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Abstract 

In this paper, an experiment has been made to investigate the influence of cutting 
parameters (cutting speed, feed rate and depth of cut) on cutting forces (feed force, thrust 
force and cutting force), surface roughness and tools wear in high speed milling of Titanium 
alloy by YG6 coated carbide tool. Achievement which was obtained by high speed milling 
was used for providing gist for optimization of cutting parameters and control of surface 
quality in high speed cutting Titanium alloy parts. There were some results of the high 
speed cutting experimental. The analysis of results shows that a significant change of the 
material of Titanium alloy generates when the cutting speeds above 900 m/min. The main 
cutting forces reaches a maximum value when the cutting speeds is 900 m/min. The tools 
wear are analyzed based on micro photo at different cutting parameters. It is found that the 
tools wear become more and more serious with the increases of depth of cut for most of the 
selected cutting speeds. The combination of cutting parameters which could relieve the 
tools wear can be found based on orthogonal test for each cutting speed. The bigger cutting 
speed is, the shorter the stage of normal wear becomes ,the larger the tools wear rate grows. 
Because the cutting forces and tools temperature is variations , the mechanisms of tools 
wear change with the metabolic cutting forces and tools temperature. At relatively low 
cutting speed, in order to acquire high tool life of the YG6 coated carbide tool, The material 
of tools which generate phase change possess the strong capacity of resisting adhesion from 
the workpiece. 
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1. Introduction 

Titanium alloy has the characteristics of good specific strength and high specific stiffness as well as 

good corrosion resistance and good comprehensive mechanical properties, which is widely used in 

aerospaceproduct manufacture [1]. Titanium alloy is a new kind of alloy which possessed ultra-high 

strength,hardness and the stress corrosion properties et al.Therefore, it has been widely used in 

aerospace industry. Some of the large skeleton parts of Aircraft and spacecraft are directly hollowed 

by the blank. Due to some parts of the spacecraft have a large size, thin wall, a large one-time 

allowance and easy to deform et al. [2, 3]. Traditionally, most metal parts are rough milled, 

heat-treated and finished by grinding. In the past few years, a new method which named hard turn has 

replaced grinding in the field of mechanical processing. The aircraft manufacturing around the world 
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constantly strive for lower cost solutions with reduced lead time and better surface quality in order to 

maintain their competitiveness [4-6]. Carl.J.Salmon who comes from Germany came up with the 

theory of high speed machining in March 1941. At present, the theory for the research of cutting 

machining of Titanium alloy is particularly important. The definition of machinability can be deemed 

to the complexity of mechanical processing of workpiece based on the theory [7]. The evaluation 

index of machinability include surface roughness of cutting, built-up edge(BUE), tools wear and 

cutting forces [8]. BUE is the most important index for the werturteil of machinability parameters. 

The reason is that the surface roughness was influenced directly by BUE formation. At  the same time, 

the value of cutting forces changed with the change of surface formation mechanism during high 

speed milling. In order to accurately analyze the relation between the cutting forces and cutting 

parameters(cutting speed ,cutting depth and feed rate), cutting forces need to be measured [9,10]. 

There are so many methods for cutting force measurement. If the influence of the cutting parameters 

on the cutting forces is to be determined, the cutting forces should be measured accurately [11,12]. 

For the sake of the relationship between surface roughness, tools wear and cutting parameters(cutting 

speed ,cutting depth and feed rate) was equally important as the cutting forces, the surface 

roughness ,tools wear always should be measured. There are many methods for surface roughness 

and tools wear measurement [13]. 

In Titanium alloy cutting,cutting parameters (cutting speed ,cutting depth and feed rate )are the 

important controlling parameters. There is a close relationship between the cutting parameters and 

cutting forces or surface quality [14,15]. In this study, the effects of cutting speed , cutting depth and 

feed rate on the cutting forces , surface roughness and tools wear were investigated. 

2. Experimental design 

2.1 Experimental material  

The chemical composition of the high-strength and wear resistant Titanium alloy developed by Li et 

al. is shown in Table 1, and its mechanical properties are shown in Table 2 . YG6 coated carbide tool, 

characterized by the tool angle parameters shown in Table 3, are used to carry out high speed cutting 

of the workpiece material [16]. 

 

Table 1 Chemical composition of Al alloy (wt. %) 

Alloy 

elements 
Zn Mg Cu Zr Fe Si Cr Mn Al 

measured 

levels 
7.76 1.94 2.35 0.12 0.061 0.055 0.005 0.008 other 

About 

content 
7.6~8.4 1.8~2.3 2.0~2.6 0.08~0.25 <0.15 0.10 <0.04 <0.05 other 

 

Table 2 Mechanical properties of Al alloy 

Heat treatment σs/Mpa σb/Mpa Hardness(HV) 

T6 480 560 138 

 

2.2 Experimental plan 

The orthogonality experimental plan: In order to explore the influence of the cutting speed on cutting 

forces and surface roughness, we design experiment plan shown in table 3. 
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Table 3 Cutting speed of single factor experiment 

NO. Cutting speed Cutting depth Cutting width Feed rate 

1 300 2 1.5 0.1 

2 600 2 1.5 0.1 

3 900 2 1.5 0.1 

4 1200 2 1.5 0.1 

5 1500 2 1.5 0.1 

6 1800 2 1.5 0.1 

7 1500 0.5 1.5 0.1 

8 1500 1 1.5 0.1 

9 1500 1.5 1.5 0.1 

10 1500 2 1.5 0.1 

11 1500 2.5 1.5 0.1 

12 1500 1 1 0.1 

13 1500 1 1.5 0.1 

14 1500 1 2 0.1 

15 1500 1 2.5 0.1 

16 1500 1 3 0.1 

17 1500 1 1 0.025 

18 1500 1 1 0.05 

19 1500 1 1 0.75 

20 1500 1 1 0.1 

21 1500 1 1 0.125 

2.3 Experimental process 

The cutting experiments were carried out on KV800 Vertical milling machine. Neither lubricant nor 

coolant was used. In this paper, all the high speed milling experiments were made in KV800/1 milling 

machining center (The maximum speed of spindle is 6000r/min.The power is 15kw, and the range of 

feed speed is from 5mm/min to 20000mm/min), Milling machine cutter is YG6 coated carbide tool. 

The corner radius is 15µm.The size of workpiece material is the  Titanium alloy hot rolled with the 

length of 50mm ,the thickness of 80mm and the width of 10 mm. The machining style is the 

Symmetric milling. In order to obtain the influence of Cutting parameters on cutting force, surface 

roughness and tools wear,we should measure cutting force, surface roughness and tools wear [17]. 

The cutting forces were measured by Kistler® piezoelectric dynamometer (model9257B) mounted 

on specially designed fixture. Kistler®tool holder (model: 9043) was used for holding the 

75mm×100mm shank size cutting tool. The charge generated at the dynamometer was amplified 

using three charge amplifier (Mescon Instruments, India, Model: CA 190). The measurements of 

average surface roughness (Ra) were made on the surface profilometer with WYKO Vision32 

V2.303 software using vertical scanning interferometry (VSI) mode at 100× magnification and 40× 

scan speed [18]. 

3. Results and discussion 

3.1 The results of cutting forces and roughness 

Table 4 shows all values of cutting forces and surface roughness corresponding to different cutting 

parameters. The feed force, thrust force and cutting force were obtained in the range of 516–2570N, 

351–1946N and 638–3432N, respectively. Furthermore, thrust force is about 1.1–1.8 times higher 

than cutting force. In the 1990s,König et al. researched the cutting forces of high speed face milling. 

The analysis of results shows that thrust force is about twice of cutting force. The results of test shows 

that the surface roughness ranged from 0.17μm to2.4μm. 
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Table 4 The result of single factor test on cutting forces and roughness 

NO. Speed(m/min) Depth(mm) Width(mm) 
Feed rate 

(mm) 
Fx(N) Fy(N) Fz (N) 

Roughness 

(nm) 

1 300 2 1.5 0.1 2104 1659 2508 0.9 

2 600 2 1.5 0.1 2169 1773 2813 0.75 

3 900 2 1.5 0.1 2570 1946 3141 2.4 

4 1200 2 1.5 0.1 2032 1441 2935 0.8 

5 1500 2 1.5 0.1 1349 1085 2607 0.6 

6 1800 2 1.5 0.1 910 805 2134 0.45 

7 1500 0.5 1.5 0.1 604 351 1048 0.32 

8 1500 1 1.5 0.1 1169 773 1569 0.4 

9 1500 1.5 1.5 0.1 1620 1027 2241 0.45 

10 1500 2 1.5 0.1 2032 1441 2935 0.6 

11 1500 2.5 1.5 0.1 2549 1853 3432 0.83 

12 1500 1 1 0.1 516 452 718 0.18 

13 1500 1 1.5 0.1 719 593 1113 0.23 

14 1500 1 2 0.1 949 746 1321 0.34 

15 1500 1 2.5 0.1 1239 833 1469 0.38 

16 1500 1 3 0.1 1649 1235 1737 0.49 

17 1500 1 1 0.025 526 352 638 0.17 

18 1500 1 1 0.05 739 573 1013 0.25 

19 1500 1 1 0.75 919 646 1321 0.32 

20 1500 1 1 0.1 1169 773 1569 0.4 

21 1500 1 1 0.125 1549 1185 1837 0.53 

 

Fig. 1(a)shows the relation between cutting forces and cutting speed at a cutting depth of 2mm、feed 

rate of 0.1 mm/z and cutting width of 1mm. In high speed milling, the force of the experiment reduces 

along with the increase of cutting speed. The most important reasons for the above trend is the cutting 

temperature, who increases with the cutting speed increasing. The increasing temperature reduces the 

hardness and shear strength of workpiece material and the coefficient of friction between cutter and 

workpiece.  

Fig. 1(b)shows a relation between surface roughness and cutting speed at cutting depth of 2mm and 

a feed rate of 0.1 mm/z. The surface roughness of the experiment reduced along with the increase of 

cutting speed. The reasons for this phenomenon were not for to seek. In high speed cutting process, 

machine tool vibrated obviously. Cutting heat is gradually increasing with the increase of cutting 

speed and does not out of them in time. 

Fig. 2 showed 2D Surface morphology at different cutting speed. According to the two figures,we 

can see 2D Surface morphology in Fig.2(a) is worse than that in Fig.2(b) distinctly. The degree of 

apophysis was very serious in Fig.2(a) and was slight in Fig.2(b).At the same time, these figures 

agreed with the description of theFig.1 and account for the influence of the speed on cutting surface 

roughness. 
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Fig.1 (a) The relationship between Cutting speed and cutting force (b) The relationship between 

Cutting speed and surface roughness 

 

 
Fig.2 (a) 2D Surface morphology at the speed of 900 m/min (b) 2D Surface morphology at the speed 

of 1500 m/min 

 

Fig. 3(a)shows the relation between cutting forces and cutting depth at a best cutting speed of 

1500m/min 、 a feed rate of 0.1 mm/z and cutting width of 1mm. In high speed milling, the cutting 

force of the experiment increased with the increase of cutting depth. The feed force increased with the 

increase of cutting depth too. The thrust force has the same rule with feed force and cutting force in 

Fig.4(a).There were many reasons for this .The first reason for this phenomenon is that cutting heat 

increased with the increase of cutting depth and did not Spread out. The other reason for this is that 

unit volume of Cutting increased as the increase of cutting depth and increased the resistance to 

cutting. The another reason for this phenomenon is that it increased the coefficient of friction between 

cutter and workpiece. 

Fig. 3(b)shows the relation between cutting surface roughness and cutting depth at the same cutting 

speed of 1500m/min、a feed rate of 0.1 mm/z and cutting width of 1mm. The cutting surface 

roughness of the experiment increased along with the increase of cutting depth. The reasons for this 

phenomenon were easy to confirm. In high speed cutting process, machine tool vibrated obviously. 

cutting heat is gradually increasing with the increase of cutting depth and does not out of them in 

time. 

Fig. 4 shows 2D Surface morphology at different cutting speed. According to the two figures,we can 

see 2D Surface morphology in Fig.4(a) is better than that in Fig.4(b) distinctly. Although both Fig.4(a) 

and Fig.4(b) had slight apophysis , stick dust appear in Fig.4(b). At the same time,these pictures 

agree with the description of the Fig.3 and account for the influence of the speed on cutting surface 

roughness.  

a) b) 

a) b) 

apophysis 

 

apophysis 



International Core Journal of Engineering Vol.2 No.6 2016                                                  ISSN: 2414-1895 

 

6 

 

 
Fig.3 (a) The relationship on Cutting depth and cutting force (b) The relationship on Cutting depth 

and surface roughness 

 

 

 

 

 

Fig.4 (a) 2D Surface morphology at 1.0mm of the cutting depth (b) 2D Surface morphology at 2.5mm 

of the cutting depth 

 

Fig. 5(a)shows relation between cutting forces and cutting depth at a best cutting speed of 

1500m/min and a best cutting depth of 1mm.In high speed milling,the cutting force of the experiment 

increased with the increase of cutting feed rate. The feed force increased with the increase of cutting 

feed rate too. The thrust force has the same rule with feed force and cutting feed rate in Fig.5(a). The 

reasons for this are as follows. The first reason for this is that cutting temperature and heat increased 

with the increase of cutting feed rate. The other reason is that the Plastic deformation zone which was 

known as the second deformation zone increased with the increase of feed fate. The last reason for 

this phenomenon is that it increased the coefficient of friction between cutter and workpiece. 

Fig. 5(b)shows the relation between cutting surface roughness and cutting feed fate at the same depth 

of cut of 1mm and the cutting speed of 1500m/min. The cutting surface roughness of the experiment 

increased with the increase of cutting feed rate. The reasons for this phenomenon were not for to seek. 

In high speed cutting process, machine tool vibrated obviously. Cutting heat is gradually increasing 

with the increase of cutting speed and it does not out of them in time. 

Fig. 6 showed 2D Surface morphology at the different cutting speed. According to the two figures, we 

can see 2D Surface morphology in Fig.6(a) is better than that in Fig.6(b) distinctly. The cutting 

surface was very smooth in Fig.6(a).The reason for this was that the little feed rate can lead to the 

process of the high speed cutting was stable. At the same time,these pictures agreed with the 

description of the Fig.1 and accounted for the influence of the speed on cutting surface roughness. 

a) b) 

 

粘
屑

 

b

) 

a

) 
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Fig.5 (a) The relationship on feed rate and cutting force (b) The relationship on feed rate and surface 

roughness 

 

 
 

Fig.6 (a) 2D Surface morphology at 0.05mm of the feed rate (b) 2D Surface morphology at 0.125mm 

of the feed rate 

Fig. 7 shows the SEM micro photos of surfaces of high speed milling at different cutting speeds. Fig. 

7(a) shows the SEM micro photos of surfaces of high speed milling at cutting speeds of 300m/min. 

Fig. 7(b) shows the SEM micro photos of surfaces of high speed milling at cutting speeds of 

900m/min. Fig. 7(c) shows the SEM micro photos of surfaces of high speed milling at cutting speeds 

of 1200m/min. The influence of surface morphology on cutting speed can be seen by Fig.7 . 

According to the SEM micro photos of Fig. 7(a) and Fig. 7(b), surfaces exist cavities metal debris and 

feed marks at low cutting speeds (300 to 900 m/min). According to the SEM micro photos of Fig. 7(c), 

surfaces neither cavities nor metal debris exist at cutting speeds of 1200m/min.    

 

  

a) b) 

a) b) 

smoothness 

apophysis 

a) b) 
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Fig. 7 SEM micrographs of machined surfaces at different cutting speed. a) Surfaces under different 

combinations of ae and fz(v=300 m/min). b) Surfaces under different combinations of ae and 

fz(v=900 m/min).  c) Surfaces under different combinations of ae and fz(v=1,200 m/min). 

3.2 The results of wear of cutting tools 

Fig.8 shows the progressions of tools wear under at different cutting speeds. According to Fig.8, the 

characteristics of tools wear development differ greatly at different cutting speeds. Fig. 9 shows the 

three stages of progression of tools wear.  

The material removal rate is subject to the influence of cutting parameters. According to Fig.8 , the 

tools wear increases rapidly with the change of material removal rate in the initial stage, and the tools 

which are used for  Titanium alloy usually become worn out in the initial stage. The tool wear rate of 

normal wear stage is much smaller than that of initial stage. The tools wear rate is smallest after the 

initial wear stage when the cutting speed of 300 m/min than the other cutting speed. The progression 

of tools wear remain unchanged at the stable wear stage when the cutting speed is 900 m/min. From 

the Fig.8(c),the normal wear stage when the cutting speed is 1200m/min is much shorter than the 

cutting speed of 900 m/min. According to the Fig.8(d), the increase rate of tools wear maintain 

unchanged in three stages. It can be concluded that as the cutting speed increases, the normal wear 

stage becomes shorter, and the tool wear rate grows larger. 

 
Fig. 8 Tool wear progressions under different combinations of cutting parameters a) Tool wear 

progressions under different combinations of ae and fz (v=300 m/min). b) Tool wear progressions 

under different combinations of ae and fz (v=900 m/min).  c) Tool wear progressions under different 

combinations of ae and fz (v=1,200 m/min).  d) Tool wear progressions under different combinations 

of ae and fz (v=1,500 m/min) 

c) 
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Fig. 9 Tool wear stages 

4. Conclusion 

From the results show that the critical cutting speed of Titanium alloys is 900 m/min.The changes of 

behavior of  Titanium alloys when the cutting speed above critical cutting speed is different from the 

stage of critical cutting speed. Traditionally, cutting speeds range of Titanium alloys from 100m/min 

to 750 m/min. However, a conclusion which is a good behavior of Titanium alloys exists at higher 

speeds was obtained. For example, the cutting forces , surface roughness and tools wear rate reduces 

above 900 m/min, which suggests less stress and deformation of cutting tool when the cutting speed 

above 900m/min. Besides,neither cavities nor any metal debris were found when the cutting speed 

above 900m/min. According to the micrographs of tools, Depth of the microvoid was affected by the 

change of micro structural with cutting speed increases. 

The progression of tools wear of YG6 in high speed milling of Titanium alloys are investigated in the 

present study. The cutting speeds of Titanium alloys are selected from 300m/min to 1800 m/min. The 

characteristics of progression of tools wear are identified and analyzed as the orthogonal experiment 

scheme.There are variations of cutting force and tools temperature, both of which are induced by 

different combinations of depth of cut and feed rate. These variations have great influences on wear 

progression of YG6 tools in high-speed milling process of  Titanium alloys. 
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