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This study presents the investigation on tool wear 
mechanisms of PVD TiAlN coated tungsten carbide inserts 
during high-speed turning Inconel 718 under cryogenic 
and dry conditions. For cryogenic, the coolant used is liquid 
carbon dioxide (CO2) applied at a fixed flow rate and 
pressure. The investigated cutting parameters for the 
experiment are: cutting speed, Vc=70 and 110 m/min, feed 
rate, f=0.075 mm/rev and depth of cut, ap=0.1 mm. The 
experimental results showed that the lower cutting speed 
resulted with longer tool life with the cryogenic machining 
reduced the tool wear progression of nose wear slower 
compared to dry cutting. The wear criterions found in both 
cutting conditions were scratched marks, build-up edge 
(BUE), notching and catastrophic fracture through 
mechanisms which were abrasion and adhesion. As 
observed, the cryogenic machining helped to reduce the 
fracture and chip welding on the rake face of the tool which 
were found severe in dry cutting. The consistent cooling 
effect of the cryogenic CO2 was believed to efficiently 
reduce the cutting temperature and caused the mentioned 
improvement. 

  
 
 
 
 



Jurnal Tribologi 22 (2019) 108-116 

 

 109 

1.0 INTRODUCTION 
Inconel 718 is one of the well-known super-alloy materials that is difficult to machine. 

Currently, Inconel 718 is the most widely used super-alloy for fabricating hot components for 
aerospace turbine engines. It is classified as a difficult-to-machine material due to its advanced 
mechanical and chemical properties such as good tensile, creep and rupture strength that 
increases its demands in demanding industries such as aerospace, energy, petrochemical and 
biomedical (Pervaiz et al., 2014). However, those superior properties develop more challenges in 
terms of its machinability, particularly when machined in high speed. Pusavec et al., 2011 stated 
that the heat generated while cutting this material promotes to rapid tool wear and shortens the 
tool life. Thus, as a sustainable solution to solve the heat generated issue, cryogenic machining 
method has been introduced. Its performance has been studied and reported by researchers such 
as Badroush et al., (2018); Musfirah et al., (2017); Pereira et al., (2015); Franci Pusavec et al., 
(2015); and Tapoglou et al., (2017) when cutting Inconel 718.  

The common coolants used in cryogenic machining are liquid nitrogen (LN2) and carbon 
dioxide (CO2). Their main function is to dissipate heat from the cutting zone through chips and 
workpiece in order to reduce the cutting temperature as soon as possible by their great cooling 
capacity. As a consequence, it helps to enhance the machinability of Inconel 718 in terms of 
productivity and quality through longer tool life, better surface finish and lower production cost 
as proven by Kenda et al., (2011) and Kopač, (2011). As reported by Kopač, (2011), total 
production cost per part can be reduced by approximately 30% through higher productivity and 
quality of cryogenic machining when compared to conventional machining of flood cutting. At the 
same time, cryogenic machining also reduces environmental impacts by its environmental, health 
and safety friendly approaches that focus on the sustainability and reduction of pollution and 
workplace hazard (Shokrani et al., 2012). When concerns on environmental effect, another 
machining strategy that closes to cryogenic machining which is dry cutting should be considered.  
It is also preferred due to its cost reduction approach which is economical compared to 
conventional machining of flood cutting (Devillez et al., 2011). 

Apart from cryogenic machining as a solution to improve the machinability of Inconel 718, the 
cutting tool material and its coating also play a vital factor. Li et al., (2002) found that coated 
tungsten carbide could deliver performance using cutting Inconel 718 with economic 
improvement. Currently, the application of coated tungsten carbide when machine Inconel 718 in 
cryogenic condition has been studied by researchers such as Badroush et al., (2018); Fernandez 
et al., (2014); and Patil et al., (2014). However, most of them focused on the application of liquid 
nitrogen (LN2) instead of liquid carbon dioxide (CO2) as the cryogen. The application of cryogenic 
CO2 in the machining of Inconel 718 can be said as little and insufficient especially when focused 
on its impact towards wear mechanism of the coated tungsten carbide. 

Therefore, this study focuses on the wear mechanisms of the coated tungsten carbide using 
high-speed turning of Inconel 718 under cryogenic CO2. The effectiveness of cryogenic CO2 is 
evaluated by comparing its performance with dry machining. 
 
 
2.0 EXPERIMENTAL PROCEDURE 

This experimental work was conducted under the turning process using CNC turning machine 
model HURCO TM8i. The experimental workpiece is a bar of aged Inconel 718 grade AMS5663 
with a dimension of 100 mm x 150 mm (diameter x length). The measured average hardness of 
the Inconel 718 is 44.8 HRC. The turning process was conducted using PVD TiAlN coated tungsten 



Jurnal Tribologi 22 (2019) 108-116 

 

 110 

carbide inserts; CNGG120408FS grade KC5010 where commercially available by Kennametal. It 
has 13◦ of positive rake angle. The insert is held by a tool holder model DCLNR2525M12 
manufactured by Sandvik. All the experiments were conducted under dry and cryogenic CO2 
conditions with cutting parameters as listed in Table 1. The selected parameters in this 
experiment are within the range of finishing condition of the turning process. 

Under the cryogenic machining, the liquid CO2 is supplied from the highly compressed CO2 tank 
at a pressure of 57 bar and fixed flow rate. It is delivered directly to the tool-workpiece interface 
by using a single nozzle, which is positioned at the flank face of the cutting tool as in Figure 1. The 
carbon dioxide is initially in liquid phase inside the tank but as it is released to the atmospheric 
environment, it changes its phase into 60% gas and 40% dry ice or snow. Busch et al., 2016 stated 
that this phase change refers to the Joule-Thomson effect and the theoretical temperature of the 
dry ice that could be achieved is as low as -78.5ᵒC. Accordingly, the average temperature of the 
cryogenic flow existed from the nozzle is in the range of -70 to -75 ᵒC when measured using a 
thermocouple. The nozzle is made of copper with an internal diameter of Ø8 mm and located at a 
distance of 20 mm from the cutting point of the tool edge as shown in Figure 1. 

 

 
Figure 1: Position of the nozzle and the flow of cryogenic CO2. 

 
Table 1: Machining Parameter. 

Parameter Value Machining condition 

Cutting speed, VC (m/min) 70, 110 
Cryogenic CO2 
and dry 

Feed rate, f (mm/rev) 0.075 

Depth of cut, ap (mm) 0.1 

 
During the experiment, the cutting process was interrupted at every 1 min of cutting time. The 

insert was disconnected from the tool holder in order to observe the wear pattern on the insert 
and measure the growth of the insert’s nose wear. The measurement was conducted using a 
Mitutoyo toolmaker's digital microscope at 30x magnification. The turning process was then 
resumed and the measurements were repeated at the specific cutting time until the wear progress 
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met one of the ISO 3685-1993 criteria. To identify the wear mechanisms, Scanning Electron 
Microscopy (SEM) was utilized. 

 
 
3.0 RESULTS AND DISCUSSION 

 
3.1 Wear Progression 

Comparison of the tool nose wears progression from the experimental work under cryogenic 
and dry conditions at different cutting speeds is shown in Figure 2. Cutting at the higher speed (at 
Vc: 110 m/min) resulted with shorter tool life under both cutting conditions. There was a 
dramatic growth of tool wear in dry cutting before it suddenly fractured in less than 2 minutes of 
cutting time. Cryogenic cutting also resulted with rapid initial wear progress which then rose 
steadily until it experiences catastrophic fracture after approximately 5 minutes of cutting time. 
Apparently, at the higher cutting speed, more heat energy would be generated due to the rapid 
shearing action and friction between the cutting tool and workpiece and gave an adverse effect 
on the performance of the tool. (Thakur et al., 2009) mentioned higher cutting speeds cause the 
time for heat dissipation through chips and workpiece reduced, thus decreased the amount of 
heat dissipates from the cutting zone and increase the cutting temperature. For Inconel 718, this 
condition was getting worse due to its lower heat conductivity that causes heat accumulates at 
the tool cutting edge and elevates cutting temperatures (Busch et al., 2016). In dry cutting, the 
absence of cutting fluid worsens the situation and causes a rapid increase of the cutting 
temperature to extend where it could harden the Inconel 718 through work hardening effect; 
thus, increases its difficulty to be machined. At the other side, the high temperature also softens 
the cutting tool materials especially at the cutting edge and accelerates wear. Also important to 
be noted that the nickel-based alloy is sticky in nature and it tends to be stickier at higher cutting 
temperatures (Thakur et al., 2009). This condition makes the chips easily adhere to the cutting 
edge which is the hottest point in the cutting area, form a BUE and a built-up-layer (BUL) on tool 
faces. As it is known, the BUE has a negative impact on tool performance. The unstable BUE peels 
it off which drags out tool coating materials and exposes the base tool with the direct sliding action 
of the workpiece. Resume of the cutting process leads to flank wear at the flank face which then 
develops notching at depth of cut and accelerates wear. 

Apparently, longer cutting tool life was achieved at lower cutting speed (at Vc: 70 m/min) 
under both cutting conditions with the cryogenic cutting resulted in the longest one. The wear 
progress clearly can be segregated into three different wear rates which are; rapid, uniform and 
accelerating as suggested by Groover, 2010 and practiced by Ghani et al., 2015 and (H. Z. Li, Zeng, 
& Chen, 2006). As shown in Figure 2, the nose wear progress under cryogenic condition was 
started with a steady increase which illustrated in the form of an exponential line in the tool wear 
graph. It then progresses into uniform wear stage where the wear rate steadily increased linearly 
with respect to the cutting time. As noticed, the uniform wear rate progressed slowly for a longer 
time, thus lengthened the cutting time. This is obviously due to appropriate cooling capacity 
supplied by the cryogenic CO2 that efficiently dissipated the heat away and delayed the tool wear 
progression. At the other side, the lower cutting temperature reduces the sticky behavior of 
Inconel 718, thus it reduces the tendency of chips stick at the tool edge and form the BUE by 
adhesive wear (Patil et al., 2014). It is believed that the progression of tool wears parallel with the 
increase of cutting temperature which in turn accelerate the tool wear progress and it fractured 
when the nose wear exceeded 0.35 mm. The cutting process ended with an acceleration of wear 
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rate which happened in a short time. Meanwhile, under dry cutting at Vc: 70 m/min, the nose 
wear rose rapidly at the beginning of cut before it then gradually increased in the uniform wear 
stage and fractured once it exceeded 0.4 mm of nose wear.  

Detailed observation of the tool wear progress showed that the wear criterion under both 
conditions initially occurred due to abrasion. As shown in Figure 3, 4, 5 and 6, there were 
scratched marks at the cutting edge due to abrasive action in continuous sliding contact between 
the hard workpiece particles with the tool (Musfirah et al., 2017). Along the cutting process, 
adhesion was also observed as another wear criterion where it was identified in the form of BUE 
and BUL at the cutting edge. All of the cutting processes were stopped due to catastrophic fracture. 
Also, it can be noted that the catastrophic fracture happened early at the highest speed, (Vc: 110 
m/min) under both cutting conditions. 

The experimental result revealed the effectiveness of cryogenic CO2 to enhance the 
performance of coated tungsten carbide inserts by extending its service life longer than the dry 
cutting. (Pereira et al., 2015) also compared the performance of cryogenic CO2 with the dry case 
when turning ASP23 steel. Based on their report, cryogenic CO2 improved tool life by 19.96% 
when using negative inserts but improved 69.5% when a positive insert was used. Another 
notable study was by Klocke et al., (2012) who found the flank wear grew faster in flood cooling 
than in cryogenic CO2 using turning Inconel 718. This result exposed the efficiency of cryogenic 
cooling to reduce the cutting temperature and lengthen the tool life compared to other dry 
conditions, with the best results obtained during lower cutting speed. As reported by Bolewar, 
(2016), the cutting temperature at cryogenic CO2 machining could reduce in the range of about 9 
to 25% when compared to wet cutting. Moreover, the tool life also reduced at higher speed using 
turning Inconel 718 under cryogenic LN2 as observed by Badroush et al., 2018.  

 
 

 
Figure 2: Wear progression under cryogenic and dry conditions at Vc: 70 and 110 m/min with 
constant f: 0.075 mm/rev and ap: 0.1 mm. 
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3.2 Wear Mechanisms 
The fractured cutting tools were thoroughly observed under scanning electron microscopy 

(SEM) in order to identify the mechanisms of wear. Based on the SEM images, abrasive and 
adhesive wears were the main tool wear mechanisms responsible for the formation of scratched 
marks, BUE, and fracture. They were observed at the edge of the cutting tool regardless of the 
cutting conditions as shown in Figure 3 and Figure 4. It is believed that the tool wear began with 
abrasion at the cutting edge and form scratched marks due to continuous sliding contact between 
the hard workpiece particles with the tool as discussed by Musfirah et al., (2017). Then, the wear 
progressed to adhesive wear at the cutting edge which then initiated notch wear at the flank face. 
The adhesive wear in the form of BUE as shown in Figure 4a and 4b results from adhesion of chips 
onto the cutting edge. This condition confirmed the higher cutting temperature and pressure 
experienced in that area. All processes under both cutting conditions were stopped due to 
catastrophic fracture. By referring to Figure 3a and 4a, obviously, the abrasive and adhesive wears 
were severe in dry condition. The fractures experienced by the cutting tools also deeper and 
larger compared to the cryogenic condition as in Figure 3b and 4b.  

 

 
   (a)            (b) 

Figure 3: Wear mechanism at Vc=70 m/min for a) dry and b) cryogenic from nose view. 
 

 

 
   (a)            (b) 

Figure 4: Wear mechanism at Vc=110 m/min for a) dry and b) cryogenic from nose view. 
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Figure 5 and Figure 6 show the view from the cutting tool edge angle. The chips were found 
adhered at the rake face of the tool under cryogenic and dry conditions. Evidently, Figure 5a and 
6a show that the formation of BUE was more frequent, bigger and severe in dry cutting with the 
increase of tool nose wear. As explained by Liao et al., (2008), Inconel 718 is stickier at high 
cutting temperature; thus, leads to aggressive adhesive wear to happen. Meanwhile, under the 
cryogenic condition, the high-pressure flow of coolant was believed reduce the adhesion of chips 
on the tool edge by flushing the chips away from the cutting edge (Sartori et al., 2017). At the same 
time, the material was also less sticky compared to in dry cutting due to lower cutting 
temperatures at the cutting zone.  

Also can be noticed in Figure 5a is the occurrence of coating flaking at tool rake face under dry 
cutting where it is obviously bigger as compared to cryogenic cutting in Figure 5b. As mentioned 
by (Zhao et al., 2018) cryogenic cooling has a significant effect in improving the microhardness 
and wear resistance of a tungsten carbide insert which might also enhance its hardness and 
strength. Meanwhile (Shokrani et al., 2012) reported the high cutting temperature could alter 
material’s microstructure and induce residual stress, micro-hardness variations, and microcracks 
through the formation of white layers. This condition might also happen on cutting tool in dry 
cutting that reduces its strength and hardness and initiate coating peeling and flaking.  

The built-up layer (BUL) was also formed at the fractured edge of the tool under cryogenic 
condition at Vc: 70 m/min (Figure 5b) and under dry condition at Vc: 110 m/min (Figure 6a). 
Thus, it can be said that the effect of cutting speed on dry condition does not show much 
difference. However, under cryogenic condition, the adhesion at the nose face was worsened at 
the highest cutting speed.  

 

 
Figure 5: Wear mechanism at Vc=70 m/min for a) dry and b) cryogenic from tool edge view 

 
Figure 6: Wear mechanism at Vc=110 m/min for a) dry and b) cryogenic from tool edge view. 
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4.0 CONCLUSION 
It can be concluded that the cryogenic machining managed to reduce the tool wear rate and 

lengthened the tool service life compared to dry machining. The efficient cooling effect by the 
cryogenic CO2 was believed reduce the cutting temperature greatly; thus, slowing down the tool 
wear progress. It can also be noticed that the cutting speed has a significant effect on tool life 
where the increase in cutting speed significantly increased the nose wear progression under both 
cutting conditions. Similar tool wear criterion was observed under cryogenic and dry cutting 
where it began with abrasion, then progressed to BUE at the rake face and notching at the flank 
face in which the processes were stopped due to catastrophic fracture. However, dry cutting 
generated severe BUEs, which accelerated tool wear. SEM analysis confirmed abrasion and 
adhesion as the main wear mechanisms for both cutting conditions.  
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