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Abstract 

 
The machining results varied because of various machining parameters such as feed rate, depth of cut, cutting 

speed, machining time etc. Different material shows different characteristics for the differences in chip size, color, 

type, etc. In this paper, investigations of different materials in different machining conditions performed to develop 

a holistic view of material dependent phenomenon in machining. Experiments carried out by face turning 

operation to evaluate the dominant parameter both in conventional and ultra-precision machining condition. A 

comprehensive analysis carried out to analyze the material dependent machining behavior of chip formation. 

Outcome of this study will help to improve the performance of different materials based on their behavior at 

different machining conditions. 
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1. Introduction 
Now a day, machining different materials with respect to their performance is an interesting subject in industry, 

research and development. Machined parts are significantly influenced by the roughness of surface which affects 

several properties such as; corrosion resistance, fatigue strength, wear resistance, coefficient of friction, ability of 

distributing and holding a lubricant, load bearing capacity, heat transmission, and coating. Therefore, appropriate 

processes parameters are selected to achieve the desired surface quality of such machined parts [1]. Hence, the 

control of the machined surface roughness is essential. Among the various parameters that determine the surface 

roughness is the depth of cut, feed rate and cutting speed [2].  

The advancement in machine tool technology helped to achieve very fine shapes with high accuracy to meet the 

ever-increasing demand for wide range of manufacturing activities. With the development of achievable 

machining accuracy over the years, new classes of machining processes have evolved such as precision and ultra-

precision machining. Precision micro components manufactured by mechanical micromachining (direct removal 

of materials using geometrically defined cutter edges) on conventional precision machines or micro machines [3]. 

The Micro/Nano-scale cutting is fundamentally different from macro-scale cutting due to the differences in 

underlying process mechanisms, resulting changes in the chip formation process, machining forces and machined 

surface characteristics [4]. 

Turning is one of the oldest and most common metal cutting process. The basic elements of turning are the 

workpiece, cutting tool and the machine tool [5]. By controlling the cutting tool, workpiece, and cutting 

conditions, parts made in a machine tool with great accuracy, repeatability and close tolerance [6]. Since the 

cutting tool material is harder than work piece, material removed from the workpiece. The desirable properties 

for cutting tool materials include high hardness, high hot-hardness, high mechanical strength, stiffness and 

transverse rupture strength, high fracture toughness, chemical stability, high fatigue resistance, high heat 

resistance, high thermal shock resistance, adequate lubricity, resistance to adhesion and diffusion respectively [7].  

During the machining process, metal chips produced from the work piece to give it a desired shape. The chip 

formation is a significant aspect in machining as problems with surface finishing and part accuracy caused by 

minute changes in chip formation mechanism [8]. The chips formed may be of continuous, discontinuous, serrated 

and continuous with built up edge type. The types of chips formed in machining process depends upon so many 

factors like diameter of work piece, velocity, feed rate, cutting tool materials, cutting conditions, coolant type etc. 

Thus, in this paper, chip formation characteristics has been correlated to the machining parameters that affects the 

machined surface quality for the differences in material properties in ultra-precision and conventional machining. 
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2. Ultra-precision machining 
Experiments conducted on an ultra-precision lathe, Toshiba ULG-100C (Fig. 1a), for three different materials of 

Al-alloy, Mg-alloy and Cu-alloy using CBN tool at 636.36 rpm by varying the feed rate as described [9].  

 

2.1 Cutting tool, workpiece and machining procedure 
Hollow cylinders with thickness of 1 mm and outer diameter (OD) of 50 mm used as workpiece during the 

orthogonal micro turning experiment under dry condition. Facing of the workpiece undertaken with straight 

cutting edge of the CBN insert as illustrated in Fig. 1 (b). Thus, width of cut was the wall thickness of the 

workpiece. The feedrate varied by keeping the spindle speed at 636 rpm to provide the variation of machining 

mechanics and hence the chip formation characteristics in ultra-precision condition as listed in Table 1.  

 

 
Fig. 1. Experimental setup in Toshiba ULG-100C ultra-precision lathe   

 

Table 1. Cutting Tool, Workpiece and Machining Parameters  

Cutting Tool  Sumitomo CBN insert 2NC-CCGW09T308 

Cutting Tool Properties Hardness 33 GPa, Rake (−25°), Relief (7°) 

Workpiece materials Aluminum alloy 

(Al 6082) 

Copper alloy 

(~60 Cu, ~40 Zn) 

Magnesium alloy 

(AZ91D) 

Hardness HV 104 HV 80.3 HV 62.6 

Cutting speed  100 m/min 

Spindle speed 636 rpm 

Feed rate 

 

0.078 – 12.60 µm/rev 

 
Fig. 2. Effect of feed rate on chip formation of Al, Cu and Mg alloy at cutting speed of 100 m/min    
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2.2 Chip analysis with variation of feed rate  
With the same machining parameters at 100 m/min (636 rpm), the chips produced from the three different 

materials exhibited different characteristics as shown in Fig.2. At small feed rate of 0.078 μm/ rev, all the Al, Cu 

and Mg alloy chips produced were of ‘debris-like’ irregular shape. Rubbing and ploughing is the governing 

material removal mechanism at smaller feed rate resulting such incomplete and discontinuous chip formation. 

With increasing feed rate to 1.26 μm/ rev, visible chips formed. Further increase of feed rate to 12.60 μm/ rev, 

long and continuous chips observed.   

 

2.3 Transition phenomenon (discontinuous to continuous) of chip formation   
‘Debris-like’ chips, produced at smaller feed rate, are not clearly visible in naked eye (in Fig. 2). Hence, μ-chips 

of Cu alloy analyzed under SEM (Scanning Electron Microscope) in order to investigate the chip formation 

mechanics during ultra-precision machining as shown in Fig. 3. At smaller tool in-feed condition, the cutting tool 

experiences significant frictional force as it rubs the workpiece surface and thus discontinuous chips produced. 

Increase of feed rate, material seems to form ‘quasi-lamella’ like structures noticed on the free surface as shown 

in Fig. 3.  Further increase of feed rate renders continuous chip with lamella formation. In this condition, the work 

material removed by shearing mechanism resulting in the formation of solid thick chips. 

 
Fig. 3. Analysis of transition from continuous to discontinuous chips of Cu alloy     

 

2.4 Mechanics of Feed rate response (FRR) on chip formation    
From the above analysis, the material deformation mechanisms of rubbing, burnishing and cutting from the 

conceptual models [10, 11] utilized to develop the FRR (feed rate response) mechanics on chip formation. Three 

distinct mechanics of discontinuous, quasi-continuous and continuous chip formations identified [12] as shown in 

Fig. 4.   

 
Fig. 4. FRR (feed rate response) mechanics on chip formation in ultra-precision machining 
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3. Conventional machining 
Experiments were conducted on a conventional lathe, CS6266B (Fig. 4a), for Al-alloy using a P type carbide 

insert (Fig. 4b) at 500 rpm by varying the feed rate.   

 
 

Fig. 4. Experimental setup in (a) CS6266B conventional lathe (b) orthogonal cutting arrangement      

 

3.1 Cutting tool, workpiece and machining procedure 
Hollow cylinders with thickness of 7 mm and outer diameter (OD) of 45 mm used as workpiece during the 

orthogonal turning experiment under dry condition. Facing of the workpiece undertaken with straight cutting edge 

of the carbide insert as illustrated in Fig. 1 (b). Thus, width of cut was the wall thickness of the workpiece. The 

feedrate varied by keeping the spindle speed at 500 rpm to provide the variation of machining mechanics and 

hence the chip formation characteristics in conventional turning condition as listed in Table 2.  

 

Table 2. Cutting Tool, Workpiece and Machining Parameters  

Cutting Tool  P type carbide insert 

Workpiece materials Aluminum alloy 

Cutting speed  70.6 m/min 

Spindle speed 500 rpm 

Feed rate 

 

0.09 – 0.18 mm/rev 

 
3.2 Chip analysis with variation of feed rate  
With the same cutting speed 70.6 m/min (500 rpm), the chips produced from Al alloy workpiece materials 

exhibited different characteristics for the variation of feed rate as shown in Fig. 5. At small feed rate of 0.11 mm/ 

rev, the Al alloy chips produced were of mostly discontinuous shape. With increasing feed rate to 0.14 mm/ rev, 

continuous and discontinuous chips formed. Further increase of feed rate to 0.18 mm/ rev, long and mostly 

continuous chips observed.   

 
Fig. 5. Effect of feed rate on chip formation of Al alloy at cutting speed of 70.6 m/min    
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3.3 Validation of FRR mechanics of chip formation in conventional machining  
From the above results of conventional lathe with Al alloy, it is found that the behaviour of chip formation is 

much more influenced by the feed rate than the rpm. As shown in Fig. 6, the variation of feed rate produces mostly 

discontinuous, quasi-continuous and mostly continuous chip and hence validate the FRR (feed rate response) 

mechanics developed in Sec 2 (Fig. 4).  

 

 
Fig. 6. Analysis of transition from continuous to discontinuous chips of Al alloy     

 

 

4. Conclusions 
In this paper, the mechanics of chip formation investigated for different materials of Al, Cu, Mg alloy to establish 

the response on the machining parameters. The following conclusions drawn from this study:  

 In precision micro machining when the feed rate is in μm/rev, the chips produced from the three 

different materials (Al, Cu, Mg alloy) exhibited different characteristics. At small feed rate, the 

materials produced ‘debris-like’ chips, while increasing feed rate renders long and continuous chips. 

Analysis of μ-chips under SEM provides three distinct chip formation mechanics (i.e., discontinuous, 

discontinuous+continuous and continuous). Therefore, FRR (feed rate response) mechanics is 

identified for chip formation. 

 In conventional macro machining when the feed rate is in mm/rev, the chips produced from Al alloy 

exhibited different characteristics. Similar to the micro machining, at small feed rate, discontinuous 

chips produced, while increasing feed rate produces mostly long and continuous chips. Careful 

observation of chips shows three distinct chip formation mechanics (i.e., discontinuous, 

discontinuous+continuous and continuous). Hence, the FRR (feed rate response) mechanics is 

validated for Al alloy machining. 
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