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ABSTRACT 

Due to its high strength-to-weight ratio in which 40% lighter and closely matching the 

mechanical properties of steel, titanium alloy being used in military applications to reduced 

weight and increase durability in extreme conditions for improving the mobi

effectiveness. Titanium alloy are categorized as a difficult

machinability ratings. Problems in machining titanium alloy are mainly due to the high 

cutting temperatures, low modulus of elasticity of the materi

the tools. In order to improve titanium machining, selection of cutting tools with good 

machinability is very important. For manufacturers, selection of the best cutting tool types 

that can meets the machining performances i.

alligned with the tool cost are necessitate in order to sustain in the competitive defence and 

military sector.  
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weight ratio in which 40% lighter and closely matching the 

mechanical properties of steel, titanium alloy being used in military applications to reduced 

weight and increase durability in extreme conditions for improving the mobi

effectiveness. Titanium alloy are categorized as a difficult-to-cut material which have low 

machinability ratings. Problems in machining titanium alloy are mainly due to the high 

cutting temperatures, low modulus of elasticity of the material and chemical reactions with 

the tools. In order to improve titanium machining, selection of cutting tools with good 

machinability is very important. For manufacturers, selection of the best cutting tool types 

that can meets the machining performances i.e. fine surface roughness and high tool life 

alligned with the tool cost are necessitate in order to sustain in the competitive defence and 
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1. INTRODUCTION 

The increased knowledge of titanium alloy intrisic properties and its capabilities brought a 

shift in the defense and military applications. Due to its high strength

40% lighter and closely matching the mechanical properties of ste

in military applications to reduced weight and increase durability in extreme conditions for 

improving the mobility and combat effectiveness 

reduction for titanium material applicati

exhibit overall superior corrosion resistance and exceptional elevated temperature 

performance. In defence applications, titanium alloy area are widely used in the applications 

of armor plating for protection against ballistic threat, missiles warhead casing and aircraft 

structure and engine component. Fig.

and military sector. 

Fig.1. Titanium alloy naval strike missile warhead casing

Fig.2. Military airframe application using titanium alloy 
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The increased knowledge of titanium alloy intrisic properties and its capabilities brought a 

shift in the defense and military applications. Due to its high strength-to-weight ratio in which 

40% lighter and closely matching the mechanical properties of steel, titanium alloy being used 

in military applications to reduced weight and increase durability in extreme conditions for 

improving the mobility and combat effectiveness [1]. Table 1 depicted the example of weight 

reduction for titanium material application in military vehicle. In addition, this material also 

exhibit overall superior corrosion resistance and exceptional elevated temperature 

performance. In defence applications, titanium alloy area are widely used in the applications 

otection against ballistic threat, missiles warhead casing and aircraft 

ure and engine component. Fig. 1-3 show the application of titanium alloy in defence 

Titanium alloy naval strike missile warhead casing [2]

Military airframe application using titanium alloy [3]
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The increased knowledge of titanium alloy intrisic properties and its capabilities brought a 

weight ratio in which 

el, titanium alloy being used 

in military applications to reduced weight and increase durability in extreme conditions for 

. Table 1 depicted the example of weight 

on in military vehicle. In addition, this material also 

exhibit overall superior corrosion resistance and exceptional elevated temperature 

performance. In defence applications, titanium alloy area are widely used in the applications 

otection against ballistic threat, missiles warhead casing and aircraft 

the application of titanium alloy in defence 

 

[2]  
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Fig.3. Land defence applications examples of titanium uses 

Titanium alloy are categorized as a difficult

reactivity, high temperature, high stren

modulus of elasticity which have low machinability ratings 

military applications the components are either forged or cast to the approximate final shape 

and the milling process was u

from a solid block of material by milling with roughing and finishing cuts 

superior properties of titanium alloy create several manufacturing challenges which impact on 

the total production costs. 

Table 1. Weight reduction for titanium material application in 

Replacement Components

Turret blow-off panels

Gunner's primary sight GPS cover

NBC cover 

Engine top cover

Turre pivot rack

Commander's hatch

Commander's independent thermal viewer

Total 

Problems in machining titanium alloy are mainly due to the high cutting temperatures, low 

modulus of elasticity of the material and chemical reactions with the tools. Unlike steel, 
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Land defence applications examples of titanium uses 

Titanium alloy are categorized as a difficult-to-cut material due to their high chemical 

reactivity, high temperature, high strength, low thermal conductivity and relatively low 

modulus of elasticity which have low machinability ratings [4-7]. Generally, for most of the 

military applications the components are either forged or cast to the approximate final shape 

ess was used to finish machine the parts or the component was machined 

from a solid block of material by milling with roughing and finishing cuts 

superior properties of titanium alloy create several manufacturing challenges which impact on 

eight reduction for titanium material application in Abram M1A2 battle tank 

(ATI) [9] 

omponents Weight (kg) 

RHA Steel Titanium 

off panels 311 229 

Gunner's primary sight GPS cover 227 160 

 168 132 

Engine top cover 498 358 

Turre pivot rack 160 90 

Commander's hatch 80 56 

Commander's independent thermal viewer 146 92 

1590 1117 

Problems in machining titanium alloy are mainly due to the high cutting temperatures, low 

modulus of elasticity of the material and chemical reactions with the tools. Unlike steel, 
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Land defence applications examples of titanium uses [3] 

cut material due to their high chemical 

gth, low thermal conductivity and relatively low 

Generally, for most of the 

military applications the components are either forged or cast to the approximate final shape 

or the component was machined 

from a solid block of material by milling with roughing and finishing cuts [8]. However, the 

superior properties of titanium alloy create several manufacturing challenges which impact on 

Abram M1A2 battle tank  

Weight Saved 

(kg) (%) 

82 26 

67 30 

36 21 

140 28 

70 44 

24 30 

54 37 

473 30 

Problems in machining titanium alloy are mainly due to the high cutting temperatures, low 

modulus of elasticity of the material and chemical reactions with the tools. Unlike steel, 
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titanium alloy does not form a built-up edge on the tools which increases the abrading and 

alloying action of the thin chip forcing over a small tool-chip contact area under high pressure 

[10]. Both combination phenomena and the relatively poor thermal conductivity of titanium 

results in unusually high tool-tip temperatures. Relatively, the strong chemical reactivity of 

titanium with tool materials at high cutting temperatures and pressures causes galling, 

welding and smearing along with rapid destruction of the cutting tool. In addition, the low 

elastic modulus coupled with high thrust forces required at the cutting edge can cause 

deflection in slender parts. Due to the distortion, additional heat is developed that can affect 

the part tolerances. Although there were several works found in the literatures that dealt with 

machining titanium alloy material, most of the presented results only concentrate on tool 

performance rather than surface finish. Surface finish has a major effect on the integrity and 

the adequate functioning of the parts and should be methodically investigate which will be the 

matter to be studied in this paper. 

For manufacturers, selection of the best cutting tool types that can meets the machining 

performances i.e. fine surface roughness and high tool life alligned with the tool cost are 

necessitate in order to sustain in the competitive defence and military sector. In addition, the 

selection of best cutting tool process are complicated as both of the coating processes and 

coating materials must be taken into consideration that need to be experimentally tested. 

 

2. EXPERIMENTAL  

2.1. Workpiece 

The material used as the workpiece in this research is titanium alloy (Ti-6Al-4V). The details 

composition and the mechanical properties of this material are shown in Table 2 respectively. 

A titanium alloy block with the size of 120 x 100 x 50 mm was used throughout this 

experiment as shown in Fig. 4. The worpiece surface was skimmed down to 0.5 mm to 

remove any surface alteration or defects from the previous manufacturing process [12]. 
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Fig.4. Titanium a

Table 2. The composition (wt%) and mechanical properties of 

Content H

Wt% 0.005

 

Tensile 

Strength (MPa) 

Yield

Strength (MPa)

993 

2.2. Machining Condition 

Two types of round shape tungsten carbide insert were 

PVD coated insert and CVD coated

the experiment are described in Table 3.

Fig.5. Schematic geometry of PVD and CVD insert
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Titanium alloy Ti-6Al-4V block with dimension 

The composition (wt%) and mechanical properties of titanium alloy 

H N C Fe V Al Ti 

0.005 0.01 0.05 0.09 4.40 6.15 Balance

Yield 

Strength (MPa) 

Density 

(kg/m³) 

Modulus of 

Elasticity (GPa)

830 4540 114 

Two types of round shape tungsten carbide insert were used in these experiments which were 

PVD coated insert and CVD coated insert as shown in Fig. 5. The machining conditions for 

the experiment are described in Table 3. 

Schematic geometry of PVD and CVD insert 
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titanium alloy [7] 

 

Balance 

Elasticity (GPa) 

Hardness 

(HRC) 

36 

used in these experiments which were 

5. The machining conditions for 
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Table 3. Machining condition for the experiment 

Type of Tool Round Shape of PVD Coated Insert and CVD Coated 

Insert 

Dimensional 

Geometry of Tool 

Insert diameter, A 10 mm 

Nose radius, rs 3.5 mm 

Thickness, S 3.97 mm 

Machine Mazak CNC milling machine 

Atmosphere Dry machining condition 

A Response Surface Methodology (RSM) using Box Behken data approach was employed in 

order to determine the optimum parameter. The parameter range setting was considered based 

on the tool maker recommendation and setting from the previous studies as shown in Table 4. 

Table 4. Specification of cutting parameter 

Control Parameter Parameter Range 

Level -1 1 

Cutting speed, Vc (m/min) 120 180 

Feed rate, fz (mm/tooth) 0.1 0.2 

Depth of cut, DoC (mm) 0.1 0.5 

 

3. RESULTS AND DISCUSSION  

In this study, analysis on independent machining variables that includes cutting speed, feed 

rate, depth of cut and tool type was performed in order to response to the surface roughness of 

PVD and CVD coated tungsten carbide inserts on titanium alloy The average surface 

roughness was determined through the constant trend of each experiment, where the constant 

trend occurs at different machining times. The experiments result for both CVD and PVD 

coated inserts are shown in Table 5 respectively. 
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Table 5. Average surface roughness of PVD and CVD insert tool

Fig.6. Average surface roughness results between PVD and CVD insert tool

Run 
Cutting Speed 

(m/min) 

Feed Rate 

(mm/tooth)

1 120.00 0.10 

2 180.00 0.10 

3 120.00 0.20 

4 180.00 0.20 

5 120.00 0.15 

6 180.00 0.15 

7 120.00 0.15 

8 180.00 0.15 

9 150.00 0.10 

10 150.00 0.20 

11 150.00 0.10 

12 150.00 0.20 

13 150.00 0.15 

14 150.00 0.15 

15 150.00 0.15 

16 150.00 0.15 

17 150.00 0.15 
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Average surface roughness of PVD and CVD insert tool

Average surface roughness results between PVD and CVD insert tool

Feed Rate 

(mm/tooth) 

Depth of 

Cut (mm) 

PVD Average Surface 

Roughness (um) 

0.30 0.244 

0.30 0.255 

0.30 0.247 

0.30 0.232 

0.10 0.237 

0.10 0.217 

0.50 0.257 

0.50 0.284 

0.10 0.216 

0.10 0.218 

0.50 0.306 

0.50 0.298 

0.30 0.266 

0.30 0.273 

0.30 0.263 

0.30 0.251 

0.30 0.254 

256            251 

Average surface roughness of PVD and CVD insert tool 

 

Average surface roughness results between PVD and CVD insert tool 

CVD Average Surface 

Roughness (um) 

0.301 

0.2812 

0.256 

0.363 

0.265 

0.268 

0.323 

0.396 

0.233 

0.241 

0.322 

0.358 

0.329 

0.328 

0.294 

0.302 

0.295 
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3.1. Average Surface Roughness over Cutting Speed

Based on Fig. 7, it can be observed that the values of surface roughness produced from all of 

the conditions varied between 

roughness value was obtained at the highest cutting speed i.e. 180 m/min. Contrary, the lowest 

surface roughness value obtained from CVD tool was at the lowest cutting speed i.e. 120 

m/min. In addition, the highest values of surface roughness for PVD and CVD tool were at 

moderate cutting speed i.e. 150 m/min and at the highest cutting speed i.e. 180 m/min 

respectively. One of the possible reason of this phenomena are due to the coating adhesion 

between PVD and CVD types that affect the friction and contact between cutting tool and 

workpiece surface towards the cutting condition i.e. cutting speed [11

shows that in machining titanium alloy material; different tool type requ

optimum combination of machining parameters in order to obtain a good surface finish.

Fig.7. Average surface roughness of PVD and CVD insert over cutting speed

3.2 Average Surface Roughness over Feed Rate

Fig. 8 shows the differences of average surface roughness result occurred at 0.1 and 0.2 

mm/tooth of feed rate. It can be observed that the values of surface roughness produced from 

all of the conditions varied between 0.216 and 0.396 μm. Although the average 

roughness increased along with the increase of feed rate on CVD insert, but on PVD insert the 

feed rate has less effect on the average surface roughness. It was spotted especially for PVD 

insert at Vc = 180 m/min with DoC

of the possible reason of this phenomena are due higher cutting speed at 150 m/min and 180 
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7, it can be observed that the values of surface roughness produced from all of 

the conditions varied between 0.217 and 0.396 μm. Notably, for PVD tool the lowest surface 

roughness value was obtained at the highest cutting speed i.e. 180 m/min. Contrary, the lowest 

surface roughness value obtained from CVD tool was at the lowest cutting speed i.e. 120 

dition, the highest values of surface roughness for PVD and CVD tool were at 

moderate cutting speed i.e. 150 m/min and at the highest cutting speed i.e. 180 m/min 

respectively. One of the possible reason of this phenomena are due to the coating adhesion 

tween PVD and CVD types that affect the friction and contact between cutting tool and 

workpiece surface towards the cutting condition i.e. cutting speed [11-12]. From the results, it 

shows that in machining titanium alloy material; different tool type requ

optimum combination of machining parameters in order to obtain a good surface finish.

Average surface roughness of PVD and CVD insert over cutting speed

.2 Average Surface Roughness over Feed Rate 

8 shows the differences of average surface roughness result occurred at 0.1 and 0.2 

mm/tooth of feed rate. It can be observed that the values of surface roughness produced from 

all of the conditions varied between 0.216 and 0.396 μm. Although the average 

roughness increased along with the increase of feed rate on CVD insert, but on PVD insert the 

feed rate has less effect on the average surface roughness. It was spotted especially for PVD 

= 180 m/min with DoC = 0.3 mm and Vc = 150 m/min with DoC

of the possible reason of this phenomena are due higher cutting speed at 150 m/min and 180 
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7, it can be observed that the values of surface roughness produced from all of 

0.217 and 0.396 μm. Notably, for PVD tool the lowest surface 

roughness value was obtained at the highest cutting speed i.e. 180 m/min. Contrary, the lowest 

surface roughness value obtained from CVD tool was at the lowest cutting speed i.e. 120 

dition, the highest values of surface roughness for PVD and CVD tool were at 

moderate cutting speed i.e. 150 m/min and at the highest cutting speed i.e. 180 m/min 

respectively. One of the possible reason of this phenomena are due to the coating adhesion 

tween PVD and CVD types that affect the friction and contact between cutting tool and 

12]. From the results, it 

shows that in machining titanium alloy material; different tool type requires its own set of 

optimum combination of machining parameters in order to obtain a good surface finish. 

 

Average surface roughness of PVD and CVD insert over cutting speed 

8 shows the differences of average surface roughness result occurred at 0.1 and 0.2 

mm/tooth of feed rate. It can be observed that the values of surface roughness produced from 

all of the conditions varied between 0.216 and 0.396 μm. Although the average surface 

roughness increased along with the increase of feed rate on CVD insert, but on PVD insert the 

feed rate has less effect on the average surface roughness. It was spotted especially for PVD 

n with DoC = 0.5 mm. One 

of the possible reason of this phenomena are due higher cutting speed at 150 m/min and 180 
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m/min. Small range value of feed rate between 0.1 and 0.2 mm/tooth also one of the possible 

reason that causing the obtained results. Furthe

effect on CVD insert where the increase of feed rate results in higher surface roughness i.e. Fz

= 0.2 mm/tooth results 0.363 and 0.358 μm. The surface roughness value proportionally 

increased with the increment of feed rate as shown by [13]. In other words, the larger the feed 

rate the higher the value of surface roughness due to the higher vibration, forces and 

temperature occurs at higher cutting depth, which led to higher surface roughness [14

Fig.8. Average surface roughness of PVD and CVD insert over feed rate

3.3 Average Surface Roughness over Depth of Cut

Based on Fig. 9, the lowest average surface roughness of 0.216 μm was achieved at DoC = 

0.1 mm while the highest average surface roughness of 0.3

It can be observed that PVD insert produced the lowest surface finish with 0.216 μm compare 

to CVD insert with surface finish 0.233 μm at Vc

0.1 mm. It proved that the need to reduce t

are explained by the fact that as the depth of cut increase

Therefore, deformation of the workpiece and the tool increase that promotes the chatter 

occurrence. 
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m/min. Small range value of feed rate between 0.1 and 0.2 mm/tooth also one of the possible 

reason that causing the obtained results. Furthermore, it shows that the feed rate has more 

effect on CVD insert where the increase of feed rate results in higher surface roughness i.e. Fz

= 0.2 mm/tooth results 0.363 and 0.358 μm. The surface roughness value proportionally 

of feed rate as shown by [13]. In other words, the larger the feed 

rate the higher the value of surface roughness due to the higher vibration, forces and 

temperature occurs at higher cutting depth, which led to higher surface roughness [14

Average surface roughness of PVD and CVD insert over feed rate

.3 Average Surface Roughness over Depth of Cut 

9, the lowest average surface roughness of 0.216 μm was achieved at DoC = 

0.1 mm while the highest average surface roughness of 0.396 μm obtained at DoC = 0.5 mm. 

It can be observed that PVD insert produced the lowest surface finish with 0.216 μm compare 

to CVD insert with surface finish 0.233 μm at Vc = 150 m/min, Fz = 0.1mm/tooth and DoC

0.1 mm. It proved that the need to reduce the depth of cut as a function of surface roughness 

are explained by the fact that as the depth of cut increases, the cutting forces increase. 

, deformation of the workpiece and the tool increase that promotes the chatter 
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m/min. Small range value of feed rate between 0.1 and 0.2 mm/tooth also one of the possible 

rmore, it shows that the feed rate has more 

effect on CVD insert where the increase of feed rate results in higher surface roughness i.e. Fz 

= 0.2 mm/tooth results 0.363 and 0.358 μm. The surface roughness value proportionally 

of feed rate as shown by [13]. In other words, the larger the feed 

rate the higher the value of surface roughness due to the higher vibration, forces and 

temperature occurs at higher cutting depth, which led to higher surface roughness [14-15]. 

 

Average surface roughness of PVD and CVD insert over feed rate 

9, the lowest average surface roughness of 0.216 μm was achieved at DoC = 

96 μm obtained at DoC = 0.5 mm. 

It can be observed that PVD insert produced the lowest surface finish with 0.216 μm compare 

= 0.1mm/tooth and DoC = 

he depth of cut as a function of surface roughness 

s, the cutting forces increase. 

, deformation of the workpiece and the tool increase that promotes the chatter 
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Fig.9. Average surface roughness of PVD and CVD insert over depth of cut

 

4. CONCLUSION  

The following conclusions are mainly based on the objectives along with the results and 

discussions for the experimental of milling 

carbide insert under dry condition. From the conducted investigation, it shows that PVD 

coated tool produced better surface finished than CVD coated tool where PVD coated tools 

have been found to be better performing compared to their CVD counterparts. Als

thinner coatings can be deposited and sharp edges and complex shapes can be easily coated at 

lower temperatures. PVD insert are used frequently in metal cutting process due to their high 

hardness, wear resistance and chemical stability. Also, the

tool life and machining performance compared to other coated cutting tool variants. The 

geometry of the cutting tool used in this experiment also obtained the low value of surface 

roughness. The round shape of PVD and CV

where the higher the nose radius result the lower value of the surface roughness. The surface 

roughness also depends on the machine tool rigidity and the geometry of the cutting tool.

Also, the vibration or chatter occurred during the machining process also can give significant 

impact on the surface finish. Selection of cutting parameters is very crucial in order to avoid 

chatter. Besides that, the experiment result also shows that cutting condition of higher 

speed, feed rate and depth of cut promotes a good surface 

was achieved at high cutting speed, Vc = 150 m/min, low feed rate, Fz = 0.1 mm/tooth and 
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ge surface roughness of PVD and CVD insert over depth of cut

The following conclusions are mainly based on the objectives along with the results and 

discussions for the experimental of milling titanium alloy Ti-6Al-4V using PVD and CVD 

carbide insert under dry condition. From the conducted investigation, it shows that PVD 

coated tool produced better surface finished than CVD coated tool where PVD coated tools 

have been found to be better performing compared to their CVD counterparts. Als

thinner coatings can be deposited and sharp edges and complex shapes can be easily coated at 

lower temperatures. PVD insert are used frequently in metal cutting process due to their high 

hardness, wear resistance and chemical stability. Also, they offer higher benefits in terms of 

tool life and machining performance compared to other coated cutting tool variants. The 

geometry of the cutting tool used in this experiment also obtained the low value of surface 

roughness. The round shape of PVD and CVD insert can be considered as large nose radius 

where the higher the nose radius result the lower value of the surface roughness. The surface 

roughness also depends on the machine tool rigidity and the geometry of the cutting tool.

hatter occurred during the machining process also can give significant 

impact on the surface finish. Selection of cutting parameters is very crucial in order to avoid 

chatter. Besides that, the experiment result also shows that cutting condition of higher 

speed, feed rate and depth of cut promotes a good surface roughness. A better surface finish 

was achieved at high cutting speed, Vc = 150 m/min, low feed rate, Fz = 0.1 mm/tooth and 
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ge surface roughness of PVD and CVD insert over depth of cut 

The following conclusions are mainly based on the objectives along with the results and 

4V using PVD and CVD 

carbide insert under dry condition. From the conducted investigation, it shows that PVD 

coated tool produced better surface finished than CVD coated tool where PVD coated tools 

have been found to be better performing compared to their CVD counterparts. Also, in PVD 

thinner coatings can be deposited and sharp edges and complex shapes can be easily coated at 

lower temperatures. PVD insert are used frequently in metal cutting process due to their high 

y offer higher benefits in terms of 

tool life and machining performance compared to other coated cutting tool variants. The 

geometry of the cutting tool used in this experiment also obtained the low value of surface 

D insert can be considered as large nose radius 

where the higher the nose radius result the lower value of the surface roughness. The surface 

roughness also depends on the machine tool rigidity and the geometry of the cutting tool. 

hatter occurred during the machining process also can give significant 

impact on the surface finish. Selection of cutting parameters is very crucial in order to avoid 

chatter. Besides that, the experiment result also shows that cutting condition of higher cutting 

better surface finish 

was achieved at high cutting speed, Vc = 150 m/min, low feed rate, Fz = 0.1 mm/tooth and 
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depth of cut, DoC = 0.1 mm, where it produces low average surface roughness of 0.216 μm 

for PVD insert and 0.233μm. Therefore, the experiment shows that the higher value of depth 

of cut, result the higher value of surface roughness for both type of insert which is PVD and 

CVD insert. This means machining parameters which are cutting speed, feed rate and surface 

roughness are significant in affecting the results of surface roughness. 
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