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ABSTRACT 

 

 
Metal cutting subjects the material being cut to strains greater than 100% at high strain 

rates between 103/s and 106/s and may be a good test for mechanical properties in this strain rate 

regime.  This thesis presents an experimental study of the velocity field in the primary shear zone 

(PSZ) while cutting OFHC copper under six different cutting conditions.  A new type of ultra 

high speed camera is used to acquire sequences of high resolution stereoscopic 

microphotographs of the PSZ at frame rates from 50 kHz to 1 MHz.  The velocity field is 

obtained by 3D stereoscopic correlation of the images.  The gradient of the velocity field yields 

the strain rate field.  These fields are averaged over multiple experiments for each of the six test 

conditions to obtain the average fields for each test condition.  It is found that the strain rate field 

scales up with increase in cutting speed and decrease in depth of cut.  Under conditions that 

result in low strain rates, the PSZ resembles a triangular shear zone, narrower at the cutting edge 

and wider at the free surface.  Under conditions that produce higher strain rates, the PSZ is 

parallel sided.  In both cases, the strain rate is found to decrease monotonically from the cutting 

edge to the free surface.  It is found that the decrease in strain rate causes a corresponding 

decrease in strain in the chip, from higher strain values in the chip near the tool to lower stains in 

the chip near the free surface.  This occurs in spite of the fact that tools used are very sharp, with 

cutting edge radius < 1µm and a high rake angle of 30°, in an effort to minimize the indentation 

component.  Slip line fields derived from the velocity fields show that the higher strains closer to 

the cutting edge are caused by a decrease in the shear angle of the lower boundary of the PSZ.  

Hencky’s equations indicate an increase in hydrostatic pressure near the cutting edge and this 

 vi



suggests that the increased strain and hydrostatic pressure may be attributable to the friction at 

the chip-tool interface.  While the strain rate distribution usually shows a broad zone of 

distributed shear deformation, the strain rate distributions in some tests (more often under 

conditions that result in low strain rates) show fine structural features characteristic of persistent 

shear bands. 
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CHAPTER 1 

INTRODUCTION 

 

 
Metal cutting is a process in which a hard, sharp, wedge-shaped cutting tool removes 

unwanted material from the surface of a softer work piece by relative motion under interference. 

The tool causes a large strain in the work piece (ε > 1) over a thin zone called the primary shear 

zone (PSZ), that extends from the tool tip to the free surface, and results in the formation of a 

chip (see Figure 1). The thickness of the PSZ is of the order of several tens of micrometers to a 

few hundred micrometers. The cutting speed typically ranges from 0.1 m/s to 100 m/s, at the 

lower end of which it takes any given material point about a millisecond to flow through the 

PSZ, and at the higher end of the range it takes less than a microsecond. The large deformation 

within the thin PSZ and the rapid movement of material through the PSZ results in strain rates 
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Figure 1: Schematic sketch of orthogonal cutting showing the primary and 
secondary shear zones 
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between 103/s and 106/s.With the widespread use of finite element analysis (FEA) of metal 

cutting, both in academia and in industry, there is a need for validation of analysis results beyond 

just cutting forces.  This is especially important, considering that the constitutive models used in 

FEA are typically obtained from Hopkinson bar tests at strain rates up to a few thousand per 

second, one typically obtained from Hopkinson bar tests at strain rates up to a few thousand per 

second, one to two orders of magnitude smaller than that encountered in machining. 

1.1 Machining as High Strain Rate Test 

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

and Wolak, 1963; Stevenson and Oxley, 1969; Bailey and Bhanvadia, 1973; Stevenson, 

1997;Shatla et al., 2001; Ozel and Karpat, 2007). The approach typically involves calculating the 

nominal shear plane angle (φ, see Figure 1) and the average strain in the PSZ based on the 

measured thickness of the chip. The flow stress is estimated by resolving the measured cutting 

forces along the PSZ. Analytical models are used to estimate the strain rate and temperature 

along the shear plane, but the estimates depend on the constitutive model parameters. This 

coupling causes problems in the techniques used to obtain the material model parameters by 

fitting model predictions of the flow stress to the experimentally observed flow stress and results 

in increased uncertainty in the constitutive model parameters obtained. If the strain rate 

distribution, and by extension the strain distribution, can be experimentally measured, analytical 

estimates will be required only for the temperature field, thereby reducing the uncertainty in the 

constitutive model parameters. 

If the tool is kept stationary, the flow pattern is in quasi-steady-state, and observations of 

the velocity field can be carried out in a relatively leisurely manner when compared to other high 

strain rate tests.  By varying the cutting speed, feed and rake angle, the strain, strain rate and 
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hydrostatic stress can be varied.  Though metal cutting has these advantages over the Hopkinson 

bar test, the disadvantage is that the flow stress can only be approximately calculated.  The 

redeeming feature is that it has been previously observed that the strain rate distribution over the 

PSZ given by FEA is sensitive to changes in material model (Adibi-Sedeh et al., 2005). If this 

can be demonstrated, metal cutting can be used as a test for constitutive properties in a range of 

high strains and strain rates that is inaccessible with other experimental techniques currently 

available.   

In addition to the utility of strain rate measurements in reducing the uncertainties when 

using metal cutting as a high strain rate test, measurement of the velocity and strain rate fields in 

the PSZ and around the cutting edge is also important for the verification of the assumptions 

about the deformation field and for verification of the constitutive model used in analytical 

models of machining such as Oxley’s model (Oxley, 1989) and the extended Oxley’s model 

(Adibi-Sedeh et al, 2003). 

1.2 Digital Image Correlation 

Digital Image Correlation (DIC) is based on the principle that the intensity variation 

within two images of a moving/deforming target at two consecutive 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 divided into square bins called facets and the intensity 

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

different shifts of the second facet.  The shift which results in the highest correlation is assumed 

to represent the true displacement of the facet, and by determining this for each facet, the 

displacement field is obtained.  Typically, a random pattern of black and white spots is applied 

on the surface and the accuracy of determination of the displacement depends on the contrast and 
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the randomness of the pattern, while the spatial resolution depends on the size of the pattern 

(LaVision, 2005).  However, it is difficult to have coatings adhere to the substrate when the 

strain and strain gradients are large and the natural surface texture is found to provide sufficient 

contrast for the pattern matching when a high enough magnification is used (Madhavan and 

Hijazi, 2004). Three-dimensional DIC (Schmidt et al., 2002) is based on the principle of 

photogrammetry in which two cameras, in stereoscopic configuration, are used to observe a 

surface.  With a known position of the two cameras and two homologous image points, the 3D 

coordinates of the surface points can be determined. 

1.3 Objective 

This thesis describes the application of a new type of high speed camera to measurement 

of the strain rate fields in machining. The velocity field in the PSZ and around the cutting edge is 

obtained by Digital Image Correlation (DIC) of the ultra high speed photographic sequences 

obtained while cutting OFHC Copper under six different cutting conditions (Table 1) with a 

sharp tool of 30o rake and 4o clearance angle. The strain rate field is obtained from the gradients 

of velocity field. Objective estimates of the error in DIC have been developed and these show 

that the error in strain is less than 0.1%. Slip-line fields have been constructed from the 

directions of maximum shear. Multiple data sets obtained from many experiments are used to 

obtain the average velocity and strain rate fields, as well as to understand the dynamic variation 

of these fields. This data is valuable for researchers interested in validating and improving 

analytical and finite element models of machining. 

A novel, patent pending, ultra high speed camera system that can acquire image 

sequences at frame rates exceeding 100 MHz without the need for the gating provided by image 

intensifiers is used. This camera system uses pulsed laser illumination to increase the 
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illumination intensity to a high enough level that shot noise is relatively small. Additionally, 

through a novel technique of using lasers of different colors, the laser pulse width (typically less 

than 5ns) controls the exposure time, without the need for finer control of the exposure by a 

gating device. We have previously presented initial data obtained with this type of camera 

system (Madhavan and Hijazi, 2004; Madhavan and Hijazi, 2005). 

1.4 Thesis Organization 

Chapter two, details the background on the usage of high speed photography in metal 

cutting. Chapter three discusses about the experimental setup for orthogonal cutting and the high 

speed camera setup to determine the velocity and strain rate fields. Results are presented and 

discussed in chapter four, and conclusions and suggestions for future work are given in chapter 

five. 

TABLE 1 : 

 
CUTTING CONDITIONS AND IMAGING PARAMETERS FOR THE SIX DIFFERENT 

TEST CONDITIONS.  NOTE THAT THE OFHC COPPER WORKPIECE IS 3.25MM THICK, 
AND THE TUNGSTEN CARBIDE TOOL HAS A RAKE ANGLE OF 30°, A CLEARANCE 

ANGLE OF 4° AND A CUTTING EDGE RADIUS < 1µm.   
 

Test 
condition# 

Cutting 
velocity 
(Vw, m/s) 

Feed  
(tw, µm) 

Optical 
Magnification 

(×) 

Field of 
view (µm) 

Pixel 
size 
(µm) 

Interframe 
time (µs) 

1 0.1 100 15 606x451 0.4414 50,100 
2 0.3 100 15 606x451 0.4414 25 
3 1 30 34.5 252x188 0.1845 3 
4 1 100 24 372x276 0.2713 3,5,10 
5 1 300 7.5 1202x894 0.8747 10,20 
6 3.3 100 24 372x276 0.2713 1,10,30 
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CHAPTER 2 

BACKGROUND 

 

 

2.1 High Speed Photography on Metal Cutting  

Researchers have previously investigated the deformation process in metal cutting in 

detail using various metallographic (Kececioglu, 1958; Ramalingam and Black, 1973) and high 

speed photographic techniques (Komanduri and Brown, 1981), leading to improved qualitative 

understanding of the phenomena occurring in metal cutting.  While some studies of metal cutting 

have used grids and even the material microstructure to study the deformation, not much 

quantitative data has been derived from high speed photography, mainly due to limitations in the 

temporal and spatial resolution of the cameras used and the high strain and strain gradients in the 

PSZ.  Note, however, that high speed photography has recently been used, along with an array of 

lines, to study shear banding of metals subjected to high speed torsion testing (Chi and Duffy, 

1992) and to study strains in coatings (Barthelat et al., 2003).   

2.2 Strain Rate Distribution in the Primary Shear Zone (PSZ) 

Most of the quantitative data available to date about the distribution of strain rate in the 

PSZ has been obtained by the grid technique pioneered by Oxley and co-workers (Palmer and 

Oxley, 1959; Stevenson and Oxley, 1969).  The strain distribution in the PSZ was measured by 

freezing the deformation of a grid of squares being cut by the tool, using a quick-stop device.  

Various approaches adopted for obtaining the strain rate have included (i) assumption of a 

parallel shear zone to simplify the calculations (Stevenson and Oxley, 1969) (ii) fitting of 
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hyperbolic streamlines to the grids to remove the noise in the data (The and Scrutton, 1976), and 

(iii) calculation of the velocity field and the velocity gradient (Conning et al., 1984),.  Conning et 

al. (1987) provide a comprehensive discussion of methods for reducing the noise while 

processing the deformed grids.  There has been renewed interest in this research area due to the 

increasing need to understand the deformation around the cutting edge (Manjunathiah and 

Endres, 2000; Potdar and Zehnder, 2004) and for purposes of validation of numerical and 

analytical models.  

2.3 DIC Approach 

Many studies have reported the application of 2D and 3D DIC for static testing, sheet 

metal forming analysis (Hijazi et al., 2004), dynamic measurements on components rotating at 

high speed (Schmidt and Tyson, 2003), and for monitoring Hopkinson bar tests .  While other 

methods such as high speed photography of Moiré fringes (Bertin-Mourot et al., 1997) and 

speckle methods (Field’s group) can be used for high speed strain measurements, their 

applicability under the high strains and strain rates that occur in metal cutting poses difficulties. 

Intensified cameras are typically used in ultra high speed cameras, capable of recording at 

1MHz and higher frame rates, both for purposes of intensity amplification and for high speed 

exposure control of the images.  Intensifiers are typically coupled to the CCD sensors by tapered 

fiber bundles and this leads to errors such as image shear.  Additionally, the limited light that is 

available at ultra high frame rates leads to shot noise, which cannot be overcome by the 

amplification provided by the image intensifier.  For these reasons, digital image correlation 

(DIC) has not been carried out with ultra high speed cameras. 
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2.4 Orthogonal Cutting of OFHC Copper 

Copper is extensively used for various applications and well known for its excellent 

conductivity. OFHC (Oxygen Free High Conductivity) Copper is chosen in particular since 

extensive documentation is available from various researchers in the past on its high strain rate 

deformation (Follansbee et al., 1984; Parry and Walker., 1989; Andrade et al., 1994; Kamler et 

al., 1994; Nasser and Li., 1997; Frutschy and Clifton., 1998; Rittel et al., 2002). Miniaturized 

direct impact Hopkinson bar test was used to study the high strain rate behavior of OFHC 

Copper where the strain rate was obtained through integration of strain gauge signal (Kamler et 

al., 1994). Several assumptions like friction, temperature, selection of point for integration and 

inconsideration of thickness of lubrication limit the accuracy of data. The experimental results 

from pressure shear plate impact tests showed an increase in strain rate with increasing flow 

stress and decreasing temperature (Frutschy and Clifton., 1998). 

Rittel et.al., (2002) designed a ‘shear compression specimen’ to reach strain rates 

between the ones obtained from kolsky bar (104/s) and pressure shear plate impact (105/s) 

experiments. Strain rate sensitivity on flow stress of copper was noted evidently and negative 

strain hardening was noticed for increasing strain rates. Uniform stress and strain was observed 

along the gage section through metallographic examinations while an equilibrium consideration 

during initial deformation and the scope to investigate equivalent strains less than 1 was the 

limitation. To characterize the material under high strain, extensive microstructural studies were 

carried by various researchers (Finney and Laird., 1974; Hunsche and Neumann., 1986; 

Mogilevsky and Bushnev., 1989, Zhang et al., 2001; Andrade et al., 1994; Rittel et.al., 

2002).Andrade et.al., (1993) shock loaded ‘hat shaped’ copper specimens under high impact 

velocity (2.13Km/s) and noted an increase in strain rate sensitivity on flow stress beyond 104/s.  

 8



Microstructural photographs of specimens subject to strain rate of 4x104/s revealed equiaxed 

grains of size 0.1-0.3µm and dynamic recrystillization. Follansbee et.al., (1988) attributes this 

increased sensitivity due to a change in dislocation velocity beyond a threshold stress.  

Evolution of persistent slip bands was found after a cyclic shear stress of amplitude 

1Kpa/cycle.At maximum stress, ‘compressive and tensile slips’ leads to persistent slip bands 

(Hunsche and Neumann., 1985). Further studies indicated that under high strain amplitude, 

deformation bands and slip bands were found perpendicular to each other (Zhang et.al., 2001). 

Deformation bands had an average width of 50-60µm width and 15-20 times thicker than a slip 

band. Ladder like structures in the deformation bands after deforming at high strain amplitude 

was indicative of persistent slip bands (PSB) whereas no such feature was found in slip bands.  
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CHAPTER 3 

EXPERIMENTAL SETUP 

 

 

3.1 Cutting Setup 

Cutting experiments are carried out using a high speed linear slide to hold the work piece 

and move it past a stationary tool. The OFHC Copper work pieces are in the form of plates, of 

length 4.3 cm and thickness 0.3 cm. The linear slide is powered by a linear motor and is capable 

of cutting speeds from 0.1mm/s to 4.5m/s with cutting force up to 2100N. The cutting tool is 

held on a dynamometer that measures the cutting and thrust force. The average coefficient of 

friction can be obtained from the forces and the tool rake angle. For each cutting experiment the 

thickness of the chip produced is measured, from which the shear angle is calculated.   

3.2 Camera Setup 

The ultra high speed camera is oriented and positioned with respect to the tool cutting 

edge such that the region of interest marked in Figure 1 is in focus.  The interframe times are 

chosen to be high enough that there is sufficient displacement of the image to be clearly above 

the error in the displacement map, but short enough that an “instantaneous” spatial velocity 

distribution, rather than a time integrated material velocity, is obtained.  For each of the six 

different cutting conditions, the camera settings used are listed in Table 1.   

The custom made ultra high speed 3D Strain Master high speed photography and digital 

image correlation system comprises of four SensiCam QETM dual frame cameras built around a 

Leica MZ16 Stereo Zoom microscope (see Figure 2).  Narrowband filters in front of each of the 
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four cameras let them see only in narrow spectral ranges in the blue, green, red and orange, 

respectively.  Illumination pulses of duration 5ns in the four different colors are generated using 

four dual-cavity Q-switched Nd:YAG lasers.  The ultra high speed camera system includes a 

Programmable Timing Unit (PTU) and DaVis® control software that controls the first and second 

exposures of the dual-frame cameras and the timing of the laser pulses to result in image 

sequences with any required inter-frame separation with a time resolution of 50 ns.  Shorter 

inter-frame intervals down to 5ns (frame rates up to 200MHz, not used in this study) and event 

based triggering are achieved using a custom built circuit using photodiodes, digital delay 

generators and high speed comparators.   

As shown schematically in Figure 2, two pairs of dual-frame cameras are mounted on a 

stereo microscope such that each pair of cameras shares one viewing axis.  This system is 

capable of acquiring microscopic images at resolutions up to 860 line-pairs/mm and at frame 

rates from a few kHz to 100 MHz.  The microscope has two objectives (1× and 2×) and has a 

capability to zoom the image between 0.71× and 11.5×. The 2x objective is used in the 

Figure 2: Schematic of the ultra high speed camera showing the stereo microscope, four dual frame cameras 
and four dual cavity lasers 
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microscope for this study. The stereoscopic coupler has an additional magnification of 1.5x. The 

total optical magnification can be ranged from 2.1x to 34.5x. The advantage of using a stereo 

microscope is that the camera system can be used to either obtain a 2D sequence of eight frames 

usable for 2D DIC (where the DIC software will correct the distortion resulting from observing 

the target from different perspectives) or to obtain a 3D sequence comprising four pairs of stereo 

images usable for 3D DIC. The DaVis software also performs 2D and 3D stereoscopic 

calibration of the viewing arrangement using precision calibration targets.  While the stated 

resolution of the optical system with the 2× objective is 860 lp/mm, it is found that, at an optical 

magnification of 24×, the pixel size is about 0.29µm and the rms error in location of 12 pixel 

diameter calibration spots on a 20 micrometer pitch precision calibration grid is less than 1 pixel, 

corresponding to a positional accuracy better than 0.25 micrometers.   

3.3 Camera Triggering & Image Acquisition 

A trigger circuit is used to trigger the ultra high speed camera at the required time during 

the cutting operation in the planing setup. Typically the images are acquired after about 10 to 15 

mm of material has been cut. For recording stereo image pairs, the cameras comprising a stereo 

pair, for instance cameras 1 and 3, are triggered simultaneously and the lasers of the colors that 

these cameras see are pulsed simultaneously. Four pairs of flashes occurring at times t1, t2, t3 and 

t4 result in four pairs of stereoscopic images being recorded by the corresponding cameras.  

Stereoscopic image pairs at each time are correlated to find corresponding points which are then 

used to find the surface topography by triangulation. By cross-correlating images at two times, 

and using the surface topography, the 3D displacement vector field is obtained.  Image sequences 

wherein eight images are recorded at eight different times t1 through t8 are used for 2D cross 
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correlation. Dividing the displacement by the time interval between the images, the velocity field 

at time (ti+ti+1)/2, is obtained.   

Initially, the zoom factor of the stereo microscope is set to a low value (typically 7.5×) to 

study the mode of chip formation at lower magnification and at larger time intervals between 

frames. From these lower speed sequences, at frame rates of the order of 30 kHz to 230 kHz, the 

overall type of chip formation and the dynamics involved are characterized.  Figure 4 shows a 

typical sequence of images recorded at an optical magnification of 15x and a frame rate of 

100 kHz. The viewing area in these pictures, as well as all the subsequent pictures, is similar to 

that shown in figure 1.  The tool boundaries as well as the approximate boundaries of the PSZ 

are annotated in figure 4(a). The tool is stationary and the work piece moves at the desired 

velocity from left to right. Deformation in the PSZ causes the chip to flow up along the tool rake 

face and eventually curl away from the rake face. It can be seen from figure 4 that a continuous 

chip is formed. While the particular cutting conditions under which figure 4 was recorded 

involve a depth of cut of 100µm, a cutting speed of 1.0m/s and a rake angle of 30o, it was 

observed in all the experiments with OFHC Copper that continuous chips were formed. 

Subsequently, the optical magnification is increased to tightly frame the region of 

interest, which may be the entire PSZ or a sub region, and the frame rate is increased to 

quantitatively study the deformation in the primary shear zone. For lower cutting speeds or 

optical magnification, higher inter frame times are used so that the displacements are always of 

the order of 10 pixels.  The optical magnification, corresponding field of view, pixel size and 

interframe time typically used for the different cutting conditions are shown in Table 1. 
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3.3 Calibration of Camera Parameters for DIC 

Calibration of the camera parameters for the various zoom settings is carried out using 

planar calibration plates with 2D arrays of circles at pitches of 20µm and 50 µm.  The plane of 

the calibration plate establishes the X-Y coordinate system for the object plane. Figure 3(a) 

shows the front view of a 20µm calibration grid plate and figure 3(b) shows the screenshot of the 

extrinsic and intrinsic camera calibration parameters given by DaVis. The calibration plate is 

oriented perpendicular to the viewing axis by adjusting it so that there is no gradation in focus 

within the image as the plate is moved towards and away from the objective lens.  The plate is 

moved along the Z-axis with the help of a differential micrometer with 1 µm resolution and is 

imaged at 5 locations equally spaced along the Z-axis within the depth of field of the optics. 

Using the location of the circles in the images and their movement with the translation of the 

target, as well as the known spacing of the grid, internal and external parameters are fitted using 

a pinhole model. Internal camera parameters include the pixel size, pixel aspect ratio, location of 

the principal point, focal length of the lens and radial distortion of the lens.  External parameters 

include the translation and rotation of the viewing direction of the cameras with respect to the  

(b) (a) 20 
µm 

Figure 3: Calibration plate with 20µm grid spacing and a typical set of calibration parameters for an 
optical magnification of 24× 
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calibration plate. Typically, the rms error in the positions of the center of the circles is less than 

one pixel and the radial distortion is also less than one pixel. The calibration is checked by 

moving the calibration plate to known positions along the Z axis, recording stereoscopic images 

and computing the Z-axis location of the calibration plate.  It is found that the location of the 

calibration plate is accurate to within 4µm in Z axis for a 24× optical magnification calibration. 
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3.4 Data Processing: Velocity Fields 

The spatial velocity field is obtained by Digital Image Correlation of successive high 

speed photographic images using the DaVis software package. The correlation process divides 

the first image into facets and searches for the location of each of these facets within the second 

image. This is done by computing the correlation between the intensity distribution within a facet 

of the first image and the intensity distribution within a window of the same size moving over 

the second image. The moving window is also deformed using the displacement field obtained 

using the previous processing step, in an iterative manner, prior to computing the correlation 

coefficient. An additional detail is that the image correlation is carried out using facets of 

progressively decreasing size, beginning with facets of size 256 × 256 pixels with 50% overlap 

and ending at 64 × 64 pixels with 87% overlap. The progressive decrease in facet size is 

necessary so that the overall location of each facet can be determined in a robust manner, 

immune to large offsets in the relative positions of the same features in the images taken by 

different cameras, caused by the different viewing directions and offsets in the field-of-view of 

each of the cameras. 

The location of the moving window that maximizes the correlation between the intensity 

patterns of the facets is taken to be the position of the facet after deformation.  The offset 

between the locations of the mid-points of the facet and the moving window gives the 

displacement of the material at the midpoint of the first facet during the time interval between the 

exposures of the two successive images.  Sub-pixel accuracy in displacement is obtained by 

fitting a Gaussian profile to the correlation coefficients near the correlation peak and using this to 

find the location where the correlation coefficient is a maximum.   
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The number of displacement vectors corresponds to the number of facets the images are 

divided into for correlation.  The size of the facets can be decreased or the overlap between 

facets can be increased to sample the displacement more frequently, at a grid of points spaced 

closer together. The deformed window processing feature of the DaVis software enables velocity 

vectors extracted for each facet to be meaningfully different from the neighbors even with 87% 

overlap.  The available correlation window sizes range in steps of two from 4 to 512 pixels and 

the overlap % can be set at 0, 25, 50, 75 or 87 % respectively.   

Since it is of interest to obtain the most spatial resolution possible in the strain rate data, 

progressively smaller facet sizes and increasing amounts of overlap between the facets need to be 

used, all the way down to 8×8 facets with 50% overlap of neighboring facets, which provides a 

strain rate estimate every 4 pixels (≈1µm).  Each time the grid size is halved, the number of 

displacement vector increases four fold.  The downside is that, for the same uncertainty in the 

location of the facet in the second image, the error in strain estimation doubles.  Since the noise 

in the displacement calculation depends only on the spatial frequencies present in the image and 

their amplitudes (the contrast of the image) it remains constant regardless of the sampling 

distance, the increased noise level in the strain rate field is simply a result of the decreased 

sampling distance used in the quest for higher spatial resolution. 

The DaVis software has several features for estimating the goodness of the correlation, 

such as the ratio of the two best correlation peaks, number of vectors in each group, 

perpendicular shift of a vector relative to the mean around it, the stereoscopic reconstruction 

error, etc.  Vector post processing using the above metrics to identify and replace poor 

correlations and for median filtering of the data can also be carried out to reduce the noise 

produced by the correlation process. Notwithstanding these, the spatial frequency of intensity 
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variation of the pattern on the surface under observation, the sharpness of focus, and the 

deformation of the surface, determine the minimum size of the facets that can be correlated, 

below which the error in location of the facets increases sharply.   

The noise floor for the strain computation using different facet sizes and overlaps (with 

and without post-processing of the vectors) is determined as follows.  Images of the work piece 

obtained under conditions identical to those of the cutting experiments, but without cutting (i.e., 

with the work piece passing beneath the tool without being cut), are correlated.  Neglecting the 

small strains resulting from the vibrations of the work piece while being moved by the slide, the 

strain everywhere is expected to be zero.  However, small strains are observed, as shown in the 

Table 2. For example, it is observed that the average equivalent strain is found to be 0.37% for 

34.5x optical magnification images processed down to 64×64 facet sizes with 87% overlap. This 

corresponds to a 0.012 pixel error in displacement of each of the facets.  Depending upon the 

interframe time between the images, this strain error would manifest as a strain rate error, for 

instance, 3700/s for an interframe time of 1µs. 

An effective method for reducing the noise is to apply a low pass spatial filter to remove 

the high frequency noise. This was accomplished using LES (Large Eddy Simulation) 

decomposition (LaVision, 2005). Using a cutoff wavelength of two data points may be 

considered to be equivalent reducing the spatial resolution by a factor of 2.  It is observed that 

the LES filter is able to attenuate the directional “hatching pattern” seen in non-filtered results 

that is a manifestation of the alternating signs of noise in the strain computation (necessitated by 

the “zero-sum” nature of the total noise). As shown in Table 2, LES-2 reduces the noise 

dramatically for most cases, for instance, reducing the average strain error from 0.37% to 0.09% 

and strain rate from 3700/s to 900/s for images taken with 34.5x optical magnification. Based on 
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these findings, the increased computational effort required in first processing to higher overlaps 

and then using a two data point low-pass LES-2 filter is clearly worthwhile.   

 

TABLE 2 

SUMMARY OF STRAIN OBSERVATIONS FOR DIFFERENT PROCESSING 
CONDITIONS WITHOUT CUTTING 

 

Optical 
Magnification(X)  

Facet Size 
(pixels) 

Overlap 
% VPP 

LES of 
scalength 2  

 Strain 
% 

No No 0.17 
Yes  No 0.17 50 
Yes  Yes 0.02 
No No 0.24 
Yes  No 0.24 75 
Yes  Yes 0.04 
No No 0.37 
Yes  No 0.37 

64x64 

87 
Yes  Yes 0.09 
No No 0.54 
Yes  No 0.54 50 
Yes  Yes 0.07 
No No 0.8 
Yes  No 0.8 75 
Yes  Yes 0.17 
No No 1.2 
Yes  No 1.2 

11.5 

32x32 

87 
Yes  Yes 0.34 

 

While LES low pass filtering over larger numbers of data points would reduce the error 

even further and make it look desirable for the pure translation experiment, it was noticed in 

cutting experiments that higher smoothing wavelengths eliminate some of the true variation in 

velocity, leading to reduced total strain.  As shown quantitatively by Madhavan et al. (2007), 

LES-2 is found to be the optimum level of smoothing.  Based on the findings above, unless 

otherwise stated, we have used facet sizes of 64 pixels with 87% overlap followed by LES-2, 
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resulting in a grid size of 8 pixels, which results in a spatial resolution 2 to 8 µm for the velocity 

field depending on the zoom level used. 

 20



(a) (b) 

  

Figure 4: A sequence of eight images taken at a frame rate of 100kHz while cutting OFHC Copper at 1.0 
m/s and a depth of cut of 100µm.  The tool is stationary and the work piece moves from left to right at the 
desired cutting velocity.  The chip flows up as shown in frame A.  The primary shear zone and the 
boundaries of the tool are also shown in frame A.  It can be seen that a continuous chip is formed.  The 
images are shown with a color palette representing the image intensity 

(c) (d) 

(d) (e) 

(f) (g) 

t = 0µs t = 10µs

t = 30µs t = 40µs

t = 60µs t = 70µs

t = 90µs t = 100µs

PSZ 

Chip back 

Chip front 

Tool 
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3.5 Data Processing: Strain Rate Fields 

Since a rectangular grid is used, the εxx, εyy, εxy and εyx fields are calculated from the 

velocity field using the central difference approximation.  The strain rates can be obtained by 

dividing the strains by the interframe time between the images.  The maximum shear strain rate 

(MSSR) is calculated as 

 
The equivalent strain rate is obtained as 

 

 
To compensate for dynamic variations in the strain rate field, the average strain rate field 

is obtained in one of two ways.  In the first approach, multiple MSSR fields are aligned with 

respect to one another and then averaged together.  This is carried out on a per experiment basis 

and then across experiments, by carrying out DIC of the MSSR fields to correct the shift and 

rotation of these patterns with respect to one another.  This ignores dynamic variations in the 

location and orientation of the PSZ with respect to the cutting tool and averages the distribution 

within the deforming region of the material.  Since this averaging approach preserves the peaks, 

it provides a good estimate of the maximum strain rates suffered by the material. 

In the second approach, the sequential images from 2D experiments are shift and rotation 

corrected with respect to the tool and then correlated so that the velocity fields can be averaged 

to get the average velocity field with respect to the location of the tool.  Note that this approach 

results in a time-averaged velocity field located with respect to the tool.   

T

Maple.  A city vectors provided by 

)

(1.2) / 3ε γ=& &

(1.1) ( ) (2 2
2 ( ) / 2 ( ) / 2xx yy xy yxγ ε ε ε ε= − + +& & & & &

he velocity field is exported and further post-processed using a program written in 

 grid of elements is drawn between the nodes at which the velo
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DIC are available.  Standard interpolation schemes used in finite element analysis are used to 

interpo

h the strain rate in the Z direction (ε°ZZ = ∂VZ/∂Z) is 

obtaine

late the velocity field.  The deformation map (F) and velocity gradients (L) are obtained in 

the usual manner and the rate of deformation tensor (D) is obtained as the symmetric part of the 

velocity gradient (D = (L+LT)/2).  The eigenvectors of the rate of deformation tensor are the 

principal directions of strain rate and the eigenvalues are the principal strain rates, from which 

the equivalent strain rate is calculated.   

Note that, since the velocity field is available only on the surface of observation, 

gradients in the direction of the normal to the surface (∂Vi/∂Z) are unknown and assumed to be 

zero.  An optional processing step in whic

d by enforcing volume conservation is used to study the magnitude of error involved in 

this assumption.  For 2D velocity fields, it is assumed that Z is a principal direction and  

.                                                                                                              

  For 3D velocity fields, all the components of the velocity field that are available 

(including xzε&  and yzε&  and the unknown zzε& ) are used to calculate the principal values of the rate 

of deformation tensor.  zzε& is determined a akes the volumes that value that m tric strain rate l 

zero.  I

nging the three eigenvectors at each element so that the corresponding 

eigenve

 equa

t is typically the case that the difference in strain rates obtained by 2D and 3D processing 

is less than 1%.  

The eigenvectors of the rate of deformation tensor are rotated by 45 degrees to obtain the 

shear directions.  A sorting routine begins at one element near the cutting edge and fans out in all 

directions, rearra

ctors of neighboring elements are close to each other.  It is found that two of the 

eigenvectors are nearly in the X-Y plane and the third is nearly along the Z-direction.  The 

zz xx yyε ε ε= − −& & & (1.3) 
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streamlines of the two sets of Eigenvectors in the X-Y plane are then computed to obtain the 

slip-lines.   
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

 
Figure 5 shows four images, taken under test #6 cutting condition, comprised of a stereo 

pair of images (a) and (b) captured by cameras 1 and 3, at time t=0 and two more images (c) and 

(d) captured by cameras 1 and 3 at time t=1 µs.  Note that a typical set of eight images taken for 

each experiment includes two more stereo pairs taken by cameras 2 and 4 at times t=10 µs and 

t=11 µs.  The images have been taken at 24× optical magnification under test condition # 6.  The 

field of view in these pictures is approximately 372 µm×276 µm, with each pixel covering a 

0.28 µm×0.28 µm area.   

From the stereo pair in figures 5(a) and 5(b), the 3D surface topography (Fig. 5(e)) of the 

surface at time t=0 is obtained.  Similarly, another surface height map is obtained at time t = 1.  It 

can be seen that there is an up-swelling (also called side-spread) of the material as it moves 

through the PSZ, a manifestation of the out-of-plane strain in the material.  It is interesting to 

note that the side-spread is highest near point A along the free surface.  This is also corroborated 

by the chips, which are found to be wider at the free surface than at the surface produced by the 

cutting edge.   

The images taken by camera 1 at t = 0 and t = 1µs are correlated using 64×64 facet sizes 

with 87% overlap followed by LES-2.  The resulting displacement field along the image plane is 

melded with the surface topography at t = 0 and t = 1µs to obtain the 3D velocity field at 
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t = 0.5 µs, shown in Figure 5(f).  The images taken by camera 3 at t = 0 and t = 1µs are used to 

verify and improve upon the correlation in regions where the correlation co-efficient of this 

correlation is better to than that of the first correlation.  Note that only one in sixteen vectors is 

displayed in Figure 5(f) for the sake of clarity.  Using the velocity field, it can be verified that the 

velocity of the incoming material is close to the preset cutting velocity of 3.3m/s.  We can see 

that there is a rapid change in the velocity of the material as it goes through the PSZ.  It can be 

also noted that the velocity of the chip is parallel to the tool rake face, and that the velocity of the 

tool is zero, in the regions where the tool is in good focus. 

Figure 5(g) shows contours of the equivalent strain rate obtained from the gradients of the 

X and Y components of the velocity, ignoring the gradients of velocity in the Z (out-of-plane) 

direction.  The difference between the shear strain rates obtained from 2D and 3D processing is 

found to be less than 1% as shown in Figure 5(h).  This implies that the 2D image sequences are 

sufficient to obtain the velocity and strain rate fields. 

It can be seen from Figure 5(g) that the peak strain rate decreases as the distance from the 

cutting edge increases. The PSZ looks like it can be approximated as a parallel sided shear zone. 

The peak shear strain rate under test conditions #3 and #6 in the regions close to the cutting edge, 

along the direction CD, is between 30,000/s and 50,000/s.For lower speed tests (test conditions 

#1 and  #2), the peak shear strain rate ( ε&) regions close to the cutting edge, along the direction 

CD, is between 1300/s to 4200/s.For test  conditions #4 and #5, where the depth of cut was 

varied for the same cutting speed, the  peak shear strain rate was found between 9500/s to 

18000/s. 
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It is also noted that for about 1/3rd of the distance to the free surface from the cutting 

edge, the strain rate distribution shows a diverging character resembling a triangular shear zone 

for test conditions #1, 2, 4 and 5.   
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a b 

Tool 

c d 

 

 

Figure 5:  Process by which the velocity field and strain rate are obtained for cutting OFHC Copper at 3.3m/s 
with a 30° rake, sharp tool.  A and B: stereoscopic pair (left and right) of images taken at t=0; C and D: stereo 
pair at t=1µs; E and F: 3D surfaces at t=0 & t=1µs ; G: Average Velocity vectors from both the stereo pairs 
taken between t=0, t=1µs & t=10, t=11µs H: contours of maximum shear strain rate I: β slip lines 
superimposed on contours of equivalent plastic strain rate J: contours of Error in % between 3D and 2D 
processing  

e f 

g h 
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The peak shear strain rate away from the cutting edge along AB in the direction of CD 

for all the conditions are listed in Table 3.It is found that the equivalent strain rate along CD 

shows linear increase with increase in cutting speed and decrease with increasing depth of cut for  

the same cutting speed (test  conditions #1, 2, 4 and 6). 
 

4.1 Typical Results: 

With the intention of obtaining the average strain rate field, several 3D and 2D sequences 

for all the test conditions were obtained and processed.  Most of the experiments showed a single 

broad shear zone when the image correlation was carried out using big facet sizes that result in 

coarse spatial resolution. 

Figure 6(a) through 6(f) shows the average of each cutting condition taken over several 

2D and 3D sequences with stream lines of velocity and fringes of equivalent strain rate. Note that 

the fringe range of equivalent strain rate for each test condition is different. The boundaries of 

the PSZ are marked for each condition to show the shape of the PSZ. It can be clearly seen that 

the boundaries of the PSZ diverges away from the cutting edge for test conditions #1, #2, #4 and 

#5 indicative of a triangular shear zone while the rest shows parallel sided shear zone. A band of 

concentrated shear in front of the cutting edge was observed on an average showing one peak 

equivalent strain rate along CD. Several data points from multiple stream traces along CD were 

extracted and with distance between each consecutive data point and the velocity at each data 

point, the incremental time between the points were computed.  

Cumulative strain along CD in the PSZ is obtained by integrating the strain rates along 

the stream traces   

streamline
d dtγ γ= ∫ &

(1.4) 
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15x 34.5x15x

(a) Test condition#1 (b) Test condition #2 (c) Test condition #3 

7.5x
24x 24x

(d) Test condition #4  (e) Test condition #5 (f) Test condition #6 

Figure 6: Average distribution of equivalent strain rate for test cutting listed in Table 1. Note that the 
fringe range of equivalent strain rate for each test condition is different 

 

4.1 Variation over time within an experiment 

Most of the experiments show a broad zone of shear when processed at 64x64 facet sizes with 

87% overlap which yields a strain value for every 16 pixels (≈4µm) . However, a few show two 

shear bands rather than just one broad shear band Figure 7 (Experiment 215,Test condition #4) 

shows the fringes of maximum shear strain rates at three different times , t=35 µs t=65µs and 

t=95 µs The strain rate fields are obtained by the 2D DIC of the sequential images between 

t=30µs & t=40µs (camera 2), t=60µs & t=70µs(camera 3), t=90µs & t=100µs (camera 4) 

respectively Prior to the correlation, the images have been shift-corrected with respect to the tool 

to make the tool stationary, so that the changes in the strain rate distribution can be easily 
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interpreted. It can be clearly seen with time, the maximum strain rate shifts from the band above 

to band below.  
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TABLE 3 

SUMMARY OF DATA FOR OFHC COPPER UNDER SIX DIFFERENT CUTTING CONDITIONS 

 

Test # Average 
Peak Edot 
along CD 

(/s) 

Average 
Peak Edot 
near the 
Cutting 
Edge 
(/s) 

Average 
Cummulative 
plastic strain 

 ( cummε ) 
along CD 

Average 
tc(um) 

Average 
Cutting 
Force 
(N) 

Average 
Thrust 
Force 
(N) 

Average 
Chip 

velocity,Vc
(m/s) 

Average 
Length 
along 

AB(um) 

Average 
Length 
along 

CD(um) 

Average 
Shear 
Angle 
(deg) 

Average 
Friction, µ  

1           668 1317 1.83 242* 477 68.6 0.025 440 130 13.6 0.67
2           2087 4149 1.46 267* 421.1 62.58 0.089 326 126 16.6 0.67
3            25020 32000 1.16 60 64.82 14.67 0.39 59.8 43 21.94 0.75
4           7900 17215 1.36 249* 347.91 61.42 0.32 309 134 18.47 0.70
5           3690 9860 1.57 768* 944.8 158.25 0.35 953 306 18.11 0.69
6           27457 56359 1.04 250* 303.9 63.13 1.34 191 120 25.33 0.73

Note: The chip thickness values given here are from chip weight calculation 
         
Notes:          
          Length of AB values shown here is computed using Vc, V (shear angle) and Depth of cut resp. 
          Shear Angle values shown here are computed using Vc and V 
          *  ±70um since the chip is thicker in the middle and gets thinner towards the ends. 

                                                             

          µ = (Ft+Fc.tanα)/(Fc-Ft tanα) 
 

 



(c) (b) (a) 

Figure 7:  Fringes of equivalent strain rate and streamlines of velocity obtained by 2D DIC of 
sequential images obtained in experiment 215 under test condition #4 between (a) t=30µs & t=40µs 
(camera 2), (b) t=60µs & t=70µs (camera 3), (c) t=90µs & t=100µs (camera 4).  

 

The images were corrected for shift and rotation keeping the tool constant in order to 

track the events over time between the images. With the images thus corrected, persistent 

shearing of the same regions of material was clearly evident visually. Regions close to the shear 

band but beneath it at time t=30 µs continued to be below the shear band through the last image 

at t=100 µs.  Figure 8 shows a graph of the equivalent strain rate variation along the direction 

CD, averaged over a rectangle similar to that shown in Figure 6(a), at four consecutive times, 

obtained from experiment 215.  It can be seen in each of these graphs that the position of the 

strain rate peaks remains stationary with respect to the material.  

Additionally, when the strain rate profile at the later times is compared with the earlier 

time, it can be seen that the strain rate in the slip band closer to D has fallen, whereas the strain 

rate in the shear band near C has increased. This suggests that there is gradual transition from the 

shear along the band closer to the exit of the PSZ to shear along bands closer to the entrance of 

the PSZ. 
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Figure 8: Distribution of equivalent strain rate along CD for a 2D experiment 215 under 
test condition #4 from the planing set up showing a change in strain profile along the 
material line over time. 

4.2 Discussion 

Taken together these observations suggest that shear deformation is uniform and 

concentrated showing one peak equivalent strain rate along CD for all the test conditions. A 

broad shear zone is seen under most of the conditions primarily classified into parallel sided and 

triangular in shape. This is attributed to OFHC Copper’s material property and work hardening 

behaviour.Sidespread is higher at the exit of the primary shear zone or the free surface than close 

to cutting edge leading to a triangular shear zone. In some cases under different cutting 

conditions, the shear deformation tends to localize along one or more bands which together form 

the PSZ. These bands are not stationary with respect to the tool, but with respect to the material 

being cut. As the material being cut travels through the PSZ, strain continues to persist and 

accumulate along these shear bands. The total strain suffered by the material is predominantly 

accommodated by strain concentrated within these persistent shear bands. 
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As a shear band moves towards the exit of the primary shear zone, the strain rate along 

the band decreases, whereas the strain rates in other bands behind it increase. It is noted that new 

shear bands are periodically initiated close to the entrance to the PSZ, by observing the PSZ for 

larger times. The equivalent strain rate is found to decrease away from the cutting edge. 

Although a sharp tool was used to eliminate the effect of indentation, a non linear drop of 

equivalent strain rate is noticed indicating the presence of indentation component 

Examination of the chip cross section under a 3D profilometer shows that the chip is 

thicker in the middle and thins out towards the edges presumably causing a variation in shear 

angle. It was observed in the strain rate distribution plots that, close to the tool, the shear band 

seems to be more deterministically located with respect to the cutting edge than at locations 

farther away from the cutting edge. Even in the high speed image sequences which clearly show 

persistent shear further away from the cutting edge, such as experiment 215 (see Figure 7), 

progressive shearing of new regions close to the tool cutting edge is observed, akin to what 

would be expected with a spatially fixed strain rate. In images where the focus near the cutting 

edge was sharp, progressively smaller facet sizes all the way down to 8×8 facets with 50% 

overlap (≈1µm) of neighboring facets was used to further resolve near the cutting edge to check 

whether the shear band is constituted by delineated shear bands and it was only one concentrated 

shear band was found near the cutting edge. This may be attributed to geometric and frictional 

constraints imposed by the tool cutting edge on the material deformation near it. With the 

relaxation of the constraints on deformation away from the cutting edge, the deformation is free 

to localize on weak planes. Indeed, the effective stress distributions observed in finite element 

simulations reach a maximum near the middle of the primary shear zone and only show gentle 

gradients around the peak, thereby permitting localization of deformation along weaker bands. 
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Our interest in studying the strain rate distribution in the PSZ stems from our efforts to 

develop metal cutting as a high strain rate test for validating and developing constitutive models. 

It is evident that the strain rate distribution along CD given by FEA is sensitive to the material 

model used. Constitutive models can be validated by using them in finite element simulations of 

metal cutting and checking their ability to reproduce the strain rate in the PSZ and the cutting 

forces accurately. For this reason, it is useful to obtain an average strain rate distribution from the 

experimental data, to which simulation results can be compared to. 

The average strain rate profile in the direction CD (see Figure 1), can be obtained by 

averaging along the length of the shear zone at each time, over successive times and over 

multiple experiments. Figure 9(a) through 9(f) shows the average strain rate profile along CD in 

each of six cutting conditions. It can be seen that the peak average strain rate shows an increase 

with increasing cutting speed and decreasing depth of cut. The average thickness of the PSZ is 

approximately calculated using 10% rule as a threshold for delineating the boundaries of the 

PSZ.  

The average thickness (length along CD) of the PSZ is of the order of about 35% of its 

length for most of the cases while it is 60% for some cases (test condition #3 and #6). These 

numerical values as well as qualitative features can be compared with FEA results in efforts to 

validate material models. 

 

 36



0
100
200
300
400
500
600
700
800
900

1000

-150 -100 -50 0 50 100 150

Distance in microns

E
ff.

E
do

t (
1/

s)

average

0

500

1000

1500

2000

2500

3000

-150 -100 -50 0 50 100 150

Distance in microns

Ef
f.E

do
t (

1/
s)

average

0

10000

20000

30000

40000

50000

-50 -40 -30 -20 -10 0 10 20 30 40 50

Distance in microns

E
f E

do
t (

1/
s)

average 

0

2000

4000

6000

8000

10000

12000

-50 -40 -30 -20 -10 0 10 20 30 40 50

Distance in microns
Ef

f.E
do

t (
1/

s)

average

0
500

1000
1500
2000
2500

3000
3500
4000
4500
5000

-300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300

Distance in microns

Ef
f.E

do
t (

1/
s)

average

0

10000

20000

30000

40000

50000

-50 -40 -30 -20 -10 0 10 20 30 40 50

Distance in microns

Ef
f.E

do
t (

1/
s)

average

(b) Test #2 (a) Test #1 

(c) Test #3 (d) Test #4 

(f) Test #6 (e) Test #5 

 

 

Figure 9: Combined average equivalent strain rate along CD for different cutting conditions on OFHC 
Copper as a function of distance through the thickness of the PSZ.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

Digital image correlation of high speed photographic sequences has been used to obtain 

the strain rate fields in the PSZ while orthogonal cutting of OFHC Copper under six different 

cutting conditions with a sharp tool.  The high spatial resolution and low noise threshold of the 

experiments has led to the observation that the shear deformation is concentrated in most of the 

cases while in some cases discrete shear bands that move with the material is noticed.  The 

average strain rate distribution through the thickness of the PSZ has been obtained.  This can be 

used to improve material constitutive models.   

 
 

5.2 Future Work 

 
Cutting and recording images with appropriate lubricant would help to find whether 

friction is the reason for a continued increase of strain from the free surface to the cutting edge 

along the CD direction.  
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APPENDIX A 

PROCEDURE FOR 3D DEFORMATION IN DaVis 

The detailed procedure for 3D deformation in DaVis 7.1.1.90 is described below: 

Step 1: 8 frames of images are obtained from four dual-frame cameras numbered as frames 0-7. 

These 8 frames are grouped as two - four frames to form a stereo pair i.e.) frames (0, 1, 4, 

5) and frames (2, 3, 6, 7) are the two stereo pairs. 

 
 

 
(a) (b)   

Figure A.1: Snapshot from Davis 7.1.190 for converting from 8 frame to 2 x 4 frames A: Operation window 
B: Parameter Window.  

 
Step 2: These four frames has to be reorganized in such a way that the first stereo pair frames (0, 

1, 4, 5) and frames (2, 3, 6, 7) are processed separately 
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 (b) 

(a)  
 

Figure A.2: Snapshot from Davis 7.1.1.90 for reorganizing the four frames A: Operation window B: 
Parameter Window.  

 
 
 Step 3: Figure A.3 shows the different steps involved in 3D surface height determination. 

Figure A.3.(b) refers to the masking window where the masking in the region of interest is done 

on the recorded raw images. Figure A.3(c) shows the window in which an intermediate surface 

will be fitted using a fixed height of 0 mm.The intermediate surface parameters are shown in 

Fig.A.3.(d). Minimal vector post processing parameters are chosen. The intermediate surface 

height is found and this surface is used to find the final 3D surface height. The same surface 

parameters which are used for intermediate surface is used for the determination of final 3D 

surface height. The 3D surface height at both the times are determined eventually. 
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(b) (a) 

(d) (c) 

(e) 
 

(f) 

 

Figure A.3: Snapshot from Davis 7.1.1.90 for different stages of 3D surface height determination A: 
Operation window B: Masking Window. C: Start surface operation window D: Start Surface parameter 
window E Load the intermediate surface as the start surface F:  3D surface height  

 
 

 47



Step 4 : Figure A.4(a) through (f) shows the different steps  and parameters involved in 3D 
deformation. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure A.4: Snapshot from Davis 7.1.1.90 for different stages of 3D Deformation procedure A: Cross 
correlation window B: Vector correlation parameters. C: Correlation function D: Vector validation E Multi 
pass post processing F:  Vector post processing  
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Step 5 :  A non –linear filter called Large Eddy simulations (LES) of scale length 2 is used to 
reduce the noise. 
 

(a) (b)(a) (b)

Figure A.5: Snapshot from Davis 7.1.1.90 for LES A: Operation window B: Parameter window Figure A.5: Snapshot from Davis 7.1.1.90 for LES A: Operation window B: Parameter window Figure A.5: Snapshot from Davis 7.1.1.90 for LES A: Operation window B: Parameter window 

 
Step 6 : Maximum Shear Strain is computed from the velocity vectors as shown below: 
 
 

(a) (b)(a) (b)  
 
 

Figure A.6: Snapshot from Davis 7.1.1.90 for Maximum Shear Strain A: Operation window B: Parameter 
window  
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