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ABSTRAK: Sisipan perkakas karbida gred ISO P10 telah dikaji dengan 
menggunakan operasi kisar hujung tanpa bendalir dengan kelu/i perkakas A/SI 
H13. Eksperimen telah dija/ankan pada /aju pemotongan dan kadar suapan yang 
berbeza. Keputusan eksperimen dilampirkan dan perbincangan adalah 
berdasarkan kepada rintangan sisipan terhadap haus dan morfologi haus pada 
setiap kombinasi parameter kisaran. Perlakuan sisipan ada/ah berdasarkan 
kepada masa pemotongan dan kemasan permukaan yang dihasilkan yang mana 
ianya dikawal oleh haus di permukaan rusuk. Hayat perkakas terpanjang selama 
22 minit diperolehi apabila menggunakan kombinasi laju pemotongan dan suapan 
yang rendah dan haus lelasan yang seragam dapat dilihat di permukaan sadak. 
Manaka/a pada kombinasi /aju pemotongan dan suapan yang tinggi, haus /ekukan 
terbentuk di permukaan sadak dan kegagalan terma dan mekanika/ di permukaan 
rusuk. 

ABSTRACT: Carbide inserts of P1 O ISO grades were evaluated in dry cutting 

end milling operations of AISI H13 tool steel. Experiments were conducted at 

various cutting speeds, and feed rates. Experimental results are presented and 

discussed based on the insert's resistance to wear, and wear morphology at 

different combination of milling parameters. Tool performances are evaluated 

based on the cutting time and surface finish produced which is controlled 

predominantly by wear on the flank face. The longest tool life of 22 minutes is 

achieved at low cutting speed and feed rate and uniform abrasive wear is 

observed on the flank face. Whereas at higher combination of cutting speed and 

feed rate, crater wear is observed on the rake face, thermal and mechanical 

fatigues are observed on the flank face. 

KEYWORDS: TiN coated carbide inserts, wear mechanism, dry cutting, high

speed end milling. 
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INTRODUCTION 

A tool material must fulfill two requirements; it must be resistant to fracture and to plastic 

deformation (Kramer, 1987). If these requirements are met, the tool tip will maintain its integrity 

and resistance to wear becomes the primary concern. Typically, a wear land forms on the 

flank face of the tool which contacts with the newly machined-surface and the crater depression 

forms on the rake face of the tool in the chip-tool contact region (Kramer, 1987; Trent, 1991 ). 

The use of carbide tools started in the early 1920s by Schrotar (Trent, 1991 ), and is still widely 

used in the metal cutting process due to its availability and competitive price. One of the broad 

applications of the said tool is in the machining of steel. Machining of steel inherently generate 

high cutting temperatures which reduce tool life and deteriorate the product quality. Previous 

research for the said cutting tools always concentrate on the tool performances (Lin, 2002; 

Rahman et al., 2002; Paul et al., 2001; Giu et al., 1999; Trent, 1991; Ezugwu and Soh, 1997; 

Ren and Altintas, 2000; Nelson et al. , 1998; Densley, 1998; Chubb and Billingham, 1980; 

Ezugwu, 1996; Kopac et al., 2001 ). 

Hardened AISI H13 steel is widely used as hot forging dies. Because of high hardness they 

are manufactured using electrical discharge machining (EDM}, but EDM is a very slow process 

and produce recast surfaces (Nelson et al., 1998). The trend towards higher metal removal 

rates by increasing cutting speeds and feed rates was possible by using coated cemented 

carbide tools (Ezugwu and Soh, 1997; Chubb and Billingham, 1980; Ezugwu, 1996). Coated 

tools have longer tool life, and better work piece surface finish and help to reduce the heat 

generated and cutting force, consequently reduces diffusion between the chip and tool surface 

(Ren and Altintas, 2000; Ezugwu, 1996). There are four basic types of hard coatings most 

commonly applied to cutting tools. These are titanium carbide (TiC), titanium nitride (TiN}, 

titanium carbonitride Ti(C,N), and aluminum oxide or alumina (Alp3} (Trent, 1991 ;Ezugwu 

and Soh, 1997; Ezugwu, 1996). TiN layer provides dry lubrication for better chip control, and 

it reduces the adherence of chips to the cutting edge and offers lower tool friction (Grzesik, 

1998). One other advantage of TiN coated carbide tool is that the removal of TiN coating 

exposes a resistant carbo-nitride layer, which when removed yields a TiC coating (Venkatesh, 

1980). 

The criterion for the end of tool life is varied, either the tool is reground or replaced when it fails 

to cut, changes in the dimensions or surface finish of the workpiece, and the temperature 

begins to rise and fumes are generated (Trent, 1991 ). The symptoms of the end of tool life 

should be detected to avoid the damage caused by the total tool failure. 

Wear of the cutting edge are caused mainly by load, friction, and high temperature. Wear 

mechanism may be classified as adhesion, abrasion, diffusion, oxidation, and fatigue (Trent, 

1991 ). High-speed cutting (HSC) always generate high temperature, which enhances diffusion 
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and oxidation process of carbide tool (Kopac et al., 2001 ). The diffusion process between the 

chip and the top rake surface of the cutting edge results in crater wear, and oxidation reaction 

with the environment induces scaling of the cutting edge. Diffusion wear is more affected by 

chemical factors and the mechanism depends on the chemical properties and the affinity of 

the tool material to the work piece material (Ezugwu and Soh, 1997). Fatigue wear is often a 

thermo-mechanical combination, and the fluctuations of temperature, loading and unloading 

of the cutting forces can lead to cracking and breaking of the cutting edges (Ezugwu and Soh, 

1997). 

In the present paper, the tool life, wear growth and mechanism of the TiN coated carbide tool 

is studied experimentally. Figure 1 shows a schematic diagram of the experiment set-up. 
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Figure 1. A schematic diagram of the experiment set-up 

METHODOLOGY 

Experimental Details 

The machining trials were carried out on a Cincinnati Milacron Sabre 750 Vertical Machining 

Centre in dry condition, as recommended by the tool supplier for the specific work material. 

The insert used was flat end mill P10 TiN coated carbide tool. The detailed geometry of the 

two flutes end milling cutter assembly and detailed insert dimension are shown in Figure 2. To 

avoid the influence of tool run-out on wear measurements only one insert is designated for 

cutting. The other edge of the insert is ground I flattened. 
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Figure 2. Culler tool assembly, with detailed insert geom(!try 

The cutting forces in X, Y, and Z directions were measured online during the milling operation 

using Kistler dynamometer model 9275 A. The surface roughness of the work piece was 

measured at several locations along the length of the cut using a portable surface roughness 

tester model Mpi Mahr Perthometer. 

For all the measurements, the first machining was stopped after a cutting length of 0.103 m. 

Table 1 shows the chemical composition of the work material in percentage by weight. Table 

2 present the chemical composition of the carbide tool in percentage by volume whereas 

Table 3 shows the cutting conditions used in this experiment. 

Table 1. The chemical composition of work material in percentage by weight 

c Si Mn p s Ni Cr Cu Mo v 

0.37 0.9 0.46 0.014 0.02 0.11 5.34 0.4 1.25 1 

Table 2. The chemical composition of carbide tool in percentage by volume 

Co We TaC 

16.4 82.6 1.1 % vol. 
Cr3C2 

The density of the tool is 14.47 g/cm3 and hardness of 1600 HV3. The TiN coating is categorised 

as visible. 
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Table 3. The cutting conditions used in the present experiment: 

Test run Speed (m/min) Feed rate (mm/tooth) 

1 224 0.1 

2 280 0.25 

3 355 0.16 

Axial and radial depth of cut was kept constant at 3 mm and 0.3 mm, respectively. Only down 
milling operation was carried out. 

EXPERIMENTAL RESULTS AND DATA ANALYSIS 

Tool Life, Surface Roughness, and Cutting Force 

Table 4 shows the tool life, and the rate of material removed for P10 tools. The final two 
columns show the corresponding surface roughness and resultant cutting force values at 
these limits of tool life. It is clearly shown that a high value of feed rate used in Test 2 will cause 
higher cutting force. 

The machining is stopped when the average surface roughness (R) exceeds 4 µm, even 
though the flank wear has not reached 0.35 mm as specified in the ISO 8688-1: 1989. The 
longest tool life is achieved with conditions used in Test 2 followed by Test 1 and Test 3. As for 
the material removal rate (MAR), Test 2 gave the maximum value followed by Test 3 and Test 
1. Even though the life for Test 3 is the shortest, it produced a 32 cm3 volume of MAR. 

Table 4. Tool life and material removal rate (MRR) of P10 tools 

Test run Tool life Tool life MRR (cm3) Flank wear Surface Resultant 
(m length) (min) (mm) roughness cutting 

R. (µm) force (N) 

1 6.283 22.04 18.849 0.25 5.300 1795 

2 15.759 27.65 47.277 0.245 5.975 2254 

3 10.712 14.8 32.136 0.245 4.516 1902 

Figure 3 shows the plot of flank wear land against the cutting time. It is shown that the flank 
wear gradually increases with cutting time for Test 1 and 2, and rapidly increasing for Test 3 
i.e. at the highest cutting speed. The result shows that the cutting speed effect is more significant 
than the feed rate for tool life. Similar results were obtained by Giu et al. (1999). 

17 



J.A. Ghani, I.A. Choudhury, and H.H. Masjuki 

As seen from Figure 3, Test 2 has a life time of almost double that of Test 3, even though Test 

3 was done using a smaller feed rate. At the lowest combinations of cutting speed and feed 

rate in Test 1, a shorter tool life time was obtained than that in Test 2. 
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Figure 3. Tool flank wear land against cutting time for P10 tool 

Figure 4 shows the plot of flank wear land against surface roughness. Surface roughness was 

found to increase with the flank wear land for all the test runs. At the beginning of the cut, low 

values of surface roughness were obtained. However, these values gradually increased with 

the width of flank wear land until the end of their tool lives. 
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Figure 4. Tool flank wear land against surface roughness for P10 tool 

18 

--.Test 1 

-<>-Test2 

-ft-Test 3 



Tool Life and Wear Mechanism of P10 TiN Carbide Tools 
in High Speed End Milling Operations 

Figure 5 shows the plot of flank wear land against cutting force. The plots show that the 

cutting forces are increased with the increase of flank wear width. It is shown here that the 

cutting force is greatly influenced by the feed rate. As shown in the graph, Test 2, with the 

highest feed rate gave the highest value of the cutting force, followed by Test 3 and Test 1. 

The higher the feed rate used, more energy is required to remove the material. As a result, 

large forces are produced. 
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Figure 5. Tool flank wear land against cutting force for P1 O tool 

WEAR MECHANISM 

The dominant wear occurring on the flank face is categorised as flank wear and on the rake 

face it is referred as crater wear (Trent, 1991 ). Many researchers have investigated the wear 

mechanism on cemented carbide tools, especially the role of coating materials (Kramer, 1987; 

Ezugwu and Soh, 1997; Densley, 1998; Ezugwu, 1996; Grzesik, 1998; Venkatesh, 1980; 

Abrao et al., 1995; Huq and Celis, 2002). Figures 6 to 8 show the wear growth for Test 1 to 3 

respectively. The figures show that the TiN coating was removed after about 5 minutes of 

cutting time as thermal crack was observed. However, the tools can still be used up to 3 to 5 

times after the removal of TiN layer depending on the cutting conditions used. EDAX analysis 

shows that the materials deposited on the worn areas are the tool and work piece materials 

such as W, Ti, Co, Fe, Mn, V, Si, and C. Since N was not detected on the worn areas, it could 

be deduced that the Ti was dissolved from TiN coating during the chip removal process. 

Venkatesh (1980) found that the removal of TiN coating exposes a resistant carbo-nitride 

layer, which yields a hard TiC coating and helps to delay the wear rate process, consequently 

longer tool life of 22 min. was obtained for Test 1. The TiN layer also provides dry lubrication 

for better chip control, and it reduces the adherence of chips to the cutting edge and offers a 
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lower tool friction (Grzesik, 1998) especially at lower cutting speed and feed rate as in Test 1. 

In all the experiments conducted, it was observed that the TiN coating was removed on the 

side of the cutting edge as a result of abrasion on the flank face and oxidation (grooving wear) 

similarly described by Venkatesh (1980). 

Test 1 which employs the lowest speed and feed rate of 224 m/min and 0.1 mm/tooth, 

respectively, shows a uniform and gradual wear on the flank face as shown in Figure 6. A 

small amount of chipped edge is observed on the cutting edge. It is believed the TiN coating 

provides for low thermal conductivity which resulted in a lower wear rate at this cutting condition, 

and no thermal or mechanical fatigue cracks were observed as described by Gu et al. (1999). 

No crater and stick on material were observed on the rake face after more than 13 minutes of 

cutting time as shown in Figure 6. 

Uniform flank wear land 

Figure 6. Wear morphology of Test 1, Pt O TiN coated carbide insert 
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Test 2 is the test with the highest feed rate and intermediate cutting speed of 0.25 mm/tooth 

and 280 m/min respectively. In this test the wear rate on the flank face is not uniform as in Test 

1. Only after about 6 minutes of cutting, the thermal crack is already observed on the cutting 

edge on the flank face as observed by Vicenzi el al. (2001 ). Prolonging the cutting caused 

the breaking and fracturing of the cutting edge, which was initiated at about two third from the 

end of the axial depth of cut used, i.e. at about 2 mm. From this point it expands both sides 

until total failure on the flank face occurred. This phenomenon is probably due to the TiN brittle 

ceramic coating material, which served as a region of easy crack initiation, and therefore 

increasing the tendency towards fracture (Kramer, 1987). The same point of initiation of fracture 

also caused the crater and chipping off material on the rake face as shown in Figure 7. 

Figure 7. Wear morphology of Test 2, P10 TiN coated carbide insert 
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Once it has started to break off it would become larger and larger until the end of the tool life. 

As shown, one could see numbers of square areas of chipping off material on the rake face 

next to the crater wear. The crater wear observed was a result of the diffusion process, which 

was due to high temperature, since high-speed cutting was employed (Navinsek et al., 1995). 

In addition, when conducting milling operations, the intermittent process caused the temperature 

fluctuations and the loading and unloading of the cutting forces could lead to cracking and 

breaking of the cutting edges, especially when higher cutting forces are produced. 

Test 3 is the test that employed the highest cutting speed and intermediate feed rate of 355 m/ 

min and 0.16 mm/tooth respectively. The wear mechanism is similar to that in Test 2. Thermal 

crack is observed only after about 5 minutes of cutting. This is then followed by the breaking 

and fracturing of the cutting edge. The initiation of the point of breaking is similar to that in Test 

2, i.e. at about two third from the end of the axial depth of cut used. In Test 2, the fracturing of 

the cutting edge expanded gradually for both sides from this point of initiation. On the contrary, 

in Test 3 the breaking of the cutting edge is concentrated at this point causing a big groove as 

seen after cutting about 10 minutes. Continuing cutting caused the flank face wear to progress 

next to this groove. The grooves entrapped the chips which caused a rougher machined 

surface. Observation on the rake face showed a crater wear occurred as well as the chipping 

off material next to the crater wear. It was not severe damage as produced in Test 2, due to 

thinner chips produced in Test 3, when employing smaller value of feed rate. 
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Figure 8. Wear morphology of Test 3, Pt O TiN coated carbide insert 

CONCLUSION 

From the experimental study evaluating the tool life and wear mechanisms of P10 TiN coated 
carbide tools, the following can be concluded: 

1. Longest tool life and MRR can be achieved by using 280 m/min of cutting speed and 
feed rate of 0.25 mm/tooth. (Test 2) . 

2. It is shown that the cutting speed effect is more significant than feed rate for tool life as 
at higher cutting speed of 355 m/min and feed rate of 0.16 mm/tooth, it resulted in half of 
the life time than that in Test 2. 

3. Wear mechanisms such as abrasion and oxidation on the flank face occurred at all 
ranges of cutting speed. 

4. On the rake face, crater wear and chipping off material were observed at higher cutting 
speed. 

5. Uniform and small chipping edge flank wear land was formed at low cutting speed and 
feed rate of 244 m/min and 0.1 mm/tooth respectively. 

6. At higher cutting speed of 280 m/min and 355 m/min, thermal crack and fracturing of the 
cutting edge were observed on the flank face, and crater wear and chipping off material 
were on rake face. 
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