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ABSTRACT 
 
 

Metal cutting subjects the material being cut to high strain rates (103 -106/s) and strains>100% 

within the primary shear zone (PSZ). This thesis is aimed at quantitative measurement of the strain, strain 

rate and flow stress in the PSZ in order to provide data that can be used to verify and improve high strain 

rate material models. An experimental study of the cutting forces, chip thickness, and velocity fields in the 

PSZ, has been carried out during the cutting of AISI 4340 steel in three different tempers; hot rolled steel, 

hardness 18HRc, referred to as AISI 4340HR; hot rolled steel with additional 50% cold rolling, hardness 

27HRc referred to as AISI 4340CR; Heat treated (quenched and tempered) steel, hardness 45HRc, 

referred to as AISI 4340HT; and Titanium alloy Ti-6Al-4V. Kennametal make KC510M inserts with edge 

radius 6µm is used for all the cutting experiments reported and is mounted on a tool holder which 

provides a rake angle of 30o and a clearance angle of 4o. The KC510M inserts are used in an effort to 

minimize the side spread of the material. A new type of ultra high-speed camera is used to capture 

sequential and high resolution microphotographs of the PSZ during machining at frame rates ranging 

from a few kHz to 1MHz. The velocity fields are obtained by 2D cross-correlation of sequential images 

and the gradient of the velocity field yields the strain rate field. Each experiment yields four to seven strain 

rate fields from which the average strain rate field is obtained. Average strain rate fields found in multiple 

experiments are averaged to obtain the overall average strain rate for the cutting condition. As the shear 

velocity (Vs) needs to be same throughout the chip width for the chip to be moving as a rigid body, the 

shear angle has to be constant from the sides to the mid-section of the chip. Two independent estimates 

of the shear angle, from the velocity field and from the chip thickness, show reasonable correlation. The 

shear angle from chip thickness is an average over each experiment, while the shear angle from 

velocities is an instantaneous value and is taken to be the true value. The 'indentation' component of the 

cutting forces is calculated from the measured cutting forces using the ratio of flow stress in the PSZ to 

the contact pressure observed in finite element analysis (FEA) simulations. The flow stress along the 

nominal shear plane is computed from the measured shear angle and cutting forces, after removal of the 

'indentation' component. 

The thickness of the PSZ is smaller and the peak strain rate is higher for AISI 4340CR compared 

to AISI 4340HR, due to reduced work hardening. While the forces are found to be nearly the same, the  
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shear angle is larger and the flow stress is smaller for the AISI 4340CR material. For the AISI 4340HT, 

the flow stress is found to be about 10-20% larger compared to AISI 4340HR. The PSZ is typically 

parallel sided and shows a single peak in the CD direction along the PSZ while cutting AISI 4340HR, AISI 

4340CR, AISI 4340HT and Ti-6Al-4V. The strain rate near the cutting edge is high and gradually 

decreases as we move towards the free end while cutting AISI 4340HR and AISI 4340CR. The strain rate 

near the cutting edge and the free end of the PSZ is high but lower in the middle of the PSZ, while cutting 

AISI 4340HT. The mode of deformation while cutting AISI 4340HR and AISI 4340CR is inhomogeneous, 

meaning the same regions of the work material accumulate deformation and the shear ‘plane’ moves with 

the material over time, till eventually switching over to a new shear ‘plane’. 

The high-speed images of the PSZ while cutting Ti-6Al-4V clearly show localized bands of shear 

separated by larger bands of less deformed material, implying the deformation continues to concentrate 

within the same region of the material. The chip is thinner and quantitatively shows that the shear band is 

at the same region with respect to the workpiece. We have compared and contrasted the deformation 

process of Ti-6Al-4V with that of AISI 4340HR and AISI 4340CR. For the same cutting speed and feed, 

the strain rate while machining Ti-6Al-4V is higher and the PSZ narrower when compared to AISI 

4340CR. 
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CHAPTER 1 

INTRODUCTION 
 
 

1.1 Metal Cutting  

Metal cutting is a process widely used to remove unwanted material from the surface of a 

workpiece, by relative motion between a hard, sharp, wedge shaped tool and a softer workpiece. 

Machining induces large strains (ε>1) in the workpiece which occurs in a narrow deformation zone 

referred to as the primary shear zone (PSZ). Large deformations in the narrow PSZ accompanied with 

rapid material movement through it result in strain rates between 104/s to 106/s. Figure 1 shows a 

schematic sketch of orthogonal cutting process and indicates key input and output variables. 

Finite element analysis (FEA) is beginning to be used widely to design machining processes. 

Finite Element (FE) simulations start with the geometry of the workpiece and the tool, and simulate chip 

formation in response to the cutting action of the tool. Accurate analysis techniques, appropriate material 

and friction models are required for accurately predicting the macroscopic variables such as forces, strain 

rate, chip thickness, shear angle and coefficient of friction. The simulations need to be validated by 

comparison of the predictions for these quantities with experimental results. 

The experimental outputs from scientific and technological standpoints include the cutting forces, 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 1.  Schematic sketch of orthogonal cutting 
showing the primary and secondary shear zones. 
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shear angle, peak strain rate along the PSZ, thickness of the PSZ, temperature distribution, contact 

stress and sliding velocity along the tool-work material interface. Some of the process variables namely 

shear angle, forces, strain rate etc. are directly measurable, whereas other quantities cannot be so easily 

measured. Many researchers have tried to measure the stress and temperature distribution along the 

tool-work material interface (Bagchi and Wright, 1987; Wright, 1978; Boothroyd, 1963; Narayanan et al., 

2001; Kwon et al., 2001; Davis et al., 2003; Miller et al., 2003), under special conditions such as the use 

of transparent tools made of sapphire. In these studies, the possible errors in the obtained data are high. 

It is found that the existing material models used in FEA do not yield good predictions of the 

machining process outputs such as forces, shear angle and strain rate in the PSZ. Using the set of 

coefficients available for the Johnson-cook material model for AISI 4340 (Johnson and Cook, 1983; Gray 

et al., 1994; Ng and Aspinwall, 2002), it was found that some set of coefficients were able to match the 

forces by tuning the friction coefficient, but other macroscopic variables such as shear angle, strain rate, 

chip thickness etc. did not match well with the experimental results. This leads to the conclusion that the 

flow stress determined using these coefficients may be accurate for the conditions under which they were 

developed, but a different set of coefficients needs to be developed to determine the flow stress pertinent 

to the conditions prevailing in the metal cutting experiments. 

The split Hopkinson bar (SHPB) test is widely used to generate data for development of high 

strain rate material models for use in FEA. But the SHPB tests are limited to maximum strains of 40-50% 

and strain rates less than 104 /s, far below the conditions encountered in machining (strains>1 and strain 

rates; 104 to 106/s). It is observed that the set of coefficients obtained from the SHPB tests do not predict 

the forces and strain rates well in FEA and it is not possible to establish good correlation between 

experimental and FEA outputs if the starting values of the coefficients are too far off. It is also observed 

that the coefficients of the material model developed from machining outputs are found to predict the 

forces, chip thickness and strain rate better, compared to the SHPB coefficients. 

A standardized approach is therefore necessary to use machining as a high strain rate test. The 

experiments conducted should include a wide range of strain, strain rate and temperature along the PSZ, 

resulting in accurate material models that can closely reproduce the flow stress of materials as a function 

of the strain, strain rate and temperature. 
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The approach in this research has been to use the latest techniques to measure as many of the 

machining process outputs as possible and then use FEA to model the experiments. The inputs to FEA 

(material and friction models) can be subsequently tuned to match majority of the experimental outputs, 

assume FEA results for temperature and stress distributions along the tool-work material contact to be 

accurate, measure tool wear under different conditions of machining, and develop models that can relate 

tool wear to the microscopic conditions existing at the tool-work material contact. This thesis is a report of 

work aimed at obtaining strain rates and flow stress in the PSZ, in addition to other process outputs such 

as shear angle, chip thickness, strain, cutting forces and coefficient of friction, while machining AISI 

4340HR, AISI 4340CR, AISI 4340HT and Ti-6Al-4V under different cutting conditions,. 

1.2 Digital Image Correlation 

To map the velocity and the strain rate fields in the PSZ, digital image correlation (DIC) is 

performed on a sequence of eight images obtained from the machining process with the region of interest 

(see Figure 1) in good focus. Frame rates of 100 kHz to 1MHz are needed to track the movement of a 

material point through the PSZ over the sequence of eight images obtained during machining (Hijazi and 

Madhavan, 2008).  

"DIC is based on the principle that the intensity variation within two images of a deforming target 

captured at two different times can be cross-correlated to obtain the displacement map in the plane of the 

target" (Sutton et al., 1983: Sutton et al., 1991).  

"Each digital image is further divided into square bins referred to as facets and the intensity 

distribution within each facet is correlated with the intensity distribution in the next sequential image to 

compute the shifts of the second facet and the shift which results in the highest correlation is assumed to 

be the true displacement of the facet. The velocity fields obtained from the displacement maps yield the 

strain rate fields" (Mahadevan; 2007). 

1.3 Objective 

This thesis describes the application of a novel high speed camera to measure the strain rate 

fields in machining. The ultra high speed image sequences obtained while cutting AISI 4340HR, AISI 

4340CR, AISI 4340HT and Ti-6Al-4V with a KC510M insert of 30o rake and 4o clearance angle are 

processed by DIC to obtain the velocity field in the PSZ. The gradient of the velocity fields yields the 
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strain rate fields. Data obtained from multiple experiments (usually ten) are averaged to obtain the 

average velocity and strain rate fields for the cutting condition. The experimental data thus obtained helps 

improve the analytical and finite elements models of machining. The cutting conditions used for 

machining AISI 4340HR, AISI 4340CR, AISI 4340HT and Ti-6Al-4V are shown in Table 1. 

"A novel, patent pending, ultra high speed camera system which can acquire image sequences at 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE 1 

CUTTING CONDITIONS AND IMAGING PARAMETERS FOR DIFFERENT TEST 
CONDITIONS. AISI 4340HR WORKPIECE IS 3.4mm THICK, AISI 4340CR IS 2.06mm THICK, 
AISI 4340HT IS 3.81mm THICK AND Ti-6Al-4V IS 3.78mm THICK. ALL MACHINING IS DONE 
WITH A TUNGSTEN CARBIDE TOOL (KC510M_TiAlN COATED) HAVING A RAKE ANGLE 

OF 300, CLEARANCE ANGLE OF 4O AND A CUTTING EDGE RADIUS OF 6μm 
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frame rates exceeding 100MHz is used to obtain all the image sequences reported here. The camera 

system uses pulsed laser illumination to increase the illumination intensity to a high enough level that the 

shot noise is relatively small. Additionally, through a novel technique of using lasers of different colors, the 

laser pulse width (typically less than 5ns) controls the exposure time, without the need for finer control of 

the exposure by a gating device" (Madhavan and Hijazi, 2004). 

1.4 Thesis Organization 

Chapter two talks about the background on the usage of high speed photography in metal cutting, 

metal cutting as a high strain rate test, strain rate distribution in the PSZ, determination of flow stress in 

the PSZ in metal cutting, orthogonal cutting of AISI 4340 steel and Titanium alloy Ti-6Al-4V. Chapter 

three discusses the experimental setup for orthogonal cutting and the high speed camera setup to obtain 

the velocity and strain rate fields. Chapter four elaborates the methods of data processing to achieve the 

desired results. Results are presented in chapters five, six and seven, and discussed. Conclusions and 

future work are detailed in chapter eight. 

  



6 
 

CHAPTER 2 

BACKGROUND 
 
 

2.1 High Speed Photography in Metal cutting 

Many researchers have used various metallographic and high speed photographic techniques in 

an effort to investigate the deformation process in metal cutting using (Kececioglu, 1958; Ramalingam 

and Black; 1973, Komanduri and Brown, 1981). While some methods used printed grids (The, 1975) on 

the sides of the workpiece and material microstructure to study the deformation, not much quantitative 

data was obtained from high seed photography. This can be mainly attributed to the limitation in the 

spatial and temporal resolutions in the cameras and the high strain and strain rate gradients in the PSZ 

while machining. Recently, studies have been reported on using high speed photography to study shear 

banding of metals during high speed torsion testing (Duffy and Chi, 1992) and use of DIC to study strains 

in coatings (Barthelat et al., 2003). 

2.2 Strain Rate Distribution in the PSZ 

Early investigations of the strain rate distribution in metal cutting were aimed at measuring the 

width of the PSZ using quick stop devices in order to estimate the average strain rate within the PSZ 

(Kececioglu, 1958). Oxley and coworkers (Stevenson & Oxley, 1969), investigated the deformation of a 

50 µm square grid placed on inside surface of a split workpiece being cut, using a quick stop apparatus to 

rapidly ‘freeze’ the cutting process. The deformation of the grid was analyzed to determine the 

streamlines of material flow and the displacement strain and strain rate distributions using the method 

developed by Farmer and Oxley (1971). 

Nakayama (1959) was the first to scribe a set of lines on the surface of a workpiece being cut, 

record the deformed pattern using flash photography and estimate the strain and strain rate distribution 

within the PSZ. At the present time, a few research groups continue to carry out observations of the PSZ 

with the goal of understanding the deformation in the PSZ (Madhavan and Hijazi, 2004; Whitenton et al., 

2005; Ravishankar et al., 2005). The approach has changed from trying to estimate the deformation field 

by analyzing a record of the deformed geometry at one time under the assumption of steady state 

deformation, to actually measuring the change in geometry occurring over two closely spaced times to 

derive the deformation field, using closely related techniques such as viscoplasticity, DIC and particle 
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imaging velocimetry (PIV). However, most of the experimental setups yield low resolution images at the 

high frame rates required for metal cutting and consequently the deformation field estimates exhibit low 

spatial resolution and a large amount of noise. 

2.3 Metal Cutting as a High Strain Rate Test 

Merchant's shear plane model of machining assumes that the finite strain required to deform the 

workpiece into the chip occurs along the shear plane AB, which is a plane along which the tangential 

velocity is discontinuous, implying a strain rate of infinity. However, strain hardening and strain rate 

hardening cause the PSZ to be of finite thickness. It is typically found to be parallel sided [Stevenson & 

Oxley, 1969], with a well defined strain rate directly proportional to the shear velocity and inversely 

proportional to the shear zone thickness. 

Many researchers have considered the use of metal cutting as a high strain rate test (Finnie and 

Wolak, 1963; Stevenson and Oxley, 1969; Bailey and Bhanvadia, 1973; Stevenson, 1997; Shatla et al., 

2001; Tounsi et al., 2002; Ozel and Zeren, 2006; Pujana et al., 2007) owing to the high strain rates (104/s 

to 106/s) encountered in the process. However, the strain rate is only approximately estimated, typically 

by assuming the PSZ to be parallel sided and estimating its width using Oxley’s model of machining.  

There is no standard approach developed yet, that has been validated to result in material 

models that correctly predict the material behavior. Typically, the focus is on a narrow range of cutting 

conditions of technological interest. This does not lead to material models that are valid over a broad 

range of conditions. In some cases, cutting experiments are conducted under conditions that produce 

shear banded chips, while models of continuous chip formation are used to estimate the material flow 

stress. Additionally, analytical models used to derive material model coefficients employ many other 

simplifications, such as assuming the indentation component of cutting force to be negligible, assuming 

the shear zone width to be a certain ratio of its length, etc. 

2.4 Flow Stress in the PSZ During Metal Cutting 

Many researchers have explored the possibility of using FEA to simulate the metal cutting 

process. FE simulations are valuable in terms of predicting the machining process outputs such as strain 

rate, forces, strain, temperature and stresses at the tool-work material interface. These outputs further 

lead to predictions on tool wear, tool failure, machinability and surface integrity of machined surfaces. 
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Reliability of the FEA models are heavily dependent on the flow stress models which express flow stress 

of a material as a function of strain, strain rate and temperature. The Hopkinson’s bar technique is widely 

used to obtain flow stress data for materials subjected to high strain rates, strain and temperature similar 

to the conditions prevailing in metal cutting (Usui, 1982; Maekawa, 1983; Obikawa, 1996; Childs, 1997; 

Lee, 1998). This technique has some disadvantages like, the results may not be reliable owing to the 

phase transformation of the specimen (Shirakashi et al., 1983) and the flow stress data obtained is limited 

to strains <1 and strain rates <104/s, far less than the conditions encountered in machining (strain >1 and 

strain rate 104 to 106/s). Oxley (Oxley, 1989) was one of the foremost researchers to propose the use of 

machining as a means of obtaining flow stress data at high strains, strain rate and temperature, which 

was later used by Kumar (Kumar et al., 1997) to obtain flow stress data from FEA using the results of 

orthogonal turning experiments. Ozel (Ozel, 1998) further tried to improve the flow stress determination 

methodology developed by Kumar (Kumar et al., 1997), by incorporating the Zorev’s friction model 

(Zorev, 1963) at the tool-workpiece interface. It is therefore imperative to state that machining has to be 

used as a means to obtain flow stress data at high strains, strain rate and temperatures in order to 

develop constitutive material models for finite element and analytical models. 

The constitutive model proposed by Johnson and Cook is a popular flow stress model in FEA and 

expresses the flow stress of a material as the product of strain, strain rate and temperature. Coefficients 

of the Johnson-Cook (JC) model are derived from the SHPB tests, in which the material is usually 

strained to 40-50%, at strain rates of <104/s. Many researchers have used the JC model to study the 

material behavior at high temperature and strain rates during machining (Lee and Lin, 1998; Meyer and 

Kleponis, 2001; Jaspers and Dutzenberg, 2002) and realized the profound influence of strain rate, strain 

and temperature on the work material flow stress. 

Using the various sets of coefficients from literature for the JC material model for AISI 4340 steel 

(Johnson and Cook, 1983; Gray et al., 1994, Ng and Aspinwall; 2002), it was found from FEA that for 

some combination of coefficients, only the cutting forces could be matched well by tuning the friction 

coefficient and none of the other macroscopic variables matched well. This indicates that the flow stress 

given by these coefficients may be accurate for the conditions under which they were developed but the 

coefficients needs to be quite different for metal cutting owing to the severe conditions of strain, strain 



9 
 

rate and temperature encountered during machining. Using a different set of coefficients (Ng and 

Aspinwall; 2002), it was found that the strain rate and forces were predicted accurately but the predicted 

chip thickness and shear angles were only 2/3rd of the values obtained from experiments. Though there is 

hope that eventually all the macroscopic variables can be matched, it is worthwhile to explore the 

feasibility of using other material models in addition to the JC model such as the Zerilli-Armstrong (Zerilli 

and Armstrong, 1987; Gray et al. 1994), BCJ (Bammann et al., 1996; Chuzoy et al., 2003) and 

Mechanical Threshold Stress models (Follansbee and Kocks, 1988; Banerjee, 2007). 

2.5 Orthogonal Cutting of AISI 4340 Steel 

Komanduri et al. (1982) studied the conditions leading to 'catastrophic shear instability' during 

high speed machining of AISI 4340 (325 BHN) at different cutting speeds. Examination of the midsections 

of the chips revealed instabilities in the cutting process, which led to 'cyclic' chip formation. Chips were 

found to be discontinuous below speeds of 30-60m/min, continuous in the speed range 30-60m/min and 

instabilities were observed at speeds exceeding 60m/min. Chips showed 'catastrophic shear bands', 

separated by regions of less deformed material, similar to the chips observed when machining titanium 

alloys. The speeds at which decohesion of the chip segments takes place was found to have a bearing on 

the material microstructure and hardness. The deformation in the secondary shear zone was found to be 

negligible, similar to the behavior of titanium alloys in machining.  

Lee and Yeh (1997) performed experiments to determine the dynamic stress-strain behavior of 

AISI 4340 under conditions involving high strain rate and temperate using the 'split compression 

Hopkinson bar'. The flow stress for the material was found to increase with strain rate and decrease with 

the test temperature. The strain hardening exponent ‘n’ decreased sharply with a rise in temperature and 

strain rate, but the relationship was found to be non-linear. Micro structural observations revealed that the 

dislocation and precipitate features are strongly dependent on the strain rate and temperature. A flow rule 

was thus proposed adapting the effects of strain rate, strain hardening and temperature for describing the 

material’s deformation behavior. 

Lima et al. (2007) investigated the turning process of hardened AISI 4340 using coated carbide 

inserts. The dry turning process study was conducted on four different specimens of AISI 4340 subjected 

to different heat treatments, resulting in different hardness values. The cutting force was found to 
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increase with the material hardness and decrease with an increase in cutting speed. It was found that the 

coated carbide tool was unable to turn AISI 4340 (quenched and tempered to 525HV), even at light feeds, 

owing to the catastrophic failure of the cutting edge. 

Belhadi et al. (2005) studied the physical phenomenon resulting in the formation of serrated chips 

when turning heat treated AISI 4340 (47HRc). A strong correlation seemed to exist between the chip 

morphology and chip segmentation with the cutting force signals. Chip segmentation frequency was 

found to increase with increase in cutting speed and decrease with an increase in feed. The saw tooth 

chip formation was attributed to adiabatic shearing at the tool tip which propagated towards the free end 

of the chip. 

AISI 4340 steel (AISI 4340HR and AISI 4340HT) is widely used in the aerospace industry and 

was the material of interest in our tool wear project funded by Cessna. This was the reason for our shift in 

focus from AISI 1045 steel to AISI 4340 steel over the last two years. 

2.6 Orthogonal Cutting of Ti-6Al-4V 

Lee and Lin (1998) studied the deformation behavior of Ti-6Al-4V at high temperatures using the 

split Hopkinson bar. A Ti-6Al-4V alloy specimen was deformed by varying the temperature in the range 

700-1100OC at a constant strain rate of 2x103 s-1. A deformation test was also carried out a room 

temperature to determine the ‘basic mechanical properties’ of Ti-6Al-4V. It was found that temperature 

had a major effect on the deformation process and the material strength and work-hardening were 

drastically affected with changes in the temperature. The material strength and work-hardening were 

found to decrease with an increase in the deformation temperature. Flow stress in terms of stress, strain 

and strain rate was expressed using the JC model and the parameters of the model were derived from 

the stress-strain curves obtained at various temperatures. A good match between the experimental and 

calculated values of flow stress was found using the parameters determined for the JC model. Adiabatic 

shearing was found to be the predominant mode of deformation and was found to increase with an 

increase in temperature. The micro hardness values were found to increase both in the matrix and the 

adiabatic shear band with an increase in temperature. 

Meyer and Kleponis (2001) studied the high strain rate behavior of Ti-6Al-4V under ballistic 

impact. Constants for the JC and Zerrili-Armstrong (ZA) models were generated using high strain data 
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obtained from the Hopkinson bar test data. Ballistic impact tests and simulations were done to see the 

prediction of the flow stress using JC and ZA high strain rate models in relation to the experimental 

results. The ZA model was found to 'represent the ballistic behavior of Ti-6Al-4V' better compared to the 

JC model despite the fact that the ZA model is not recommended for applications involving temperatures 

exceeding one-half the material’s melting temperature. It was found that the JC though adequate for the 

temperature range involved in the study did not perform well compared to the ZA model, attributable to 

the lack of temperature data and the use of a reference strain rate of 1/s. 
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CHAPTER 3 

EXPERIMENTAL SETUP 
 
 

3.1 Cutting Setup 

The cutting experiments were carried out on a linear cutting setup built around a high speed 

linear slide as shown in Figure 2. The work piece in the form of a plate of constant thickness is held on 

the linear slide and moved past a stationary tool. The linear slide is driven by a linear motor capable of 

cutting at speeds ranging from 1mm/s to 4.5m/s, with a cutting force up to 2100N. In each experiment, the 

workpiece is accelerated to a constant velocity, is cut by the tool, decelerated to a halt, moved back to the 

starting position and is then ready for the next experiment. The depth of cut is set using the feed slide 

shown in Figure 2b and steady state cutting in terms of forces, chip curl and chip thickness is typically 

achieved during the first 10-15mm of cutting. The cutting tool is held rigidly on a dynamometer that 

measures the cutting and thrust forces. Coefficient of friction is computed from the measured forces and 

the rake angle. The chip produced for each experiment is collected, weighed and saved. The chip 

thickness is measured as discussed in more detail in section 4.10. Shear angle is calculated from the 

average chip thickness of a cutting condition and is also computed from the work and chip velocities for 

each experiment. The cutting edge of the tool, the top surface of the tool (which shows up in the high 

speed images) and the workpiece are cleaned with acetone after each cut to remove the metal debris. 

For the experiments involving AISI 4340HT, after the tool is cleaned with acetone, a drop of lubricant 

(Ultracut 375R) is applied on the cutting edge to reduce the friction during cutting. Note that lubricant was 

not

3.2 Camera Setup 

 used for the set of experiments on AISI 4340HT under the cutting condition; cutting speed 1m/s and 

50µm feed. 

An ultra high speed camera built around a stereo microscope (Hijazi & Madhavan, 2008) was 

used to capture micro-photographic image sequences of the PSZ during cutting. The camera is oriented 

and positioned with respect to the cutting edge of the tool as shown in Figure 2 so that the region of 

interest, shown in Figure 1, namely the region around the PSZ is in focus. The camera set-up consists of 

four cameras, attached to a Leica MZ16 Stereo Zoom microscope. The Programmable Timing Unit (PTU) 
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2x objective lens 
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Figure 2. (a) Close-up of the linear slide setup and orthogonal machining of AISI 4340HR (b) Ultra high-sped camera setup for viewing the 
orthogonal cutting. 
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controls the exposures of the first and second frames of the cameras and the timing of the laser pulses, 

and is in turn controlled by the DaVis® software. 

The custom built ultra high speed 3D Strain Master high speed photography and DIC system 

consists of four SensiCam QE™ dual frame cameras built around a Leica MZ16 Stereo Zoom 

microscope. The microscope has two objectives, 1x and a 2x. The 2x objective has a spatial resolution of 

860 lp/mm, which corresponds to a minimum feature size of 1/(2x860)= 0.6µm. The system has a variable 

zoom from 0.71x to 11.5x and a co-axial adapter of 1.5x, resulting in total optical magnification at the 

image plane from 1.06x to 34.5x. The image seen in the SensiCam QE™ camera has a pixel size of 

6.45μm, from which it can be seen that each pixel corresponds to a 0.27μmx0.27μm region of the 

workpiece surface at 24x magnification. Most of the experiments reported here have been carried out 

using the 2x objective and at 8x zoom totaling to an optical magnification of 24x. 

Dichoric beam-splitters in the light paths and narrow-band-pass filters in front of the cameras 

ensure that the each of the four illumination wavelengths (440nm, 532nm, 650nm and 600nm) reaches 

only the intended camera. The narrow-band-pass filters also help in reducing the effect of ambient light 

on the second frame of the dual-frame cameras. Each of the SensiCam QE™ cameras is capable of 

capturing two 1376x1040 pixel images with a minimum interframe separation of 500ns. Illumination 

pulses of duration 5ns in four different colors (blue, green, red and orange) are generated using four dual-

cavity, Q-switched Nd:YAG lasers. The PTU and DaVis® software control the exposure of the first and 

second frames of the cameras, as noted earlier. This system is capable of acquiring images at frame 

rates ranging from a few kHz to 100MHz. The PTU has a time resolution of 50ns and therefore can run 

the camera system at frame rates up to 200MHz. 

As seen in Figure 3, a pair of cameras shares one viewing axis of the microscope and the two 

viewing axes are separated by an angle of 17O. The advantage of a stereo microscope is that either a 2D 

sequence of eight images or a 3D sequence of four image pairs, suitable for DIC, can be obtained. The 

2D sequential images are corrected for distortion resulting from observing the target from different 

perspectives before cross-correlating them to obtain the velocity field. All the results reported here are 

from 2D sequences (eight images in an experiment), cross-correlated to obtain four (sometimes seven) 

velocity fields and the corresponding strain rate fields. 
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The high speed camera is triggered to record image sequences after steady state cutting is 

achieved, at frame rates from 1000-1000,000 frames/sec, depending on the cutting speed and feed. The 

cutting tool is stationary and rigidly held on a dynamometer, which measures the cutting and thrust forces. 

The coefficient of friction ‘µ’ is computed from the forces after removal of the indentation component. The 

chip thickness for each set of experiments is computed by taking high magnification photographs of a few 

representative chips (a single curled chip is produced in each experiment), mounted in epoxy and 

polished for metallographic examination. The Shear angle 'φ' for each experiment is calculated from the 

average chip thickness and also from the work and chip velocities. 

3.3 Camera Triggering and Image Acquisition 

A trigger circuit is used to trigger the cameras and lasers at the required time during cutting. 

Typically the images are acquired after about 10-15mm of material, at which the forces are stabilized (see 

Figure 7). 2D image sequences which yield eight images in an experiment are recorded at eight different 

times, t1 through t8 and further processed by 2D cross-correlation to get a displacement map. Velocity 

field at time ti+ti+1 can be obtained by dividing the displacement by the time interval between the images. 

Initially, the zoom factor on the stereo microscope is set at a low value (2.5x corresponding to a 

magnification of 7.5x at the image plane) to study the mode of chip formation. Subsequently, the optical 

magnification is increased to zoom in around the region around the PSZ (see Figure 1) and the framing 

rates are increased to quantitatively study the deformation process in the PSZ. The pixels size and field of 

view corresponding to different optical magnification used in the experiments are reported in Table 1. 

3.4 Calibration of Camera Parameters for DIC 

Calibration for camera parameters is done for the magnification setting of 8x on the stereo 

microscope which corresponds to a total magnification of 24x at the image plane with the 2x objective, 

commonly used for the experiments. Calibration is carried out using planar calibration plates which 

possess 2D arrays of circles with pre-defined centre distances. The calibration plate defines the X-Y 

coordinate system for the object plane. Figure 4 shows a calibration plate with circles spaced 20μm apart 

from one another and typical calibration parameters for 24x optical magnification.  

The calibration plate is placed perpendicular to the viewing axis of the stereo zoom microscope 

and adjusted in a way that all the circles on the calibration plate come into focus simultaneously when the 
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plate is moved closer and away from the objective lens. The plate movement is controlled through a 

differential micrometer whose least count is 0.5μm. The calibration plate is imaged a five equally spaced 

pre-determined intervals spanning the depth of field of the optics. "With knowledge of the circles in the 

images, their movement during translation of the calibration plate and spacing of the circles, internal and 

external parameters are fitted using a pinhole model. Internal parameters include pixel size, location of 

principal point, pixel aspect ratio, lens focal length and radial distortion of the lens, while the external 

parameters include the rotation and translation of the cameras viewing direction with regards to the 

calibration plate. The rms error in the position of the circle centers and the radial distortion is found to be 

less than one pixel" (Mahadevan, 2007). 

"The accuracy of calibration is checked by moving the calibration plate to know positions along 

the Z-axis, recording stereoscopic images at these locations and computing the location of the location 

plate (in the Z-axis). It is found that the accuracy of calibration is within 4μm in the Z-axis for the 24x 

magnification" (Mahadevan, 2007). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Schematic of the ultra high speed camera showing the stereo 
microscope, four dual frame cameras and four dual cavity lasers. 
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Figure 4. (a) 20µm grid spacing calibration plate (b) Calibration parameters obtained for the 24x 
optical magnification (Mahadevan, 2007). 
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CHAPTER 4 

METHODS AND DATA PROCESSING 
 
 

4.1 Specimen Preparation 

The specimen for machining tests on AISI 4340HR was prepared from 4mm thick cross-sections 

of a 50mm diameter hot rolled bar stock possessing a hardness of 18HRc. The 4mm thick specimen was 

milled and ground to reduce it to 3.4mm and cut into two along a diameter to result in two semi-circular 

specimens 50mm long and 25mm wide. For the cutting experiments, the specimen is held such that the 

cutting direction is parallel to the diameter of the semi-circle. With a view to obtain a broad range of strain, 

strain rate and temperature in the PSZ, a wide range of cutting conditions were used. The cutting 

conditions are shown in Table 1. 

In some experiments, AISI 4340HR pre-strained 50% by cold rolling, were cut to study the effect 

of additional strain on the flow stress in the PSZ. Pre-straining was accomplished by cold rolling the 

specimen on a lab roll, using a Nikal® lubricant, with the rolling direction parallel to the diameter of the 

semi-circle. The thickness of the specimen was reduced from 3.4mm to 2.08mm in about 11 passes, then 

ground to 2.06mm to make the specimen faces parallel to each other. The width of the specimen was 

also found to increase, albeit less than the length, indicating a state of strain somewhere between plane 

strain and plane stress, and the thickness reduction corresponds to a cumulative equivalent pre-strain 

between 0.5 and 0.577. The hardness of the pre-strained specimen was found to be 27HRc. 

The same cutting conditions used on the AISI 4340HR were also used to cut the pre-strained 

specimens. With a view towards scanning a larger range of strain rates, two low speed tests at 0.1m/s 

and 0.01m/s were added. 

The specimen for machining tests on AISI 4340HT was prepared from the raw material supplied 

by Cessna for machining the landing gear axle. The raw material, with a centre bore running through the 

length of the part, was supplied after heat treatment (quenched and tempered to 45HRc) as per Cessna 

standard heat treatment procedure. The specimen for the machining tests was obtained by slicing a 

portion of the raw material along its length. The workpiece thus obtained was milled and ground to obtain 

a rectangular specimen 2.8"L x 1.2"W x 0.15"T, which was further cut into two pieces to result in two 

workpieces 1.4"L x 1.2"W x 0.15"T for the machining experiments. 
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The specimen for machining tests on Ti-6Al-4V was prepared by cutting out a rectangular 

specimen from a Ti-6Al-4V plate, 0.14in thick. The specimen thus obtained was milled to make the faces 

parallel to each other to result in a specimen with dimensions; 1.4"L x 1" W x 0.14" T. 

4.2 Specimen Polishing and Etching for Cutting Experiments 

The AISI 4340 steel specimens as obtained from the previous step were ground, polished and 

etched to reveal the microstructure. The AISI 4340 specimens were ground on silicon carbide papers with 

progressively decreasing grit sizes in the order P200, P500, P800 and P1200. The specimen does not 

rotate during grinding/polishing but is held firmly (usually the 3 'o' clock position) on the paper. The 

specimen is moved across the diameter of the paper at pre-defined time intervals to enable contact with 

fresh abrasives. Grinding on each paper produces a set of parallel scratches on the specimen and the 

specimen is rotated by 90O relative to the previous grinding step when starting grinding on a new grit size 

paper. This helps to ensure that the set of parallel scratches from the previous grinding step have been 

removed. The specimen is rinsed with water between the grinding steps to remove the grinding debris. 

After grinding, the specimens were polished using diamond particles sprayed on to a woven wool cloth by 

a diamond dispensing unit (Mager® rayon fiber cloth for polishing with 9μm diamond and woven wool 

cloth for 1μm diamond polishing). Polishing was done in 3 stages using diamond suspensions of particle 

size in the order 9µm, 3µm and 1µm, which results in a scratch-free, mirror like surface on the specimen. 

The polished surface was etched with 2% nital to reveal the microstructure. 2% nital is the most 

commonly used etchant for carbon and low-alloy steels. 2% nital is a mixture of 2mL nitric acid 

(concentrated) and 98mL ethyl alcohol and reveals the ferrite grain boundaries and other constituents. 

Figure 5 shows the microstructure of AISI 4340HR and AISI 4340CR etched specimens and a chip 

obtained while machining AISI 4340CR at 3.3m/s, 100µm feed with KC510M insert of rake angle 30O and 

edge radius 6µm. The procedure described above is applied to AISI 4340HR, AISI 4340CR and AISI 

4340HT. 

"Since titanium is prone to mechanical deformation and scratching, it requires a chemical-

mechanical polish to achieve a scratch-free, mirror like surface" (Taylor & Weidmann; 2010). However for 

DIC, a reasonable surface with features that can be resolved is adequate. For this purpose, the Ti-6Al-4V 

specimen was also polished according to the procedure described above and it was found that the 
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surface features were nicely resolved during DIC resulting in accurate velocity and strain rate fields.  

4.3 Cutting Edge Radius Measurement 

All cutting experiments reported here were done using Kennametal KC510M inserts held on a 

tool holder which provides a rake angle of 30O and a relief angle of 4O. The tool was held stationary on a 

dynamometer and the workpiece was machined by sliding it relative to the tool with the desired cutting 

speed and feed. The KC510M inserts have an edge radius of ~6µm and are TiAln coated. These inserts 

were selected for the experiments as the cutting edge radius is small compared to most of the 

commercially used milling and turning inserts, in effect reducing the indentation force while machining and 

resulting in accurate estimation of flow stress along the PSZ. 

 

(b) 

Figure 5. (a) Microstructure of AISI 4340HR specimen at 50x magnification, shows large grains 
of ferrite (lighter regions) with pearlite (darker regions) (b) Microstructure of AISI 4340CR 
specimen at 50x magnification showing ferrite and pearlite and the rolling direction (Rd) (c) 
Microstructure of a chip at 10x magnification obtained while machining AISI 4340CR at 3.3m/s, 
100µm feed with KC510M insert of rake angle 30o and edge radius 6µm. Bands of ferrite 
(lighter regions) and pearlite can be seen in the cross section of the chip. Chips are continuous 
without any shear banding, consistent with the high speed images shown in Figure 28 and 
Figure 29. Extensive shearing observed along ferrite (shown as green circles on the 
microstructure). 
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The cutting edge radius of the inserts was measured on an ADE Phase shift MicroXam 

Interferometric Surface Profiler which works on the principle of white light interferometry. Using the 

properties of white light and the light reflected from the surface at the image plane, the surface profiler 

maps minute surface height variations. The cutting edge radius of the inserts was measured by setting up 

the insert under the profiler and scanning the cutting edge at 50x magnification using an Interferometric 

objective with a scan depth of 100µm. The scan depth of 100µm is intended to map features on the rake 

and flank face, which are the two planes whose intersection yields a cutting edge of a finite radius. The 

piezo of the worktable helps achieve accurate control on the scan depth and scan rate. 

A line segment profile of the scan perpendicular to the cutting edge gives the cutting edge radius. 

The line segment profile is averaged over a certain length parallel to the cutting edge to smooth out the 

variations in the edge radius measurements at a measurement point on the cutting edge. Similar scans 

are done over the length of the cutting edge used for cutting experiments (which is equal to the workpiece 

thickness), to arrive at an average value of the cutting edge radius. Similar procedure is used to measure 

the cutting edge radius after cutting to determine the edge wear after cutting. Figure 6 shows a 3D profile 

obtained by scanning the cutting edge after cutting experiments, region over which the line segment 

profile is averaged and the line segment profile indicating the cutting edge radius. 

4.4 Forces and Flow Stress Measurement 

All the cutting and thrust force reported here, except the forces for experiments on AISI 4340HT 

were measured using a four component piezoelectric Kistler® 9272 dynamometer, on which the tool 

holder is held. The forces reported for experiments on AISI 4340HT were recorded using a three 

component Kistler® 9367B dynamometer. The charge outputs of the piezoelectric transducers 

proportional to the forces are converted to an output voltage by amplifiers. This is digitized by a DAQ card 

and stored. The voltages recorded are converted into cutting and thrust forces by multiplying with the 

scales set on the amplifiers. The cutting and thrust forces are averaged over the steady-state region for 

each cut.  
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The forces are further processed to remove the 'indentation component'. “From the results of 

many FEA simulations, it is found that the flow stress is nearly constant along the PSZ, including in the 

region near the cutting edge. It is a well known fact that the indentation pressure (or hardness) is three 

times the flow stress of the material being indented. However from results of FEA of machining it is 

observed that the indentation pressure is typically only about 1.5 times the flow stress. The indentation 

force is obtained by multiplying the indentation pressure by the projected area of the indenter (which is a 

 

 

 

(a) (b) 

(c) 
Figure 6. (a) Cutting edge scan obtained by profilometry of KC510M insert showing the region over 
which the line segment profile is averaged to get the edge radius (b) 3D profile of the KC510M insert 
cutting edge (c) Line segment profile perpendicular to the cutting edge showing the cutting edge radius 
measurement. 

Cutting edge radius: 5.61µm Kennametal 
KC510M insert 
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function of the cutting edge radius and the rake angle). Thus, assuming that the flow stress at the tip of 

the indenter is uniform and equal to that along the PSZ, and assuming a ratio of 1.5 between the 

indentation pressure and the flow stress, the magnitude of the ‘indentation force’ is obtained. The 

direction of action of the indentation force is taken to be along the angle bisector of the central angle 

subtended by the arc of the cutting edge in contact with the work material, as would be expected for 

indentation. The indentation force vector is subtracted from the cutting forces, which are then used to re-

calculate the flow stress along the PSZ. The calculation proceeds iteratively (since the indentation force is 

a function of the flow stress) till convergence is achieved” (Deshpande, Madhavan & Al-Bawaneh, 2009). 

For the KC510M inserts used, with the cutting edge radius of 6μm (see Figure 6), the indentation 

force is typically found to be about 12-20% of the cutting force. The flow stress is calculated from the area 

of the shear plane and the shear force Fs, where Fs is obtained from the cutting and thrust forces 

compensated for indentation. Coefficient of friction ‘µ’ is computed from the cutting and thrust forces 

compensated for indentation; 

µ =
F′t + F′c ∗ tanα
F′c − F′t ∗ tanα

 (1.1) 

where F’t is the indentation compensated thrust force and F’c is the indentation compensated cutting 

force. Figure 7 shows a typical force plot and the steady state region over which the forces are averaged. 

It can be seen that steady state is achieved during the first 10-15mm of cutting, as noted previously. 

4.5 DIC of High-Speed Images to Obtain the Velocity Fields 

The high speed photographic sequences obtained are processed using DIC to obtain the spatial 

velocity field. Each image is split into square facets, starting with a facet size of 256 x 256 pixels and 

progressively decreasing to 64 x 64 pixels. The progressive decrease in facet size is required to 

determine the overall location of each facet robustly. The facets also overlap each other by 87%, which 

increases the spatial resolution of the velocity vectors computed; for instance, 64 pixel facets with 87% 

overlap result in a velocity vector at each node for a 2D grid of side of 8 pixels. For the 24x magnification, 

this corresponds to a spatial resolution of 2µm in the velocity and strain rate fields. Figure 8 shows a 

schematic illustration of the DIC process and a sample velocity field obtained by DIC. 
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The gradient of the velocity field 

yields the strain rate. Each 

experiment yields a sequence of 

eight 2D images from which four 

strain rate fields (sometimes up to 

seven strain rate fields) are 

obtained. The strain rate fields 

are averaged over time and the 

average strain rate field thus 

obtained is rotated such that the 

PSZ is horizontal. A rectangle is 

extracted from the middle one-

third of the PSZ and the peak average strain rate in the CD direction is obtained. From the strain rate 

profiles, it is observed that the PSZ is parallel sided and shows higher strain rates near the tool tip and 

reduces gradually towards the free end while machining AISI 4340HR and AISI 4340CR. Bands of large 

strain were observed parallel to the rake face and the machined surface arising from the relative motion 

between the tool and work material. Figure 9 shows a typical sequence of eight images, the strain rate 

fields superimposed on the velocity fields, the rectangle along the centre of the PSZ over which the strain 

rate profiles are averaged and a typical profile of the strain rate. 

4.6 DIC of High-Speed Images to Obtain the Strain Rate Fields 

The DaVis software automates the steps in 2D DIC of the acquired images to compute the 

displacement fields on the surfaces under observation. Each displacement vector is divided by the time 

interval between the images (captured at times t1 and t2) to obtain the velocity field at time (t1+t2)/2. The 

strain rate field is computed using the central difference scheme from the spatial gradients of the velocity 

field. For instance; 

The strain in the x-direction at grid position (i,j) (see Figure 10) is; 

𝜀𝑥𝑥
𝑖,𝑗 =

𝑢𝑥
𝑖+1,𝑗 − 𝑢𝑥

𝑖−1,𝑗

2𝛥𝑥
 

(1.2) 

 

 

 

Figure 7. (a) Cutting and Thrust force graph while cutting AISI 
4340CR at 1m/s and 50μm feed, using a tool of rake angle 
30O and edge radius 6μm. Note that the forces stabilize 
during 10-15mm of cutting. 
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Similarly, the strain in y-direction is; 

𝜀𝑦𝑦
𝑖,𝑗 =

𝑢𝑦
𝑖,𝑗+1 − 𝑢𝑦

𝑖,𝑗−1

2𝛥𝑦
 

(1.3) 

Shear strain in the X-Y plane; 

𝛾𝑥𝑦
𝑖,𝑗 = �

𝛿𝑢𝑥
𝛿𝑦

+
𝛿𝑢𝑦
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2𝛥𝑥
 

(1.4) 

The maximum shear strain (MSS) is; 

𝑀𝑆𝑆𝑖,𝑗 = 𝛾𝑚𝑎𝑥
𝑖,𝑗 = ��

𝜀𝑥𝑥
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(1.5) 

and maximum shear strain rate (MSSR) is; 

𝑀𝑆𝑆𝑅 = �̇�𝑚𝑎𝑥
𝑖,𝑗 =

𝛾𝑚𝑎𝑥
𝑖,𝑗

𝛥𝑡
 

(1.6) 

Figure 10 shows a schematic illustration of obtaining the strain rate fields through DIC.  

"To reduce the dynamic variations in the strain rate field, the average strain rate field is obtained 

as follows. The MSSR fields in an experiment are aligned with respect to one another and then averaged 

together. The procedure is done on all the experiments of a cutting condition. The averages of the 

individual experiments are then averaged together to get the grand average MSSR field for the cutting 

condition. For averages of individual experiments as well as across experiments, a 'shift and rotation' 

correction is carried out as a part of DIC to ignore the differences in the orientation and position of the 

shear plane from experiment to experiment. For the 'shift' correction, some features near the cutting edge 

which are in good focus and can be traced in all the images is selected through a 64x64 pixel window and 

for the 'rotation' correction, three windows (64x64) are selected on the PSZ. This procedure is carried out 

so that the average distribution within the deforming region of the material can be obtained, regardless of 

the shear plane angle or position. This method of processing preserves the peaks as well as the width of 

the PSZ, and provides a good estimate of the maximum strain rate suffered by the material as it passes 

through the PSZ"(Mahadevan; 2007). All the average strain rates along the CD direction and the peak 

equivalent strain rates reported in this thesis are obtained by the procedure described here.
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Figure 8. (a) Digital image correlation between images obtained at two different times (t0=0μs and 
t1=10μs) while machining AISI 4340HR at 1m/s and 100μm feed with a tool of rake angle 30O and 
edge radius 6μm (b) Strain rate field obtained through DIC shown as background to the velocity 
field. 
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Figure 9. (a) Sequence of eight images taken at a frame rate of 1MHz while cutting AISI 4340HR at 3.3 m/s with a feed of 100μm using a tool of rake angle 30O 
and edge radius 6μm. The tool is stationary and the work piece moves past the tool at the specified cutting velocity. The chip flows up as shown in the image at 
time t=0µs. The PSZ and the boundaries of the tool are also shown. It can be seen that a continuous chip is formed. The images are shown with a color palette 
representing the image (b) Strain rate fields superimposed on the velocity fields (c) PSZ is rotated to make it horizontal and a strain rate profile is extracted 
along the CD direction by averaging the strain rate profiles within the rectangular zone shown.(d) A strain rate profile. 

(a) 

(b) 

(c) (d) 

Tool 
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Figure 10. Schematic illustration showing the correlation of the facets to obtain the 
displacement vectors and the formulas used for obtaining the strains. 

Dividing the displacement vector by the time interval between a pair of images, velocity at 
time (t0+t1)/2 is obtained  

 

Overlapping facets in x 
and y directions for DIC  
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4.7 Finer Facet Processing of Sequential Images - AISI 4340HR and AISI 4340CR 

For each set of experiments, processing of some images was carried out at higher spatial 

resolutions down to 4x4 facet sizes to see if additional features of the PSZ can be resolved. The two 

images of camera 1 from experiment#29 obtained while machining AISI 4340HR at 3.3m/s and 100µm 

feed using KC510M insert of edge radius 6µm and rake angle 30o were processed at different spatial 

resolutions to see if the features along the PSZ could be resolved better. Finer facet processing down to 

4x4 pixels with 50% overlap added more clarity to the PSZ, and showed two discrete shear bands along 

the PSZ, which is not observed usually and seemed to be a special case. This experiment was chosen 

specifically to study the effect of different facet sizes and overlaps on the width of the PSZ and the peak 

strain rate encountered. Figures 11 and 12 show the processing results with finer facet sizes along with 

the corresponding strain rate profiles. For processing conditions that do not introduce substantial noise in 

the region of good focus, the spurious noise within the PSZ is also expected to be small, by virtue of our 

selecting and processing only the images which show good focus in the PSZ. The 'baseline' noise level, 

observed outside the PSZ is normally attributable to the poor focus in these regions, as well as to the limit 

of resolution of displacement by DIC. Thus the baseline noise will limit the accuracy of determination of 

the peak strain rate as well as the width of the PSZ, if the processing resolution is made too fine. Note 

that the random noise will give rise to strain noise of opposite signs at neighboring grid points; for 

instance, a positive error in displacement ui,j will give rise to a positive error in strain 𝜀𝑥𝑥
𝑖−1,𝑗 and a negative 

error in strain  𝜀𝑥𝑥
𝑖+1,𝑗. 

Table 2 shows the comparison of total strain computed from the inlet and exit velocities of the 

PSZ and through integration of the strain rate along stream traces for different processing resolutions. It 

can be seen that for coarser facet sizes, the average velocity and thus the strain is computed accurately 

when compared to the expected values from kinematic analysis. However, it is always desired to achieve 

the optimum spatial resolution in the strain rate data by decreasing the facet sizes and increasing the % 

overlap between the neighboring facets. Finer facet processing down to 4x4 pixels with 50% overlap, 

which results in a velocity vector every 2 pixels/0.5µm, was done on a few images to check the accuracy 

of the strain rate computations. Velocities and the corresponding strain were calculated for each 

processing step and compared with the expected value from kinematic analysis. Finer spatial resolutions 
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increase the noise in the strain calculations resulting in spurious strain rates, which in turn make the total 

strain (by integrating the strain rate) greater than the strain expected based on kinematic analysis. 

For kinematic analysis, the average work (Vw) and chip (Vc) velocities at the entry and exit of the 

PSZ are computed. Shear strain (𝛾𝑘) can then be computed as the change in velocity divided by the 

velocity perpendicular to the change in velocity; 

𝛾𝑘 =
𝑉𝑐 − 𝑉𝑤
𝑉𝑝𝑒𝑟

 
(1.7) 

If the DIC process has resolved the velocity field accurately and if the deformation field is 

substantially steady over time, this will equal the shear strain a point on the material must suffer when it 

travels through a stationary velocity field equal to the velocity field observed here. The shear strain which 

is accumulated by any material point as it passes through the PSZ can be calculated by integrating the 

incremental strains along the streamlines; 

𝛾𝑑 = � �̇�
𝑠𝑡𝑟𝑒𝑎𝑚𝑙𝑖𝑛𝑒

𝑑𝑡 (1.8) 

The strain calculated by integration is used to estimate the error in the velocity and strain rate 

fields computed by different methods of vector processing as shown in Table 2. 

Based on the observations made in Table 2, it can be concluded that owing to the noise in the 

strain rate fringe plots, optimum results can be obtained by processing the images with a facet size of 

32x32 with an overlap of 87%. It can also be further observed that the use of a low pass filter such as a 

LES (Large Eddy Simulation) decomposition (LaVision, 2006) helps reduce the high frequency noise. 

Different cutoff wavelengths can be specified for this filter and a wavelength equal to two data points 

(LES2) reduces the spatial resolution by a factor of two. Higher values of LES wavelengths tend to 

smooth out the data to an extent that information on the true variations in the velocity fields is also lost, 

resulting in reduced total strain. Hence processing down to 32x32 facets with 87% overlap followed by 

LES2 is found to be optimum in most cases. 

To compare the strain rate profiles obtained through different processing resolutions, a single 

stream trace was extracted through the PSZ at the region which showed two discrete shear bands. The 

stream trace thus obtained was processed to obtain the strain rate profile along the PSZ in the CD 
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direction. Figure 13a shows the strain rate profiles in the CD direction through the PSZ obtained through 

DIC with decreasing facet sizes. The processing methods compared are processing with 64x64 pixel 

facets, 87% overlap and & no LES (64_87_No LES; spatial resolution=2µm), 32x32 pixel facets, 87% 

overlap & no LES (32_87_No LES; spatial resolution=1µm) and 16x16 pixel facets, 87% overlap & no 

LES (16_87_No LES; spatial resolution=0.5µm). 
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Figure 11. Strain rate fields obtained by finer facet processing of camera-1 images at times t0=0μs and 
t1=1μs obtained while cutting AISI 4340HR at 3.3m/s and 100µm feed with KC510M insert of edge radius 
6µm and rake angle 30o. Processing of sequential images shows two discrete shear bands near the 
center of the PSZ. Processing down to finer spatial resolutions increase the noise and processing with 
coarser spatial resolutions tend to smooth out the true variations in the strain rate fields. Note that a single 
stream trace is extracted at the centre of the PSZ for comparison of strain rate profiles (along the single 
stream trace) obtained through different spatial resolutions as shown in Figure 13. 

Work 

Chip 

PSZ 
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This method of comparison enables determination of the optimum spatial resolution that can be 

obtained through DIC for this experimental condition. It can be seen that deceasing the facet sizes 

increases the spatial resolution with which the velocity vectors are computed and below 1µm spatial 

resolution, spurious noise is observed even within the PSZ, thereby reducing the accuracy of strain 

computation. For this experimental condition it can be concluded that a spatial resolution of 1µm 

 

Figure 12. (a) Strain rate profiles obtained by different methods of vector processing on the sequential 
images obtained through camera 1 at times t0=0μs and t1=1μs while cutting AISI 4340HR at 3.3m/s and 
100µm feed with KC510M insert of edge radius 6µm and rake angle 30o. Note that there is an increase 
in the peak strain rate and the baseline noise with a corresponding decrease in the PSZ thickness as 
processing is done with finer facet sizes (b) Strain rate profiles obtained by curve fitting using skewed 
normal distribution, helps compare the PSZ thickness and the peak strain rates accurately (c) Strain rate 
profiles by curve fitting using skewed normal distribution and scaling the peaks to keep them constant, 
facilitating easy comparison of the PSZ thickness and accurate estimation of 'baseline' noise. 

(a) (b) 

(c) 
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(32_87_NoLES, effective facet spacing of 4 pixels) is optimum. For most cases 32_87_LES2 (spatial 

resolution 2µm) is found to work well and is thereby used as a standard

Figure 13b compares strain rate profiles obtained through DIC for different facet sizes 32x32, 

16x16 and 8x8 pixels with 87%, 75% and 50% overlap between neighboring facets respectively. It can be 

seen that when the facet size is decreased without changing the spatial resolution (spatial resolution is 

1µm for all the three processing methods compared in Figure 13b) there is an optimum facet size that 

results in accurate strain estimates. Decreasing facet size is necessary to see if the data along the PSZ 

can be resolved finer and sharper. It can be seen that for facet sizes smaller than 32x32 pixels, 

oscillations due to spurious noise are observed even within the PSZ. The minimum facet size and hence 

the spatial resolution is therefore a function of the magnification, sharpness of focus and density of 

features in the workpiece. Noise is observed in strain rate profiles for facet sizes which contain less than 

the minimum number of features that are required for good correlation. Since the metallographic surface 

preparation steps are similar for all the experiments, it is only the sharpness of focus that limits the facet 

size in DIC. In most experiments, it is found that 32x32 pixel facets with 87% overlap gives good results. 

 method of processing across all 

experimental conditions involving AISI 4340HR and AISI 4340CR.  

Figure 13c compares different processing resolutions smoothed with LES decomposition of cutoff 

wavelength equal to two data points (LES2). It can be observed that LES2 is not able to remove all the 

noise induced by the 16x16 pixel facet, 87% overlap processing but is able to significantly decrease the 

noise (especially in the region outside the PSZ). It is further observed that LES2 reduced the peak strain 

rate for the 32x32 pixel, 87% overlap processing by 11%. However, 32x32 pixel processing with 87% 

overlap and LES2 is found to be optimum across all the cutting conditions and is therefore used as the 

standard method for DIC across all the cutting conditions involving AISI 4340HR and AISI 4340CR. 
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(a) (b) 

(c) 

Figure 13. (a) Comparison of strain rate profiles obtained through DIC, with decreasing facet sizes resulting in 
increased spatial resolutions. Below 32x32 pixel facet size, spurious oscillations due to noise are observed 
even within the PSZ, attributable to density of features on the workpiece, a minimum number being required 
for good correlation (b) Comparison of strain rate profiles obtained through DIC at same spatial resolutions, 
with different facet sizes and % overlap shows that a spatial resolution of 1μm (32x32 pixel facets with 87% 
overlap) is the best that can be obtained for this experimental condition (c) Illustration of the effect of large 
eddy simulation (LES) on the strain rate profiles. Note that while LES is not able to remove all the noise 
induced by the 16x16 pixel facet, 87% overlap processing, it is able to significantly decrease the noise 
(especially in the regions outside the PSZ). Note also that LES2 decreases the peak strain rate for the 32x32 
pixels, 87% overlap processing by 11%. All profiles are obtained while cutting AISI 4340HR at 3.3m/s, 100µm 
feed with KC510M insert of rake angle 30O and edge radius 6µm and are extracted along the single stream 
trace shown in Figure 11. 
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Processing with 64_87_No LES induces an error of -4.6% in the strain estimation compared to 

the +1% error while processing with 32_87_No LES, error being estimated by comparison with kinematic 

analysis. DIC of images with 16x16 pixel facets and 87% overlap (16_87_No LES) shows more noise 

which increases the total strain to value 30% more than that is expected from kinematic analysis. When 

smoothed with a LES decomposition of cutoff wavelength equal to two data points, the % error is 

reduced. The 32_87_LES2 and 64_87_LES2 peaks are now close to each other and the noise in 

16_87_LES2 is reduced. 32_87_LES2 has still the lowest error of -2.3% in the strain computation. 

4.8 Finer Facet Processing of Sequential Images- AISI 4340HT  

As noted earlier, some images in each set of experiment are processed to finer spatial resolutions 

to see if additional features of the PSZ can be resolved. Two images obtained from Camera 1 during 

experiment#50 were processed down to 8x8 pixel facets to see if features along the PSZ could be 

resolved better. The images from experiment#50 correspond to the cutting condition; 0.2m/s, 50µm feed, 

while cutting AISI 4340HT with KC510M insert of rake angle 30O and edge radius 6µm. Figure 14 and 

Figure 15 show the processing results with finer facet sizes along with the corresponding strain rate 

 

 
TABLE 2 

COMPARISON OF TOTAL STRAIN COMPUTED FROM THE INLET AND EXIT VELOCITIES AND 
THROUGH INTEGRATION OF THE STRAIN RATE ALONG STREAM TRACES FOR DIFFERENT 

PROCESSING RESOLUTIONS (AISI 4340HR) 



37 
 

profiles. Table 3 shows the comparison of total stain computed from the inlet and exit velocities of the 

PSZ with the strain obtained through integration along the stream traces for different processing 

resolutions. Both the facet size and the % overlap between neighboring facets are set at different levels to 

check the accuracy of strain rate computation. Finer facet sizes increase the noise in the strain 

calculations thereby increasing the strain rates, in effect making the total strain (by integrating the strain 

rate) greater than the strain expected based on kinematic analysis. From Table 3, it can be seen that 

64x64 pixel facet processing with 87% overlap between neighboring facets results in less error compared 

to all other processing methods (10.5% for 64_87_No LES, 6.44% for 64_87_LES2 and 1.31% for 

64_87_LES4). 

To compare the strain rate profiles at different processing resolutions, a single stream trace was 

extracted from the middle of the PSZ. The stream trace obtained was processed to obtain the strain rate 

profile along the PSZ in the CD direction. Figure 16a compares the strain rate profiles obtained through 

DIC in the CD direction with decreasing facet sizes with a corresponding increase in the spatial 

resolution. The processing methods compared are processing with 64x64 pixel facets, 87% overlap and & 

no LES (64_87_No LES; spatial resolution=2µm), 32x32 pixel facets, 87% overlap & no LES (32_87_No 

LES; spatial resolution=1µm) and 16x16 pixel facets, 87% overlap & no LES (16_87_No LES; spatial 

resolution=0.5µm). It can be observed that below a spatial resolution of 2µm, spurious noise is observed 

even within the PSZ, thereby reducing the accuracy of strain computation. For this experimental condition 

it can be concluded that a spatial resolution of 2µm is optimum. For most cases 64_87_LES2 (spatial 

resolution 4µm) is found to work well and thereby used as a uniform method of processing across all 

experimental conditions involving AISI 4340HT.  

Figure 16b compares strain rate profiles obtained through DIC at different facet sizes of 64x64, 

32x32, 16x16 and 8x8 pixels with 87%, 87%, 75% and 50% overlap between neighboring facets 

respectively. It can be seen that when the facet size is decreased without changing the spatial resolution 

(spatial resolution is 1µm for all the three processing methods compared in Figure 16b except for 

64_87_No LES, whose spatial resolution is 2µm) there is an optimum facet size that results in accurate 

strain estimates. Decreasing facet size is necessary to see if the data along the PSZ can be resolved 

finer and sharper. It can be seen that below the 64x64 pixel facets, oscillations due to spurious noise are 
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observed even within the PSZ. The minimum facet size and hence the spatial resolution is therefore a 

function of the magnification, sharpness of focus and density of features in the workpiece and the noise 

observed in the strain rate profiles can be attributed to this; which implies that a minimum number of 

features are required for good correlation. Since the metallographic surface preparation steps are similar 

for all the experiments, it is only the sharpness of focus that limits the facet size in DIC. In most 

experiments, it is found that 64x64 pixel facets with 87% overlap gives good results. 

Figure 16c compares different processing resolutions smoothed with LES decomposition of cutoff 

wavelength equal to two data points (LES2). It can be observed that LES2 is not able to remove all the 

noise induced by the 32x32 pixel, 87% overlap processing but is able to significantly decrease the noise 

(especially in the region outside the PSZ). It is further observed that LES2 reduces the peak strain rate for 

the 64x64 pixel, 87% overlap processing by 23%. However, 64x64 pixel processing with 87% overlap and 

LES2 is found to be optimum across all the cutting conditions and is therefore used as the standard 

method of DIC across all the cutting conditions involving AISI 4340HT. 

4.9 Finer Facet Processing of Sequential Images - Ti-6Al-4V 

Finer facet processing on some experiments under each cutting condition was carried out as per 

the procedure described in sections 4.7 and 4.8. Table 4 shows the comparison of total stain computed 

from the inlet and exit velocities of the PSZ with the strain obtained through integration along the stream 

traces for different processing resolutions. It is always of interest to go down in facet size with a 

corresponding increase in % overlap between neighboring facets to check the accuracy of strain rate 

computations. Finer facet sizes increase the noise in the strain calculations thereby increasing the strain 

rates, in effect making the total strain (by integrating the strain rate) greater than the strain expected 

based on kinematic analysis. From Table 4, it can be seen that 32x32 pixel facet processing with 87% 

overlap between neighboring facets results in the optimum processing resolution for this cutting condition, 

resulting in an error of 11.86% in the strain computation when compared with the expected value from 

kinematic analysis. Figure 17 and Figure 18 show the processing results with finer facet sizes along with 

the corresponding strain rate profiles. 

To compare the strain rate profiles at different processing resolutions, a single stream trace was 

extracted through the middle of the PSZ. The stream trace obtained was processed to obtain the strain 
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rate profile along the PSZ in the CD direction. Figure 19a compares the strain rate profiles obtained 

through DIC in the CD direction with decreasing facet sizes with a corresponding increase in the spatial 

resolution. The processing methods compared are processing with 64x64 pixel facets, 87% overlap and & 

no LES (64_87_No LES; spatial resolution=2µm), 32x32 pixel facets, 87% overlap & no LES (32_87_No 

LES; spatial resolution=1µm) and 16x16 pixel facets, 87% overlap & no LES (16_87_No LES; spatial 

resolution=0.5µm). It can be observed that below a spatial resolution of 1µm, spurious noise is observed 

even with the PSZ, thereby reducing the accuracy of strain computation. For this experimental condition it 

can be seen that a spatial resolution of 1µm is optimum. However, for most cases 32_87_LES2 (spatial 

resolution 2µm) is found to work well and thereby used as a uniform method of processing for 

experiments involving Ti-6Al-4V. 

Figure 19b compares the strain rate profiles obtained through DIC at different facet sizes of 

32x32, 16x16 and 8x8 pixels with 87%, 75%, and 50% overlap between neighboring facets respectively. 

It can be seen that when the facet size is decreased without changing the spatial resolution (spatial 

resolution is 1µm for all the three processing methods compared in Figure 19b) there is an optimum facet 

size that results in accurate strain estimates. Decreasing facet size is necessary to see if the data along 

the PSZ can be resolved finer and sharper. It can be seen that below the 32x32 pixel facets, oscillations 

due to spurious noise are observed even within the PSZ. The minimum facet size and hence the spatial 

resolution is therefore a function of the magnification, sharpness of focus and density of features in the 

workpiece and the noise observed in the strain rate profiles can be attributed to this, which implies that a 

minimum number of features are required for good correlation. Since the surface preparation steps are 

similar for all the experiments, it is only the sharpness of focus that limits the facet size in DIC. In most 

experiments, it is found that 32x32 pixel facets with 87% overlap gives good results. 

Figure 19c compares different processing resolutions smoothed with LES decomposition of cutoff 

wavelength equal to two data points (LES2). It can be observed that LES2 is able to remove all the noise 

induced by the 16x16 pixel, 87% overlap processing. It is further observed that LES2 reduced the peak 

strain rate for the 32x32 pixel, 87% overlap processing by 24%. However, 32x32 pixel processing with 

87% overlap and LES2 is found to be optimum across all the experiments and it therefore used as the 

standard method for DIC across all the experiments involving Ti-6Al-4V. 
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4.10 Chip Thickness and Shear Angle Measurement 

Machining of AISI 4340HR, AISI 4340CR, AISI 4340HT and Ti-6Al-4V using KC510M inserts with 

a rake angle of 30O produces curled chips which tend to be brittle due to work hardening during shear 

deformation. As such the chips cannot be uncurled to determine their thickness or the length directly and 

accurately. The chips are therefore embedded in an epoxy resin to form a mold, cured, ground, polished 

and photographed to determine their thickness. The chip microstructure can also be examined by etching 

the polished chips with an appropriate etchant. 

The chips are embedded in an Aka CM-8510 transparent, low viscosity and low shrinkage epoxy 

resin mixed with Aka CM-8591 hardener. The mold prepared in a Teflon mold cup solidifies in about 8-24 

hours, which is then cured at 80OC for 30 minutes in a normalizing furnace. The resulting mold is clear 

with a light yellow tinge, hard, exhibits negligible shrinkage and the chips embedded in the sample are 

readily visible. The chips in the mold are then ground using sand papers with progressively decreasing 

grit sizes in the order P220, P500, P800 and P1200, with average particle diameters are 68µm, 30µm, 

22µm and 15µm respectively on an ATM Saphir520-10” specimen preparation system. After grinding, the 

chips are polished with polycrystalline diamond suspensions with progressively decreasing diamond 

particle sizes in the order; 9µm, 3µm and 1µm. Polishing in this order results in a smooth and scratch free 

surface on the chips, which can be further etched to reveal the microstructure and obtain chip thickness 

by high magnification photographs. This procedure of grinding and polishing applies to chips obtained 

during machining of AISI 4340HR, AISI 4340CR and AISI 4340HT. Procedure for grinding and polishing 

of chips obtained during machining of Ti-6Al-4V is detailed below. 

"Since titanium is prone to mechanical deformation and scratching, it requires a chemical-

mechanical polish to achieve a scratch-free, mirror like surface on the chips for microscopic examination" 

(Taylor & Weidmann; 2010).  

The first step in the polishing process (for Ti-6Al-4V chips) involves grinding the specimen with a 

silicon carbide paper of P500 grit size. This is followed by a single fine grinding on a Mager® durable 

rayon fiber cloth with 9μm diamond suspension as the abrasive. The third and the final step is referred to 

as the chemical-mechanical polishing with a mixture of colloidal silica (OP-S) and hydrogen peroxide 

(30%). During this polishing step, the debris formed as a result of the reaction between hydrogen 



41 
 

peroxide and the titanium alloy is continuously removed by the colloidal silica, thereby leaving the surface 

free of mechanical deformation. It was also observed that it is nearly impossible to obtain a scratch-free 

surface on the specimen without the chemical-mechanical polishing step. After polishing the chips, they 

were etched with 'Kroll's' reagent (mixture of 100mL water + 1.3mL hydrofluoric acid + 2-6mL nitric acid) 

to reveal the microstructure (Taylor & Weidmann; 2010). 

Once the chips are ground and polished, high magnification photographs of the chips are taken 

using a Nikon digital camera. The mold is placed under an ADE Phase shift MicroXam Interferometric 

Surface Profiler and photographs of the chips at 50x magnification are taken at 3 places along the length 

of a chip. Concentric circles are fitted to the chip photographs in MS-PowerPoint. The diameters of the 

inner and outer circles are adjusted so that the circles represent the mean profile of the chip taking into 

account the edge irregularities. Difference in the diameters of the fitted circles denotes the chip thickness. 

A line is drawn equivalent to the chip thickness and compared with an optical scale (Least count= 10µm) 

which is photographed in the same magnification as the chip. From the scale reading, the chip thickness 

is obtained. Figure 20 shows the chips embedded in a mold and the chip thickness measurement 

procedure. 

With the knowledge of the chip thickness (tc) and feed (t0), the chip thickness ratio ‘r’ is 

computed as; 

r =
to
tc

 
(1.9) 

and the shear angle is calculated using the chip thickness ratio as; 

Ф = tan−1 �
r ∗ cosα

1 − (r ∗ sinα)
� (1.10) 
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Figure 14 Strain rate fields obtained by finer facet processing of camera-1 images at times t0=0μs and 
t1=20μs obtained while cutting AISI 4340HT at 0.2m/s and 50µm feed with KC510M insert of edge 
radius 6µm and rake angle 30o. Processing of sequential images shows a single parallel sided shear 
band. Processing down to finer spatial resolutions increase the noise and processing with coarser 
spatial resolutions tend to smooth out the true variations in the strain rate fields, implying an optimum 
resolution is necessary for DIC. Note that a single stream trace is extracted at the centre of the PSZ 
for comparison of strain rate profiles obtained through different spatial resolutions as shown in Figure 
16. 
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Figure 15. (a) Strain rate profiles obtained by different methods of vector processing on the sequential 
images obtained through camera 1 at times t0=0μs and t1=20μs, while cutting AISI 4340HT at 0.2m/s 
and 50µm feed with KC510M insert of edge radius 6µm and rake angle 30o. Note that there is an 
increase in the peak strain rate and the baseline noise as processing is done with finer facet sizes and 
with increasing % overlap between neighboring facets (b) Strain rate profiles obtained by curve fitting 
using skewed normal distribution, helps compare the PSZ thickness and the peak strain rates 
accurately. Curve fitting done only for the four conditions which shows minimal noise in the PSZ and 
the distribution closely resembles a normal distribution. 

(a) 

(b) 
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Figure 16. (a) Comparison of strain rate profiles obtained through DIC, with decreasing facet sizes resulting 
in increased spatial resolutions. Below 64x64 pixel facet size, spurious oscillations due to noise are observed 
even within the PSZ, attributable to density of features on the workpiece, a minimum number being required 
for good correlation (b) Comparison of strain rate profiles obtained through DIC at same spatial resolutions, 
with different facet sizes and % overlap shows that a spatial resolution of 2μm (64x64 pixel facets with 87% 
overlap) is the best that can be obtained for this experimental condition (c) Illustration of the effect of large 
eddy simulation (LES) on the strain rate profiles. Note that LES is not able to remove all the noise induced by 
the 32x32, 87% overlap processing and LES2 decreases the peak strain rate for the 64x64 pixel facets, 87% 
overlap processing by 23%. All profiles are for AISI 4340HT while cutting at 0.2m/s, 50µm feed with KC510M 
insert of rake angle 30O and edge radius 6µm and are extracted along the single stream trace shown in 
Figure 14. 
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Figure 17. Strain rate fields obtained by finer facet processing of camera-1 images at times t0=0μs and t1=10μs 
obtained while cutting Ti-6Al-4V at 0.5m/s and 100µm feed with KC510M insert of edge radius 6µm and rake 
angle 30o. Processing of sequential images shows a single parallel sided shear band. Processing down to finer 
spatial resolutions increase the noise and processing with coarser spatial resolutions tend to smooth out the 
true variations in the strain rate fields, implying an optimum resolution is necessary for DIC. Note that a single 
stream trace is extracted at the centre of the PSZ for comparison of strain rate profiles obtained through 
different spatial resolutions as shown in Figure 19. 
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Figure 18. (a) Strain rate profiles obtained by different methods of vector processing on the 
sequential images obtained through camera 1 at times t0=0μs and t1=10μs while cutting Ti-6Al-4V at 
0.5m/s and 100µm feed with KC510M insert of edge radius 6µm and rake angle 30o. Note that there 
is an increase in the peak strain rate and the baseline noise as processing is done with finer facet 
sizes and with increasing % overlap between neighboring facets (b) Strain rate profiles obtained by 
curve fitting using skewed normal distribution, helps compare the PSZ thickness and the peak strain 
rates accurately. 

(a) 

(b) 
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(a) (b) 

(c) 

Figure 19. (a) Comparison of Strain rate profiles obtained through DIC, with decreasing facet sizes resulting 
in increased spatial resolutions. Below 32x32 pixel facet size, spurious oscillations due to noise are observed 
even within the PSZ, attributable to density of features on the workpiece, a minimum number being required 
for good correlation (b) Comparison of Strain rate profiles obtained through DIC at same spatial resolutions, 
with different facet sizes and % overlap shows that a spatial resolution of 1μm (32x32 pixel facets with 87% 
overlap) is the best that can be obtained for this experimental condition (c) Illustration of the effect of large 
eddy simulation (LES) on the strain rate profiles. Note that while LES is able to remove the noise induced by 
the 16x16, 87% overlap processing. Note also that LES2 decreases the peak strain rate for the 32x32 pixels, 
87% overlap processing by 24%. All profiles are for Ti-6Al-4V while cutting at 0.5m/s, 100µm feed with 
KC510M insert of rake angle 30O and edge radius 6µm and are extracted along the single stream trace 
shown in Figure 17. 
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Figure 20. (a) Chips obtained while machining AISI 4340CR at 3.3m/s and 100μm feed embedded in 
Aka CM-8510 epoxy resin (b) Chip thickness measurement (obtained while cutting AISI 4340CR at 
3.3m/s, 100μm feed with KC510M insert of rake angle 30O and edge radius 6μm) by fitting two 
concentric circles to the inner and outer profiles of the chip and comparing the difference in the 
diameters of the circles with an optical scale (least count=10µm)photographed in the same 
magnification to achieve the chip thickness. 

(a) 

(b) 
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TABLE 4 

COMPARISON OF TOTAL STRAIN COMPUTED FROM THE INLET AND EXIT VELOCITIES AND 
THROUGH INTEGRATION OF THE STRAIN RATE ALONG STREAM TRACES FOR DIFFERENT 

PROCESSING RESOLUTIONS (Ti-6Al-4V) 

* PSZ width could not be calculated as the strain rate distribution is not close to a normal distribution with several peaks and prominent noise 

Facet Size 
(Pixels) Overlap LES 

Wavelength

Strain from 
Kinematic 

Analysis (εk)

Strain by integration 
of strain rate along 

streamlines (εd)
Error(%)

Peak Strain 
Rate (S-1)

PSZ 
Width 
(µm)

64x64 87% No 1.239 1.338 8.04 19,106 19.87
64x64 87% LES2 1.239 1.228 -0.89 14,152 17.98
64x64 87% LES4 1.239 1.178 -4.90 8,157 30.52
32x32 87% No 1.239 1.400 13.02 31,180 13.87
32x32 87% LES2 1.239 1.255 1.31 23,679 16.35
32x32 87% LES4 1.239 1.161 -6.25 14,660 10.70
16x16 87% No 1.239 2.710 118.79 49,255 11.90
16x16 87% LES2 1.239 1.910 54.18 38,311 9.66
16x16 87% LES4 1.239 1.281 3.45 25,607 9.63

8x8 50% No 1.239 1.978 59.68 39,874 7.21
8x8 50% LES2 1.239 1.321 6.67 26,574 11.20
8x8 50% LES4 1.239 1.198 -3.26 15,574 19.54
4x4 50% LES2 1.239 2.202 77.74 40,647 6.67

TABLE 3 

COMPARISON OF TOTAL STRAIN COMPUTED FROM THE INLET AND EXIT VELOCITIES AND 
THROUGH INTEGRATION OF THE STRAIN RATE ALONG STREAM TRACES FOR DIFFERENT 

PROCESSING RESOLUTIONS (AISI 4340HT) 

Facet Size 
(Pixels) Overlap LES 

Wavelength

Strain from 
Kinematic 

Analysis (εk)

Strain by integration 
of strain rate along 

streamlines (εd)
Error(%)

Peak Strain 
Rate (S-1)

PSZ 
Width 
(µm)

64x64 87% No 1.362 1.505 10.48 8,481 18.10
64x64 87% LES2 1.362 1.450 6.44 6,598 21.02
64x64 87% LES4 1.362 1.380 1.31 4,112 32.90
32x32 87% No 1.362 2.701 98.27 11,042 *
32x32 87% LES2 1.362 1.887 38.49 8,893 *
32x32 87% LES4 1.362 1.534 12.61 6,569 21.59
16x16 87% No 1.362 3.706 172.08 19,623 *
16x16 87% LES2 1.362 2.293 68.30 14,254 *
16x16 87% LES4 1.362 1.828 34.19 9,647 *

8x8 50% No 1.362 2.887 111.92 12,651 *
8x8 50% LES2 1.362 2.121 55.71 9,021 *
8x8 50% LES4 1.362 1.549 13.71 6,311 *
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4.11 Processing Steps to Create a Movie Showing the Mode of Deformation in the PSZ  

        from High-Speed Sequential Images Obtained During Cutting 

High speed sequential images obtained in an experiment at various times can be collated to form 

a movie which can clearly show the mode of deformation of the material along the PSZ. The first step in 

the creation of a movie is to correct the images using a 3D surface obtained by cross-correlating the 

second frame image of camera-2 with the first frame image of camera-3. Image correction using a 3D 

surface helps in correcting the distortion as a result of observing the surface from different perspectives 

and is done by projecting both the left and right view images onto the Z=0 calibration plane. The 

sequence of steps involved in the process are as under; 

a. Select frames 5 & 6 images (frames of camera-3) from the set of eight sequential images using 

the ‘reorganize frames’ command under the ‘copy and reorganize’ group. 

b. Process the selected images using 64x64 facet size with 87% overlap and two passes to obtain 

the vector field at the time of frame 6. 

c. Multiply the obtained velocity field with -1 using the ‘multiply’ command under the ‘basic vector 

arithmetic’ group to get the velocity field at the previous time. 

d. Select frame 5 image (first frame of camera-3) from the set of eight sequential images using the 

‘reorganize frames’ command under the ‘copy and reorganize’ group. 

e. Deform the selected image with the velocity field obtained in step-b using the ‘deform with vector 

field’ command under the ‘image mapping’ group. 

f. Deform the selected image with the velocity field obtained in step-c using the ‘deform with vector 

field’ command under the ‘image mapping’ group to get frame 5 at time of frame 4. 

g. Collate the frame 4 image (second frame of camera-2) with ‘frame 5 image at time of frame 4’, 

which is obtained in the previous step using the ‘append data set’ command under the ‘copy and 

reorganize’ group. 

h. Convert the images from the previous step which are in time series into a multi-frame buffer. 

i. Compute the height difference between the images manually by clicking on some features which 

appear clearly in both the images. 
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j. Create a 3D surface by cross-correlating the images using a constant facet size of 64x64 with 

50% overlap and two passes. 

k. Correct the raw images using the 3D surface obtained in the previous step. Right click on the raw 

image, select 'send to' and then 'image correction'. Select the height buffer as the 3D surface, just 

created. Save the corrected image in the corresponding folder; rename the image file, folder and 

the .set file accordingly. 

l. Convert the multi-frame buffer into a time series. 

m. Perform a ‘shift’ correction on the time series images obtained in step-l by selecting a region on 

the tool which in good focus in all the eight images using the ‘shift and intensity correction’ under 

the ‘time series’ group. 

n. Similarly, perform a ‘shift’ correction on the time series corrected images obtained in step-l by 

selecting a region on the workpiece (near the PSZ) which in good focus in all the eight images. 

o. Extract a movie from the ‘shift’ corrected images as obtained in step-m and step-n separately to 

visualize the shearing process from two different perspectives. 

p. Movie created by ‘shift’ correction on the tool shows the movement of the workpiece relative to a 

stationary tool and the chip movement along the rake face of the tool. 

q. Movie created by ‘shift’ correction on the workpiece shows the movement of the tool into the 

stationary workpiece and aids in visualizing the mode of deformation along the PSZ. 
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CHAPTER 5 

RESULTS AND DISCUSSION – AISI 4340HR AND AISI 4340CR 
 
 

To study the mode of deformation and compute average strain rate along the PSZ, several 2D 

sequences were obtained and processed. Majority of the cutting experiments showed a single shear zone 

when the images were processed with bigger facet sizes. When the image sequences were processed 

with finer facets, the shear zone seemed to be made up of discrete delineated shear bands 

The results of the cutting experiments are shown in Table 5 and Table 6. The velocity fields 

obtained from an experiment (usually four, but up to seven velocity fields can be obtained from a 2D 

sequence of eight images) are averaged to get the average strain rate field for the experiment. The 

averaging was found to reduce the noise in the strain rate fields and helped in deriving some important 

conclusions from the experiments. The strain rate profiles over time in the CD direction showed a single 

strain rate peak comparable with the average strain rate profile obtained over many experiments for same 

cutting conditions. 

Figure 21a shows the average strain rate profile obtained by varying the speed at a constant feed 

and Figure 21b shows the average strain rate profiles obtained by varying the feed at a constant speed. It 

can be observed that the strain rate scales up as the feed is decreased for a constant cutting speed and 

also when the cutting speed is increased for a constant feed. "The PSZ width is calculated as the width of 

the shear zone over which 90% of the total strain occurs as it is difficult to exactly determine the shear 

zone boundaries" (Hastings, 1975). The PSZ width for the AISI 4340HR cutting experiments varied 

between 22-50µm and between 25-35µm for the AISI 4340CR experiments, excluding the cutting 

condition 1m/s, 300µm under AISI 4340HR. The PSZ width for the AISI 4340CR cutting experiments were 

found to be less compared to the AISI 4340HR experiments, attributable to reduced work hardening. 
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TABLE 5 

EXPERIMENTAL RESULTS FOR KEY PROCESS OUTPUTS WHILE MACHINING A 3.4mm THICK AISI 4340HR STEEL WORKPIECE WITH KC510M 
INSERT OF EDGE RADIUS 6μm AND RAKE ANGLE 30O (FORCES SCALED TO A WORKPIECE THICKNESS OF 1mm) 

TABLE 6 

EXPERIMENTAL RESULTS FOR KEY PROCESS OUTPUTS WHILE MACHINING A 2.06mm THICK AISI 4340CR STEEL WORKPIECE WITH KC510M 
INSERT OF EDGE RADIUS 6μm AND RAKE ANGLE 30O (FORCES SCALED TO A WORKPIECE THICKNESS OF 1mm) 

* PSZ thickness for this cutting condition not determined as the average strain rate fields from individual experiments could not be aligned together by ‘shift’ correction to get the average strain rate field for the cutting condition. 
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5.1 Average Strain Rate Field for an Experiment and Average Strain Rate Field for a Cutting 

Condition 

The peak strain rate values reported in Table 5 and Table 6 are the average values of many 

experiments for a cutting condition. In order to compute the average strain rate for a cutting condition, it is 

necessary to determine the average strain rate for each experiment of a particular condition. As noted 

earlier, a sequence of eight images at different times in an experiment yield either four strain rate fields by 

cross-correlating the images of a camera or seven strain rate fields by cross-correlating the images 

across the cameras in addition to correlating the images within a camera. Figure 22 shows average strain 

rate fields obtained from individual experiments and the grand average strain rate field for the cutting 

condition; 1m/s, 50μm feed, while cutting AISI 4340CR with KC510M insert of edge radius 6μm and rake 

angle 30O. Average strain rate field for an experiment is obtained by performing a ‘shift and rotation’ 

correction on the four/seven strain rate fields and averaging them to get an average strain rate field. 

Similar processing is done on all the experiments under a cutting condition to obtain the corresponding 

average strain rate fields. The average strain rate fields of individual experiments are collated, a ‘shift and 

rotation’ correction carried out on the strain rate fields and they are averaged to get the grand average 

 

 

 

Figure 21. (a) Average Strain rate profiles obtained while cutting AISI 4340CR at different cutting 
speeds but with a constant feed of 100μm. Strain rate scales up as the speed increases (b) Average 
Strain rate profiles obtained while cutting AISI 4340HR at different feeds but with a constant sped of 
1m/s. Strain rate scales up and the PSZ thickness reduces as the feed decreases. 

(a) (b) 
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strain rate field for the cutting condition. The grand average strain rate field thus obtained is rotated to 

make the PSZ horizontal, a rectangle extracted from the middle one-third of the PSZ and the strain rate 

profiles are averaged over the width of the rectangle to get the average strain rate field for the specified 

cutting condition (see Figure 9). As a usual procedure, a minimum of ten average strain rate fields 

obtained from ten individual experiments are averaged to get the peak equivalent strain rate along the 

PSZ in the CD direction for the cutting condition. 

5.2 Comparison of Shear Deformation across Different Speeds and Feeds 

An average strain rate field obtained by DIC reveals many interesting facts about the PSZ 

thickness and shear angle. Figure 23 (a,b,c) shows the average strain rate fields obtained for the same 

cutting speed but different feeds while machining AISI 4340HR with KC510M insert of rake angle 30O and 

edge radius 6μm. It can be observed that as the feed is increased without varying the cutting sped, the 

shear zone gets thicker. "As the feed increases, more shear planes are activated within the shear zone 

and the volume of material between the lower and upper boundaries of the shear zone also increases, 

these two effects tend to increase the PSZ thickness" (Kececioglu, 1958). It can be further observed that 

the shear angle increases as the feed is increased at a constant cutting speed and the strain rate 

decreases. As the feed is increased at a constant cutting speed, "additional energy is required to remove 

the extra material imposed by the increase in feed; this consequently increases the cutting force with a 

corresponding increase in the shear angle" (Kececioglu, 1958). Figure 23 (d,e,f) shows the average strain 

rate fields obtained by DIC at the same feed but different cutting speeds. It can be observed that the 

shear zone thickness decreases with increase in cutting speed at a constant feed and the shear angle 

increases with increase in cutting speed. As the cutting speed is increased at a constant feed, the strain 

rate increases. The increased strain rate decreases the thickness of the shear zone owing to the fact that 

a "higher cutting speed does not provide adequate time for the dislocations to move and thereby originate 

new shear planes" (Kececioglu, 1958). 

5.3 Mode of Shear Deformation along the PSZ 

To study the mode of shearing in further detail, variation of strain rate within the time interval of 

an experimental sequence was studied. Figure 24 shows the strain rate profiles along the CD direction
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obtained at times 0.5µs, 1.5µs, 2.5µs, 4.5µs, 5.5µs and 6.5 µs for experiment#10, while cutting AISI 

4340HR at 3.3m/s, 100µm feed, using a KC510M insert of rake angle 30O and edge radius 6µm. It can be 

 

 

 

Figure 22. Average Strain rate profiles of individual experiments (a,b,c,d&e) and their grand average 
strain rate field (f), while machining AISI 4340CR at 1m/s, 50µm feed with KC510M insert of edge radius 
6µm and rake angle 30O. Note that the average strain rate field of an experiment is obtained by aligning 
the strain rate fields at different times by a 'shift and rotation' correction and then averaging them 
together. For the grand average strain rate field, a 'shift and rotation' correction is done on the average 
strain rate fields of individual experiments. 

PSZ 

Work 

Chip 

(a) (b) 

(c) (d) 

(e) (f) 
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observed that all the strain rate profiles obtained from the image sequence are similar, implying that the 

work material is shearing in the same region and the shear zone is moving with the material over time. 

The strain rate profiles shown in Figure 24 were extracted after making the workpiece stationary through 

a 'shift' correction, causing the tool to move into the workpiece with the specified cutting speed of 3.3m/s. 

The strain rate profiles were extracted in the same zone along the PSZ at all the times. 

In order to better visualize the shearing process, the tool was made stationary by a ‘shift’ 

correction operation, causing the work to move past the stationary tool with a cutting speed of 3.3m/s. 

With the images thus transformed, it was observed that the same regions of the material were shearing 

persistently. Figure 25 shows the progression of the strain rate profiles over time for experiment#10. To 

maintain uniformity, the strain rate profiles for all the six strain rate fields were computed in the same zone 

along the PSZ. Persistent shearing of the material is clearly evident by this way of processing and it can 

be found that the shear deformation is more intensely localized in some regions of the material which 

continue to accumulate deformation (i.e. the deformation is inhomogeneous). Though the strain rate 

profiles at different times for experiment#10 (see Figure 25) look similar, it can be observed that the strain 

rate profiles are convected towards the exit of PSZ. The deformation pattern is therefore stationary with 

respect to the material and the same volume of material undergoes a similar pattern of deformation in all 

the strain rate fields computed from consecutive images recorded under a single experiment. 

Yet another method of processing was done to ascertain the mode of deformation along the PSZ. 

In this method of processing the strain rate field at time t1=10µs was superimposed on the image obtained 

at the same time (second frame image of camera-1) and the strain rate field at time t7=110µs was 

superimposed on the image obtained at the same time (second frame image of camera-4). After 

superimposition, some features close to the PSZ were identified. It was ensured that the same features 

can be traced in both the images. The position of the PSZ in the images with respect to the selected 

feature gives information about the mode of deformation along the PSZ. From Figure 26, it can be seen 

that the PSZ moves over time with the material, implying that the same regions of the material 

accumulate deformation. This method of processing also emphasizes the persistent shearing of the work 

material. The images and strain rate fields shown in Figure 26 were taken from experiment#3, while 

cutting AISI 4340HR at 1m/s, 300µm feed with KC510M insert of edge radius 6µm and rake angle 30o. 
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However, when strain rate fields at different times and from different experiments are averaged; 

they result in fields similar to those reported here. 

5.4 Trends in Strain Rate Distribution 

The average strain rate profiles for different cutting conditions were compared to study the effect 

of depth of cut and cutting speed. It was found that the thickness of the PSZ decreases with increase in 

cutting speed (at a constant feed) with a corresponding increase in peak strain rate. The PSZ thickness is 

also found to decrease in case of AISI 4340CR compared to its unstrained counterpart, attributable to 

reduced work hardening of the pre-strained specimen while machining. Skewed normal distribution was 

found to model the strain rate profiles well, as some profiles were skewed with respect to AB (line through 

PSZ indicating the direction of maximum strain rate, see Figure 1). Though skewed normal distribution 

was used to model the strain rate profiles, it was found that the skew factor was within ± 1 in all the cases. 

As we know, a skew factor <1 does not significantly alter the curve fitting process and hence the peak 

strain rate and the PSZ thickness. An accurate estimate of PSZ thickness, which accounts for 90% of the 

deformation, was derived from this distribution. Skewed normal distribution is used to fit the curves to the 

raw strain rate profiles obtained by DIC, by minimizing the sum squared error during curve fitting using the 

'Solver' in MS-Excel. The strain rate profiles have been scaled with a constant factor to bring their peaks 

to the same point, in order to compare their widths. "Thickness of the PSZ is determined as the width of 

the strain rate distribution which accounts for 90% of the total strain in the material" (Hastings, 1975). 

Maple® helps obtain the PSZ thickness based on 5th and 95th percentiles derived from the cumulative 

distribution function of the skewed normal distribution. 

Figure 27a & 27b compare the strain rate distributions for varying speeds (1m/s and 3.3m/s) at 

constant feeds of 50µm and 100µm respectively. It is observed that the PSZ thickness decreases with 

increase in speed for a constant feed and the PSZ is narrower for the pre-strained specimen compared to 

its unstrained counterpart. Figures 27c & 27d compare the strain rate distributions for varying feeds 

(50µm & 100µm) at constant speeds of 3.3m/s and 1m/s respectively. It can be seen that the PSZ 

thickness increases with increase in feed and the PSZ thickness is less for the pre-strained specimen 

compared to the unstrained specimen. 

 



59 
 

 

 

 

 

 

Figure 23. (a,b,c) Average Strain rate fields obtained while cutting AISI 4340HR with KC510M insert of edge radius 6μm and rake angle 30O.at constant 
speed of 1m/s but different feeds (a: 50μm, b:100μm and c:300μm). Note that the PSZ thickness increases with feed with a corresponding increase in shear 
angle. (d,e,f) Average Strain rate fields obtained while cutting AISI 4340CR with KC510M insert of edge radius 6µm and rake angle 30O.at a constant feed of 
100μm but different cutting speeds (d: 0.1m/s, e:1m/s and f:3.3m/s). Note that the PSZ thickness decreases with an increase in cutting speed with a 
corresponding increase in shear angle. 
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Work 

Chip 

(a) (b) (c) 

(d) (e) (f) 
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5.5 Reduction of Variability in Flow Stress Estimates 

Average flow stress and the variability in the flow stress for two different methods of processing 

the data are shown in Table 7. The first method, in which the shear angle measured from the recorded 

velocity field for each experiment was used to calculate the shear force, was found to result in a larger 

amount of spread in the data compared to the second method, in which the average of all the shear 

angles recorded in each experiment was used. This can be understood based on the fact that the shear 

angle measured from the velocity field is an instantaneous value, whereas the forces are the average 

forces during steady state. It is clear that the average of the instantaneous shear angles recorded during 

multiple experiments would be more representative of the average shear angle within each experiment 

also. It is worth noting that direct shear angle measurements from high speed photography are better 

than calculated values from the chip thickness because the chip thickness may be reduced further by 

deformation in the secondary shear zone. In our case the shear angle from both these methods was 

found to be nearly the same, due to the low coefficient of friction. 

 

 

 

Figure 24. Strain rate profiles along CD direction at six different times while machining AISI 4340HR at 
3.3m/s, 100µm feed with KC 510M insert of edge radius 6µm and rake angle 30O. Profiles show that the 
same region of the material persistently shears over time, implying an inhomogeneous deformation. Note 
that the profiles are obtained by making the workpiece stationary by ‘shift’ correction and the tool is moved 
into the stationary workpiece with a cutting speed of 3.3m/s and a feed of 100µm. 

Towards the 
workpiece 

Towards the free 
end of the chip 
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Since the resolution of the linear scale on the feed slide is only 5µm, it was suspected that the 

variation in uncut chip thickness from cut to cut may be a source of the variation. The continuous chip 

produced in each cutting experiment was weighed and since the thickness and width of the ground 

workpiece are constant, the weight of each chip, measured to an accuracy of 0.1mg, can be used to 

estimate the actual uncut chip thickness and compensate for its variations. Initially, both the cutting force 

and thrust force were normalized to the average uncut chip thickness. However, it was found that this 

procedure increased the variability in forces under some conditions. 

Upon further investigation of the correlations (see Table 8), it was found that the thrust force was 

inversely correlated to uncut chip thickness, probably as a result of higher thrust force causing higher tool 

deflection, which reduces the uncut chip thickness. From Table 8, which shows the correlation between 

the chip thickness and the force components, it can be seen that, while the cutting force (Fc), normal force 

on the tool (Fn), etc., are positively correlated with variations in uncut chip thickness, the correlation is 

highest for Fn. The fact that the correlation coefficient for the friction force (Ff) is lower than that of Fn 

indicates that at least a portion of the contact is under sticking friction, as commonly accepted. Therefore, 

compensation for variation in uncut chip thickness was carried out by resolving the cutting force and 

thrust force (after removal of the indentation component) along the tool rake face, to find the normal and 

frictional forces on the tool rake face, and only normalizing the normal force on the rake face. It can be 

seen from Table 7 that this procedure reduces the standard deviation of flow stress significantly, from 

3.4% to 1.6% of the average, leading to a 95% confidence interval range of 21Mpa. 
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Figure 25. (a) Strain rate fields obtained at different times while cutting AISI 4340HR at 3.3m/s, 100µm 
feed using KC510M insert of edge radius 6µm and rake angle 30O (b) PSZ movement over time shows 
inhomogeneous deformation of the material (c) corresponding strain rate profiles, showing 
inhomogeneous deformation of the material. Note that the profiles are obtained by making the tool 
stationary by ‘shift’ correction and the workpiece is moved past the stationary tool with a cutting speed of 
3.3m/s and a feed of 100µm. 
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Figure 26. (a) Strain rate field superimposed on the raw image while machining AISI 4340HR at 1m/s, 300µm feed 
with KC510M insert of rake angle 30O and edge radius 6µm. The white circles show some features in the chip 
common to both the images at times t1=20µs and t7=110µs relative to the PSZ. It can be seen that the PSZ is fixed 
with respect to the material implying persistent shearing of the material. (b) Strain rate plots at different times show 
that the PSZ moves with the material and also shows two shear bands in some strain rate fields, which implies that 
the PSZ moves back and forth depending on the conditions favorable for shearing. Movement of the PSZ with the 
material and presence of two shear bands imply that the material is shearing persistently. 
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5.6 Chip Morphology and Microstructure 

Figure 28 and Figure 29 show the chip morphology when observed from the side during 

orthogonal cutting of AISI 4340HR and AISI 4340CR at different speeds and feeds using KC510M inserts 

of edge radius 6µm and rake angle 30O. Each experiment yields a curled chip and a few chips, which are 

representative of the mode of deformation under the condition stated, are embedded in epoxy for 

metallographic examination as detailed in section 4.10. Figure 30 and Figure 31 show the chip 

microstructure at the mid-section of the chip while cutting AISI 4340HR and AISI 4340CR under different 

cutting conditions. Bands of ferrite and pearlite can be observed in the chips and the back surface of the 

chips show a jagged appearance with extensive shearing along ferrite. But the overall deformation is 

inhomogeneous, as noted earlier, and a continuous chip without shear banding is observed across all the 

cutting conditions. 

5.7 Discussion 

Based on the observations above, it can be concluded that the shear deformation while cutting 

AISI 4340HR and AISI 4340CR tend to localize along discrete shear bands along the PSZ. These bands 

are stationary with respect to the material but move with respect to the tool. The material continues to 

strain persistently along these shear bands. The phenomenon of persistent shearing is consistent with the 

jagged appearance of the chip back surface, which is observed in almost all the experiments. The 

objective estimates of errors in strain computations discussed in section 4.7 helps identify the optimum 

spatial resolution for DIC of images obtained in the experiments and also indicate that the strain rate field 

is computed accurately. 

High speed images while cutting AISI 4340HR at 1m/s and 300µm feed are captured at an optical 

magnification of 7.5x which corresponds to a field of view of 1202µm x 894µm with a pixel size of 

0.8747µm. High speed images while cutting AISI 4340HR at 1m/s and 50µm feed are captured at an 

optical magnification of 34.5x which corresponds to a field of view of 252µm x 188µm with a pixel size of 

0.1845µm. 

The PSZ thickness is smaller for the pre-strained specimen compared to its unstrained 

counterpart, attributable to reduced work hardening. The flow stress is smaller for the pre-strained 

material and the shear angle in deformation are larger compared to the unstrained material. The strain 
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rate near the cutting edge is high and decreases as we move towards the free end. PSZ thickness while 

cutting AISI 4340HR ranges from 22 to 50µm, whereas the PSZ thickness while cutting AISI 4340CR 

ranges from 25-35µm. If a PSZ thickness of 10µm is to be resolved through DIC and assuming a 

minimum of four points are required to define the strain rate profile, the actual spatial resolution required 

is 10µm/4 = 2.5µm. As noted earlier, all the images obtained while machining AISI 4340HR and AISI 

4340CR are processed using a facet size of 32x32 pixels with 87% overlap and 3 passes, hence the 

spatial resolution of this processing is 8 pixels or 2µm corresponding to an optical magnification of 24x. 

Therefore the spatial resolution required to accurately resolve the PSZ thickness is 10 pixels which 

corresponds to 2.5µm, as noted earlier. Since the PSZ thickness of AISI 4340HR and AISI 4340CR 

ranges from 22-50µm, it is reasonable to believe that the DIC has resolved the PSZ thickness accurately. 

Generally, the limitation in the spatial resolution puts an upper bound on the PSZ thickness being 

computed and a lower bound on the strain rate being computed. 

The purpose of studying the strain rate distribution in the PSZ is based on our efforts to develop 

metal cutting as a high strain rate test for developing constitutive models. Constitutive models can be 

validated by FEA to check their capability in reproducing the experimental results. The average peak 

equivalent strain rates thus reported in Table 5 and Table 6 act as references to which the FE simulation 

results can be compared. 
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Figure 27. Trends in Strain rate distribution while machining AISI 4340HR AND AISI 4340CR with KC510M 
insert of edge radius 6μm and rake angle 30O. (a) Comparison of Strain rate distributions at constant feed of 
50μm but with different cutting speeds of 1m/s and 3.3m/s (b) Comparison of Strain rate distributions at constant 
feed of 100μm and with different cutting speeds of 1m/s and 3.3m/s (c) Comparison of Strain rate distributions at 
constant speed of 3.3m/s but with different feeds of 50μm and 100μm (d) Comparison of Strain rate distributions 
at constant speed of 1m/s and varying feeds of 50μm and 100μm. 
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TABLE 7 

STATISTICAL ANALYSIS OF FORCES ON THE RAKE FACE OF THE TOOL, THE SHEAR 
STRENGTH AND THE FLOW STRESS WHILE CUTTING AISI 4340CR AT 0.1m/s & 100μm 

FEED, WITH A TOOL OF RAKE ANGLE 30O AND EDGE RADIUS 6μm (a) WITHOUT 
NORMALIZATION OF THE NORMAL FORCE BY CHIP WEIGHT (b) NORMALIZING THE 

NORMAL FORCE BY THE CHIP WEIGHT TO REDUCE VARIABILITY IN THE FLOW STRESS 

TABLE 8 

CORRELATION COEFFICIENT OF DIFFERENT VARIABLES MEASURED IN AN EXPERIMENT 
WITH THE CHIP WEIGHT MEASURED IN THAT EXPERIMENT WHILE MACHINING AISI 4340CR 
AT 0.1m/s & 100µm FEED WITH KC510M TOOL OF RAKE ANGLE 30O AND EDGE RADIUS 6µm 

(a) (b) 
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(a) (b) 

(c) (d) 

(e) 

PSZ 

Figure 28. Chip morphology from the side obtained from the high speed images while cutting AISI 
4340HR at different cutting conditions using KC510M tool of rake angle 30O and edge radius 6µm (a) 
1m/s and 50µm feed (b) 1m/s and 100 µm feed (c) 3.3m/s and 50 µm feed (d) 3.3m/s and 100 µm feed 
(e) 1m/s and 300 µm feed. Chips look continuous without any trace of shear banding. 

(a) (b) 

(c) (d) 

(e) 
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(a) (b) 

(c) (d) 

(e) 

(a) (b) 

(c) (d) 

(e) (f) 

PSZ 

Figure 29. Chip morphology from the side obtained from the high speed images while cutting AISI 4340CR 
at different cutting conditions using KC510M tool of rake angle 30O and edge radius 6µm (a) 1m/s and 50µm 
feed (b) 1m/s and 100 µm feed (c) 3.3m/s and 50 µm feed (d) 3.3m/s and 100 µm feed (e) 0.1m/s and 100 
µm feed (f) 0.01m/s and 100 µm feed. Chips are continuous without any shear banding. 
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Figure 30. Microstructure of polished and etched chips obtained while cutting AISI 4340HR at 
different cutting conditions using KC510M insert of rake angle 30O and edge radius 6µm (a) 
1m/s and 50µm feed (b) 1m/s and 100 µm feed (c) 3.3m/s and 50 µm feed (d) 3.3m/s and 100 
µm feed (e) 1m/s and 300 µm feed. Microstructure of the mid-section of the chip shown in a way 
consistent with the movement of the chip over the rake face of the tool. Microstructure of chips 
shows regions of ferrite (lighter regions) and pearlite (darker regions). Chips are polished and 
etched as per the procedure detailed in section 4.10. Chips look continuous without any trace of 
shear banding, consistent with the images in Figure 28. Extensive shearing observed along 
ferrite (shown as green circles on the microstructure). 

Tool 

(a) (b) 

(c) (d) 

(e) 
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Figure 31. Microstructure of polished and etched chips obtained while cutting AISI 4340CR at 
different cutting conditions using KC510M insert of rake angle 30O and edge radius 6µm (a) 
1m/s and 50µm feed (b) 1m/s and 100 µm feed (c) 3.3m/s and 50 µm feed (d) 3.3m/s and 100 
µm feed (e) 0.1m/s and 100 µm feed (f) 0.01m/s and 100 µm feed Microstructure of the mid-
section of the chip shown in a way consistent with the movement of the chip over the rake face 
of the tool. Microstructure of chips shows regions of ferrite (lighter regions) and pearlite (darker 
regions). Chips are polished and etched as per the procedure detailed in section 4.10. Chips 
are continuous without any shear banding, consistent with the high speed images shown in 
Figure 29. Extensive shearing observed along ferrite (shown as green circles on the 
microstructure). 

 

(a) (b) 

(c) (d) 

(e) (f) 
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CHAPTER 6 
 

RESULTS AND DISCUSSION - AISI 4340HT 
 
 

To study the mode of deformation and compute average strain rate along the PSZ, several 2D 

sequences were obtained and processed. Majority of the cutting experiments showed a single shear zone 

when the images were processed with bigger facet sizes. When the image sequences were processed 

with finer facets, the shear zone seemed to be made up to discrete delineated shear bands. 

The results of the cutting experiments are shown in Table 9. The velocity fields obtained for an 

experiment (usually four, but up to seven velocity fields can be obtained for a 2D sequence of eight 

images) are averaged to get the average strain rate profile for the experiment. The averaging was found 

to reduce the noise in the strain rate profiles and helped in deriving some important conclusions from the 

experiments. The strain rate profiles over time in the CD direction showed a single strain rate peak 

comparable with the average strain rate profile obtained over many experiments for same cutting 

conditions. 

Figure 32 shows the average strain rate profile obtained by varying the speed at a constant feed. 

It can be observed that the strain rate scales up as the cutting speed is increased for a constant feed. 

"The PSZ width is calculated as the width of the shear zone over which 90% of the total strain occurs as it 

is difficult to exactly determine the shear zone boundaries" (Hastings, 1975). 

6.1 Average Strain Rate Field for an Experiment and Average Strain Rate Field for a Cutting 

Condition 

The peak strain rate values reported in Table 9 are the average values of many experiments for a 

cutting condition. In order to compute the average strain rate for a cutting condition, it is necessary to 

determine the average strain rate for each experiment of a particular condition. As noted earlier, a 

sequence of eight images at different times in an experiment yield either four strain rate fields by cross-

correlating the images of a camera or seven strain rate fields by cross-correlating the images across the 

cameras in addition to correlating images within a camera. Figure 33 shows average strain rate fields 

obtained from individual experiments and the grand average strain rate field for the cutting condition; 

0.2m/s, 50μm feed, while cutting AISI 4340HT with KC510M insert of edge radius 6μm and rake angle 

30O. Average strain rate field for an experiment is obtained by performing a 'shift and rotation' correction 
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on the four strain rate fields and averaging them to get an average strain rate field. Similar processing is 

done on all the experiments under a cutting condition to obtain the corresponding average strain rate 

fields. The average strain rate fields of individual experiments are collated, a ‘shift and rotation’ correction 

carried out on the strain rate fields and the strain rate fields are averaged to get the grand average strain 

rate field for the cutting condition. The grand average strain rate field thus obtained is rotated to make the 

PSZ horizontal, a rectangle extracted from the middle one-third of the PSZ and the strain rate profiles are 

averaged over the width of the rectangle to get the average strain rate field for the specified cutting 

condition (see Figure 9). As a usual procedure, a minimum of ten strain rate fields obtained from ten 

individual experiments are averaged to get the equivalent strain rate for the cutting condition. 

6.2 Comparison of Shear Deformation across Different Speeds at a Constant Feed 

An average strain rate field obtained by DIC reveals many interesting facts about the PSZ 

thickness and shear angle. Figure 34 shows the average strain rate fields obtained for the same

 

 

 

Figure 32. Average Strain rate profiles obtained while cutting AISI 4340HT at different cutting 
speed but with a constant feed of 50μm. Strain rate scales up as the speed increases. 
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PSZ 

Figure 33. Average Strain rate fields of individual experiments (a,b,c,d&e) and their grand average strain rate field 
(f), while machining AISI 4340HT at 0.2m/s, 50µm feed with KC510M insert of edge radius 6µm and rake angle 
30O. Note that the average strain rate field of an experiment is obtained by aligning the strain rate fields at 
different times by a 'shift and rotation' correction and then averaging them together. For the grand average strain 
rate field, a 'shift and rotation' correction is done on the average strain rate fields of individual experiments. 
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Chip 
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feed but different cutting speeds while machining AISI 4340HT with KC510M insert of rake angle 30O and 

edge radius 6μm. It can be observed that the shear zone thickness decreases with increase in cutting 

speed and the shear angle increases with increase in cutting speed. As the cutting speed is increased at 

a constant feed, the strain rate increases. "The increased strain rate decreases the thickness of the shear 

zone owing to the fact that a higher cutting speed does not provide adequate time for the dislocations to 

move and thereby originate new shear planes" (Kececioglu, 1958). 

6.3 Trends in Strain Rate Distribution 

The average strain rate profiles for different cutting conditions were compared to study the effect 

of increasing cutting speed at a constant feed of 50µm (see Figure 35). It was found that the thickness of 

the PSZ decreases with increase in cutting speed with a corresponding increase in peak strain rate. 

Skewed normal distribution was found to model the strain rate profiles well as some profiles were skewed 

with respect to AB (line through PSZ indicating the direction of maximum strain rate, see Figure 1). 

Though skewed normal distribution was used to model the strain rate profiles, it was found that the skew 

factor was within ± 1 in all the cases. As we know, a skew factor <1 does not significantly alter 

 

 

 

 

TABLE 9 

EXPERIMENTAL RESULTS FOR KEY PROCESS OUTPUTS WHILE MACHINING A 3.81mm THICK 
AISI 4340HT WORKPIECE WITH KC510M INSERT OF EDGE RADIUS 6μm AND RAKE ANGLE 30O 

(FORCES SCALED TO A WORKPIECE THICKNESS OF 1mm) 

Notes: Lubricant (Ultracut 375R) used in all cutting experiments except for the test condition#3 (1m/s, 50µm feed). A drop of lubricant is applied on the 
cutting edge before each experiment. Notice the coefficient of friction for test condition#3 is more compared to other cutting conditions due to the 
absence of lubricant during cutting. 
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PSZ 

Figure 34. Average Strain rate fields obtained while cutting AISI 4340HT with KC510M insert of edge radius 6μm and rake angle 30O at 
constant feed of 50µm but different cutting speeds (a: 0.2m/s, b:0.5m/s, c:1m/s and d=2m/s). Note that the PSZ thickness decreases with 
an increase in cutting speed with a corresponding increase in shear angle. 
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the curve fitting process and hence the peak strain rate and the PSZ thickness. Skewed normal 

distribution is used to fit the curves to the raw strain rate profiles obtained by DIC, by minimizing the sum 

squared error during curve fitting using the 'Solver' in MS-Excel. The strain rate profiles have been scaled 

with a constant factor to bring their peaks to the same point, in order to compare their thicknesses. 

"Thickness of the PSZ is determined as the width of the strain rate distribution which accounts for 90% of 

the total strain in the material" (Hastings, 1975). A software code written in Maple® helps obtain the PSZ 

thickness based on 5th and 95th percentiles derived from the cumulative distribution function of the 

skewed normal distribution. 

6.4 Reduction of Variability in Flow Stress Estimates 

Average flow stress and the variability in the flow stress for two different methods of processing 

the data are shown in Table 10. The first method, in which the shear angle measured from the recorded 

velocity field for each experiment was used to calculate the shear force, was found to result in a larger 

amount of spread in the data compared to the second method, in which the average of all the shear 

angles recorded in each experiment was used. This can be understood based on the fact that the shear 

angle measured from the velocity field is an instantaneous value, whereas the forces are the average 

forces during steady state. It is clear that the average of the instantaneous shear angles recorded during 

multiple experiments would be more representative of the average shear angle within each experiment 

also. It is worth noting that direct shear angle measurements from high speed photography are better 

than calculated values from the chip thickness because the chip thickness may be reduced further by 

deformation in the secondary shear zone (SSZ). Similar to the observations made in section 5.5, we can 

see that from Table 10 the variability in flow stress values is decreased when the normal force is 

normalized by chip weight and average shear angle computed from the velocity fields of individual 

experiments is used. It can be seen that the variability reduces from 10% to 8% of the mean value and 

the 95% confidence interval range is also reduced from 205 Mpa to 157 Mpa. 

6.5 Discussion 

Based on the observations above, it can be seen that the the PSZ while cutting AISI 4340HT is 

typically parallel sided. The strain rate near the cutting edge and the free surface is almost the same and 

reduces in the middle of the PSZ. The PSZ thickness reduces as the cutting speed increases for the 
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same feed of 50µm with a corresponding increase in strain rate and shear angle. The average coefficient 

of friction for the cutting condition 1m/s with 50µm feed is more compared to the other conditions reported 

because the cutting was in air without any lubricant. For the other cutting conditions a drop of lubricant 

(Ultracut 375R) was applied on the cutting edge before each cut to reduce the friction.  

The objective estimates of errors in strain computations as discussed in section 4.8 helps identify 

the optimum spatial resolution for DIC of images obtained in the experiments and also indicate that the 

strain rate field is computed accurately. The optimum processing condition for the sequential images 

obtained during cutting of AISI 4340HT was found to be with 64x64 pixel facets, 87% overlap between the 

neighboring facets followed by the use of a non-linear filter (LES2) of cut off wavelength equal to two data 

points. 
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TABLE 10 

STATISTICAL ANALYSIS OF FORCES ON THE RAKE FACE OF THE TOOL, THE SHEAR 
STRENGTH AND THE FLOW STRESS WHILE CUTTING 3.81mm THICK AISI 4340HT SPECIMEN AT 
0.2m/s & 50μm FEED, WITH A TOOL OF RAKE ANGLE 30O AND EDGE RADIUS 6μm (a) WITHOUT 
NORMALIZATION OF THE NORMAL FORCE BY CHIP WEIGHT (b) NORMALIZING THE NORMAL 

FORCE BY THE CHIP WEIGHT TO REDUCE VARIABILITY IN THE FLOW STRESS 

(a) (b) 

Figure 35. Trends in strain rate distribution while machining AISI 4340HT with 
KC510M insert of edge radius 6μm and rake angle 30O. Comparison of strain rate 
distributions at a constant feed of 50µm but with varying cutting speeds show that 
the PSZ thickness decreases as the cutting speed is increased with a corresponding 
increase in strain rate. 
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CHAPTER 7 

RESULTS AND DISCUSSION - Ti-6Al-4V 
 
 

To study the mode of deformation and compute average strain rate along the PSZ, several 2D 

sequences were obtained and processed. Segmented chips were formed when cutting Ti-6Al-4V at 

0.5m/s, 100µm feed with a tool of rake angle 30O and edge radius 6µm, characterized by zones of intense 

shear alternating with bands of material which were less deformed. 

The results of the cutting experiments are shown in Table 11. The velocity fields obtained for an 

experiment (usually four, but up to seven velocity fields can be obtained for a 2D sequence of eight 

images) are averaged to get the average strain rate distribution for the experiment. The averaging was 

found to reduce the noise in the strain rate distributions and helped in deriving some important 

conclusions from the experiments. The strain rate profiles over time in the CD direction showed single 

strain rate peaks which move over time with the material, implying a state of inhomogeneous shear, 

comparable with the average strain rate profile obtained over many experiments for same cutting 

conditions. 

Figure 36 shows the average strain rate profile obtained while machining Ti-6Al-4V at 0.5m/s, 

100µm feed with KC510M insert of rake angle 30O and edge radius 6µm. "The PSZ width is calculated as 

the width of the shear zone over which 90% of the total strain occurs as it is difficult to exactly determine 

the shear zone boundaries" (Hastings, 1975).  

Skewed normal distribution was found to model the strain rate profiles well as some profiles were 

skewed with respect to AB (line through PSZ indicating the direction of maximum strain rate, see Figure 

1). Though skewed normal distribution was used to model the strain rate profiles, it was found that the 

skew factor was within ± 1 in all the cases. As we know, a skew factor <1 does not significantly alter the 

curve fitting process and hence the peak strain rate and the PSZ thickness. Skewed normal distribution is 

used to fit the curves to the raw strain rate plots obtained through DIC, by minimizing the sum squared 

error during curve fitting using the 'Solver' in MS-Excel. The strain rate profiles have been scaled with a 

constant factor to bring their peaks to the same point, in order to compare their thickness. Thickness of 

the PSZ is determined as "the width of the strain rate distribution which accounts for 90% of the total 

strain in the material" (Hastings, 1975). A software code written in Maple® helps obtain the PSZ thickness 
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based on 5th and 95th percentiles derived from the cumulative distribution function of the skewed normal 

distribution. 

7.1 Average Strain Rate Field for an Experiment and Average Strain Rate Field for a Cutting 

Condition 

The peak strain rate value along the PSZ (in the CD direction) reported in Table 11 is the average 

values of many experiments for a cutting condition. In order to compute the average strain rate for a 

cutting condition, it is necessary to determine the average strain rate for each experiment of a particular 

condition. As noted earlier, a sequence of eight images at different times in an experiment yield either 

four strain rate fields by cross-correlating the images of a camera or seven strain rate fields by cross-

correlating the images across the cameras in addition to correlating images within a camera. Figure 37 

shows average strain rate fields obtained from individual experiments and the grand average strain rate 

field for the cutting condition; 0.5m/s, 100μm feed, while cutting Ti-6Al-4V with KC510M insert of edge 

radius 6μm and rake angle 30O. Average strain rate field for an experiment is obtained by performing a 

‘shift and rotation’ correction on the four strain rate fields and averaging them to get an average strain 

 

 

 

Figure 36. Average Strain rate profiles obtained while cutting Ti-6Al-4V at 0.5m/s, 
100µm feed with KC510M insert of edge radius 6µm and rake angle 30O. The average 
strain rate profile shows a single peak along the PSZ in the CD direction. 
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rate field. Similar processing is done on all the experiments under a cutting condition to obtain the 

corresponding average strain rate fields. The average strain rate fields of individual experiments are 

collated, a ‘shift and rotation’ correction carried out on the strain rate fields and the strain rate fields are 

averaged to get the grand average strain rate field for the cutting condition. The grand average strain rate 

field thus obtained is rotated to make the PSZ horizontal, a rectangle extracted from the middle one-third 

of the PSZ and the strain rate profiles are averaged over the width of the rectangle (see Figure 9) to get 

the average strain rate field for the specified cutting condition. As a usual procedure, a minimum of ten 

strain rate fields obtained from ten individual experiments are averaged to get the equivalent strain rate 

for the cutting condition. 

7.2 Mode of Shear Deformation along the PSZ 

To study the mode of shearing in further detail, variation of strain rate within the time interval of 

an experimental sequence was studied. Figure 38 shows the strain rate profiles along the CD direction 

obtained at times 5µs, 15µs, 25µs, 45µs, 55µs and 65 µs for experiment#13, while cutting Ti-6Al-4V at 

0.5m/s, 100µm feed using KC510M insert of edge radius 6μm and rake angle 30O. It can be observed that 

all the strain rate profiles obtained from the image sequence are similar, implying that the work material is 

shearing in the same region and the shear zone is moving with the material over time. The strain rate 

profiles shown in Figure 38 were extracted after making the workpiece stationary through a 'shift' 

correction, causing the tool to move into the workpiece with the specified cutting speed of 0.5m/s. The 

strain rate profiles were extracted in the same zone along the PSZ at all the times. 

 

 

 

TABLE 11 

EXPERIMENTAL RESULTS FOR KEY PROCESS OUTPUTS WHILE MACHINING A 3.78mm THICK   
Ti-6Al-4V WORKPIECE WITH KC510M INSERT OF EDGE RADIUS 6μm AND RAKE ANGLE 30O  

(FORCES SCALED TO A WORKPIECE THICKNESS OF 1mm) 
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In order to better visualize the shearing process, the tool was made stationary by a ‘shift’ 

correction operation, causing the work to move past the stationary tool with a cutting speed of 0.5m/s. 

With the images thus transformed, it was observed that the same regions of the material were shearing 

persistently. Figure 39 shows the progression of the strain rate profiles over time for experiment#13. To 

maintain uniformity, the strain rate profiles for all the six strain rate fields were computed in the same zone 

along the PSZ. Persistent shearing of the material is clearly evident by this way of processing and it can 

be found that the shear deformation is more intensely localized in some regions of the material which 

continue to accumulate deformation (i.e. the deformation is inhomogeneous). Though the strain profiles at 

different times for experiment#13 look similar, it can be observed that the strain rate profiles are 

convected towards the exit of PSZ (see Figure 39). The deformation pattern is therefore stationary with 

respect to the material and the same volume of material undergoes a similar pattern of deformation in all 

 

 

 

Figure 37. Average Strain rate fields of individual experiments (a,b,c) and their grand average strain 
rate field (d), while machining Ti-6Al-4V at 0.5m/s, 100µm feed with KC510M insert of edge radius 
6µm and rake angle 30O. Note that the average strain rate field of an experiment is obtained by 
aligning the strain rate fields at different times by a 'shift and rotation' correction and then averaging 
them together. For the grand average strain rate field, a 'shift and rotation' correction is done on the 
average strain rate fields of individual experiments. 
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the strain rate fields computed from consecutive images recorded in a single experiment. Inhomogeneous 

deformation of the work material can be visually observed in Figure 40, which shows the strain rate fields 

obtained at different times by cross-correlation of the sequential images of experiment#13. 

Yet another method of processing was done to ascertain the mode of deformation along the PSZ. 

In this method of processing the strain rate field at time t1=10µs was superimposed on the image obtained 

at the same time (second frame image of camera-1) and the strain rate field at time t7=70µs was 

superimposed on the image obtained at the same time (second frame image of camera-4). After 

superimposition, some features close to the PSZ were identified. It was ensured that the same features 

can be traced in both the images. The position of the PSZ in the images with respect to the selected 

feature gives information about the mode of deformation along the PSZ. From Figure 41, it can be seen 

that the PSZ moves over time with the material, implying that the same regions of the material 

accumulate deformation. This method of processing also emphasizes the persistent shearing of the work 

material while cutting Ti-6Al-4V at 0.5m/s, 100µm feed with KC510M insert of edge radius 6µm and rake 

angle 30o as noted earlier. 

7.3 Reduction of Variability in Flow Stress Estimates 

Average flow stress and the variability in the flow stress for two different methods of processing 

the data are shown in Table 12. The first method, in which the shear angle measured from the recorded 

velocity field for each experiment was used to calculate the shear force, was found to result in a larger 

amount of spread in the data compared to the second method, in which the average of all the shear 

angles recorded in each experiment was used. This can be understood based on the fact that the shear 

angle measured from the velocity field is an instantaneous value, whereas the forces are the average 

forces during steady state. It is clear that the average of the instantaneous shear angles recorded during 

multiple experiments would be more representative of the average shear angle within each experiment 

also. It is worth noting that direct shear angle measurements from high speed photography are better 

than calculated values from the chip thickness because the chip thickness may be reduced further by 

deformation in the secondary shear zone (SSZ). In our case the shear angle from both these methods 

was found to be nearly the same, due to the low coefficient of friction. 
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Similar to the observations made in section 5.5, we can see that from Table 12, the variability in 

flow stress values is decreased when the normal force is normalized by chip weight and average shear 

angle computed from the velocity fields of individual experiments is used. It can be seen that the 

variability reduces from 12% to 7% of the mean value and the 95% confidence interval range is also 

reduced from 280 Mpa to 161 Mpa. 

7.4 Discussion 

The cutting experiment on Ti-6Al-4V at 0.5m/s and 100µm feed shows shear banded chip 

formation. Figure 42 shows a sequence of 8 images obtained while cutting Ti-6Al-4V at 0.5m/s, 100µm 

feed using KC510M tool of edge radius 6µm and rake angle 30O. The images clearly show localized 

bands of shear separated by large bands of lesser deforming material. From Figure 39, it can be clearly 

seen that the band of shear deformation moves with the material, implying that the deformation continues 

to concentrate within the same region of the material.  

High speed images while cutting Ti-6Al-4V at 0.5m/s and 100µm feed were captured at an optical 

magnification of 18.9x (6.3x magnification on the Leica stereozoom microscope). The X-

axis/magnification scale bars in Figure 36, Figure 37, Figure 38, Figure 39, Figure 40, Figure 41 and 

Figure 42 have all been re-scaled by the ratio of the actual cutting velocity (0.5m/s) to the measured 

velocity (0.39m/s- average over all the experiments) and the ratio turns out to be 0.5/0.39=1.28. Scaling is 

necessary as calibration at 6.3x is not available and this magnification is not commonly used to capture 

the high speed images. The magnification was wrongly set at 6.3x instead of 8x, which is the next higher 

magnification setting after 6.3x on the Leica MZ16 stereozoom microscope. The mistake was realized 

after the velocity from DIC showed 0.39m/s instead of the actual cutting speed of 0.5m/s. 

Figure 42 shows the chip morphology when observed from the side during orthogonal cutting of 

Ti-6Al-4V at 0.5m/s, 100µm feed using KC510M tool of edge radius 6µm and rake angle 30O. Each 

experiment yields a curled chip, and a few chips which are representative of the mode of deformation 

under the condition stated, are embedded in epoxy for metallographic examination as detailed in section 

4.10. Figure 43 shows the chip microstructure at the mid-section of the chip. It can be clearly seen that 

the mode of deformation is by localized shear as noted previously and the pattern of deformation is 

consistent throughout the width of the chip. 
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It can be seen from Table 11 that the chip thickness (tc=110µm) is nearly equal to the uncut chip 

thickness (t0=100µm) Since t0 = tc, it is reasonable to conclude that the chip velocity (Vc) is nearly equal to 

the incoming work velocity (Vw), where Vw=0.5m/s. From Figure 43, it can be seen that there are seven 

shear bands in a chip length of 300µm, which corresponds to a shear band spacing of 300/7=43µm. 

Therefore the time between shear bands Δt=(43µm)/(0.5m/s)=86µs and the frequency of shear banding 

f=1/Δt=1/86µs=11.5kHz. The frequency of shear banding was further checked at three regions on a single 

chip and over a sample of three chips obtained at this cutting condition of 0.5m/s and 100µm feed, 

totaling to nine readings in all. The frequency of shear banding was observed to be between 10-11 kHz. 

Average peak equivalent strain rate along the PSZ in the CD direction while cutting Ti-6Al-4V is 

16,181/s and AISI 4340CR is 6590/s. It can be seen that the peak strain rate for Ti-6Al-4V for the same 

cutting condition is more than double when compared to AISI 4340CR and it can be seen that the PSZ 

 

 

 

Figure 38. Strain rate profiles along CD direction at six different times while machining Ti-6Al-4V 
at 0.5m/s, 100µm feed with KC510M insert of edge radius 6µm and rake angle 30O. Profiles show 
that the same region of the material persistently shears over time, implying an inhomogeneous 
deformation. Note that the profiles are obtained by making the workpiece stationary by ‘shift’ 
correction and the tool is moved into the stationary workpiece with a cutting speed of 0.5m/s and 
a feed of 100µm. 
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thickness while cutting Ti-6Al-4V is 17µm compared to a thickness of 34µm while cutting AISI 4340CR. 

The reduction in PSZ width by 50% while cutting Ti-6Al-4V compared to AISI 4340CR explains the 

difference in the strain rates while machining these materials. Note that the strain rate and PSZ thickness 

for the cutting condition 0.5m/s and 100µm feed for AISI 4340CR is computed by linear interpolation

  

 

using the strain rate and PSZ thickness values obtained while cutting AISI 4340CR at 0.1m/s_100µm 

feed and 1m/s_100µm feed. This is because the cutting condition used for Ti-6Al-4V (0.5m/s_100µm 

feed) was not used to machine AISI 4340CR. 
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TABLE 12 

STATISTICAL ANALYSIS OF FORCES ON THE RAKE FACE OF THE TOOL, THE SHEAR 
STRENGTH AND THE FLOW STRESS WHILE CUTTING 3.78mm THICK Ti-6Al-4V SPECIMEN AT 

0.5m/s & 100μm FEED WITH A TOOL OF RAKE ANGLE 30O AND EDGE RADIUS 6μm (a) WITHOUT 
NORMALIZATION OF THE NORMAL FORCE BY CHIP WEIGHT (b) NORMALIZING THE NORMAL 

FORCE BY THE CHIP WEIGHT TO REDUCE VARIABILITY IN THE FLOW STRESS 

(a) (b) 
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t=5µs t=65µs 

X’=0
 

Expected 
movement           

(Vper x δt) in 
microns

Actual movement 
(δX' of Peaks) 

microns
P1-P2 3.25 4.34
P2-P3 3.15 3.26
P4-P5 3.11 2.17
P5-P6 3.37 4.34

(a) 

(b) 

Figure 39. (a) Strain rate fields obtained at different times while cutting Ti-6Al-4V at 0.5m/s, 100µm feed 
using KC510M insert of edge radius 6µm and rake angle 30O (b) PSZ movement over time shows 
inhomogeneous deformation of the material (c) corresponding strain rate profiles, showing 
inhomogeneous deformation of the material. Note that the profiles are obtained by making the tool 
stationary by ‘shift’ correction and the workpiece is moved past the stationary tool with a cutting speed of 
0.5m/s and a feed of 100µm. 

 

(c) 
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Figure 40. Strain rate fields obtained at different times while cutting Ti-6Al-4V at 0.5 m/s and a feed of 100μm 
using KC510M insert of rake angle 30O and edge radius 6µm. The tool is stationary and the work piece moves 
past the tool at the specified cutting velocity. Movement of the PSZ over time can be seen which is consistent 
with the findings in Figure 39, implying inhomogeneous deformation of the workpiece. 

PSZ 

t=5µs t=15µs 

t=25µs t=45µs 

t=55µs t=65µs 

Work 

Chip 

50μm 
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25µm 

Figure 41. Strain rate field superimposed on the raw image while machining Ti-6Al-4V at 0.5m/s, 100µm 
feed with KC510M insert of rake angle 30O and edge radius 6µm. The blue arrows show the position of a 
feature common to both the images at times t1=10µs and t7=70µs relative to the PSZ. It can be seen that the 
PSZ is fixed with respect to the material implying persistent shearing of the material. Strain rate fields at 
other times are shown in Figure 40 and the complete set of eight sequential images are shown in Figure 42. 

Work 

Chip 

Tool 

PSZ 

t=10µs t=70µs 
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Figure 42. A sequence of eight images taken at a frame rate of 100kHz while cutting Ti-6Al-
4V at 0.5 m/s and a feed of 100μm using KC510M tool of rake angle 30O and edge radius 
6µm. The tool is stationary and the work piece moves past the tool at the specified cutting 
velocity. The chip flows up as shown in frame A. The PSZ and the boundaries of the tool are 
also shown in frame A. The images are shown with a color palette representing the image 
intensity. Localized shearing is evident in these images and is attributable to adiabatic 
shearing of Ti-6Al-4V. 
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Work 
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Tool 
50µm 

A 



93 
 

  

 

(a) 

(b) 

Figure 43. Microstructure of polished and etched chips obtained while cutting Ti-6Al-4V 
at 0.5 m/s with a feed of 100μm using KC510M tool of rake angle 30O and edge radius 
6µm. (a) Microstructure of the mid-section of the chip at a lower magnification, 
consistent in the way the chip moves over the rake face and curls away (b) 
Microstructure of the chip at higher magnification showing shear banding, emphasizing 
that the mode of deformation (localized shearing) is consistent throughout the width of 
the chip. Chips are polished and etched as per the procedure detailed in section 4.10. 

Regions of intense 
localized shearing, 
attributable to adiabatic 
shear banding of Ti-6Al-4V 
in machining 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 
 
 

8.1 Conclusions 

Strain Rate and flow stress along the PSZ were obtained while cutting AISI 4340HR, AISI 

4340CR, AISI 4340HT and Ti-6Al-4V under different cutting conditions. Other parameters of interest such 

as shear angle, chip thickness, coefficient of friction were also obtained from the cutting experiments. The 

shear deformation in AISI 4340HR and AISI 4340CR was found to be concentrated along parallel sided 

shear zones and the same region of the material was found to accumulate deformation over time, 

implying a state of inhomogeneous deformation. The PSZ was found to be narrower for the AISI 4340CR 

specimen in cutting compared to its unstrained counterpart. The high-speed images of the PSZ while 

cutting Ti-6Al-4V and the chip microstructure at the mid-section clearly showed localized bands of shear 

separated by larger bands of less deformed material, implying the deformation continues to concentrate 

within the same region of the material. 

Limitations in the spatial resolution imposed by the least facet size and % overlap between the 

neighboring facets that can be used to optimally process the sequential images. A minimum of four points 

are required to define the PSZ thickness and if the PSZ thickness is about 10µm, the required spatial 

resolution to accurately compute the PSZ thickness is 10/4=2.5µm. At an optical magnification of 24x, 

which is the magnification used for most cutting conditions reported here, 2.5µm spatial resolution 

corresponds to ten pixels. With the 32x32 pixels facets, 87% overlap between the neighboring facets and 

use of a non-linear filter of cutoff wavelength equal to two data points (LES2) results in a spatial resolution 

of eight pixels or 2µm. As seen from Table 5, Table 6, Table 9 and Table 11, the PSZ thickness ranges 

from 17-50µm. The minimum PSZ thickness obtained from the results reported is 17µm while cutting Ti-

6Al-4V at 0.5m/s, 100µm feed using KC510M insert of edge radius 6µm and rake angle 30o. As the 

minimum spatial resolution obtained by processing the images using 32x32 pixel facets, 87% overlap 

between the neighboring facets and LES2 is 2µm, it can be concluded that the PSZ thicknesses reported 

here are computed accurately. Note that the AISI 4340HT images are processed with 64x64 pixel facets 

and LES2 implying a spatial resolution of 4µm. As per the discussion above, the minimum spatial 

resolution to accurately resolve a 10µm thick PSZ is 2.5µm with four points defining the strain rate profile. 
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As the PSZ thickness for AISI 4340HT experiments range from 20-25µm, we can believe that the DIC has 

resolved the thickness accurately. Generally, the limitation in the spatial resolution puts an upper bound 

on the PSZ thickness being computed and a lower bound on the strain rate being computed. 

Using the various, existing sets of JC material model coefficients from literature for AISI 4340 

(Johnson and Cook, 1983; Gray et al., 1994; Ng and Aspinwall, 2002), it was found from FEA that for 

some set of coefficients, only the cutting forces could be matched well by tuning the friction coefficient 

and none of the other macroscopic variables matched well. This indicates that the flow stress given by 

these sets of coefficients, though accurate for the conditions under which they were developed, needs to 

be quite different for the conditions encountered in metal cutting.  

Using a different set of coefficients (Ng and Aspinwall, 2002),it was found that the strain rate and 

forces were predicted accurately but the predicted chip thickness and shear angles were only 2/3rd of the 

values obtained from experiments. Though there is hope that eventually all the macroscopic variables can 

be matched, it is worthwhile to explore the feasibility of using other material models in addition to the JC 

model such as the Zerilli-Armstrong (Zerilli and Armstrong, 1987; Gray et al. 1994), BCJ (Bammann et al., 

1996; Chuzoy et al., 2003) and mechanical threshold stress models (Follansbee and Kocks, 1988; 

Banerjee, 2007). 

8.2 Future Work 

Data obtained from experiments can be used to determine flow stress along the PSZ, whereas 

FE simulations require material models which can accurately describe the material behavior near the 

cutting edge (indentation zone, IZ) and in the secondary shear zone (SSZ); for the simulation results to 

match all the results from orthogonal experiments. Experiments with pre-heated, pre-strained material 

help understand the material behavior in the IZ and SSZ, as the temperature and strain are higher in 

these experiments. It will also be of interest to increase the hydrostatic pressure in the PSZ using 

negative rake angle tools to better describe the conditions in the IZ. A side-plate restricted cutting (using 

sapphire discs to prevent side spread of the chip during orthogonal cutting) may be a possible solution to 

the existing problem of the side-spread in the chips, which was an obstacle preventing us for doing tests 

with negative rake angles test till now, however, the cutting speeds needs to be lower to avoid shear 

banding.  
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APPENDIX A 
 

AISI 4340HR MACHINING AT ELEVATED WORKPIECE TEMPERATURE OF 100OC 
(Kiran Srinivasan and Sreedhar Vasomsetti) 

 
 

 

 

Figure 44. Elevated temperature machining setup with car cigarette lighters lined up besides each other to heat 
the AISI 4340HR workpiece. With this setup, the desired workpiece temperature of 100OC was achieved. For 
machining with still higher workpiece temperaures, insulation to be used between the workpiece and the clamp 
plates of the work holding fixture. Workpiece temperature measurement done with J-type thermocouple and 
the data is recorded using an 'Agilent' make 34970A data colection system. Temperature data collected from 
four thermocouples mounted on the workpiece are processed further to determine the workpiece temperature 
at the  time when the cameras are triggered for image capture. With a knowledge of the temperature readings 
at four places on the workpiece, temperature at the free end of the workpiece, during image capture is 
determined by linear interpolation of the recorded data. 
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Temperature vs. Time graph as recorded by the data collector  
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Figure 45. Temperature vs. Time graph recorded by the data collector, with temperature being measured by four J-type 
thermocouples mounted on the AISI 4340HR workpiece. 
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TABLE 13 

TEMPERATURE AT THE FREE END OF THE WORKPIECE AT TIME WHEN THE CAMERAS ARE TRIGGERED TO CAPTURE THE 
SEQUENTIAL IMAGES OF MACHINING 

Figure 46. Schematic diagram showing the thermocouples mounted on the AISI 4340HR workpiece and the 
relative distances between them. Temperature at the free end of the workpiece at the time when the cameras are 
triggered is computed by liner interpolation of the temperature readings obtained from the four thermocouples. 

(All dimensions in mm) 
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TABLE 14 

EXPERIMENTAL RESULTS FOR KEY PROCESS OUTPUTS WHILE MACHINING A 3.4mm THICK AISI 4340HR WORKPIECE AT ELEVATED 
TEMPERATURE OF 100OC WITH KC510M INSERT OF EDGE RADIUS 6μm AND RAKE ANGLE 30O  

(FORCES SCALED TO A WORKPIECE THICKNESS OF 1mm) 

Cutting 
speed 

Feed 
Average 
Cutting 
Force 

Average 
Thrust 
Force 

Indentation 
compensated 

average 
Cutting Force 

Indentation 
compensated 
averge Thrust 

Force

Average 
Coefficient 
of friction

Average 
Chip 

thickness 

Averager 
Shear 

angle from 
velocities 

Average 
Shear angle 

from chip 
thickness 

Average 
Flow Stress 
along PSZ

Average 
Peak 

equivalent 
Strain rate 
along CD 

Strain by 
kinematic 
analysis 

(Vs/Vper)

V f F c F t F c ' F t ' t c φ φ σ Edot

m/s µm N N N N N µm degrees degrees Mpa s-1

1 100 141.8 1.496 18.3 123.5 -16.8 0.5 160.0 38.7 38.2 1,118.9 15,823 0.80 0.53 0.83

Average 
Indentation 

Force 

µ

Average 
cummulative 
platic strain 

along CD

Є EFЄ ABЄ k
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APPENDIX B 
 

KISTLER 9272 DYNAMOMETER CALIBRATION ON UTM 
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APPENDIX C 
 

SUMMARY OF FORCES OBTAINED WHILE MACHINING OFHC COPPER USING K110M AND KC510M INSERTS 
(Sreedhar Vasomsetti and Kiran Srinivasan) 

 
 
 

Parameter Average Range Std. 
Deviation

Std. 
dev./Avg

95% CI - 
Upper 
limit

95% CI - 
Lower 
limit

CI Range Average Range Std. 
Deviation

Std. 
dev./Avg

95% CI - 
Upper 
limit

95% CI - 
Lower 
limit

CI Range

φind 86.444 17.306 4.900 5.67% 89.687 83.201 6.487 60.142 14.686 4.669 7.76% 63.233 57.052 6.181

φavg 86.438 16.950 4.799 5.55% 89.614 83.262 6.352 59.982 12.024 3.688 6.15% 62.423 57.540 4.882

φind 86.442 17.425 4.953 5.73% 89.984 82.899 7.085 60.101 17.302 5.657 9.41% 64.147 56.054 8.093

φavg 86.437 17.074 4.851 5.61% 89.647 83.226 6.421 59.981 14.535 4.618 7.70% 63.037 56.925 6.112

φind 103.104 21.167 6.034 5.85% 107.098 99.110 7.988 77.395 23.740 8.401 10.85% 82.955 71.835 11.121

φavg 103.065 18.283 5.185 5.03% 106.496 99.633 6.863 77.198 16.917 5.748 7.45% 81.002 73.394 7.609

φind 103.115 18.539 4.968 4.82% 106.669 99.561 7.108 77.313 16.165 5.617 7.27% 81.331 73.295 8.035

φavg 103.087 15.695 4.224 4.10% 105.883 100.291 5.592 77.200 8.972 2.924 3.79% 79.135 75.264 3.871

φind 5.728 0.606 0.176 3.07% 5.844 5.611 0.233 31.426 3.806 1.193 3.80% 32.215 30.636 1.579

φavg 5.735 1.017 0.288 5.03% 5.926 5.544 0.382 27.376 5.999 2.038 7.45% 28.725 26.027 2.698

φind 5.731 0.519 0.155 2.70% 5.841 5.620 0.221 31.473 1.049 0.372 1.18% 31.739 31.207 0.532

φavg 5.736 0.873 0.235 4.10% 5.892 5.581 0.311 31.612 3.674 1.197 3.79% 32.404 30.819 1.585

φind 367.587 38.888 11.291 3.07% 375.059 360.114 14.946 336.129 40.712 12.758 3.80% 344.573 327.686 16.888

φavg 368.053 65.289 18.515 5.03% 380.307 355.799 24.508 338.113 74.093 25.175 7.45% 354.775 321.451 33.324

φind 367.770 33.334 9.919 2.70% 374.865 360.674 14.190 336.640 11.219 3.978 1.18% 339.485 333.795 5.691

φavg 368.138 56.050 15.088 4.10% 378.124 358.151 19.972 338.120 39.297 12.808 3.79% 346.597 329.643 16.954

φind 636.679 67.356 19.556 3.07% 649.622 623.735 25.887 582.193 70.515 22.097 3.80% 596.818 567.568 29.250

φavg 637.486 113.084 32.068 5.03% 658.711 616.262 42.449 585.629 128.334 43.604 7.45% 614.488 556.769 57.720

φind 636.996 57.736 17.180 2.70% 649.284 624.707 24.578 583.078 19.431 6.890 1.18% 588.006 578.150 9.856

φavg 637.633 97.081 26.133 4.10% 654.930 620.336 34.593 585.642 68.065 22.184 3.79% 600.324 570.959 29.365

126.391 23.000 6.499 5.14% 131.040 121.742 9.297 120.516 24.870 8.542 7.09% 126.626 114.406 12.220

32.573 7.310 2.153 6.61% 34.113 31.033 3.080 31.292 6.280 1.858 5.94% 32.621 29.963 2.658

Statistics

K110M_Edge radius 1μm KC510M_Edge radius 6μm
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