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Abstract Inconel 718 is a hard-to-machine nickel-based alloy used for aerospace 
component manufacturing. The machining of Inconel 718 causes severe tool failure 
due to the heat generated by high friction forces. Therefore, cutting tool performance 
can be optimized by using a suitable cutting fluid. This paper compares the effects 
of synthetic and oil-based cutting fluids on wear mechanisms and failure modes of 
the PVD-TiAlN/NbN coated inserts during face milling of Inconel 718. Face milling 
was conducted by varying cutting speed at constant feed rate, axial and radial depth 
of cut. Flank wear (VB) was measured before the inserts were examined in SEM and 
EDX for tool wear mechanisms characterisation. Chipping, built-up edge (BUE) 
and severe notching were the most dominant failure modes observed in all cutting 
conditions. Pitting, galling and coat delamination associated with chipping and minor 
BUE were observed at low cutting speed. At high speed, progressive nose notching 
was the main cause of tool failure. At low cutting speed, dry cutting produced the 
longest tool life followed by oil-based and synthetic cutting fluids. At higher cutting 
speed, synthetic fluid had the longest tool life followed by oil-based cutting fluid and 
dry cutting. This research provides an insight on the influence of cutting speed to the 
choice of cutting fluids during machining so that tool wear can be minimized. 
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1 Introduction 

Inconel 718 is widely used in the aerospace industry due to their superior mechan-
ical, thermal and corrosive properties. It has exceptional application in jet engines 
and turbine, which are exposed to high thermal and fatigue stresses. However, it is 
hard to machine due to high mechanical strength and hardness, formation of highly
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abrasive carbide particles in the microstructure, high work hardening, low thermal 
conductivity and strong tendency to weld and form BUE during machining [1]. 

The main modes of tool failure during milling of Inconel 718 are flank wear chip-
ping, BUE, notching and abrasion. However, most researches seldom considered 
unprecedented tool failure caused by galling, pitting, flaking and coating delami-
nation. Galling is induced by adhesion and particle diffusion, which often occurs 
while metal surfaces are in contact or slide against each other, thus, it is a common 
issue in metal sheet forming industries [2]. Whereas flaking is caused by the high 
temperature generated at the chip-tool interface [3]. Pitting corrosion leads to small 
cavities induced by the chemical reaction of the medium environment or workpiece 
especially those materials that contain aggressive chemical chloride [4]. These tool 
wear mechanisms and failure modes can be minimised by reducing the heat and 
friction forces by applying the cutting fluids during the machining process. 

The cutting fluid is always considered an important machining element, which 
helps to improve tool life when cutting hard-to-machine metals. Cutting fluids are 
applied to minimise heat at relatively high cutting speed and reduce friction at rela-
tively low speed [5]. Cutting fluids can be classified as water-based or oil-based 
which represent the cooling capability and lubrication properties, respectively [6]. 
Normally, the water-based fluids are applied for both cooling and lubrication while 
the oil-based fluids are specifically applied for lubrication. The water-based cutting 
fluids are more apt to be used in high speed regime while oil-based cutting fluids 
are more apt to be used in low speed regime [5, 6]. Pereira et al. [7] found out that 
ECO-350 recycled oil and oleic sunflower oil improved tool life by 30% and 15% 
respectively compared to commercial canola oil. It was also observed that oil–water 
emulsion can reduce tool wear more than ethanol [8] because of good combination 
of cooling and lubrication properties. Sterle et al. [9] discovered that the addition 
of solid lubricant molybdenum di-sulphide (MoS2) in oil-based coolant enhanced 
cooling property which gives a better surface finish than normal oil-based coolant. 

In recent years, cryogenic cooling method had been used as an alternative 
cooling technique during machining of Inconel 718. Chaaban et al. [10] observed a 
higher work hardening on Inconel 718 surface during CO2 cryogenic cooling which 
increases the friction due to low lubrication. The internal CO2 CryoMQL (minimum 
quantity lubrication) and external CryoMQL has less cooling property which reduces 
tool life as compared to conventional oil-based flood coolant [11]. It was observed 
that cryogenic CO2 cooling reduced the cutting force by 23% which minimised 
notching, flaking and abrasion wear and improved the surface roughness by 88% 
compared to dry cutting [12]. An alternative to CO2 in cryogenic is LN2. Halim et al. 
[13] found out that cryogenic CO2 has better cooling property which improves tool 
life more than cryogenic LN2 cooling. Zhang et al. [14] discovered that addition of 
micro-droplets of vegetable oil to cryogenic compressed air increased lubrication 
and improved tool life by 1.57 times as compared dry cutting. 

Beside cryogenic cooling, there are new discoveries of nano-particles which 
improve the lubrication properties of cutting fluids. The addition of nano-particles 
improved the cutting fluids by reducing circularity errors, burr heights and thrust 
force which are common problems experienced in oil-based flood cooling and MQL
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conditions [15]. Bertolini et al. [16] observed that graphene nano-platelets improved 
surface roughness and cutting force by 38% and 59%, respectively as compared to 
oil-based fluids. Marques et al. [17] discovered that the MoS2 solid lubricants in LB 
2000 oil minimised notching, abrasion, diffusion and chipping wear which increased 
the tool life by 12% and 46% as compared to dry cutting and pure LB 2000 fluid, 
respectively. 

Although advanced techniques such as nanofluid have shown substantial improve-
ment in lubrication properties, the conventional water-based synthetic and oil-based 
fluids still offers the best cooling and lubricating properties. Most of the researches 
focused much on the effect of various cutting fluids on tool wear evolution, cutting 
forces, and surface roughness. However, the characterisation and identification of 
wear mechanisms, which influence unprecedented failure modes of tools are equally 
important in the optimisation of tool life. This research presents the study of the tool 
wear mechanisms, failure modes and tool life of PVD TiAlN-NbN coated cemented 
carbide insert under the application of synthetic and oil-based cutting fluids during 
face milling of Inconel 718. The effect of different cutting speeds on the selection of 
cutting fluid for CNC milling of Inconel 718 will also be discussed in this research. 

2 Methodology 

2.1 Materials and Methods 

The experiment was carried out on a 14 kW model of DMC 835V-DECKEL MAHO 
CNC milling machine. Figure 1 shows the CNC milling environment and the equip-
ment used for the experiment. TiAlN-NbN coated cemented carbide inserts with 
32 mm diameter face milling cutter were used in this research. The cutter was 
placed at the centerline of the workpiece and symmetric face milling was chosen 
as the milling method. The symmetric milling method was more apt to tool wear 
phenomenon which was dominant of end of tool life instead of tool breakage. The 
cutting insert had an approach angle of 45°; rake angle of 18°; radial rake angle 
of 8°. The synthetic cutting fluid consists of 50% water, 20% corrosion Inhibitors, 
29% Bio-stable Agents and 1% Biocides. The oil-based cutting fluid consists of 85% 
mineral oil-15% additives to water ratio of 1–18 to prevent fire risk or creating smoke 
that will result in an unsafe work environment because pure oil has poor heat dissi-
pating properties which are not suitable for high-speed milling process. The cutting 
process was performed on 100×50× 25 mm Inconel 718 block. Rough milling was 
done by removing 1 mm axial depth in all surfaces before commencing the main 
experiment. The chemical composition of the Inconel 718 and tool properties are 
shown in Tables 1 and 2. The PVD coated tools were tested at 3 cutting speeds which 
were 50, 75, 100 m/min. Dry cutting was performed for comparison purpose. The 
constant feed rate (f ) was 0.08 mm/tooth and axial depth of cut (ADOC) was 1 mm.
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Fig. 1 CNC milling set-up and the characterization equipment 

Table 1 Chemical composition of Inconel 718 

Element C Cr Mo Ti Ni Nb Al Cu Si Fe 

Weight 0.08 21 3.3 1.15 55 5.5 0.8 0.3 0.1 12.8 

Table 2 TiAlN-NbN coating properties 

Vickers hardness Oxidation 
temperature (°C) 

Friction coefficient Thickness Surface roughness 

2800 800 70 2–4 µm 40 

The coated cutting tool inserts were tested at 3 cutting speeds under synthetic, 
oil-based cutting fluids and dry cutting conditions. The experiments were interrupted 
at least 5 times during the machining trial to measure the flank wear, chipping and 
examine other failure modes under stereo microscope. 

The worn inserts were collected and characterized thoroughly by an EDX analysis 
under a scanning electron microscope (SEM). The SEM EDX analysis was performed 
to study the coating delamination and diffusion of chip material on the cutting edge 
of the tool. The experiments were terminated when the tool inserts reached the end
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of tool life. The end of tool life was determined based on the following tool wear 
criteria [18]: Average flank wear (VB) of any insert reached 0.7 mm (4 cutting inserts 
per test) or chipping and flaking larger than 0.4 mm occur or maximum flank wear 
depth reached 1.2 mm and fracture. 

3 Results and Discussion 

3.1 Effects of Cutting Speed on Tool Wear and Tool Life 

The tool wear measurement and dominant wear mechanisms under various cutting 
speed were observed and measured under the stereo-microscope. The tool life was 
observed to decrease with an increase in the cutting speed for all the cutting condi-
tions, as shown in Table 3. This was because the temperature increased with cutting 
speed, which weakens the bonding strength and hardness of the tool coating, even-
tually facilitating the abrasion and TiAlN-NbN coating delamination. The second 
reason was due to an increase in dynamic forces and vibration, which facilitate the 
heavy shock and fatigue to cause severe chipping and notching. 

Figure 2 shows the average flank wear measurement taken on 4 inserts of the cutter. 
The tool life for the dry cutting condition was 47 min, outperforming all cutting fluids 
at a low cutting speed of 50 m/min. The average flank wear formed slowly in dry 
cutting (Fig. 2a) than in cutting fluids condition at low speed because of moderate 
heat, which minimised wear mechanisms like abrasion, oxidation and diffusion. 
However, dry cutting enhanced thermos-softening of Inconel 718, which significantly 
reduced the impact of the cutting force and friction to minimise mechanical wear. On 
the other hand, cyclic thermal shock or rapid variation of cutting temperature caused 
by cutting fluids hardened the workpiece surface by heat treatment, which increased 
the friction force, thereby accelerating mechanical failure on the tool’s cutting edge 
[19]. Thus, the precipitation hardening of Inconel 718, which increased the cutting

Table 3 Tool life for all cutting conditions at f = 0.08 mm/tooth; ADOC = 1 mm  

V (m/min) Cutting condition Tool life (min) 

50 Synthetic cutting fluid 29 

Oil-based cutting fluid 33 

Dry cutting 47 

75 Synthetic cutting fluid 21 

Oil-based cutting fluid 19.5 

Dry cutting 16 

100 Synthetic cutting fluid 18.5 

Oil-based cutting fluid 16 

Dry cutting 9.5
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tool failure 

(b) (a) 

(c) 

Fig. 2 Average flank wear at cutting condition at a V = 50 m/min; b V = 75 m/min, and c V = 
100 m/min 

force accelerated coating delamination, galling, chipping, and flaking. The tool life 
with oil-based cutting fluids was slightly longer (33 min) than the synthetic cutting 
fluids (29 min) at a low cutting speed of 50 m/min. This was attributed by lubricating 
effects of oil-based fluid, which reduced some friction forces to minimise abrasion 
wear [20]. Therefore, dry cutting was preferable when face milling Inconel 718 at 
low speed, followed by oil-based and synthetic cutting fluids.

At moderate and high cutting speed, the rate of tool wear with dry cutting tremen-
dously decreased (Fig. 2b and c), yielding the shortest tool life at 100 m/min, as shown 
in Fig. 2c. During dry cutting, the cutting zone experienced high temperature, which 
caused thermally induced wear mechanisms, such as diffusion, oxidation, plastic 
deformation, and adhesion wear [21, 22], which significantly increase the unprece-
dented failure modes like abrasion, chipping, and other stress-related failure modes. 
It was noted that at high speed regime, heat accumulated at the chip-tool interface 
region. Under such condition, high cutting forces caused by hardened Inconel 718 
surface accelerated some mechanical failure mechanisms like galling wear due to 
cyclic adhesion. However, the synthetic cutting fluid gave a better performance than 
oil-based cutting fluid, in terms of minimising flank wear to improve tool life at 
75 m/min and 100 m/min, as shown in Table 3. This was attributed to a low penetra-
tion rate of oil-based coolant to provide sufficient cooling due to limited wettability, 
inhibiting heat reduction on the tool-workpiece contact zone. On the other hand, 
the flood cooling of water-diluted synthetic fluids offered the best wettability, which 
improves the heat dissipation capability on the shear zone [23], providing better 
cooling and lubrication effect than oil-based fluids at the highest temperature region 
[24], while preventing chemical wear using anti-oxidants. Thus, the cooling effect
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of synthetic fluid reduced the thermally induced failure mechanisms at moderate and 
high cutting speed [22], thereby minimising progressive chipping, pitting, galling, 
and coat delamination to improve tool life. Therefore, the tool life at moderate and 
high cutting speed was more dependent on cooling than lubrication effect of the 
cutting fluid. Hence, a cutting fluid with a better cooling effect (synthetic) is more 
suitable for cutting Inconel 718 at a high cutting speed more than 75 m/min. 

3.2 Failure Modes and Wear Mechanism Under SEM 

To comprehend the development of tool wear mechanism, which influenced the 
tool life, the rake face and edges of worn tool inserts were examined under 
the SEM. The wear modes and mechanisms observed include galling, pitting, 
flaking, coating delamination, progressive and severe chipping. The dominant 
wear modes/mechanism at various cutting speed under different cutting fluids/dry 
cutting conditions are shown in Table 4. The dominant wear modes evolved from 
micro-chipping to severe chipping at highest cutting speed. 

At the low cutting speed, the dominant failure modes for all cutting conditions were 
galling, flaking and coating delamination. Based on Fig. 3a and b, it was observed that 
the galling and flaking on rake face and cutting edge occurred at low cutting speed. 
The occurrence of galling failure signified diffusion mechanisms of TiAlN particles 
to Inconel 718 surface due to high friction at the chip-tool interface region. The 
localized heat zone at chip-tool interface increased during machining which induces 
the plasticity of TiAlN coating properties and caused the diffusion of tool material 
resulting in galling after subsequent cuts [2]. Flaking is caused by the interaction of 
high thermal and mechanical stress at the chip-tool interface [3]. The sudden impact 
when the tool penetrated the workpiece removes large fragments of tool material as 
shown in Fig. 3a. 

Table 4 Dominant tool wear mechanisms observed on the worn inserts 

V (m/min) Cutting condition g p fl cd pc sc 

50 Synthetic fluid ✓ ✓ ✓ 
Oil-based fluid ✓ ✓ ✓ 
Dry cutting ✓ ✓ ✓ 

75 Synthetic fluid ✓ ✓ ✓ ✓ 
Oil-based fluid ✓ ✓ ✓ ✓ 
Dry cutting ✓ ✓ ✓ 

100 Synthetic fluid ✓ ✓ ✓ 
Oil-based fluid ✓ ✓ ✓ 
Dry cutting ✓ ✓ ✓ 

g: galling, p: pitting, fl: flaking, cd: coating delamination; pc: progressive chipping; sc: severe chipping
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Flaking 
Galling Galling 

Coating Delamination Flaking 

Galling 
Chip adhesion 

(a) (b) 

(c) 

Coating Delamination 

Coating Delamination 

Coating Delamination 

Tungsten 

Nickel 

(e) 

Pitting Mark 

(d) 

Fig. 3 SEM micrograph of tool wear mechanisms under a synthetic fluid at V = 50 m/min; b 
oil-based fluid at V = 75 m/min; c synthetic fluid at V = 75 m/min; d EDS of a new insert and e 
EDS of used insert for synthetic fluid V = 75 m/min 

The EDX analysis in Fig. 3d and e extracted the chip-tool interface region to 
determine the coating delamination and chip adhesion phenomenon. Based on the 
comparison between Fig. 3d and e, a large amount of tungsten (W) was detected 
which initially settled under the TiAlN coating layer. This implied that the coating 
layer was peeled off to expose W from the substrate. The TiAlN-NbN coating gets 
peeled together with the welded chips as they get removed when the tool insert re-
enters or exits the workpiece. Besides, the EDX analysis, Fig. 3e also showed that the 
presence of Nickel (Ni) was found in the rake face of the coated tool. This suggested 
that the chip adhesion phenomenon happened at the rake face which is caused by the 
diffusion of chip material at high temperature and friction in the contact zone. 

Pitting corrosion existed in oil-based and synthetic cutting fluids at 75 m/min 
as shown in Table 4. The pitting mark under synthetic fluid at 75 m/min is shown 
in Fig. 3c. The occurrence of pitting was due to the chemical reaction between the
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Progressive Chipping 

Severe Chipping 

(a) (b) 

Fig. 4 SEM images of progressive chipping and severe chipping under a dry cutting condition at 
V = 75 m/min and b oil-based fluid at V = 100 m/min, respectively 

environment and tool material. As the presence of chemical composition in both 
cutting fluids, it damaged the passive film at the high-temperature chip-tool interface 
during machining which eventually led to the pitting wear mode [4]. 

As the cutting speed increased, the wear region grows from microscale tool wear to 
progressive chipping which evolved to severe chipping and resulted in tool breakage 
as shown in Fig. 4a and b. At the high cutting speed of 100 m/min, severe chipping 
occurred in oil-based cutting fluids and dry cutting condition which progressed to 
tool fracture by nose notching. This was attributed to high thermal and mechanical 
stresses caused by high temperature due to poor cooling capability of oil-based cutting 
fluid and dry cutting condition. Therefore, the cutting at higher speed makes the tool 
inserts disposed to chipping and plastic deformation. As the chipping progresses, the 
original edge-sharpness is altered by increasing the nose radius, thus, resulting in 
high-stress concentration region at the sharp section which leads to high deformation, 
crack initiation and propagation, and accelerated fracture [19]. 

4 Conclusions 

The effect of cutting speed and performance of synthetic, oil-based cutting fluids, 
and dry cutting condition on wear characteristics of a TiAlN coated cemented carbide 
insert was investigated when face milling Inconel 718. The tool life reduced with 
increase in cutting speed for all cutting fluids/dry cutting tested. The dry cutting 
gave a better tool life, followed by the oil-based and synthetic cutting fluids at a 
low cutting speed of 50 m/min. The synthetic cutting fluid gave a better tool life 
as the cutting speed was raised, followed by the oil-based fluid and dry cutting. 
This was due to the high-speed machining prone to better cooling capabilities than 
lubrication properties. The coated tool in dry cutting gave tool life less than 10 min 
at a high cutting speed of 100 m/min. The dominant wear modes included galling, 
pitting, flaking, coating delamination, progressive and severe chipping under the 
SEM micrographs. The dominant wear modes were growing at higher cutting speed 
from micro-chipping to severe chipping which resulted in tool breakage by severe
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nose notching. The research can also be used to optimise the tool life by selecting 
the best speed and cutting fluids which minimises the failure modes and tool wear 
mechanisms of TiAlN coated inserts during machining of Inconel 718. 
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