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ABSTRACT 
 
 

Metal cutting induces larger strains and high strain rates within the primary shear zone 

(PSZ). The study is aimed at understanding the nature of high strain rate deformation of a highly 

ductile and workhardening material, namely, OFHC copper. Experimental measurements of the 

strain rate distribution over the primary shear zone (PSZ) have been carried out using digital 

image correlation (DIC) of ultra high-speed photographic images. A large depth of cut of 300um 

has been used to increase the width of the shear zone and resolve the deformation clearly. The 

experiments were carried on OFHC copper specimens with different hardness values and initial 

grain size. The PSZ is found to be narrower near the tool tip and wider near the free surface. The 

width of the PSZ for 0.1m/sec and 1m/sec increases from the tool tip to the free surface but for 

3.3ms/sec it increases over the first half of its length near the cutting edge and then remains 

constant over the second half to the free surface. Correspondingly, the strain rate is higher near 

the tool tip and lower near the free surface. The PSZ for the material with smaller grain size is 

comprised of multiple shear bands, which are planar regions of material along which the strain is 

higher than in adjacent regions. The material with larger grain size typically shows a single shear 

band in the PSZ. Shear bands are observed to initiate near the entrance of the PSZ and remain 

active till they exit the PSZ. In the case of multiple shear bands, the strain rate over a band 

increases as it moves towards the middle of the PSZ and then decreases as it moves towards the 

exit of the PSZ. The mean spacing between bands near the free surface is about 25µm and 50µm 

for the materials with initial grain size of 30µm and 100µm respectively, which corresponds to 

the wavelength of the ripples along the back surface of the chip. The bands likely correspond to 

the strain inhomogeneity usually observed at the level of the grain size, as evidenced by the fact 

that the free surface of chips is always observed to be rippled.  
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CHAPTER 1 

INTRODUCTION 
 
 

1.1 Metal Cutting  

Metal cutting is a process in which a thin layer of metal, the chip is removed by a wedge 

shaped tool from a larger body. The relative motion between the hard tool and softer workpiece 

helps in removing the unwanted material. In machining, rapid material movement in the primary 

shear zone (PSZ) result in higher strain rates. As metal approaches the shear plane, it does not 

deform until the shear plane is reached. It then undergoes a substantial amount of simple shear as 

it crosses the PSZ. There is essentially no further plastic flow as the chip proceeds up the face of 

the tool. The secondary shear zone along the tool face is generally ignored. Figure 1 shows a 

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

 

Figure 1. Schematic sketch of orthogonal cutting showing the primary and secondary shear 
zones. 
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The metal cutting experimental outputs include the cutting forces, shear angle, thickness 

of the PSZ, peak strain rate along the PSZ, temperature distribution, contact stress and sliding 

velocity along the tool-work material interface. Some of the process variables namely forces, 

shear angle, strain rate etc. are directly measurable, whereas other parameters cannot be 

measured easily. Attempts have been made by researchers in the past to measure the stress and 

temperature distribution along the tool-workpiece interface (Bagchi and Wright, 1987; 

Boothroyd, 1963; Narayanan et al., 2001; Kwon et al., 2001; Miller et al., 2003). In these studies, 

very high errors were seen in the data. 

In earlier studies with AISI 1045 (Mahadevan, 2007) and with AISI 4340 steel 

(Srinivasan and Madhavan, 2011), it was observed that the strain within the PSZ was 

inhomogeneous, localizing along certain bands of persistent shear deformation. The reasons for 

inhomogeneous deformation were not clear; many factors such as pre-existing material 

inhomogeneity, harder phases, damage within the material, adiabatic effects, etc., could all have 

played a role. Additionally, the feeds that could be used with these harder materials were limited, 

causing the PSZ width to be small, thereby preventing its detailed characterization.   

This research describes high resolution measurements of the strain rate distribution 

within the PSZ and its evolution over time, by DIC of ultra high speed image sequences. 

Orthogonal cutting of OFHC copper was carried out at 300µm feed (depth of cut) using 

Kennametal KC 510 M cutting inserts of edge radius 6µm, set at a rake angle of 30° as illustrated 

in Figure 1.The large depth of cut helps widen the shear zone and permits study of the details of 

the strain rate distribution within the PSZ. 
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1.2 Digital Image Correlation 

Digital Image Correlation (DIC) is performed on the sequence of images to map the 

velocity and the strain rate fields in the PSZ. The images are captured during the machining 

process with the region of interest (see Figure 1) in good focus. Frame rates of 100 kHz to 1MHz 

are needed to precisely track the movement of a material through the PSZ over the obtained eight 

sequences of images 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 was aimed at understanding the nature of deformation of OFHC copper, a 

highly homogeneous, single phase material. Since it is highly conductive, it is resistant to 

adiabatic shear banding. Since the material is highly ductile and workhardens significantly, it 

would be more resistant to localized shearing arising from softening mechanisms such as 

damage. Cutting at large feeds increases the thickness of the PSZ. This is compounded by the 

high degree of work hardening, allowing clear resolution of the PSZ and detailed 

characterization of the deformation. 
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1.4 Thesis Organization 

Chapter two summarizes the use of high speed photography in metal cutting and previous 

studies of deformation of OFHC copper during machining. Chapter three describes the 

experimental setup and the high speed camera setup to determine the velocity and strain rate 

fields. The data processing methods to study the deformation are explained in chapter four. 

Chapters five and six present the obtained results. Conclusions and suggestions for future work 

are given in chapter seven.  



5 
 

CHAPTER 2 

BACKGROUND 
 
 

2.1 Studies on Deformation of OHFC Copper 

OFHC copper is commonly used in studies of the nature of deformation in materials.  The 

mechanical properties and deformation characteristics have been extensively studied, under 

many conditions, including conditions of high strain rate deformation. While many high strain 

rate tests exist for material properties, machining subjects material to large strains and very large 

strain rates that are larger than that achievable by the commonly used Split-Hopkinson pressure 

bar. 

Malin and Hatherly (1979) studied the occurrence of shear bands on cold rolled OFHC 

copper at different strain values ranging from 0.05 to 3.5. At low strain levels, i.e. reduction less 

than 10%, deformation proceeds by octrahedral slip to produce the surface slip steps of the 

elementary structure. Microbands are observed in the specimens with low to high strain levels 

(10-65% reduction), these bands are manifested as surface slip lines. In 40% reduction 

specimens, the thickness of microbands was observed to be 0.2µm and their formation involves 

the co-operative operation of dislocation planes. For the specimens with high strain levels, i.e. 

reduction greater than 65%, shear bands begin to appear in the microstructure. These shear bands 

occur in OFHC copper only at strains greater than 1.2. At these high levels of strain, instabilities 

develop in the form of shear bands and these gradually replace microband formation as the 

dominant deformation mechanism. Figure 2 shows the array of aligned microbands and equiaxed 

grains was crossed by long, thin bands that were at an angle of about 35° to the rolling plane 

trace in longitudinal sections and parallel to that trace in transverse sections.  
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Anand and Kalidindi (1994) studied shear band formation in plain strain compression of 

polycrystalline OFHC copper at logarithmic strain levels of -0.21, -0.52 and -1.0. The initiation 

of micro shear bands occurred somewhere between true strain levels of -0.21 and -0.52. The 

intensity of these shear bands was found to increase as deformation progressed and by a strain 

level of -1.0, macro-shear bands were found to have formed. These shear bands were observed to 

form even while the macroscopic strain hardening rate was positive. Figure 3 shows the optical 

micrographs of the undeformed parent material with initial grain structure and the planed strain 

compression of annealed copper at different strain levels. At a strain of -0.21, the grains are still 

reasonably equiaxed, at strain of -0.52; the grains have been flattened and localized shear bands 

of about 0.1 – 0.5µm thickness and inclined at 30° - 40° to the horizontal can be observed with in 

individual grains. At strain levels of -1.0, macro shear bands can be observed in the micrographs. 

The evolution of the averaged crystallographic texture was well predicted by the finite element 

model. They showed that the localization of plastic flow also occurs naturally in damage free 

materials. 

Figure 2. Electron micrograph of 97% rolled copper showing shear band. (Longitudinal section; 
1µm marker parallel to the trace of rolling plate). (Malin and Hatherly, 1979). 
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Schroeter and McDowell (2003) showed that the grid-line method offers a robust, 

accurate method to obtain full-field, in-plane deformation data from the surface of heavily 

deformed specimens. Figure 4(a) shows an optical image of a representative grid pattern 

obtained from the surface of a compressed specimen at an effective strain of 1. A reconstruction 

grid pattern, after grid point acquisition from the deformed surface, is shown in Figure 4(b). 

They showed that for polycrystalline copper subjected to large applied strains greater than 50%, 

the surface deformation field is strongly heterogeneous across a scale encompassing several 

grains.  

Figure 3. (a) Undefromed OFHC copper showing initial grain structure. Optical micrographs of 
planed strain compression of annealed copper (b) after a strain of -0.21; (c) after strain of -0.52 
and (d) after a strain of -1.0. (Anand and Kalidindi , 1994) 

(a) 

(b) (c) (d) 
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McDowell et al. (2002) studied the deformation of OFHC copper subjected to uniaxial 

compression at higher strain levels using micro scale grids. They found slightly higher local 

stress in the vicinity of grain boundaries than in grain interiors, a phenomenon attributed to local 

lattice misorientation across neighboring grains. Andrade and Meyers (1994) used split 

Hopkinson bar experiments to study the high strain rate deformation of OFHC copper with grain 

size of 70µm. The experiments conducted at higher strain rates, revealed a microstructure 

consisting of equiaxed grains with a low dislocation density when the imparted plastic strain 

exceeded 2. A mix of migration recrystallization and rotation recrystallization were proposed to 

operate at high strain rate. 

2.2 Strain Rate Distribution along the PSZ 

Kececioglu estimated the average strain rate in the PSZ using a quick stop device (1958). 

Oxley and other investigators (Stevenson and Oxley, 1969) used a quick stop apparatus to freeze 

the cutting process. They investigated the deformation of a 50 m square grid placed on inside 

surface of a split workpiece being cut. The streamlines of material flow was studied from the 

Figure 4. (a) Experimental surface deformation patterns at an applied strain level of 1.0 for (a) 
deformed experimental grid pattern – optical image (scale in µm) and (b) deformed experimental 
grid pattern – reconstruction. (Schroeter and McDowell, 2003). 
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deformation of the grid, and estimated the strain and strain rate distributions from the machining 

models 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. Even till date, research is being performed to understand the 

deformation phenomenon in the PSZ (Leopold 2003; Madhavan and Hijazi, 2004; Whitenton et 

al. 2005; Ravishankar et al. 2005).The approach towards understanding these concepts have 

changed over time, from the previous methods of estimating the deformation field from the 

deformed geometry under an assumption of steady state deformation; to measuring the actual 

geometric change with the aid of tools like digital image correlation (DIC), viscoplasticity, and 

particle 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.” 

(Vasomsetti, 2012) 

2.3 Metal Cutting as a High Strain Rate Test 

Merchant's machining model assumes the fact that finite strain is required to deform the 

workpiece into the chip. This deformation happens along the shear plane, along which the tangential 

velocity is discontinues, implying infinity strain rate. However, in the experiments researches found the 

thickness of the PSZ to be finite and they associated it with the strain hardening and strain rate 

hardening. Typically the PSZ was observed to be parallel sided (Stevenson & Oxley, 1969), with strain 

rate directly proportional to the shear velocity and inversely proportional to the shear zone thickness. 

Metal cutting was used as a high strain rate tests by many researchers (Finnie and Wolak, 1963; 

Stevenson and Oxley, 1969; Stevenson, 1997), owing to the high strain rates (104/s to 106/s) encountered 
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in the process. However, the strain rate by assuming the PSZ to be parallel sides is an approximate 

estimation and its width is determined using Oxley’s model of machining.  

To predict the material behavior correctly and to validate the material model, there is no standard 

approach developed yet. Till date the research was performed on narrow range of cutting conditions of 

technological interest. This can be used to generalize the theory of deformation for all the cutting 

conditions. In some materials and cutting conditions, experiments produce shear banded chips, while the 

flow stress and other parameters are estimated from the continuous chip formation models. Additionally, 

analytical models employ many other simplifications, such as assuming the indentation component of 

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

2.4 Flow Stress in the PSZ during Metal Cutting 

Oxley proposed the use of machining as a means of obtaining flow stress of a material at 

high strains, strain rate and temperature (Oxley, 1989). Gourdin and Lassila (1991) performed 

compression tests at nominal strain rates from 10-3
 to 100s-1, on Oxygen-free electronic (OFE) 

copper with various grain sizes and analyzed it in terms of mechanical threshold stress (MTS) 

model. Figure 5(a), shows the flow stress at various true strains and strain rate of 0.001s-1 are 

plotted versus the inverse square root of the average grain size. The flow stress clearly follows 

the Hall-Petch relationship and increase with d-0.5. Figures 5(b) and 5(c) compare the 

compression data and MTS model calculations at 25°C and strain rates of 10-3, 10 and 100s-1 for 

grain sizes of 50µm and 100µm. They observed the higher flow stress in the material with lower 

grain size. 
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Figure 5. (a) Plot of the flow stress of OFE copper at various strains for a strain rate of 0.001s-1 
as a function of the inverse square root of the grain size (Hall-Petch plot). The slope is 
independent of the strain. Comparison of compression data (solid lines) and MTS model 
calculations (broken lines) at 25°C and strain rates of 10-3, 10 and 100s-1 for (b) 50µm OFE 
copper and (c) 100µm OFE copper (Gourdin and Lassila, 1991). 
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CHAPTER 3 

EXPERIMENTAL SETUP 
 
 

3.1 Experimental Setup 

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

speed linear slide shown in Figure 6. The OFHC copper workpiece in the form of a plate of 

constant thickness of 3.2mm, and length 40mm 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. A thin layer of SAE- 5W30 oil was 

applied over the cutting edge of the tool for lubrication, prior to each planing cut. The depth of 

cut is set using a slide with a linear scale, by feeding the workpiece into the tool in the direction

2x Objective 

  

Figure 6. (a) Ultra high-speed camera setup for viewing the orthogonal cutting (b) close-up of the 
linear slide setup and orthogonal machining with chip formation for OFHC copper. 
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 shown in Figure 6(b). The cutting and feed directions are in the plane of the workpiece, and the 

cutting edge of the tool is oriented perpendicular to the plane of the workpiece to result in 

orthogonal cutting. Steady state cutting is typically achieved during the first 25mm of cutting and 

the high speed photographs are typically taken after about 30mm of cutting” (Vasomsetti, 2012). 

3.2 Camera Setup 

An ultra high speed camera built around a stereo microscope was used to capture micro-

photographic image sequences of the PSZ during cutting (Hijazi & Madhavan, 2008). The 

cameras are oriented and positioned with respect to the cutting edge of the tool as shown in 

Figure 6, so that the region of interest around the PSZ (shown in Figure 1) is in focus. The 

camera set-up consists of four cameras, attached to a Leica MZ 16 stereo zoom microscope. The 

programmable Timing Unit (PTU) 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 0.27μm x 0.27μm region of the workpiece surface at 24x magnification” 

(Srinivasan, 2010). 

“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 
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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” (Srinivasan, 2010). 

“As seen in Figure 7, a pair of cameras shares one viewing axis of the microscope and the 

two viewing axes are separated by an angle of 170. 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” 

(Srinivasan 2010). 

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 experiments reported here have been carried out using a 2x objective, 1.5x coaxial 

adapter, and either 4x, 5x or 8x zoom setting, i.e., at total optical magnifications of 12x, 15x or 

24x respectively. 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 



15 
 

after removal of the indentation component. The shear angle 'φ' for each experiment is calculated 

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

features such as the length and width of the PSZ and the distribution of strain rates within the 

PSZ, as well as microscopic features of deformation occurring within the PSZ are studied using 

DIC of the high speed image sequences. 

 

3.3 Camera Triggering and Image Acquisition 

A trigger circuit (as shown in Figure 8) is used to trigger the cameras and lasers at the 

required time during cutting. The images are acquired after about 25mm of cutting, at which the 

forces stabilize (see Figure 10). 2D image sequences with eight images in an experiment are 

recorded at different time interval, t1 through t8 such that the time interval between any two 

successive images is constant. These are further processed by 2D cross-correlation to get a 

Figure 7. Schematic of the ultra high speed camera showing the stereo microscope, four dual 
frame cameras and four dual cavity lasers (Srinivasan, 2010). 
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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 mode of chip formation was studied with a 

lower zoom factor on the stereo microscope. Subsequently, the optical magnification on the 

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

cameras are increased to quantitatively study the deformation process in the PSZ.  

 

Figure 8. Schematic diagram of triggering circuit used to trigger the camera and lasers at the 
required time during cutting. 
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CHAPTER 4 

METHODS AND DATA PROCESSING 
 
 

4.1 Specimen Preparation 

Rectangular specimens of dimensions 40mm L x 38mm W x 3.2mm T were used for the 

cutting experiments. The Saphir 520, a single wheel grinder and polisher was used to prepare the 

specimen surface. The surface of the specimens are ground on silicon carbide papers with 

progressively decreasing grit sizes in the order P220, P500, P800 and P1200, with average 

particle diameters of 68µm, 30µm, 22µm and 15µm respectively. Grinding on each paper 

produces a set of identical parallel scratches on the specimen. The set of parallel scratches 

formed in the previous step are removed in the next steps of grinding. The specimens are 

examined visually to ensure the scratches are removed from the previous step. Before moving on 

to the next grit paper, the specimen is thoroughly rinsed with water to remove the debris from 

grinding. After grinding with P1200 silicon carbide paper, the specimen is polished using 

diamond particles sprayed on to a polishing pad by a diamond dispensing unit (Mager® rayon 

fiber cloth for polishing with 9µm and 3µm diamond and woven wool cloth for 1µm diamond 

polishing). Polishing is done in three stages using the diamond suspensions of particle size in the 

order of 9µm, 3µm and 1µm, which result in a scratch free surface. The polished surface is then 

etched with a mixture of 2 gm of Potassium Dichromate + 8mL sulphuric acid + 4mL sodium 

chloride + 100mL water. Figure 9(a) shows the microstructure of the specimen photographed at 

50x magnification.  

The chips are embedded in an Aka CM-85510 transparent, low viscous and low 

shrinkage epoxy resin with Aka CM-8591 hardener. The mold solidifies in about 16-24 hours, 

and is then cured at 1800F for 60 minutes in a normalizing furnace.. The chips in the mold are 
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then ground, polished and etched as mentioned above to reveal the microstructure. Figure 9(b) 

shows the microstructure of the chip photographed through 50x objective. 

 

4.2 Force Measurement 

The tool is rigidly held on a four component piezoelectric Kistler® 9272 dynamometer. 

The charge outputs of the piezoelectric transducers are proportional to the force components, and 

are converted to output voltages by charge amplifiers. These are converted into cutting and thrust 

forces by multiplying with the gain set on the corresponding amplifier. The cutting and thrust 

forces are averaged over the steady-state region for each cut as shown in Figure 10. It can be 

seen that steady state is achieved within the first one-third of cutting. In the “steady” region we 

can notice a slight increase in the cutting force likely caused by the progressive removal of the 

thin film of oil applied on the tool prior to the beginning of each cut.  

 

The measured forces are processed to remove the 'indentation component'. This is done 

by assuming that (i) the flow stress along the PSZ is the same as that near the cutting edge and 

(a) (b) 

Figure 9. (a) Microstructure of OFHC copper (26HRB) specimen used for cutting, (b) 
microstructure of the chip along the thickness direction obtained after cutting OFHC copper at 
3.3 m/sec at 300µm feed with KC 510M tool. The images are photographed at 50x 
magnification. 
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(ii) the indentation pressure is a constant multiple of the flow stress. These assumptions are 

justified, and with an iterative solution procedure the indentation force is calculated (Deshpande, 

Madhavan & Al-Bawaneh, 2009). For the KC 510 M inserts used, with the cutting edge radius of 

6μm, the indentation force is typically found to be about 2-4% of the cutting force.  

The flow stress is calculated by dividing the shear force Fs by the area of the shear plane. 

The shear force is calculated from the cutting and thrust forces after compensating for 

indentation. The shear plane area for each test is obtained from the chip thickness measured for 

that test.  

The coefficient of friction ‘µ’ is computed from the forces as  

  
            

            
 (1.1) 

where   
  is the indentation compensated thrust force and   

  is the indentation compensated 

cutting force and α is the rake angle (30°). Figure 10 shows a typical force plot and the steady 

state region over which the forces were averaged. It can be seen that steady state is achieved 

during the first 15mm of cutting, as previously noted. 

The average chip thickness for each set of experiments is measured using a height gauge 

on a surface table. The chip thickness ratio for each experiment is calculated from the feed to and 

the average chip thickness tc as   
  

  
 from which shear angle 'φ' is calculated as 

       (
      

        
) (1.2) 
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4.3 Digital Image Correlation (DIC) of High-Speed Images to Obtain the Velocity Fields 

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

the spatial velocity field. As illustrated in Figure 11, each image is divided into square facets, 

starting with a facet size of 256 x 256 pixels, decreasing progressively to 32 x 32 pixel facets. 

Progressive decrease in facet size is required to determine the overall location of each facet 

robustly, immune to the large offsets in the relative positions of the same feature in the images 

taken by different cameras, caused by slightly different viewing directions of the left and right 

branches of the stereo microscope and offsets in the field of view of each of the cameras. The 

facets also overlap each other by 87% (as shown in Figure 11), 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 8 pixels. For the 24x magnification, this 

corresponds to a spatial resolution of 2µm in the velocity and strain rate fields” (Vasomsetti, 

2012).  

Figure 10. Cutting and thrust force graph while cutting OFHC copper (26HRB) at 3.3m/sec 
and 300µm feed, using a tool of edge radius 6µm 

Forces averaged over the 
steady state region 
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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 a discrete 

displacement map in the plane of the target (Sutton et al., 1983, Srinivasan and Madhavan, 

2011). The digital image is 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. The shift yielding the highest correlation is the 

displacement of the facet between the two images. Multiple passes in which the facets of the 

second image are centered about the displaced location of the first facet higher order correlation 

with Whitaker interpolation, deformed window processing which deforms the second facet using 

the displacement field obtained, etc., are used to obtain sub-pixel accuracy in the displacements 

calculated. The discrete strain map at each facet location is obtained as the gradient of the 

displacement map, computed using central difference. From the in-displacement components 

(see Figure 11 for the notations), the strains in the plane of observation are computed as 

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

   
   

 
  

     
   

     

   
 

(1.3) 

Similarly, the strain in y-direction is, 

   
   

 
  

     
   

     

   
 

(1.4) 

shear strain in the X-Y plane, 
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From the strain components at each point the maximum shear strain (MSS) at the point is 

calculated as  

            √(
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 (
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(1.6) 

This is converted into the equivalent strain rate using 

 ̇    
    

√   
 

(1.7) 

where ∆t = t1 – t0 is the time interval between the images cross-correlated to obtain the 

displacement field. Figure 12 shows the Mohr’s circle diagram to calculate the maximum shear 

strain for plane strain condition. 

 

Figure 11. Schematic illustration showing the correlation of the facets to obtain the 
displacement vectors and the formulas used for obtaining the strains. 
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Figure 13 shows the typical image obtained from ultra high speed photography indicating 

the position of the tool and PSZ and the direction of the movement of the workpiece and chip. 

Figure 14 shows the typical sequence of images obtained at a frame rate of 333 kHz (  =3µs), 

the displacement field obtained by DIC and the maximum shear strain in the plane of the 

workpiece. It can be seen from the clarity of the images and the density of surface features 

(produced by surface polishing) that corresponding features in the images can be easily used to 

determine the displacement map. However, at high spatial resolutions, even a small amount of 

numerical noise in the displacement field will give rise to significant noise in the strain field; for 

instance, a displacement error of 1/25th pixel is sufficient to cause a 1% error in strain for the 4 

pixel grid at 32\87 processing. For this reason, the time interval between frames needs to be 

chosen based on an estimate of the strain rate so that the incremental strain within the PSZ is at 

least 10%. 

 

Figure 12. Mohr’s strain circle diagram to calculate the maximum shear strain for plane strain 
condition of machining. 
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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 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-fifth of the PSZ and the peak average 

strain rate in the CD direction is obtained. The average strain rate fields superimposed on the 

velocity fields are shown in Figure 15, the rectangle along the center of the PSZ over which the 

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

 

 

Figure 13. Typical image obtained from ultra high speed photography annotating the tool, PSZ 
and the flow of material and chip. 
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t=0µs t=5µs 

t=10µs t=15µs 

t=20µs t=25µs 

t=30µs t=35µs 

Figure 14. A sequence of eight images taken at a frame rate of 333 kHz while cutting OFHC 
copper (26HRB) at 3.3m/sec with a feed of 300µm using a tool of rake angle 300 and edge radius 
6µm. The work piece moves from left to right at the desired cutting velocity. The chip flows up 
as shown in frame ‘a’. The PSZ boundary is also shown in frame ‘a’. 

t=0µs t=3µs 

t=6µs t=9µs 

t=12µs t=15µs 

t=16µs t=18µs 

Workpiece 

Chip 
PSZ 

 

Tool 
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Figure 15. Digital image correlation between images (a) and (b) obtained at two different times 
yields the velocity field shown in (c) from which the maximum shear strain field shown in (d) 
is computed. ((c) Corresponding vector field superimposed on the raw image showing 1/64th of 
total number of vectors (d) corresponding strain rate field super imposed on the velocity field). 

t=0µs 

 

t=5µs 

(a) (b) 

(c) (d) 

A 

E 

C 

D 
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4.4 Optimal Spatial Resolution for DIC Processing 

To determine the best possible spatial resolution, an experiment in which the region 

around the PSZ was in good focus was selected and images obtained at 5x zoom were processed 

at three different facet sizes, namely 128x128, 64x64 and 32x32, each with 87% overlap, to see 

how well the features of the PSZ could be resolved. Figure 16 shows the strain rate fields 

obtained. In Figure 16(a) processed at 128\87 with a 4μm spatial resolution, the PSZ appears as a 

broad region of deformation within which the strain rate is higher near the cutting edge and 

lower near the free surface. It can also be seen that near the free surface the PSZ seems to split 

into two bands. At 2μm resolution (64\87, Figure 16(b)), the two shear bands are better resolved 

and appear to diverge out from the cutting edge. A third, weaker, shear band also shows up close 

to the exit of the PSZ. At 1μm resolution (32\87, Figure 16(c)), the three bands are resolved even 

better, but there is a significant amount of noise outside of the PSZ. This noise is lower for 

images in good focus and higher for those in poorer focus. 

Figure 17 shows the profiles of the strain rate fields along the streamlines shown in 

Figure 11. It can be seen that individual shear bands show up as peaks in the strain rate profiles 

and the regions between bands show up as valleys. Processing at increasing spatial resolution is 

able to better delineate the variation in strain rate across the PSZ, i.e., within bands and between 

bands. However, the extra noise that creeps in, especially at and beyond the boundaries of the 

PSZ is also clear. This ‘baseline’ noise level is due to the poor focus in these regions, which 

degrades the higher frequency components of the image contrast that are essential for DIC of 

small facets. Note that the boundaries of the PSZ can be identified based on when the streamline 

changes from a straight line to a curve, or, equivalently, by graphing the variation of the velocity 

components along streamlines and identifying regions where significant variation of the velocity 
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components begins and ends, shown by C and D, respectively, in Figure 16. 

 

Table 1 compares the total strain computed by integration of the equivalent strain rate 

from point C to point D along the streamlines shown in Figure 16 with that computed from 

kinematic analysis using the measured work and chip velocities (           ⁄ ), for different 

processing resolutions. The shear angle, shear velocity and perpendicular velocity are obtained 

from the average inlet velocity and chip velocity in rectangular regions outside the PSZ, 

(a) (b) 

(c) 

128x128_87% Overlap 64x64_87% Overlap 

32x32_87% Overlap 

Figure 16. Strain rate fields obtained by finer facet processing of camera images of orange laser 
of experiment 104, obtained while cutting OFHC copper (26HRB) at 3.3m/sec and 300µm feed 
with KC510M insert of edge radius 6µm. Processing of sequential images show two discrete 
shear bands near the center of the PSZ. Processing down to finer spatial resolution increases the 
noise and processing with coarser spatial resolution tend to smooth out the true variations in the 
strain.  
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bordering points C and D in Figure 16. While the equivalent strain expected from kinematic 

analysis is about 1.01, the equivalent strain obtained from integration of the strain rate along 

streamlines is found to be more than this, due to noise in the strain rate field. Noise increases the 

equivalent strain rate (which is always positive), causing the total strain to increase. For 128\87 

the strain error is almost zero, implying the very negligible noise and 64\87 processing, the strain 

error is slightly higher (about 5%), implying that 64\87 gives higher resolution without 

introducing too much noise. On the contrary, it can be seen that the error is substantially higher 

for 32\87 processing (greater than 10%), in agreement with the increased noise clearly visible 

outside the PSZ in Figure 16(c). Based on this the optimum processing resolution can be 

identified to be the 64\87 processing, which is subsequently used for most of the results reported.  

However, as seen in Figures 16 and 17, some details of the shear bands are smoothed out by this 

processing, and where these are being studied, it is necessary to process the images to 32x32 

facet sizes with 87% overlap.  
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TABLE 1 

COMPARISON OF TOTAL STRAIN COMPUTED FROM THE ENTRY AND EXIT 
VELOCITIES AND THROUGH INTEGRATION OF THE STRAIN RATE ALONG THE 
STREAMTRACES FOR DIFFERENT PROCESSING RESOLUTIONS 

Facet 
Size 

(Pixels) 
Overlap LES 

Wavelength 

Strain from 
Kinematic 
Analysis 

(εk) 

Strain by 
integration of 

strain rate along 
streamlines (εd) 

Error 
(%) 

Peak 
Strain 
(1/s) 

128x128 87% LES2 1.01 1.00 -0.90 13242.59 
64x64 87% LES2 1.01 1.06 4.57 16128.22 
32x32 87% LES2 1.01 1.13 11.66 18986.83 

  

Figure 17. Strain rate profiles obtained by different methods of vector processing on the 
sequential images obtained through camera 3 of experiment 104. Note that there is an increase 
in the peak strain rate with decrease in facet size processing. 
 

C D 
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CHAPTER 5 

RESULTS AND DISCUSSION 
OFHC Copper (26 HRB) 

 
 

A majority of the cutting experiments showed multiple shear bands in the PSZ. The 

average results of the cutting experiment are shown in Table 2. The velocity fields obtained for 

an experiment are averaged to get the average strain distributions and helped in deriving some 

important conclusions from the experiments. The strain profile for OFHC copper of 26HRB 

revealed the presence of multiple shear bands in the PSZ. The intensity of shear bands continues 

to increase from the entry of the PSZ till the middle and then continues to decrease as it exits the 

PSZ. The same region of material continued to deform in the PSZ. 

 

TABLE 2 

EXPERIMENTAL RESULTS FOR PROCESS OUTPUTS WHILE MACHINING OFHC 
COPPER (26HRB) AT 3.3 m/sec AND 300µm FEED WITH KC 510M INSERT OF EDGE 
RADIUS 6µm AND RAKE ANGLE OF 300  

Cutting 
Speed 
(m/sec) 

Feed 
(µm) 

Cutting 
Force 

(N) 

Thrust 
Force 

(N) 

Indentation 
Force (N) 

Shear 
Angle 
(deg) 

Coefficient 
of Friction 

Flow 
Stress 
(Mpa) 

Strain 
rate 

along 
PSZ 
(1/s) 

3.3 300 197.4 15.4 7.02 27.3 0.69 445 9317 
Forces per 1mm workpiece thickness. 

 
5.1 Macroscopic Characteristics of the PSZ 

To study the deformation in OFHC copper (26HRB) during cutting and to compute the 

average strain rate along the PSZ, several 2D sequences were obtained and processed. The 4x 

zoom setting was used to study the overall character of the PSZ, since the whole PSZ could be 

imaged within the field of view. The lower magnification and the accompanying larger depth of 

field also led to better focus of the images and lower noise in the DIC results.  Each of the four 
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MSS fields obtained from a image sequence are averaged to obtain the average MSS field for an 

experiment. Prior to averaging, the MSS fields are treated as images and aligned, so that features 

such as the high strain rate near the cutting edge become coincident in each of these images, and 

will be preserved by averaging, so that a true average strain rate can be obtained. A typical MSS 

field obtained from 64\87 processing is shown in Figure 18. It can be seen that many of the 

characteristics identified in Figure 18 exist in the average MSS field too. Near the cutting edge, 

the strain rate is high and the PSZ is narrower. Near the free surface, the strain rate is smaller and 

the PSZ is wider. The average MSS fields from most of the experiments also show more than 

one band near the free surface, as in Figure 18(a).  

To obtain and compare the average strain rate profile in different regions along the length 

of the PSZ, the average MSS field is rotated by the shear plane angle so that the PSZ becomes 

horizontal, as shown in Figure 18(a). The PSZ is then divided into four rectangular regions and 

average strain rate profiles in the CD direction are obtained over each of these regions. The two 

profiles in Figure 18(b) show quantitative details about the peak strain rate and the width of the 

PSZ in each of the two regions near the tool tip, namely, zones 1 and 2 in Figure 18(a). 

Similarly, Figure 18(c) shows the profiles near the free surface, in zones 3 and 4. It is clear that 

over the first half of the PSZ, in zones 1 and 2, the peak strain rate decreases and the width of the 

PSZ increases with increasing distance from the cutting edge. However, in the second half, in 

zones 3 and 4, these remain nearly the same. As shear propagates from the tool tip to the free 

surface, the width of the shear zone increases from 140 micrometers (near the tool tip) to 180 

micrometers (at the middle region) and then continues to remain constant till the free surface.  

The PSZ width reported above are identified by locating the shear zone boundaries from the 

strain values  
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The average strain rate distribution in the PSZ over five of the experiments was obtained 

by averaging the average MSS field for each experiment. This is shown in Figure 19(a). For the 

experimental conditions used, i.e., cutting OFHC copper with KC 510M inserts with 6μmedge 

radius at 3.3m/sec and 300μm feed, the length of the shear zone is found to be 640μm. The 

average strain rate profile, over the region of the PSZ shown in Figure 19(a), is shown in Figure 

19(b). The peak strain rate is found to be 14000/s and the width of the shear zone is found to be 

(c) (b) Increase in PSZ Width PSZ width remains constant 

1st Zone 
2nd Zone 

C D 
C D 

1 2 3 4 

Figure 18. (a) The average MSS field in experiment 55, rotated to make the PSZ horizontal. 
Also shown are the four zones over which the strain rates are averaged to obtain the profiles 
shown in Figure 18 (b) the strain rate profiles (along the CD direction) over the first two 
rectangular zones from the tool tip shown in (a). (c) The strain rate profiles (along the CD 
direction) over the last two rectangular zones from the tool tip shown in (a). 

 

3rd Zone 
4th  Zone 
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180 micrometers. Therefore the length to width ratio of the PSZ for this cutting condition is 3.5. 

The average strain rate profile over the entire width of the PSZ is also found to be nearly the 

same as shown in Figure 19(b). Figure 19(c) shows a three dimensional plot of the strain rate 

field in the PSZ region which may help better visualize the strain rate distribution. 

 

(a) (c) 

(b) 

C 

D 

D C 

B 

A E 

C D 

Figure 19. (a) The average strain rate fields for all the experiments captured at 4x 
magnification and processed to 64x64 facet size with 87% overlap (b) strain rate plot taken 
over the rectangular zone for the grand average over five experiments (along the CD 
direction) (c) the three dimensional plot of strain rate field in the PSZ region. 
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5.2 Time Dependence of Strain Rate along Individual Shear Bands  

To study further details of the formation of shear bands, experiments were performed 

under the same cutting conditions, but at higher zoom settings of 5x and 8x. The smaller field of 

view restricts the study to the region near the free surface. DIC using 64x64 facets, with 87% 

overlap, was used to obtain the strain rate fields. Figure 20 shows these at four different times in 

experiment 104 from images captured at 5x. Similar to what was observed in Figure 16 for one 

individual experiment, DIC at higher spatial resolution is found to show multiple shear bands. 

These bands can be seen to diverge from the tool tip, in a triangular manner in the first half of the 

PSZ. Over the remaining distance to the free surface, these shear bands seem to be distributed 

within a roughly parallel-sided zone. 

To make it easier to track individual shear bands over time, three shear bands are 

identified using three different curves B1, B2 and B3, each using a different line type. B1, the first 

to originate, is the shear band closer to the exit of the PSZ, B2 is the band located almost in the 

middle of the PSZ, and B3 the band near the entrance to the PSZ, the last to originate among the 

three. It can be seen that the same bands continue to be operative at different times and can be 

clearly identified. However, it can be noted that the strain rates along the bands change over 

time. The strain rate along B1 can be seen to monotonically decrease over time as the band 

moves closer to the exit of the PSZ. In contrast, the strain rate along B3 can be seen to increase 

over time as B3 moves from the inlet towards the middle of the PSZ. The strain rate along B2 is 

the highest at the first two times, but then decreases, causing B3 to be the most active band at the 

last two times.  
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The changes described above can be quantified using strain rate profiles obtained over 

the middle third of the PSZ, shown in Figure 21. The graphs in blue, green, red and orange are 

the profiles at times 1.5, 7.5, 13.5 and 19.5µs, respectively. It can be noted that the strain rate 

along band B2 is nearly the same at the first two times, but decreases afterwards. 

In an attempt to determine the strain at which shear banding occurs, the strain at different 

locations in the CD direction was obtained by integrating the strain rate along the same 

streamlines shown in Figure 21. From this, the strain at the location of band B3 was found to be 

0.22 corresponding to Figure 20(a), increasing to 0.43 in Figure 20(d). The fact that strain is 

localized along shear bands would seem to indicate that the strain estimated by integration is a 

t= 1.5µs t = 7.5µs 

t= 13.5µs t= 19.5µs 

B3 
B2 

B1 

B3 
B2 

B1 

B3 
B2 

B1 

B3 
B2 

B1 

Figure 20. Sequence of strain rate fields obtained in experiment 104 from 64\87 DICc of 
images captured at 5x zoom, comparing the strain rate along three shear bands at four 
different times. 
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lower bound. However, noting that the strain along a shear band depends both on the time 

duration for which a band has been active and on changes in strain rate along the band over this 

time, a case can also be made that the strain along the band could be lower than the value 

obtained by integration.  For this reason, the value of 0.22 is only a crude estimate of the 

minimum strain at which shear bands occur. 

 

Images processed at 64x64 pixel spatial resolution showed the presence of two to three 

bands in the PSZ. In order to study if greater number of bands may be resolved at finer spatial 

resolution, DIC using 32x32 facets with 87% overlap was carried out. It was found that in many 

cases at least one of the shear bands was resolved into two separate bands at the finer resolution. 

Figure 22 shows the number of shear bands in the PSZ when two images from 

experiment 104 (images from camera 3) are processed at 64\87 and at 32\87. The 64\87 

Figure 21. Strain rate profiles obtained from the strain rate fields shown in Figure 20. The 
strain rate along band B1 decreases with time while that along B3 increases with time. 

Work Piece Chip 

B3 B2 

B1 
t=1.5µs 
t=7.5µs 
t=13.5µs 
t=19.5µs 
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processing resolves two prominent bands and a third faint band, spaced about 50 micrometers 

apart. DIC at 32\87 reveals that the middle band is actually comprised of two bands close 

together, for a total of four bands spaced about 25μm apart. 

 

5.3 Persistent Localized Deformation 

Experiments were performed using 8x zoom, and with a larger time interval of 5μs 

between frames, to verify whether each shear band continues to operate over the same regions of 

material. Figure 23 shows the strain rate fields obtained at four times superimposed on the first 

image of each pair. In each strain rate field, the significant shear bands are indicated by curves 

named B1, B2 and B3. B1 is the band closer to the exit of the PSZ, B2 is located almost in the 

middle of the PSZ and B3 is located close to the entrance of PSZ.  Two clusters of points R1 

(located between the bands B1 and B2) and R2 (between B2 and B3) can be identified in each of 

the images shown, and can be seen to maintain their position with respect to the shear bands.  

The fact that the patterns made by the points remain recognizable, and that they are always in 

Figure 22. (a) Strain rate field for experiment 105 obtained from 64x64 facet size with 87% 
overlap DIC. It shows the presence of two shear bands in the PSZ. (b) Strain rate field of the 
same experiment obtained from 32x32 facet size with 87% overlap. It shows the presence of 
four shear bands in the PSZ. 

32x32_87% Overlap 64x64_87% Overlap 
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between the bands imply that the shear bands are indeed active over the same material regions as 

they flow across the primary shear zone and that the deformation is inhomogeneously distributed 

over the work material being cut.  

As observed previously, it can also be noted that the strain rate along band B1 decays 

over time, that along B2 increases initially and then decreases, and that along B1 increases over 

time. The shear band spacing in these images is about 25 micrometers. 

 

t= 2.5µs t= 12.5µs 

t= 22.5µs t= 32.5µs 
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B
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R2 R2 

R2 R2 

R1 
R1 

R1 R1 

Work piece Work piece 

Work piece Work piece 

Chip Chip 

Chip Chip 

Figure 23. Sequence of strain rate fields superimposed on the corrected images of the 
corresponding camera images for experiment 119 captured at 8x zoom. The time difference 
between images is 5 µs. The highlighted regions (R1 and R2) can be identified to be in 
between the bands B1, B2 and B3 at each of these four times, indicating persistent shear 
deformation over the same regions of material. 
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5.4 Reason for the Wrinkles Observed on the Back Surface of Chips 

The back surface of chips, i.e., the free surface opposite the surface in contact with the 

tool rake face, was observed under a microscope to determine the average spacing between the 

wrinkles that are always found to be present on this surface. The wrinkles along the width 

direction of the chip, seen as vertical lines in Figure 24, can be seen to be, on the average, about 

25μm apart, i.e., having the same spacing as the shear bands in the strain rate fields. Figure 24 

also shows some bands branching into two. This indicates that the wrinkling of the free surface is 

due to inhomogeneous deformation of the material flowing through the PSZ. In a few cases, such 

wrinkling has also been directly observed from the side, in the image sequences. 

 

  

Figure 24. Section of the chip back surface photographed at 10x magnification 
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5.5 Chip Morphology and Microstructure 

The specimen and chips obtained from cutting are ground, polished and then etched to 

examine the microstructure. A mixture of 2 gm of Potassium Dichromate + 8mL sulphuric acid + 

4mL sodium chloride + 100mL water was used as the etchant. From the microstructure of the 

specimen showed in Figure 25(a), the average grain size can be estimated as 40 micrometers. 

The microstructure of the chip shown in Figure 25(b) reveals closely packed grains oriented 

along the thickness of the chip. Elongated grains can be observed in the thickness direction of the 

chip and the width of these grains is found to be smaller than the shear band spacing. 

 

  

Figure 25. (a) Microstructure of OFHC copper specimen (26HRB) used for cutting (b) 
microstructure of the chip along the thickness direction obtained after cutting OFHC copper at 
3.3 m/sec at 300µm feed with KC 510M tool. The images are photographed at 50x 
magnification. 
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CHAPTER 6 

RESULTS AND DISCUSSION 
OFHC COPPER (35 HRB) 

 
To study the effect of speed on mode of deformation and average strain rate along the 

PSZ, several experiments were performed at various cutting speeds keeping the feed constant at 

300µm. However, we ran out of the OFHC copper used in the experiments reported in the 

previous chapter and carried the experiments out with a new piece of OFHC copper purchased 

from Goodfellow Corporation. This copper was found to have a larger grain size of 100µm but 

was also harder than the previous specimen, with a hardness of 35HRB (Rockwell B scale). It 

was noted that the forces were substantially lower than obtained previously. 

The images were recorded in such a way that the maximum material movement between 

the images is 10 micrometers, i.e., for the experiments performed at a cutting speed of 1m/sec, 

the time interval between the images was 10 micro seconds. Similarly, for the experiments with 

cutting speed of 0.1m/sec, the images were recorded at 100 micro seconds time interval. The 

forces and the flow stress obtained from these cutting experiments are shown in Table 3. The 

flow stress was calculated by normalizing the normal force with chip weight (to compensate for 

variations in uncut chip thickness from cut to cut) and the average shear angle was computed 

from the velocity fields of individual experiments. Table 4 shows the variability of the forces and 

the 95% confidence interval range for the flow stress. 

A majority of the cutting experiments showed only one single shear band when processed 

with larger facet sizes of 64\87. When the same image sequences were processed with finer 

facets (32\87), the shear zone for the experiments at 0.1 m/sec and 300µm feed seemed to be 

made of discrete shear bands. But the shear zone for the experiments with cutting speeds 1m/sec 

and 3.3 m/sec at 300µm feed showed the presence of a single shear band in the PSZ. 
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TABLE 3 

EXPERIMENTAL RESULTS FOR PROCESS OUTPUTS WHILE MACHINING OFHC 
COPPER (35HRB) AT VARIOUS CUTTING SPEEDS AND CONSTANT FEED OF 300µm 

WITH KC 510M INSERT OF EDGE RADIUS 6µm AND RAKE ANGLE OF 30° 

Cutting 
Speed 
(m/sec) 

Feed 
(µm) 

Cutting 
Force 

(N) 

Thrust 
Force 

(N) 

Shear 
Angle 

Indentation 
Force (N) 

Coefficient 
of Friction 

Flow 
Stress 
(Mpa) 

Strain 
rate 

along 
PSZ (1/s) 

0.1 300 229.3 12.8 20.3 6.76 0.66 411 216 
1.0 300 197.3 16.1 25.5 6.81 0.69 412 2660 
3.3 300 187.4 16.2 27.7 6.79 0.70 411 9434 

Forces for 1mm workpiece thickness 

 
TABLE 4 

STATISTICAL ANALYSIS OF FORCES ON THE RAKE FACE OF THE TOOL, THE 
SHEAR STRENGTH AND THE FLOW STRESS WHILE CUTTING OFHC COPPER 

(35HRB) AT VARIOUS CUTTING SPEEDS OF 0.1 m/sec, 1 m/sec , 3.3 m/sec AND 300µm 
FEED WITH KC 510M INSERT OF EDGE RADIUS 6µm AND RAKE ANGLE OF 30° 

 Statistics 
Frictional 

force 
Ff (N) 

Normal 
force 
Fn (N) 

Normalized 
Fn (N) 

Shear 
force 
Fs (N) 

Shear Strength 
K (Mpa) 

Flow Stress 
Sigma_bar (Mpa) 

0.1 m/sec 

Average 119.8 188.8 188.8 206.3 237.3 411.0 
Range 21.3 22.2 19.8 23.4 8.0 13.9 
Std. Deviation 6.9 7.3 6.2 7.4 2.5 4.3 
Std. dev/avg (%) 6% 4% 3% 4% 4% 4% 
95% CI – upper limit 125.5 194.9 194 212.5 239.4 414.6 
95% CI – lower limit 114.0 182.7 183.6 200.1 235.2 407.4 
CI range 11.5 12.2 10.4 12.4 4.2 7.2 

 

1 m/sec 

Average 106.7 129.9 159.4 167.3 238.4 412.0 
Range 12.6 16.1 5.6 9.3 4.0 6.9 
Std. Deviation 4.9 6.4 2.1 3.4 1.4 2.5 
Std. dev/avg (%) 5% 4% 1% 2% 2% 2% 
95% CI – upper limit 112.7 137.7 162.0 171.5 240.1 415.1 
95% CI – lower limit 100.6 121.8 156.8 163.1 236.7 408.9 
CI range 12.1 15.9 5.2 .4 3.4 6.2 

 

3.3 m/sec 

Average 103.5 152.6 152.6 157.0 241.3 411.0 
Range 9.0 10.5 11.6 13.3 3.5 6.0 
Std. Deviation 4.1 4.7 4.2 5.4 1.4 2.4 
Std. dev/avg (%) 4% 3% 3% 3% 2% 2% 
95% CI – upper limit 107.8 157.5 157.0 162.7 242.8 413.5 
95% CI – lower limit 99.2 147.7 148.2 151.3 239.8 408.5 
CI range 8.6 9.8 8.8 11.4 3.0 5.0 
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The velocity fields obtained from an experiment are averaged to get an average strain rate 

field of an experiment. The average strain rate fields obtained by DIC reveal many interesting 

facts about the PSZ thickness and the shear angle. Figure 26 shows the average strain rate fields 

obtained for the same feed but different cutting speeds while machining OFHC copper with KC 

510M insert of rake angle 30° and edge radius 6µm. It can be observed that as the speed increases 

keeping the feed constant, the shear zone gets thinner and the shear angle increases. Figure 27 

shows the average strain rate profiles obtained by varying the cutting speed at a constant feed. It 

can be seen that, as the cutting speed is increased the strain rate increases, and the width of the 

shear zone decreases.  

 
 

 
 

  
  

  

  

  (b) (c) (a) 

Figure 26. Average strain rate profiles of individual experiments while machining OFHC 
copper of 35HRB at (a) 0.1m/sec (exp. 9), (b) 1m/sec (exp. 9) and (c) 3.3m/sec (exp. 6), 
300µm feed with KC510M insert of edge radius 6µm and rake angle 30°.  

 

Tool 
  
Too

  
Tool 

Figure 27. Average strain rate profiles obtained while cutting OFHC copper at different 
cutting speeds with constant feed of 300µm. As the speed increases the strain rate increases. 
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6.1 Macroscopic Characteristics of the PSZ at 0.1 m/sec and 300 µm feed 

 The 3.2x zoom setting was used to study the overall characteristics of the PSZ, since the 

whole PSZ could be imaged within the field of view. Figure 28 shows the average MSS field of 

an experiment 9, rotated by the shear plane angle to make the PSZ horizontal. The PSZ is then 

divided into four rectangular regions and average strain rate profiles in the CD direction are 

obtained over each of these regions. The two profiles in Figure 28 show quantitative details 

about the peak strain rate and the width of the PSZ in each of the two regions near the tool tip, 

namely zones 1 and 2 as shown in Figure 29(a). Similarly, Figure 29(b) shows the profiles near 

the free surface, in zones 3 and 4. It is clear that over the length of the PSZ, the peak strain rate 

decreases and the width of the PSZ increases with increasing distance from the cutting edge. As 

shear propagates from the tool tip to the free surface, the width of the shear zone increases from 

175 micrometers (near the tool tip) to 230 micrometers (at the middle region) and continues to 

increase to 280 micrometers at the free surface. The PSZ width reported above are identified by 

locating the shear zone boundaries from the strain values.  

 

    

Figure 28. The average MSS field in experiment 9 for 0.1m/sec and 300µm feed, rotated to 
make the PSZ horizontal. Also shown are the four zones over which the strain rates are 
averaged to obtain the profiles shown in Figure 29.  

1 2 3 4 

D 

C 
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The average strain rate distribution in the PSZ over five of the experiments was obtained 

by averaging the average MSS field for each experiment. This is shown in Figure 30. For the 

experimental conditions used, i.e., cutting OFHC Copper with KC 510M insert with 6µm edge 

radius at 0.1m/sec and 300µm feed, the length of the shear zone is found to be 680 micrometers. 

The average strain rate profile, over the region of the PSZ shown in Figure 30(a), is shown in 

Figure 30(b). The peak strain rate is found to be 400/s and the width of the shear zone is found to 

be 230 micrometers in the middle region of the PSZ. Therefore the length to width ratio of the 

PSZ for this cutting condition is 2.96. The average strain rate profile over the entire width of the 

PSZ is also found to be nearly the same as shown in Figure 30(b). Figure 30(c) shows the three 

dimensional plot of the strain rate field in the PSZ region which may help better visualize the 

strain rate distribution.  

Figure 29. (a) The strain rate profiles (along the CD direction) over the first two rectangular 
zones from the tool tip shown in Figure 29. (b) The strain rate profiles (along the CD direction) 
over the last two rectangular zones from the tool tip shown in Figure 28. Note the strain rate 
value decrease as the shear propagates from the tool tip to the free surface. Also the width of 
the shear zone increase as move along the shear zone from the tool tip to the free surface. 
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Figure 30. (a) The average strain rate fields for all the experiments at 0.1m/sec and 300µm 
feed captured at 3.2x magnification and processed to 64x64 facet size with 87% overlap (b) 
strain rate plot taken over the rectangular zone for the grand average over five experiments 
(along the CD direction) (c) the three dimensional plot of strain rate field in the PSZ region. 

C D 

(a) (c) 

(b) 
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6.2 Macroscopic Characteristics of the PSZ at 1 m/sec and 300 µm feed 

 The 4x zoom setting was used to study the overall characteristics of the PSZ, since the 

whole PSZ could be imaged within the field of view. Figure 31 shows the average MSS field of 

experiment 9 rotated by the shear plane angle to make the PSZ horizontal. The PSZ is then 

divided into four rectangular regions and average strain rate profiles in the CD direction are 

obtained over each of these regions. The two profiles in Figure 32 show quantitative details 

about the peak strain rate and the width of the PSZ in each of the two regions near the tool tip, 

namely zones 1 and 2 as shown in Figure 32(a). Similarly, Figure 32(b) shows the profiles near 

the free surface, in zones 3 and 4. It is clear that over the length of the PSZ, the peak strain rate 

decreases and the width of the PSZ increases with increasing distance from the cutting edge. As 

shear propagates from the tool tip to the free surface, the width of the shear zone increases from 

160 micrometers (near the tool tip) to 180 micrometers (at the middle region) and continues to 

increase to 200 micrometers at the free surface. The PSZ width reported above are identified by 

locating the shear zone boundaries from the strain values.  

 

Figure 31. The average MSS field in experiment 9 for 1m/sec and 300µm feed, rotated to make 
the PSZ horizontal. Also shown are the four zones over which the strain rates are averaged to 
obtain the profiles shown in Figure 32.  
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 The average strain rate distribution in the PSZ over five of the experiments was obtained 

by averaging the average MSS field for each experiment. This is shown in Figure 33. For the 

experimental conditions used, i.e., cutting OFHC Copper with KC 510M insert with 6µm edge 

radius at 1m/sec and 300µm feed, the length of the shear zone is found to be 560 micrometers. 

The average strain rate profile, over the region of the PSZ shown in Figure 33(a), is shown in 

Figure 33(b). The peak strain rate is found to be 5300/s and the width of the shear zone is found 

to be 180 micrometers. Therefore the length to width ratio of the PSZ for this cutting condition is 

3.1. The average strain rate profile over the entire width of the PSZ is also found to be nearly the 

same as shown in Figure 33(b). Figure 33(c) shows the three dimensional plot of the strain rate 

field in the PSZ region which may help better visualize the strain rate distribution.  

Figure 32. (a) The strain rate profiles (along the CD direction) over the first two rectangular 
zones from the tool tip shown in Figure 31. (b) The strain rate profiles (along the CD direction) 
over the last two rectangular zones from the tool tip shown in Figure 31.  
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Figure 33. (a) The average strain rate fields for all the experiments (1m/sec and 300µm feed) 
captured at 4x magnification and processed to 64x64 facet size with 87% overlap (b) strain 
rate plot taken over the rectangular zone for the grand average over five experiments (along 
the CD direction) (c) the three dimensional plot of strain rate field in the PSZ region. 

C D 
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6.3 Macroscopic Characteristics of the PSZ at 3.3 m/sec and 300 µm feed 

 The 4x zoom setting was used to study the overall characteristics of the PSZ. Figure 34 

shows the average MSS field of experiment 6, rotated by the shear plane angle to make the PSZ 

horizontal. The two profiles near the tool tip, namely zones 1 and 2 are shown in Figure 35(a). 

Similarly, Figure 35(b) shows the profiles near the free surface, in zones 3 and 4. It is clear that 

over the first half of the PSZ, the peak strain rate decreases and the width of the PSZ increases 

with increasing distance from the cutting edge. However, in the second half, in zones 3 and 4, 

these remain nearly the same. As shear propagates from the tool tip to the free surface, the width 

of the shear zone increases from 140 micrometers (near the tool tip) to 160 micrometers (at the 

middle region) and remains constant at 160 micrometers till the free surface.  

The average strain rate distribution in the PSZ over five of the experiments was obtained 

by averaging the average MSS field for each experiment, and is shown in Figure 36(a). For the 

experimental conditions used, i.e., cutting OFHC Copper with KC 510M insert with 6µm edge 

radius at 0.1m/sec and 300µm feed, the length of the shear zone is found to be 540 micrometers. 

The average strain rate profile, over the region of the PSZ shown in Figure 36(a), is shown in 

Figure 36(b). The peak strain rate is found to be 13000/s and the width of the shear zone is found 

to be 160 micrometers. Therefore the length to width ratio of the PSZ for this cutting condition is 

3.38.  
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Figure 34. The average MSS field in experiment 6 for 3.3m/sec and 300µm feed, rotated to 
make the PSZ horizontal. Also shown are the four zones over which the strain rates are 
averaged to obtain the profiles shown in Figure 35.  
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Figure 35. (a) The strain rate profiles (along the CD direction) over the first two rectangular 
zones from the tool tip shown in Figure 34. (b) The strain rate profiles (along the CD direction) 
over the last two rectangular zones from the tool tip shown in Figure 34.  
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6.4 Persistent Localized Deformation 

As seen above, most of the images processed at 64x64 pixel spatial resolution showed the 

presence of a single shear band in the PSZ for all the cutting conditions that was narrow near the 

cutting edge, but broader near the free surface. In order to study if greater number of bands may 

be resolved at finer spatial resolution, DIC using 32x32 facets with 87% overlap was carried out. 

The finer spatial resolution revealed the presence of two active bands in the MSS fields of 0.1 

m/sec but the MSS fields for 1m/sec and 3.3 m/sec showed the presence of single shear band in 

the PSZ. Figures 37, 38 and 39 respectively show the sequence of images taken while cutting 

Figure 36. (a) The average strain rate fields for all the experiments at 3.3 m/sec and 300µm 
captured at 4x magnification and processed to 64x64 facet size with 87% overlap (b) strain 
rate plot taken over the rectangular zone for the grand average over five experiments (along 
the CD direction) (c) the three dimensional plot of strain rate field in the PSZ region. 

C D 

(a) (c) 

(b) 
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OFHC copper at cutting speeds of 0.1m/sec, 1m/sec and 3.3m/sec with a constant feed of 300µm 

using a tool of rake angle 300 and edge radius 6µm. 

 

Figure 37. A sequence of six images taken at a frame rate of 10 kHz while cutting OFHC 
copper (35HRB) at 0.1m/sec with a feed of 300µm using a tool of rake angle 30° and edge 
radius 6µm. The work piece moves from left to right at the desired cutting velocity. The chip 
flows up as shown in frame t = 0µs. The PSZ boundary is also shown in the frame ‘a’. 
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Figure 38. A sequence of eight images taken at a frame rate of 100 kHz while cutting OFHC 
copper (35HRB) at 1m/sec with a feed of 300µm using a tool of rake angle 30° and edge 
radius 6µm. The work piece moves from left to right at the desired cutting velocity. The chip 
flows up as shown in frame t = 0µs. The PSZ boundary is also shown in the frame ‘a’. 
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Figure 39. A sequence of eight images taken at a frame rate of 333 kHz while cutting OFHC 
copper (35HRB) at 3.3m/sec with a feed of 300µm using a tool of rake angle 30° and edge 
radius 6µm. The work piece moves from left to right at the desired cutting velocity. The chip 
flows up as shown in frame t = 0µs. The PSZ boundary is also shown in the frame ‘a’. 
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Figure 40 shows the number of shear bands in the PSZ when two images from an 

experiment in which the region around the PSZ was in good focus was selected (images from 

camera 1) for each of the cutting speeds are processed at 64\87 and at 32\87. When the images 

obtained from camera 1 of experiment 9 for 0.1m/sec and 300µm feed, were processed to finer 

spatial resolution, they showed the presence of multiple shear bands in the PSZ as shown in 

Figure 40 (a). DIC at 32\87 reveals that the single shear band of 64\87 is actually comprised of 

two bands diverging from the tool end to the free surface (Figure 40 (d)). The bands are spaced 

about 100µm apart at the free surface. However, the images obtained from camera 1 of 

experiment 9 for 1 m/sec and experiment 6 for 3.3 m/sec did not reveal the presence of multiple 

distinct shear bands when processed to finer spatial resolution. Even at the finer spatial 

resolution they showed only a single shear band in the PSZ. These particular images from the 

experiment were chosen for further processing because the region near the PSZ was in good 

focus. Also the experiments reported in Figure 40 had the least noise when processed to 32\87.  

The strain rate field was superimposed on the raw images to verify whether each shear 

band continues to operate over the same regions of material. Figure 41 shows the strain rate 

fields at three times superimposed on the first image of each pair obtained while cutting OFHC 

Copper at 0.1 m/sec and 300µm feed. In each strain rate field, the significant shear bands are 

indicated by curves name B1 and B2. B1 is the band closer to the exit of the PSZ and B2 is located 

close to the entrance of PSZ. Three cluster of points R1 (located to the right of band B1), R2 

(located between the bands B1 and B2) and R3 (located to the left of band B3) can be identified in 

each of the images shown, and can be seen to maintain their position with respect to the shear 

bands. The fact that the patterns made by the points remain recognizable, and that they are 

always in the same position with respect to the bands imply that the shear bands are indeed 
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active over the same material regions as they flow across the primary shear zone and the 

deformation is inhomogeneously distributed over the work material being cut. Similarly, Figures 

42 and 43 shows the strain rate fields obtained at four times superimposed on the first images of 

each pair obtained while machining OFHC Copper at constant feed of 300µm and cutting speeds 

of 1m/sec and 3.3m/sec respectively. The profiles show the presence of single shear band (B1) in 

the PSZ. Two clusters of points R1 (to the right of band B1) and R2 (to the left of band B1) can be 

identified in each of the images shown, and can be seen to maintain their position with respect to 

the shear band implying that the shear band is indeed active over the same material region while 

cutting.  

 

 
 

 

 
   

 

 

 
   

 
 

 

 

 

 

  

  

 

(a) 

(d) 

(b) (c) 

(e) (f) 

Figure 40. Strain rate fields obtained for the experiments while cutting with KC 510M insert 
of edge radius 6µm and rake angle of 30° at constant feed of 300µm but different speeds (a,d) 
0.1 m/sec (b,e) 1m/sec and (c,f) 3.3 m/sec. Top are the MSS fields obtained from 64x64 facet 
size with 87% overlap and bottom are the MSS fields obtained for the same images when 
processed at 32x32 facet size with 87% overlap. The finer facet processing showed the 
presence of multiple shear bands at lower cutting speeds. 
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Figure 41. Sequence of strain rate fields superimposed on the corrected images of the 
corresponding camera images for experiment 9 captured while machining OFHC copper at 0.1 
m/sec and 300µm feed.  The time difference between images is 100 µs. The highlighted 
regions (R1, R2 and R3) can be identified to be in same location with respect to the bands B1 
and B2 at each of these four times indicating persistent shear deformation over the same 
regions of material. 
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Figure 42. Sequence of strain rate fields superimposed on the corrected images of the 
corresponding camera images for experiment 9 captured while machining OFHC copper at 1 
m/sec and 300µm feed.  The time difference between images is 10 µs. The highlighted regions 
(R1 and R2) can be identified to be in same location with respect to the bands B1 at each of 
these four times indicating persistent shear deformation over the same regions of material. 
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6.5 Analysis of Force Data 

The cutting force and the thrust force data were recorded by a Kistler 9272 dynamometer. 

The charge outputs of the piezoelectric transducers are proportional to the force components, and 

are converted to output voltages by charge amplifiers. These are converted into cutting and thrust 

forces by multiplying with the gain set on the corresponding amplifier. The cutting and thrust 

forces for experiments conducted at various speeds with constant feed are shown in Figure 44. 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 43. Sequence of strain rate fields superimposed on the corrected images of the 
corresponding camera images for experiment 6 captured while machining OFHC copper at 3.3 
m/sec and 300µm feed.  The time difference between images is 3 µs. The highlighted regions 
(R1 and R2) can be identified to be in same location with respect to the bands B1 at each of 
these four times indicating persistent shear deformation over the same regions of material. 
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The thrust force is very low (in fact it is negative at the beginning of the cut) due to the high rake 

angle and also because of the presence of lubricant on the tool tip. As the cutting begins, the 

lubricant on the cutting edge disperses to the sides. The time taken to dissipate the lubricant is 

almost same for all the experiments, so as the cutting speed increases the distance over which the 

lubricant also increases. This attributes to steeper rise in the cutting force data at lower speeds of 

0.1m/sec. As the cutting speed increases, the distance over which the lubricant dissipates also 

increases. Another observation that can be made from Figure 44 is that, both the initial and final 

slopes become smaller as the cutting speed increases.  It is observed that, in multiple materials 

and under different cutting conditions, the time for these transitions remains nearly constant, at 

around 4ms. It is conceivable that this is the time constant for large signal response of the signal 

conditioner (possibly limited by the slew rate). However, one thing arguing against this 

conclusion, is the finding that even the thrust force shows the same time duration for the 

transient changes, both at the beginning and the end of the cut, though these changes in thrust 

force are much smaller than those in cutting force, and do not occur with a straight slope.   

Another reason for the smaller slope at higher cutting speed could be that the time period 

corresponding to the natural frequency of the system may be around 4ms.  This would imply that 

the slopes observed are limited by the mechanical rise time of the system in response to the step 

input.  Such vibrations would be expected to be manifested in both the cutting and thrust force 

directions.  This hypothesis is also supported by the oscillations typically noted at the end of the 

rising and falling transients.  However, in ball-drop tests on the tool, done when the tool is in 

contact with the workpiece during cutting, it was observed that the natural frequency of 

oscillations is about 2 kHz.  Unless the mechanical response to a large signal is quite different 

from that for small signals, this hypothesis also does not completely explain all the observations.   
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The cutting and thrust force graphs when analyzed in detail reveal superimposed 

oscillations over the profiles as shown in Figure 45. Two possible reasons for these force 

oscillations can be (i) the initiation of a shear band in the primary shear zone, (ii) noise at the 

natural frequency of the system. To study the occurrence of these oscillations, experiments were 

conducted at a cutting speed of 0.01m/sec at a feed of 300 micrometers and the forces were 

recorded at 10 kHz using a dual channel oscilloscope. The camera images were synchronized 

with the force data.  

Figure 44. The cutting force and thrust force plots obtained while cutting OFHC copper at 
constant feed of 300 micrometers at different cutting speeds of 0.1 m/sec, 1m/sec and 3.3 
m/sec, using a tool of edge radius 6µm. The lower right plot is obtained while cutting 
material of 26 HRB and the other plots are for the material with 35 HRB. 
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A series of images were captured and processed to obtain the MSS fields. The force data 

points between each cycle of 8 images captured by the cameras were analyze for the correlation 

with the MSS fields As shown in the figure 40, the peak to peak cutting force oscillations of the 

order of ±2.5N were observed with a frequency of 450 to 500 Hz. Similarly, the thrust force was 

found to have oscillations of ±1N peak to peak with a frequency of 450 to 500 Hz. So if these 

force oscillations were caused due to initiation of shear bands in the PSZ, then the frequency of 

shear band formation should also be in the order of 450 to 500 Hz. If the shear bands operate at 

500 Hz, then at any given time there should be about 25 active bands in the PSZ. But that’s not 

the case in any of the experiments, in few experiments there are about 4 to 5 active shear bands 

and in others there are only one shear band active. Also it was observed that the frequency of 

oscillations in the force data was consistent for various cutting speeds, i.e. even for the 

experiments performed at different cutting speeds; the oscillations in the cutting force and thrust 

Figure 45. Oscillations in the cutting force and thrust force data when studied at microscopic 
level while cutting OFHC copper at 0.01m/sec and 300µm feed, using a tool of edge radius 
6µm. The frequency of the oscillations was found to be 450 to 500 Hz.  
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force were about 450-500 Hz. So it can be concluded that the oscillations in the force data are 

due to the inherent noise frequency of the system.  

6.6 Chip Morphology and Microstructure 

The specimen and chips obtained from cutting are ground, polished and then etched to 

examine the microstructure. A mixture of 2gms of Potassium Dichromate + 8mL sulphuric acid 

+ 4mL sodium chloride + 100mL water was used as an etchant. The microstructure of the 

specimen with 35 HRB is shown in Figure 46 and the microstructures of the chips obtained while 

machining at various speeds with constant speed are shown in Figure 47. The average grain size 

of the specimen was observed to be 100 micrometers. Figure 47 show the chip microstructure at 

the mid-section of the chips while cutting OFHC copper specimen of 35 HRB at various cutting 

speeds of 0.1m/s, 1m/s and 3.3m/s with constant feed of 300 micrometers. The elongated grains 

can be observed and the width of the grains is found to be smaller than the shear band spacing.  

 

Figure 48 shows the microstructure of the chips at the free surface photographed at higher 

magnification of 50x. It can be noticed that, for the experiments performed at same cutting 

Figure 46. Microstructure of OFHC specimens used for cutting. (a) Material with about 
30µm grain size and (b) material with 100µm grain size 

100µm 100µm 
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conditions of 3.3m/sec and 300µm feed, the material with smaller grain size showed more 

number of peaks on the free surface than compared to the material with larger grain size. Also 

the intensity of the shear between the bands tends to decrease with the increase in cutting speed. 

 

 

Figure 47. Microstructure of chips along the thickness direction obtained after cutting OFHC 
copper of 35 HRB at various speeds of (a) 0.1 m/sec, (b) 1 m/sec and (c) 3.3 m/sec at constant 
feed of 300 micrometers with KC 510M tool. The images were photographed at 10x 
magnification. Note: The white elongated ellipse on the chips annotate the elongated grains in 
the thickness direction of the chip. 
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Figure 48. Microstructure of chips at the free surface obtained after cutting OFHC copper at 
various cutting speeds with a constant feed of 300 micrometers with KC 510M tool. The 
images were photographed at 50x magnification.  
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3.3 m/sec_300µm (35HRB) 3.3 m/sec_300µm (26HRB) 
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6.7 Discussion 

The cutting experiments on OFHC copper (35HRB) at various cutting speeds with 

constant feed showed persistent shearing. Experiments at 1m/sec and 3.3m/sec revealed only one 

shear band in the PSZ but experiments at 0.1m/sec showed presence of two shear bands in the 

PSZ. From the Figure 26, it can be seen that the shear angle increases with the increase in the 

cutting speed. Also, the increase in cutting speed lead to decrease in the cutting forces and an 

increase in the peak strain value. This change in the peak strain value and the shear angle was 

also observed in the grand averages of the experiment. The flow stress in the material was 

observed to be constant for all the cutting conditions performed on a particular material. When 

the same sets of experiments were performed on a material with smaller grain size, the flow 

stress was observed to be higher. This is in correlation with the Hall-Petch effect. The flow stress 

values are also computed from the MAPLETM using modified Oxely machining model. The 

inputs like the cutting velocity, feed and ratio of length of the PSZ to the width of the PSZ (c) are 

used to estimate the flow stress, temperature in the PSZ while machining and forces. Table 5, 

shows the estimated value from the calculations and the trend in the parameters does match with 

the experimental results (even though few parameters were off from the experimental values).  

TABLE 5 

ESTIMATED VALUES OF PROCESS OUTPUTS FROM THE MAPLETM USING A 
MODIFIED OXLEY MACHINING MODEL FOR MACHINING OFHC COPPER (35HRB)  

Cutting 
Speed 
(m/sec) 

C 
Length/ 
Width 

Flow 
Stress 
(MPa) 

Strain rate 
along PSZ 

(1/s) 

TAB 
(deg) εAB Cutting 

Force (N) 
Thrust 

Force (N) 

0.1 3.7 399 217 29.7 0.73 208 -5 
1.0 3.7 389 2663 47.4 0.58 176 -4 
3.3 3.65 399 9433 55.5 0.54 170 -4 

Forces for 1mm workpiece thickness 
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In machining of OFHC copper, the width of the primary shear zone varies as we move 

from the tool tip to the free surface. For experiments performed at cutting speeds of 0.1 m/sec 

and 1 m/sec, the width of the PSZ increases from the tool tip to the free surface. For cutting 

speeds of 3.3 m/sec the width of the PSZ increased from the tool tip to the middle region of the 

PSZ and then remained constant till the free surface. Figures 49 and 50, compares the variation 

in the PSZ width for 0.1m/sec and 3.3 m/sec, as we move along the length of the PSZ from tool 

tip to the free surface. When the width of the PSZ’s is analyzed over the experiments, it is 

observed that the average PSZ width decreases with increase in the cutting speed.  

 

0.1 m/sec_300µm 3.3 m/sec_300µm 

    

1 2 3 4 

        

1 2 3 4 

D 

C 

0.1 m/sec_300µm 

3.3 m/sec_300µm 

Figure 49. Variation in the PSZ width along the length of the PSZ from the tool tip to the 
free surface for experiments performed at cutting speeds of 01.m/sec and 3.3 m/sec 
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The same set of experiments (cutting speed 3.3m/sec and feed 300µm) when performed 

on the material with different grain sizes behaved differently during cutting. The material (OFHC 

copper – 26HRB) with smaller grain size of about 30µm showed about 4-5 active shear bands in 

the PSZ, whereas the material (OFHC copper – 35 HRB) with larger grain size of about 100µm 

Figure 50. Variation in the PSZ width along the length of the PSZ from the tool tip to the free 
surface for experiments performed at various cutting speeds. The 3D plot helps in better 
visualization of the PSZ width variations. 
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revealed a single shear band in the PSZ. The increase in the number of shear bands can be 

associated with the more available paths for the strain to propagate through the grain boundaries. 

The change in the number of shear bands can also be correlated in the wrinkles on the back 

surfaces of the chips. Figure 51 shows the section of the chip back surfaces for both the 

materials. The vertical lines as shown in the Figure 51 can be identified to arise from a shear 

band. It can be seen that, the shear bands are closely spaced in the material with lower grain size. 

The average spacing between the bands was found to be 25µm in the material with lower grain 

size and about 50µm in the material with larger grain size.  

 

Usually a material with smaller grain size has higher hardness, compared to a material 

with larger grain size. But we observed that materials with grain sizes of about 30µm and 100µm 

had hardness values of 26HRB and 35HRB, respectively. The material with smaller grain size 

was purchased about six years ago and over time it annealed at the room temperature (Coles, 

1953). The material with 35HRB was purchased five months ago, in half hard condition. Due to 

3.3 m/sec_300µm (26HRB) 3.3 m/sec_300µm (35HRB) 

100µm 100µm 

 
   

Figure 51. Section of the chip back surface when materials with different grain sizes are 
machined at cutting speed of 3.3 m/sec and 300µm feed with KC 510M cutting tool of edge 
radius 6µm 
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the difference in the annealing state of the copper, the material with smaller grain size has lower 

hardness value. However, this material with smaller grain size exhibits a higher flow stress 

during machining, as can be seen by comparing the data in Tables 2 and 3. A likely reason for 

this is discussed below. 

The Vickers hardness of chips from workpieces of both grain sizes, and at different 

cutting conditions, all measured about 130HV, whereas the hardness values of the workpieces of 

grain sizes 30µm and 100µm are 80HV and 100HV, respectively. Due to the high strain in 

machining, estimated to be around 1.0, as shown in Table 1, the hardness of the chips is expected 

to have reached saturation. Meyers et. al. (1995) studied the effects of grain sizes and strain rate 

on the workhardening behavior of copper. They observed that at high strain values, the Hall-

Petch effect is significant at a high strain rate of 3x103/s, with a Hall-Petch slope of 2.6E-4 

GPa(m)1/2, and this value is nearly independent of the amount of strain applied. As shown in 

Tables 2 and 3, the strain rate while cutting at 3.3 m/s is about 9400/s. Assuming that the same 

Hall-Petch slope holds till the strain of 1.0 observed in our study, a flow stress increase of 

21MPa is expected for the 30 µm grain size material, as compared to the 100 µm grain size 

material.  This is nearly in line with the 34MPa increase observed in our study.   

In contrast, at lower strain rates (10-1 and less) the Hall-Petch slope is less than a third of 

the value at high rates, causing the flow stress to be different by less than 7MPa. This would 

explain why the hardness for chips from both workpieces was similar, at 130HV. Another fact 

presented by Meyers et al. (1995), that is of interest from the perspective of the shear banding 

observed in this study is that, even assuming adiabatic deformation, the strain for onset of 

adiabatic shear banding is calculated to be more than 2.3. The increased effectiveness of heat 

conduction at small length scales would cause the instability strain to be even higher. This 
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supports the conclusion that the shear bands observed here are manifestations of shear banding 

commonly observed in polycrystalline materials due to deformation along favorably oriented 

grains. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 
 
 

7.1 Conclusions 

The microscopic details of deformation along the primary shear zone during the cutting of OFHC 

copper have been studied by in-situ high speed photography and DIC. The width of the primary shear 

zone is smaller in the region near the tool tip, increases over the first half of the length of the PSZ, and 

then remains constant. Thus the PSZ seems to be comprised of a triangular region near the cutting edge 

and a parallel sided shear zone near the free surface. The strain rate is highest in the region of the PSZ 

near the tool tip, and decreases as the distance from the cutting edge increases. At any given time, there 

are multiple shear bands active in the PSZ. Each shear band is active over the same region of material as 

it moves through the PSZ. Shear bands are observed to form quite early, at strains as small as 0.22. The 

strain rate along a shear band increases as it moves towards the middle of the PSZ and then decreases as 

it moves towards the exit of the PSZ. The average spacing between the bands is about 25μm. The 

spacing between wrinkles on the free surface of the chips is found to be the same as this spacing 

between shear bands. The presence of the shear bands even within a highly ductile and work hardening 

material like OFHC copper, and the invariable prevalence of wrinkles along the free surface of chips 

under all cutting conditions and for all materials, suggest that inhomogeneous strain is the rule under all 

cutting conditions. This is also in line with the common metallurgical observation that at the 

microstructural level plastic deformation of metals is highly inhomogeneous. In our case the high 

resolution of the experiments allows us to directly observe the inhomogeneity of deformation even at 

high strain rates. 

Specimen with larger grain size revealed a presence of single shear band in the PSZ when 

the experiments were repeated with same cutting condition. The PSZ for lower cutting speeds of 
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0.1m/sec showed multiple shear bands. For experiments performed at cutting speeds of 3.3m/sec, 

the width of the shear zone is narrow in the region near the tool tip, widens over the first half of 

the length of the PSZ and then remains constant to the free surface. But for the cutting speeds 

0.1m/sec and 1 m/sec, the width of the shear zone continued to increase from the tool tip to the 

free surface. Correspondingly, the strain rate is higher near the tool tip and lower near the free 

surface.  

The same set of experiments when performed on the material with different grain sizes 

showed the difference in the number of active shear bands in the PSZ. The material with grain 

size of about 30 micrometers, when machined at 3.3m/sec and 300μm feed comprised of 

multiple shear bands in the PSZ. When the same set of experiments were performed on the 

material with grain size of 100 micrometers, revealed a single shear band in the PSZ. The 

decrease in the number of shear bands in the PSZ can be associated to the change in the grain 

size of the material. This is also in line with the metallurgical observations of the chips, where 

the numbers of bands observed on the chip with smaller grain size are more than compared to the 

chips produced by the material with larger grain size. 

7.2 Future Work 

It will be interesting to see if the same phenomenon is observed while cutting OFHC 

copper at different feeds. Experiments performed at higher magnification with higher time 

interval between the sequences of images would be needed to investigate the characteristics of 

shear band transition, i.e. the change in peak strain values of the significant shear bands. Also the 

exact change in the grain structure of the material during cutting can be studied with the use of 

orientation imaging microscopy method. Also it is important to analyze the micro level 

properties of the material.  
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