutting force and equivalent
values of SCE associated with tool wear evolution. The SCE (e,) was
determined as the product of the cutting force and the cutting speed
(e.=Fxv.) [7]. As shown in Fig. 6, the SCE distributions for all tool
wear evolutions are distinguished by a visible minimum which ap-
pears for cutting speeds of 110-170 m/min when the VBc index is
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Fig. 3. Asetof tool wear curves showing VBC versus time for different cutting
speeds. Constant cutting parameters - ap =0.25 mm, f=0.1 mm.
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Fig. 4. Influence of tool wear on cutting temperature for variable cutting
speed. Constant cutting parameters - ap =0.25 mm; f =0.1 mm/rev.

increased from 0.1 to 0.2 mm (for cutting speeds of 110-150 this re-
gion is narrowed down to 0.1-0.15 mm. The average value of SCE in
this tool wear region is about 3.25-3.5 GJ/m>. On the other hand, the
SCE increases in the next period of tool wear and for VBc~0.3 mm it
is set at about 4.5 GJ/m’, i.e. even by 50%. Lower values of SCE were
determined for the highest cutting speed of 170 m/min due to thermal
softening effect (see Section 2.2). This specific tribo-phenomenon
will be discussed in terms of changes of thermal diffusivity and modi-
fication of friction resulting from formation of Al,0; protective layer
due to the oxidation of Al in the Al 5;Tij 43N coating used.
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Fig. 5. The dependence of the cutting force on tool wear for different cutting
speeds. Constant cutting parameters: a, =0.25 mm; f =0.1 mm/rev.

3.2. Relationships between friction and wear-dependent
process characteristics

Figures 7a-c present the relationships between the friction co-
efficient (Eqn. 1) and cutting energy (Fig. 7a), cutting temperature
(Fig.7b) and thermal diffusivity (Fig. 7c) respectively. The wear-de-
pendent friction coefficient u,, is calculated from the following for-
mulae [7].
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where: F- cutting force, Fy- feed force, y, —tool rake angle (it was as-
sumed to be equal to y,=-6°).
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It should be noted that in Eqn 1 the values of force components F,.
and Fcorrespond to the defined tool wear stage depending on the cut-
ting speed applied, as shown for instance in Fig. 5 for the F, force.

As shown in Fig. 7a, friction seems to be an energetically-based
physical phenomenon and is sensitive to tool wear progress, which
causes relevant increase of the SCE. In this study (Fig. 7a) the friction
coefficient changes in the range of 0.56-0.66 after the cutting (sliding)
distance of about 1250 m. In addition, visible differences of friction
coefficient can be distinguished in terms of contact temperature (Fig.
7b) and thermal diffusivity (Fig. 7c). For comparison, the values of
U, determined for the minimum cutting force/cutting energy (between
3.2 and 3.6 GJ/m®) documented in Figs. 6 and 7 are equal to 0.65,
0.60, 0.51 and 0.56 for the cutting speed of 110, 130, 150 and 170 m/
min (Fig. 7a) respectively. From this physical criterion and conserva-
tion of the minimum energy, it is highly likely to prolong tool wear in
the machining of Ti6-4 alloy up to the wear index of about VB~=0.2
mm.

3.3. Maodification of tribo-contact due to tool wear evolution

The changes of the wear products produced between the AITiN
coating and the Ti 6-4 alloy as well as modification of the coating sur-
face are determined based on EDX analysis performed in the selected
points within the contact area (Fig. 8). The results of EDX analysis
performed for wear products cumulated in point #1 which is local-
ized in the chip —tool contact area close to the secondary cutting edge
are specified in Tabl. 1. It can be reasoned based on this data that the
content of oxygen decreases (23.2 at% vs. 17.8 at%) when the cutting
speed (cutting temperature) increases from 110 to 150 m/min.
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Fig. 8. SEM pictures of the fragments of worn tool corner for ve=110 m/min
(a) and ve=150 m/min (b) and EDX spectra for point #1.
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Table 1. Chemical compounds of the wear products detected in Fig. 8 ity is approximately 10 times lower than for Al (see Fig. 3), increases
from 40.7 at% up to 53.4 at%.

Ve Percentage Al Ti \Y 0 Figure 9b shows the SEM image of worn corner area after 14 min
m/min of wear evolution. In all points #1-4 within the worn area the content
110 wt% 19.6 61.0 18 17.4S of Al is very low (5-10 at%) but the Ti content is very high even as
at% 23.2 40.7 11 34.9 high as 85 at% in points # 2 and 4. In point #6 which is localized on
wt% 135 716 28 12.08 the unworn AITiN cqatlng the contents of A.l and Ti are equal to 58

150 and 41.2 at% respectively (the rest are vanadium V and iron Fe).

at% 17.8 53.4 1.9 26.8

4. Conclusions

1. This study clearly explained the influence of tool wear on
friction modification resulting from thermal effects including
thermal softening, increase of thermal diffusivity and the for-
mation of protective ceramic layer.

2. Tool wear is strongly associated with changes of SCE and ther-
mal softening effect depending on the cutting speed. Moreo-
ver, the minimum energy consumption region is detected
when tool wear index VB approaches 0.1-0.2 mm depending
on the cutting speed used. Cutting temperatures suggest that at
this period of tool wear the onset of oxidation of Al in AITiN
coating occurs.

3. The choice of tool life in the machining of Ti6-4 alloy should
be based not only on technological but also physical criteria
such as contact temperature, material softening effect or ther-
mal diffusivity indicating the formation of ceramic protec-
tive layer (CPL) on the deposited coating. In general, cutting
speeds higher than 150 m/min (equivalent temperature of 750-
800°C) are necessary to produce CPL onto the Al 55Tip 45N
coating.

4. Future studies should be focussed on the formation of Al,O4
protective layer for the specific machining conditions recom-
mended in aerospace industry in terms of the Al;_ Ti,N stoi-
chiometry.
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Fig. 9. SEM pictures of worn tool corner with KE (a) and VBC (b) indexes.

This means that at higher cutting speeds and at the temperature of
about 750°C (Fig. 8a) the oxidation process of the AITiN coating is
more intensive. On the other hand, the content of Ti, whose diffusiv-
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