


















































































































































































Large differences in the maximum values found for temperature exist between the 

two different modeling packages. This is due to the fact that H3dmap does not currently 

take the heat generated by the work due to friction into consideration. Hence the 

temperatures found on the rake face will be significantly different. The majority of the 

chip is in agreement though, as the temperature in the primary shear band is around 300 

degrees Celsius and the rest of the temperature contour shapes and temperatures are 

similar in distribution and magnitude through the deformed chip thickness. The mean 

values are slightly lower due to the difference in the cutting conditions between the two 

models, where it was expected and shown that the 0 degree rake angle in the 3 rd Wave 

solution would generate a slightly higher cutting temperature. The difference in the chip 

curl aside from the cutter geometry effects can be attributed to the temperature due to the 

frictional work neglected in the H3dmap solution. As expected, a lower temperature on 

the rake face side of the chip generates a chip with less curl due to differences in 

volumetric thermal expansion. 

5.7.4 Von-Mises Stress 

A 2-dimensional plot of the Von-Mises stress calculated at 6.0 E-4 seconds is 

shown in figure 5.11 and compared with commercial software in figure 5 .12. As 

expected, the Von-Mises stress developed (962 MPa) is only slightly higher 

than the initial yield stress (950 MPa) of the material modeled. Once a ferrous material 

exceeds its initial yield stress, the stress developed beyond this value is due to strain or 
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strain rate hardening processes. The Johnson Cook material model used captures these 

hardening effects and they are exhibited by the slightly higher than yield Von-Mises 

stress developed in the model. The comparison of the two modeling package results 

shows similarities in the distribution and magnitudes of this stress, but figure 5.12 shows 

a significantly higher maximum stress due to the stresses induced in the tool. From the 

results illustrated in figure 5 .12, it seems that either the simpler material model based on 

power law hardening or a different initial yield stress generates a slightly higher Von­

Mises stress in the shear plane. The H3dmap solution plot is quite "patchy" in appearance 

due to the extensive numerical noise or high frequency waves "ringing" in the material 

that had not plastically yielded. The 3rd Wave solution does not show this phenomenon 

due to the scale of the plot. Plastic material has a large tendency to damp this elastic wave 

ringing and hence the material that has exceeded yield in the shear plane is not patchy 

and is of the greatest interest. Figure 5.11 shows the shear plane clearly at approximately 

35 degrees, which is in excellent agreement with prior calculations. In the future, 

damping or element refinement should be used to help reduce the noise in the solution 

but for the purposes of this initial work it was irrelevant. 

5.7.5 Hydrostatic Pressure 

A 2-dimensional plot of pressure was calculated and is illustrated in figure 5.13 

and was compared with a 3rd W?-ve plot in figure 5.14. The hydrostatic pressures induced 

were in excellent agreement in magnitudes and distribution between the two models. 

Compressive pressure was found on the chip at the tool tip and on the back of the chip as 
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expected. A compressive wave front was found in front of the tool and a tensile pressure 

was induced on the finished workpiece surface with a value of approximately 200 MPa. 

This is in good agreement with metal cutting theory and current values of experimentally 

measured residual stresses. 

5.7.6 XX-Stress Component 

The XX-stress component in the direction of cutting is usually used as a measure 

of the residual stresses left on a machined surface due to their dramatic effects on the 

fatigue life and quality of a component. Induced compressive stresses are desirable as 

they have a tendency to increase the stress a surface can sustain before plastic yield. 

Tensile stresses are more common to machined surfaces and hence any processes that can 

help reduce these values towards the compressive are desirable as they will be 

detrimental to the strength of the component. The tensile XX -stresses induced on the 

machined surfaces were in excellent agreement with the commercial package and were 

within expected values. Figure 5.15 shows the H3dmap solution and results in a tensile 

stress in the region of 250 MPa. This value would significantly lower the amount of 

tensile stress that the surface could sustain during operational service life. 
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5.7.7 YY-Stress Component 

The YY-stress component calculated is illustrated in figure 5.17 and found to be 

in good agreement with the 3rd Wave solution shown in figure 5.18. A large tensile stress 

approaching the yield stress of the material was found on the back of the chip and at the 

tool tip as expected. A compressive stress was found on the rake side of the chip and can 

be attributed to the thermal expansion generated in this highly strained region. Hence the 

difference in the directions on these stresses across the deformed chip thickness cause the 

chip to curl into its final deformed state. 

5.8 Results for Incipient Continuous Chip Formation Simulation 2 

The simulation was run for a cutting duration of 7.5E-5 seconds and took 

approximately 4.5 hours to solve on a single Silicon Graphics 400 Megahertz processor. 

This processor was contained within an Origin machine and over 150 Megabytes ram 

was used for the solution. Solution stability was low such that only a few of many 

simulations were successful. The large transition to the beginnings of chip formation 

induced by a 0 degree rake angle had massive effects on the stability of the solution. The 

current contact algorithm and the lack of continuous remeshing are currently the major 

causes of solution instability for machining applications with this package. 
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5.8.1 Effective Plastic Strain and Chip Morphology 

Figure 5.19 shows a comparison of the effective plastic strain as well as the chip 

morphology for a cutting test with the same cutting conditions as preformed by each of 

the different software packages. The chip shape and deformed chip thickness is the same 

for each of the simulations with a slight difference in the orientation due to the chip 

breaker geometry on the 3 rd Wave tool. A cutting ratio of 0. 54 7 6 was calculated for both 

models and the shear plane angle was calculated as 29 degrees. This was in excellent 

agreement with the 29-degree profile of the shear band visible in both figures 5.19 and 

5.20. The values of effective plastic strain were in excellent agreement with the exception 

of the value at the tool tip due which can be directly attributed to the loss of data inherent 

to the erosion of elements used to simulate separation and fracture in H3dmap. 

5.8.2 Von-Mises Stress 

Figure 5.20 shows a comparison of the Von-Mises stress induced in the models 

using both software packages. As in the previous simulation the maximum value of stress 

in the 3rd Wave solution was defined by the tool tip, as the tool was analyzed within this 

model. The stress distribution and magnitude is similar in both models but again as in the 

previous simulation, the stress in shear plane of the 3 rd Wave solution is a little higher 

due to the simplier material model used or a difference in.the initial yield stress of the 

material. A difference in the initial yield stress could also be due to a slightly different 

tempering of the AISI 4340 steel modeled. 
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5.9 Results for Discontinuous Chip Formation Simulation 3 

The simulation was run for a cutting duration of 6.0E-5 seconds and took 

approximately 4.5 hours to solve on a single Silicon Graphics 400 Megaherz processor. 

This processor was contained within an Origin machine and over 150 Megabytes ram 

was used for the solution. Solution stability was quite high in this simulation as elements 

that approached deformation modes that would begin to restrict the solution were eroded 

due to adiabatic shear localization. The lack of a secondary shear zone formation under 

these cutting conditions producing this type of segmented chip (Komanduri and 

Schroeder, 1982) also helped to increase the solution stability. The current element 

erosion algorithm and it associated volumetric loss limit this approach and hence only the 

first segment produces accurate results . Segments formed after the first segment begin to 

loose too much volume due to the cumulative effect of plastic strain. When elements are 

deformed in the primary shear zone, they accumulate strain. When they continue to be 

deformed in the secondary shear zone, some elements on the rake face sustain sufficient 

strain to be eroded by the fai lure model. This effect becomes even more pronounced as 

the hydrostatic pressure in surrounding elements drops as an element is eroded. This 

lowers the hydrostatically dependent effective plastic strain fai lure threshold and 

elements that have previously exceeded this value erode. This results in a cascading 

volume loss in the secondary shear zone. Current work includes a revised surface 

generation and contact algorithm reassignment procedure that will treat this mechanical 

process without any associated volumetric loss and will dynamically create new contact 

surfaces. 
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5.9.1 Deformed Mesh and Chip Morphology 

A 3-dimensional mesh showing the initial geometry and the final deformed 

geometry is shown in figure 5.21 at a cutting time ofO.O and 6.0E-5 seconds respectively. 

The deformed mesh shows the adiabatic localization of shear in the shear plane until a 

failure surface is generated producing a segmented chip. The size and shape of the chip 

are in agreement with experimental (Komanduri and Schroeder, 1984) and numerical 

results found in literature with similar cutting conditions (Marusich and Ortiz, 1995). The 

shear-localized plane was found to initiate along a 45-degree angle and started to develop 

a slight curvature as chip formation progressed. As shown in figure 5.24 and 5.25 the 

comparisons of chip morphology are very close. Even the slight downward curvature at 

the top tip of the segmented chip is clearly visible in both models . Slight differences can 

be attributed to minor differences in the cutting conditions simulated as outlined in table 

5.6. 
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Differences in Cutting Conditions for Simulation 3 

Cutting Rake Flank Edge Prep. 
Feed 

Simulation Speed Angle Angle Radius Tool Shape 
(mm) 

V(m/s) (deg) (deg) (mm) 

H3dmap 8.333 0 0 5.0 Sharp Conventional 

3ru Wave 10.0 -5 + 10 5.0 0.25 Conventional 

Table 5.6 A comparison of the cutting conditions used in the author's work and in 

the results of a commercial package. 

5.9.2 Effective Plastic Strain and Adiabatic Shear Localization 

Plots of the effective plasiic strain induced in the author ' s simulation at different 

stages of chip formation are shown in figures 5.22 and 5.23. Plastic strain begins to 

localize in the shear band at the very beginning of chip formation. At this point 

temperature begins to dramatically rise in these deformed elements and they begin to 

thermally soften. This softening is counteracted by the strain and strain rate hardening 

effects captured by the material model, but thermal softening quickly dominates and the 

strain accelerates. The elements in this highly localized region approach a temperature of 

above 400 degrees Celsius before they begin to fail. 

91 



Figure 5.1 Initial tool and workpiece geometry and configuration. 

Figure 5.2 A 3-dimensional plot of the no-deformed workpiece and tool mesh 

showing elements that were eroded during and up to a time of 3.0E-4 seconds. 
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Figure 5.3 A 2-dimensional view of the final deformed mesh geometry at a time of 
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Figure 5.4 A deformed mesh as calculated by 3rd Wave Systems (1999). 
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Figure 5.5 A 2-dimensional plot of effective plastic strain at a time of 6.0E-04 
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Figure 5.6 A plot of effective plastic strain calculated by 3rd Wave Systems (1999). 
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Figure 5.7 A 3-dimensional view of the deformed mesh at a time of 3.0E-04 seconds. 

Figure 5.8 A 3-dimensional contour plot of effective plastic strain at 3.0E-04 

seconds. 
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Figure 5.9 A 2-dimensional plot of adiabatic heat at 6.0E-4 seconds. 
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Figure 5.10 A plot of temperature as calculated by 3rd Wave Systems (1999). 
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Figure 5.13 A 2-dimensional plot of hydrostatic pressure at 6.0E-4 seconds. 
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Figure 5.14 A plot of hydrostatic pressure as calculated by 3rd Wave Systems (1999). 
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Figure 5.15 A 2-dimensional plot of the XX-stress component at 6.0E-4 seconds. 
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Figure 5.16 A plot of the XX-stress as calculated by 3rd Wave Systems (1999). 
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Figure 5.17 A 2-dimensional plot of the YY -stress component at 6.0E-4 seconds. 
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Figure 5.18 A plot of YY-stress as calculated by 3rd Wave Systems (1999). 
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Figure 5.19 A comparison of plastic strain at early stages of chip formation as 

modeled by both H3dmap and 3rd Wave Systems under similar cutting conditions. 
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Figure 5.20 A comparison of plastic strain at early stages of chip formation as 

modeled by both H3dmap and 3rd Wave Systems under similar cutting conditions. 
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Figure 5.21 A 3-dimensional plot of both the no-deformed and the deformed 

workpiece and tool mesh at 0.0 and 6.0E-5 seconds respectively. 

Figure 5.22 Plots of effective plastic strain at different stages of segmented chip 

formation demonstrating different stages of shear localization. 
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Figure 5.23 Plots of effective plastic strain and Von-Mises stress at 6.0E-5 seconds 

demonstrating segmented chip formation. 

(m) 

Figure 5.24 A comparison of deformed meshes at initial stages of segmented chip 

formation as generated by H3dmap and by Marusich and Ortiz (1995) respectively 

under similar cutting conditions. 

(m) 

Figure 5.25 A comparison of deformed meshes at final stages of segmented chip 

formation as generated by H3dmap and by Marusich and Ortiz (1995) respectively 

under similar cutting conditions. 
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CHAPTER6 

CONCLUSIONS 

The simulation of both continuous and segmented chip formation using explicit 

transient finite element methods is possible. Benchmarking comparisons with literature 

and commercial modeling software simulations are made and quantified in terms of 

strains, temperatures, residual stresses, and the various components of stress. The 

accurate prediction of the physical processes involved was achieved using software 

modified by the author and affiliated research group. Adiabatic shear localization was 

present in the simulation of cyclic chip formation. Material deformation and associated 

phenomenon were modeled using an appropriate Jolmson Cook material model. Results 

were compared with a benchmarked commercial package obtaining good agreement in an 

orthogonal idealization. 

Solution stability of the finite element solver applied to machining was quite low 

without the implementation of an adaptive remeshing scheme and a revised the contact 

algorithm. Thermal mechanical coupling, the simulation of coolant application, the 

application of friction based on experimental wear data, and volumetric remeshing are 

currently being implemented. Future recommendations include implementation of 

methods of crack propagation and generation without volumetric losses, an adaptive 

contact algorithm with associated node surface area tracking, machine tool and workpiece 
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