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Abstract

Due to homogeneity and excellent strength-to-weight ratio, monolithic thin-wall
components are widely used in aerospace, marine, electronics and automobile industry.
Machining of thin-wall parts eliminates the need for different set-ups and processes;
however, it consumes a lot of power because of machining of about 90-95% bulk
material. Today’s manufacturing and tool room industry are striving to reduce the
component cost and to improve the product quality in terms of surface finish and
dimensional accuracy. To fulfill these requirements it is imperative to focus our research
attention on improving the product quality and overall productivity during machining of
thin-wall components. The thin-wall parts are always machined on computer numerically
controlled (CNC) machines. In spite of using CNC technology, the process of thin-wall
machining is not devoid of problems. This is because the process control by CNC is
based on idealized geometry and does not take into account the deformation of the parts.
As a result, there is a significant deviation between the desired part profile and the
manufactured one. Another important aspect related to machining of aluminum thin-wall
components is the surface roughness. Aluminum alloys possess a comparatively low
modulus of elasticity, which causes the workpiece to spring back. This spring back
action often results in deflection and chatter. Chatter affects the material removal (MRR)
rate and leads to poor surface finish, part rejection and loss of productivity. Due to the

poor stiffness, selecting the optimal machining conditions and parameters is crucial.

In this research work a realistic three-dimensional thermo-mechanical finite
element method (FEM) based model was developed to simulate the complex physical
interaction of helical cutting tool and workpiece during thin-wall milling of an aerospace
grade aluminum alloy. Lagrangian formulation with explicit solution scheme was
employed to simulate the interaction between helical milling cutter and the workpiece.
The behavior of the material at high strain, strain rate and the temperature was defined by
Johnson-Cook material constitutive model. Johnson-Cook damage law and friction law
were used to account for chip separation and contact interaction. Experimental work was
carried out to validate the results predicted by the developed 3-D numerical model. It
was noted that the milling force component values predicted by the developed model
match well with the values that are obtained by experiments. Mean prediction errors for
Fx, Fy, Fz, wall deflection and workpiece temperature were found to be 11.61%, 16.38%,
26.1%, 10.02% and 15.61% respectively. Overall a very good agreement between the
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simulated and experimentally measured responses has been noted which demonstrates

the capability of the developed model to predict the process responses accurately.

In view of the requirement of huge computation time (in hundreds of hours) for a
3-D FEM based numerical simulation of thin-wall milling, in the present work, a simple
and integrated force-deflection model was developed. The merits of this proposed
approach lie in the utilization of unified mechanics based approach and three-
dimensional finite element method based simulation together for quicker and accurate
prediction the milling force and in-situ wall deflection. Unified mechanics based
analytical equations have been thoroughly studied and employed to compute the milling
force. Based on these forces, wall deflections have been computed using 3-D finite
element method. In this work, the shearing force coefficients those take care of primary
shear deformation were derived using established empirical relations. The edge force
coefficients those consider the rubbing and ploughing effects were derived by using
simple and computationally inexpensive 2-D FEM model. To examine the capability of
the proposed approach, four case studies were carried out. Considering all test cases, the
mean prediction errors for milling force components Fy, F, and F, were noted to be
9.56%, 7.44% and 21.48% respectively. The model was able to predict the wall
deflection with a very good accuracy (mean prediction error of 9.3 %). The developed
integrated model was found to be far more efficient than the 3-D FEM model. The time
duration for prediction of the cutting force and magnitude of wall deflection using the
developed integrated model was noted as 40 min in comparison of 344 hrs (average)
consumed by the 3-D FEM based thermo-mechanical model. However, the proposed
model does not provide the information about the quality of surface machined, chip
morphology which is vital in deciding the milling parameters to obtain the desired

process performance.

In this research work, systematic experiments have been carried out on thin-wall
end milling operation. The experiments were conducted in three phases. Initially, the
experiments were carried out to determine the most influential parameters among the
milling parameters viz. feed per tooth, spindle speed, axial and radial depth. To carry out
this exercise, the performance of milling process was measured in terms of milling force,
surface roughness and wall deflection. Radial depth of cut, axial cut depth and feed rate
were found to have a significant influence on the performance of thin-wall machining

process. However, spindle speed was found to have comparatively less effect on the

ii
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responses. The levels of these milling parameters were finalized; and these levels were

used to carry out further detail experimental investigations.

In the second phase of experiments, investigations into the influence of tool
geometry parameters such as tool diameter, helix angle and number of flutes on the
performance of the process were carried out. Grey relational analysis (GRA)
methodology was utilized to obtain the optimal and influential tool geometry parameters.
Based on the Grey relational rank, tool diameter was found be highly influencing on the
process responses, viz. milling force, surface roughness and wall deflection. GRA
suggested that an optimal combination of tool geometry parameters i.e. diameter 8 mm
with a helix angle of 45° and 4 flutes achieves the desired process performance. This
optimal combination was verified by conducting experiments and it was found that the
suggested tool geometry parameters produce a significant improvement in the surface
quality of the machined part. An excellent surface finish of 0.401 um Ra value was
obtained. It was also noted that the optimal tool geometry parameters significantly

reduces the wall deflection by 6.33%.

In the third phase of work, full factorial experiments were carried out by varying
feed per tooth, axial depth of cut, radial depth of cut and tool diameter at three levels.
Total 81 experiments were conducted and the process performance in terms of milling
force, surface roughness, wall deflection and material removal rate (MRR) were recorded
for each experiment. Based on response surface methodology (RSM), systematic studies
have been carried out on the perturbation and interaction effects of input milling
parameters on the individual performance parameters. Results were studied and the
findings were presented with suitable scientific justifications. Based on the RSM,
mathematical models for the prediction of individual responses were derived. Further,
the predictions by the models were verified by conducting confirmatory experiments. All
the models were found to have good prediction capabilities. It was noted that the
developed mathematical models predict the responses with good accuracy. The
prediction errors (absolute) vary between 0.41 to 16.39%. The mean error for milling
force, surface roughness, wall deflection and material removal rate were observed to be
5.9%, 5.5%, 7.9% and 7.8%. Extensive data was generated on the process performance
for the chosen milling conditions by carrying out physical experiments. This data was
used to derive optimum milling conditions by carrying out multi-objective optimization
using the genetic algorithm (GA).
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An integrated comprehensive approach for the selection of optimal milling
parameters of the helical end milling process to manufacture thin-wall parts was carried
out. The approach has the peculiar merit that it takes into account productivity, process
efficiency (power consumption) and product quality together. The milling parameters
viz. tool diameter, feed per tooth, axial and radial depth of cut were considered in the
study. Based on a study of different GA based optimization strategies, non-dominated
sorting GA - 1l (NSGA-II) was selected to solve our optimization problem. Independent
objective sub-criteria were defined. Using NSGA-II, Pareto optimal fronts for the
roughing and finishing operations were obtained. Exhaustive NSGA-II runs were carried
out by varying the number of generations. The Pareto optimal fronts were studied and
optimal milling parameters for roughing and finishing operations were suggested. These
recommendations were further verified by conducting in-house experiments. The
recommendations from the NSGA-I1 based optimization strategy were found to be very
effective in producing quality thin-wall parts of straight as well as curvilinear shapes. It
is concluded that good quality surface finish with minimal deflection can be obtained by
using an end mill of diameter 8~9 mm and by maintaining the feed, axial and radial

depth values at 0.02 mm/z, 8 mm and 0.3125 mm respectively.

The recommended optimum milling conditions were applied to manufacture a
700 pum ultra-thin-wall of curvilinear shape. It was observed that the suggested milling
conditions produce an excellent surface finish of 0.25~0.32 um (R, values) and uniform
thin-wall (deflection error of 32~41 um). Thus it is felt that the approach developed in
this work provided a very effective tool to the process engineers to choose optimum
levels of end milling parameters for enhancing the product quality and process

productivity.
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Chapter 1

Introduction

Due to homogeneity and excellent strength-to-weight ratio, monolithic thin-wall
components are widely used in aerospace, marine, electronics and automobile industry.
Airframe structures of modern commercial and military aircraft contain hundreds of
unitized monolithic metal structural components, which comprise of thinner ribs and
webs. Figure 1.1 shows some applications of thin-wall structures used in real life. These
are aerospace structural components such as ribs, stringers and spars. In aero-engine
construction, about 90% parts are thin-walled. An impeller blade can be an example of
thin-wall-asymmetric-open-component while engine-casing can be considered as thin-
wall-axisymmetric-closed-components (Geng et al. (2011)). Panels or structural parts,
heat sinks of processors of electronics products such as laptop computers are also made
up of thin-wall parts. Thin-wall machining is essential in the manufacture of dies and

molds required to produce thin-wall plastic parts. It is also used in power engineering

applications such as turbine blades, housings and enclosures.

' -A_'wnrrmr

Figure 1.1 Thin-walled macro parts (Datron (2017), Sandvik Coromant (2017))

The conventional thin-wall structural components are manufactured in parts and

then assembled together by using riveting or welding operations. The process involves
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high part cost, and it is time-consuming and laborious (Campbell. 2006). Machining of
thin-wall parts eliminates the need for different set-ups and processes; however, it
consumes a lot of power because of machining of about 90-95% bulk material. Today’s
manufacturing and tool room industry are striving to reduce the component cost and to
improve the product quality in terms of surface finish and dimensional accuracy. To
fulfill these requirements it is imperative to focus our research attention on improving the

product quality and overall productivity during machining of thin-wall components.

1.1 Thin-Wall Machining

In general, machining of parts having thin sections is called as thin-wall machining.
Generally, peripheral milling is a commonly used in machining of thin-wall parts.
During the machining process, low rigidity thin sections deflect under the influence of
milling force and the heat generated by severe plastic deformation. Various milling
parameters such as feed per tooth, axial depth of cut, radial depth of cut, tool diameter,
spindle speed, tool angles influence the magnitude of the milling force, which in turn

affects the accuracy of the machined component.

According to Kennedy (2007), a wall of thickness in the range of 1 mm to 2.5 mm
can be considered as a thin-wall. Yang (1980) defined the thin plates and thick plates for
plate bending theory as:

Thick plate = %) > (%)
Thin plate = (%OO) < %) S(%)

where p is the shorter length of two edges of the plate and t is the plate thickness.

(1.1)

The main difference between thin-wall machining and normal machining is that in
thin-wall machining there is very less amount of material left to support against the
milling force. This leads to lower stiffness of the workpiece and results in vibrations and
deformation. Consequently, the effect of the milling parameters on thin-wall machining

gets amplified compared to that of a normal machining operation.

1.2 Motivation for the Present Research Work
Most of the thin-wall components used in the industry are machined from aluminum and
titanium blocks. Aluminum is widely used because of its low vyield stress, good

machinability rating. Moreover, good fatigue resistance makes it favorable in aerospace
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and automobile applications. In the field of thin-wall machining, high-speed thin-wall
machining is gaining popularity due to its merits such as low milling force, low cutting
temperature, reduced machining time and generation of the better quality surface. High-
speed machining utilizes machine tools having very high spindle power rating and thus it
is very expensive. It requires high capital investment, which may not affordable by the
small-scale industries. Therefore, it is essential to explore the employment of
conventional low to medium duty computer numerical control (CNC) machining centers

for manufacturing of quality thin-wall structures.

Generally, peripheral milling is a common process used in thin-wall component
machining. During the peripheral milling operation, thin-walls deflect under the action of
milling force which affects the surface quality and accuracy of the work-part. Figure 1.2

shows a schematic representation of thin-wall machining process.

Material to be End mill

Material
removed T cad Form error dqe
\ Deflecting wall | to wt material
P \ Q 7Y [o% ‘

R S / R'
Z
Y l—»x
Before During After
machining machining machining

Figure 1.2 Wall deflection and form error produced in machining thin-wall feature

For the chosen milling parameters, the material to be cut is PQRS, however, under
the action of milling force, the wall deflects causing the material P'Q'R' to remain uncut.
As the cutter moves away in the feed direction (Y-direction), the wall recovers elastically
and the material remains uncut which causes the shape of the wall to be thicker at its top
and thinner at its base. The thin-wall parts are always machined on computer numerically

controlled (CNC) machines. In spite of using CNC technology, the process of thin-wall
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machining is not devoid of problems. This is because the process control by CNC is
based on idealized geometry and does not take into account the deformation of the parts.
As a result, there is a significant deviation between the desired part profile and the
manufactured one. To reduce the form error generated due to the deflection and to
improve the surface finish of work part, it is essential to set the milling parameters at
their optimum levels. In view of this, if the deflection is predicted beforehand, effective
countermeasures can be undertaken to obtain the desired process performance, that is,
manufacturing of a dimensionally accurate finished component with good surface

quality.

Another important aspect related to machining of aluminum thin-wall components
is the surface roughness. Aluminum alloys possess a comparatively low modulus of
elasticity, which causes the workpiece to spring back. This spring back action often
results in deflection and chatter. Chatter affects the material removal (MRR) rate and

leads to poor surface finish, part rejection and loss of productivity.

The optimum performance (efficiency) of the end milling of thin-wall parts aims to
achieve high productivity (maximum MRR), low wall deflection (form accuracy), good
surface finish (low surface roughness) and low power consumption (low milling force).
These performance measures of end milling process are influenced by a large number of
process and tool geometry parameters. Due to the complex and nonlinear relationship
between the milling parameters and the performance measures, it is quite difficult to
select the optimum milling parameters for specific (roughing or finishing) application of
thin-wall end milling process. To improve process efficiency, thin-wall machining
parameters are chosen based on shop floor experience, thumb rules and handbook values,
which often lead to suboptimal and inconsistent machining process performance. In
absence of a good process model, it is quite difficult to select the optimum milling
parameters for specific application of thin-wall milling process such as roughing or
finishing. It can be seen that no efficient and generalized approach to model the thin-
wall milling process has so far been reported to predict the process performance (MRR,
milling force, wall deflection and surface finish) accurately and use it further to derive
the optimal milling parameters. Process models developed so far have either
concentrated on developing analytical models for vibration analysis or alternatively
experimental studies to support the outcomes of numerical or analytical models. A need

was thus identified to develop an integrated numerical-analytical model for quicker and
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accurate prediction of in-situ wall deflection and further to carry out systematic
experimental studies to derive optimal process conditions for achieving the desired
process performance in terms of high productivity, good product quality and low power
consumption. This provided the motivation to carry out the present research work.

1.3 Scope of the Present Research

The present work primarily focuses on the development of an integrated analytical-
numerical approach for three-dimensional thermo-mechanical modeling of end milling of
thin-wall parts using unified mechanistic analytical equations and finite element method
(FEM). Initially, a realistic three-dimensional thermo-mechanical FEM model is
developed to simulate the complex physical interaction of helical cutting tool and
workpiece during thin-wall milling of an aerospace grade aluminum alloy. Then an
integrated force-deflection model for thin-wall milling was presented for quicker and
accurate prediction of in-situ wall deflection. The results predicted by the numerical
model and developed integrated approach were validated with our own experimental

results.

Systematic experiments were carried out on thin-wall end milling operation to
determine the influential milling parameters viz. feed per tooth, spindle speed, axial and
radial depth of cut on the performance parameters such as milling force, surface
roughness and wall deflection. Moreover, investigations into the influence of tool
geometry parameters such as tool diameter, helix angle and number of flutes on the
performance of the process were carried out. Grey relational analysis (GRA)

methodology was used to obtain the optimal and influential tool geometry parameters.

Full factorial experiments were carried out on thin-wall machining of aluminum
alloy 2024-T351 based on the recommended ranges of the milling parameters viz. axial
depth of cut, radial depth of cut, feed per tooth, and tool diameter in the initial
experiments. The influence of these milling parameters on the process performance
measures such as machining power consumption (milling force), productivity (MRR)
and product quality (uniform wall thickness and surface quality) was studied. Further, a

study on the chip morphology has also been conducted.

Finally, optimum levels of end milling parameters were obtained for roughing and
finishing operations using Non-Dominated Genetic Algorithm - 11 (NSGA-II). Case

studies were conducted to examine the capability of employing the suggested optimum
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levels of milling parameters in practice.

Study on the vibrations based static and dynamic lobes analysis is out of the scope
of this study. It is primarily envisaged that the outcomes of present research work are
applicable to small to medium duty CNC machining centers having a capacity to be
operated at around 4000 to 5000 r/min, which generally available with small scale

industry (SSI) or tool rooms.

1.4 Organization of the Thesis
The organization of chapters in this thesis in detail is as follows:

Chapter 1 presented an overview of the thin-wall machining process in terms of its
definition, advantages and limitations, and applications. The motivation for carrying out
research in the area of thin-wall machining of aluminum alloy has been brought out at
the end of the chapter.

Chapter 2 presents a review of relevant literature for thin-wall machining process
and outlines the objective. The status of research work on various aspects of thin-wall
machining, such as experimental parametric investigations, development of analytical
force and deflection prediction models, and process optimization models are presented.
Aspects of analytical and FEM based machining modeling and simulation techniques are
critically studied. The chapter concludes by summarizing important observations from

the literature survey and stating the research objectives.

Chapter 3 presents, in detail, the development of a three-dimensional nonlinear
thermo-structural numerical model of end milling of thin-wall parts using finite element
method. The governing equation, boundary conditions and solution methodology for the
analysis are explained at length. The model is validated by comparing the predicted
results with our own experimental results. Case studies on the effect of input process

conditions on the output performance parameters have been reported.

Chapter 4 presents, in detail, the development of an integrated numerical-analytical
oblique cutting based force-deflection model. The developed approach in terms of
unified mechanics based equations and the methodology of integration with three-
dimensional FEM-based simulation model are presented at length. Cutting force
coefficients determination based on an analytical and numerical hybrid principle has

been presented. The proposed model has been validated by comparing the predicted
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results with our own experimental results. At the end, the performance evaluation of

proposed approach is discussed.

Chapter 5 reports, in detail, the experimental investigations that carried out to
find out a set of initial process parameters. Experimental details in terms of the machine
tool, fixtures, process responses measurement instruments, fixtures, and methodology are
presented. Detailed discussions on the influence of process parameters such as spindle
speed, radial depth of cut, axial depth of cut those affect the milling force, surface
roughness and magnitude of wall deflection have been presented. Moreover, an
investigation into the influence of tool geometry parameters on the process performance

is carried out using Grey relation analysis (GRA).

Chapter 6 presents the results obtained during full factorial experiments carried out
on thin-wall machining of aluminum alloy 2024-T351. A systematic study has been
presented on the influence of milling parameters viz. axial depth of cut, radial depth of
cut, feed per tooth, and tool diameter on the process performance measures such as
machining power consumption (milling force), productivity (MRR) and product quality
(uniform wall thickness and surface quality). Further, a study on the chip morphology
has been presented. Based on the present study, recommendations for practical

applications have been suggested.

Chapter 7 presents the methodology for optimum selection of end milling
parameters using Non-Dominated Genetic Algorithm - Il (NSGA-II). Details regarding
the objective functions, variables and their constraints, methodology of optimization
using NSGA-II algorithm are presented. By employing the algorithm, optimum milling
parameters for roughing and finishing operations for end milling of thin-wall parts have
been derived and verified by conducting experiments. Finally, few case studies are
presented to demonstrate the capability of the suggested optimum levels of milling

parameters in practice.

Chapter 8 presents the important observations and conclusions from the present
research work. The scope for carrying out future work in this area is presented at the end
of the chapter.
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Chapter 2

Literature Review

2.0 Scope

This chapter presents a critical review of literature in the area of process modeling and
optimization of the thin-wall end milling process. Initially, the details of end milling
process in terms of milling parameters; and challenges in machining are presented.
Various approaches of thin-wall milling process modeling such as analytical modeling,
numerical modeling and mathematical modeling based on the design of experiments
(DOE) techniques have been critically studied. Published literature on experimental
investigations into the influence of process parameters, cutting tool geometry parameters,
thin-wall manufacturing strategies and process planning are covered extensively. Process
optimization approaches using the regression analysis, statistical techniques and genetic
algorithm have been presented. The chapter concludes by summarizing important
observations from the literature survey and stating the research objectives.

2.1 Machining of Thin-Wall Parts

The process of machining components having thin sections from a single, monolithic
workpiece is known as thin-wall machining. Machining of thin-wall parts poses a
challenge of maintaining tight dimensional tolerance. Peripheral milling is a common
process used to machine thin-wall components. Manufacturing of these components
using machining operation has low productivity because approximately 90-95 % of the
material from the initial work material volume gets removed during the operation
(Scippa et al. (2014)). Moreover, thin-wall structures possess low stiffness and often
deflect and deform under the action of milling forces. Even in CNC milling, where the
tools are controlled precisely according to the contour of the thin-wall component, the
wall undergoes in-process deflection. In-process deflection and deformation of the work-
parts result in form errors, which severely affect the accuracy and quality of the

machined part.

Researchers worldwide are focusing their attention on thin-wall machining to
manufacture structural components required for aerospace, automobile and electronics
applications. Literature reports esteemed research articles and reports published by
international universities, industry and research organizations. These are focused on

various aspects of thin-wall machining such as analytical modeling, numerical modeling,
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experimental investigations into vibrations, and influence of process parameters such as
feed, depth of cut, tool geometry parameters, tool path planning strategies and
optimization of process parameters. In this chapter published research work in the area of
analytical, numerical modeling and experimental investigations have been critically
reviewed and discussed at length. Initially, a section on milling parameters used in thin-

wall machining is presented.

2.2 Thin-Wall Machining Parameters

There are many machining parameters that influence the geometric accuracy and
precision of final component in the milling of thin-wall components. The selection of
machining parameters becomes challenging due to the complexities associated with the
thin-wall milling process. Figure 2.1 shows some of the factors that affect the machining

precision of thin-wall components.

These parameters can broadly be divided into three groups namely process
parameters, tool geometry parameters and workpiece attributes. An exhaustive literature
review has been carried out to understand the effects of process parameters, tool
geometry parameters and workpiece attributes on the performance parameters such as
wall deflection, surface roughness, and material removal rate. Details about the reported

experimental works are discussed in the following sections.

Feed rate Rake angle

Machining
strategies

Tool diameter

Process Tool geometry
parameters parameters

Depth of cut Number of flutes

hin-wall machining

Spindle speed process Helix angle

Thermal Workpiece Mechanical
properties attributes properties
Workpiece
dimensions

Figure 2.1 Thin-wall machining parameters
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2.3 Experimental Studies into the Influence of Milling Parameters on Performance

Parameters

2.3.1 Process Parameters

Figure 2.2 shows the various process parameters that are employed in the milling of thin-
wall parts. The axial depth of cut (ag) is the immersion length of the cutting tool inside
the workpiece along the axial direction of the tool. The radial depth of cut (rg) is the
depth of the cutting tool along the radial direction. Feed rate (f;) is the velocity at which
the workpiece is fed to the tool. It is generally expressed in units of distance per unit time
(typically inches per minute (inch/min) or millimeters per minute (mm/min)) with
consideration of the number of teeth (or flutes) of the cutter. It is also expressed in terms
of feed per tooth (f,). Cutting speed also called surface speed or simply speed is the speed
difference (relative velocity) between the cutting tool and the surface of the workpiece it
is operating on. It is expressed in units of distance along the workpiece surface per unit
of time, typically surface feet per minute (sfm) or meters per minute (m/min). Spindle
speed (ns) is the frequency of rotation of the spindle, measured in revolutions per minute

(r/min).

ag End mill

ns = Spindle speed
ag = Axial cut depth
rs = Radial cut depth

Workpiece

Figure 2.2 Process parameters in thin-wall milling operation

Researchers have extensively carried out experimental studies on the influence of
process parameters on surface roughness and wall deflection. Kazemi et al. (2007)
studied the surface integrity of thin-walled titanium parts by varying the cutting speeds
and immersion angle. They also investigated the influence of radial depth of cut on

cutting forces and microstructure. It was noted that cutting force increases with the
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increase in radial depth of cut, while the variation in spindle speed was found to have a
nonlinear effect on cutting force. The surface defects were found to increase with the
spindle speed. During the hardness evaluation, it was noted that at high cutting speeds
the hardness of machined surface increases. Cao et al. (2010) worked on machining of
straight thin-walls of aluminum alloy LY12CZ. They studied the deformation
characteristics of the thin-walled workpieces under different cutting conditions by
varying process parameters viz. spindle speed, feed rate, axial and radial depth of cut.
Moreover it was noted that the deformation of the free end of the wall was higher in
comparison to the base. Since the workpiece was machined on a large block of

aluminum, the deformation at the bottom section of the wall was very small.

Polishetty et al. (2014) assessed the machinability of titanium alloy Ti-6Al-4V and
studied the influence of trochoidal tool path. Authors reported that cutting force was
higher in the case of high cutting speed and it severely affects the tool life. Better
dimensional accuracy was observed for lower cutting speeds. Similarly, Patil et al.
(2014) also reported that trochoidal milling is a favorable milling technique to machine
Ti-6Al-4V thin-wall parts as it helps in easier chip evolution. Moreover, the authors
studied the influence of process parameters viz. cutting speed, feed/ tooth, axial and
radial depth of cut on productivity, quality and machine tool dynamics. It was realized
that low radial depth of cut produces low cutting force and temperature. Michalik et al.
(2014) conducted experiments to determine the influence of up milling and down milling
conditions on surface roughness (R;) for the workpiece with variable geometry. Authors

found that surface roughness was low when down milling condition was used.

Sonawane and Joshi (2015) analyzed the influence of workpiece thickness,
workpiece inclination, and cutter orientation on surface quality and the workpiece
deflection during ball end milling of thin cantilever parts model of Inconel-718. Authors
reported that cutting force, feed rate, wall thickness and cutting orientation greatly
influences the surface finish. Slusarczyk and Matras (2016) conducted milling tests of
aluminum alloy with a sintered carbide tool using up and down milling conditions. They
noted that down milling condition provided better results in terms of lower deformation

as compared to that of up milling condition.

Literature reports few attempts on the study of variation in process parameters on
the vibration behavior of thin-wall and cutting tool during the milling operation. Song et

al. (2014) proposed a methodology to predict the dynamic stable lobe diagram of the
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thin-walled component during the peripheral milling process. The model took into
account the variations of dynamic characteristics of the workpiece with the tool position.
It was noted that chatter plays an important part in the distortion. The cutting distortion
was very little under unstable cutting conditions but the time-dependent distortion was

very large and changed with time.

Huang et al. (2014) studied the machinability issues associated with tools having
variable and uniform pitch during dry thin-wall milling of aeronautical material
Ti6Al4V. The vibration minimizing characteristics of variable pitch tool was analyzed
using Fast Fourier Transform (FFT) and wavelet analysis. Experimental results showed
that tool vibration decreases when the variable pitch tool was employed. Authors
observed that vibration energy was more disperse with uniform pitch tool. Later Huang
et al. (2016) analyzed the cutting force and spindle acceleration signals obtained during
machining of titanium thin-wall and non-thin-wall components. Frequency spectrum and
wavelet analysis methods were used to illustrate the impact of tool wear on cutting force.
The tool wear was also analyzed during the whole cutting process. The experimental
results showed that cutting vibrations in the milling of thin-wall components were higher
than those measured for non-thin-wall components. It was seen that due to tool wear,
there was a change in cutting load acting on each cutting edge, which resulted in the
reduction of cutting force frequency from the tooth passing frequency (TPF) to the
spindle frequency (SF).

Recently, Guo et al. (2016) experimentally investigated the influence of flank
milling of thin-wall components made of titanium alloy Ti6AL4V using carbide tools.
The cutting force signals were analyzed in time and frequency domain. The influence of
cutting parameters such as feed per tooth, the axial depth of cut, cutting width and
cutting speed on cutting force was studied. Finally, the mathematical relationship
between the cutting force and process parameters was established using regression
analysis. Mundim et al. (2017) investigated the effect of variation in cutting speed on
cutting force and excitation frequency. A methodology to predict the resonance based on
frequency chart was proposed. The results indicated that frequency chart method can be

used to predict and explain the occurrence of instability during thin-wall machining.

2.3.2 Cutting Tool Geometry Parameters

Ténase et al. (2010) measured the cutting forces and deformation of thin-wall parts by
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varying the cutter diameter. Large diameter tools (25 mm and 80 mm) equipped with
indexable inserts was used for roughing operation while 8 mm tool was used for
finishing operation. It was observed that deformation and cutting forces reduce when a
smaller diameter tool (8 mm) is used for finish machining condition. Similarly, Jiang et
al. (2013) studied the effects of variation in tool diameter on the residual stress and
distortion induced by milling of the thin-walled part. It was observed that the large tool
diameter reduces the uncut chip thickness and produces more uniform residual stress
distribution. Authors also reported that larger tool diameter improves the productivity
and reduces the wall distortion. lzamshah et al. (2013) carried out an experimental
investigation into the effects of end mill helix angle on the accuracy of machining thin-
rib aerospace component. They reported that larger helix angle provides the least surface
error. It was concluded that end mills with small helix angles cause high cutting forces

which deflect the workpiece due to chatter.

2.3.3 Workpiece Attributes

The workpiece attributes such as dimension of the wall i.e. thickness, length and height,
and its shape i.e. open straight wall, curvilinear are important aspects that to be
considered in the study of thin-wall milling process. Literatures report few attempts on
this aspect. Liu (1993) investigated the effects of wall thickness, wall length and wall
height on elastic deformation of a rectangular plate. It was noted that the magnitude of
deformation increases with reduction in wall thickness, and increase in wall height.
Izamshah et al. (2011) carried out experimental work to determine the influence of
spindle speed, feed rate, radial depth of cut, wall thickness, wall height and wall length
on wall deflection. The experimental data was statistically analyzed and used to develop
regression equations to determine the correlation between wall deflection and process

parameters.

2.3.4 Machining Strategies

Selection of a proper tool path strategy is an important aspect in the process of milling.
This provides substantial savings in machining time, improvement in workpiece surface
quality and improvement in tool life. Literature reports various research works on the
cutter path strategies employed in the milling of thin-walled parts. For high-speed
milling of aluminum parts with large, thin, flexible webs, Smith and Dvorak (1998)

suggested that it is desirable to choose the cutter paths that provide maximum work
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material support and minimum and minimum wall deflection. Authors recommended the
use of a tool with minimum possible corner radius as it helps in reduction of cutting
forces. They also suggested that to machine a fillet, low spindle speed should be
employed. Fry et al. (1999) observed that raster milling along the longest dimension of
the workpiece generated the shortest cutting path and hence it can be used in practice.
Gologlu and Sakarya (2008) conducted an experimental investigation on the effects of
cutter path strategies on the surface roughness of pocket milling. Authors found that one
direction followed back and forth cutter path strategy provides better surface roughness.
Jabbaripour et al. (2010) also carried out experimental studies on the influence of cutter
path strategies on cutting force and surface roughness during milling of thin-walls. The
experiments were performed using four cutter directions viz. transversal outward,
transversal inward, longitudinal outward and longitudinal inward directions. Best cutting
condition was obtained with a transversal inward orientation, and the worst cutting
condition was obtained with a longitudinal outward orientation. Later, Conradie et al.
(2012) compared various milling strategies such as down milling and up milling, rolling-
in and out, ramp and interpolate, drill and profile milling, drill and plunge, spiral milling,
trochoidal machining. Smith et al. (2012) recommended the use sacrificial structures to
improve the dimensional accuracy and surface quality during machining of thin-wall
components. Figure 2.3 shows typical sacrificial structures in buttressed and corrugated
geometries. Buttress type sacrificial structures were found to provide ample stiffness for
stable machining of the thin-walls. However, it requires more lead time in designing the

sacrificial structures.

ISYIX,

Figure 2.3 Typical sacrificial structures in buttressed and corrugated geometries (Smith
etal. (2012))

Kadir et al. (2013) conducted experiments to compare various cutting path

strategies for milling thin-walled aluminum alloys fabrication. It was found that true
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spiral provides better dimensional accuracy while parallel spiral strategy generates
quality surfaces. Authors reported that one-way cutting strategy consumes the lowest
time whilst parallel spiral cutting strategy requires comparatively more time to complete
the job. 1zamshah et al. (2014) carried out experimental studies to compare the process
performance by employing three cutter path strategies viz. waterline-step, overlapping-
step and tree wise-steps. It was noted that use of overlapping steps resulted in overcut
form errors whereas the tree-wise steps produced undercut form errors. Based on the
observations, it was recommended that waterline cutter path produces the least surface
error followed by overlapping and tree-wise steps. Recently Polishetty et al. (2014) and
Patil et al. (2014) assessed the machinability of titanium alloy Ti-6Al-4V and reported
that trochoidal tool path provides best results in terms of smoother cutting operation,
good quality surface and minimum deflection. Trochoidal milling tool path is a
combination of uniform circular motion that includes simultaneous forward movements.
The simultaneous circular milling and slicing operation generate uniform forces on the
tool. Recently, Li et al. (2015) developed an approach of optimizing the profile and
magnitude of residual stress by analyzing the effects of depth of cut on the redistribution
of residual stress. Experiments and simulations were conducted to compare the cutting
forces, temperature and residual stress. The results showed that, in the roughing, by
selection of a subsequent depth exceeding prior depth of maximum compressive residual
stress, the material which contains the main machined residual stress can be removed in
favor of the subsequent machining. Furthermore, in the finishing, different depths of cut
were utilized in different cutting stages, resulting in smaller magnitude of maximum

machined residual stress and depth of maximum compressive residual stress.

2.3.5 Experimental Setup and Process Monitoring

Literature depicts various experimental investigations on thin-wall machining process.
To carry out these studies, researchers have developed various experimental setups.
Ratchev et al. (2004) developed an experimental setup to measure instantaneous cutting
forces and deflections during in machining of low-rigidity thin-wall parts. Figure 2.4

shows the typical arrangement developed.
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Figure 2.4 Thin-wall machining experimental set-up (Ratchev et al. (2004))

Online deflection of the part was measured by monitoring the displacement using three
inductive displacement sensors mounted at the back of the workpiece. Recorded

responses were used for validation of the developed numerical model.

Similarly, Rai and Xirouchakis (2009) developed an experimental set up to
measure cutting force components, workpiece temperature distribution, part deflection,
and stresses analyzed the errors induced during milling of thin-wall components by
carrying milling experiments on aluminum alloy. Figure 2.5 shows the developed
experimental arrangement to record the responses during milling of a vertical rib and
horizontal web feature. The results were used to analyze the process performance and

validate 3-D FEM based numerical model.
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Figure 2.5 Thin-wall machining experimental set-up: (a) Vertical rib (b) Horizontal rib
(Rai and Xirouchakis (2009))
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Tanase et al. (2010) developed an integrated experimental arrangement for measurement
and analysis of cutting forces and deformation during milling of thin parts. The set up
was equipped with the required instrumentation such as three component piezoelectric
dynamometer (Type 9257 B Kistler make) and inductive differential transducers.
Research groups such as Seguy et al. (2008), Houjun et al. (2009), Cao et al. (2010),
Jabbaripour et al. (2010), have developed simple experimental setups to measure cutting
forces during the thin-wall machining. Most of them have employed piezoelectric based
force dynamometers to record the responses. The responses were also recorded to
analyze surface roughness (Seguy et al. (2008)) and online deflection of the work part
(Houjun et al. (2009), Cao et al. (2010)).

Observations

In thin-wall machining, the influencing parameters can be classified into three groups
namely process parameters, tool geometry parameters and workpiece attributes.
Literature reports significant research on the effects of these parameters on the
performance measures viz. milling forces, deflection, surface roughness, and material
removal rate. However, it was noted that, in most of these studies, limited experiments
have been conducted. The outcomes of these studies were mainly used to validate the
numerical or analytical models developed. Very scant research is reported on
comprehensive full factorial studies on the influence of process parameters viz. feed,
speed, axial and radial depth of cut as well as tool geometry parameters viz. tool
diameter, helix angle on all the performance parameters viz. deflection, material removal
rate, surface roughness, power consumption in integrated and comprehensive manner.
Literature also reports some experimental studies on the effect of tool path planning
strategies and use of sacrificial structures to improve the process productivity. Literature
depicts various experimental setups developed for measurement and analysis of milling

forces and deformation during milling of thin parts.

2.4 Analytical Modeling of Cutting Forces and Wall deflection

Machining of thin-wall components is a complex operation as it involves removal of
material from low rigidity parts. Thin-wall parts often defect during machining operation
under the action of milling forces. Therefore it is essential to set parameters that evolve
maximum possible material removal rate and minimum wall deflection. Wall deflection

is dependent upon milling forces; hence prior prediction of milling forces certainly helps

18
TH-1899_126103020



in controlling the dimensional accuracy. Moreover milling forces are useful in analyzing
the tool wear and tool breakage. It is thus, important to understand the relationship
between the milling forces and wall deflection with the process parameters, tool
geometry parameters and work material properties. Modeling of a metal cutting process
using analytical methods has been effectively used to reduce the machining costs and
analysis time. Over the years, intensive efforts have made by various researchers to
develop cutting force models for end milling operation. Accordingly, mechanistic
models and shear plane/zone models have been developed. These are discussed at length

in the following sections.

2.4.1 Modeling of Milling Forces for End Milling Process
Since the early forties, researchers have been developing the analytical models of
machining operations. In the work, only relevant papers to helical end milling and thin-
wall operations have been studied. Initially, Martellotti (1941, 1945) worked on the
kinematics of milling process and developed expressions for chip thickness considering
trochoidal tool path. Comparison between up and down milling condition was carried out
and it was found that power consumed by down milling was greater while the tool life
improves with the use of down milling condition. Sabberwal (1961) developed a force
model to predict the tangential cutting forces in helical milling. However, the authors did
not consider normal and axial force in their analysis. The model was able to define the
different tool engagement conditions for the helical milling process. In the start of
eighties, DeVorr et al. (1980) improved the model of cutting geometry analysis given by
Martellotti (1941, 1945). Authors added empirical force predicting equations to
determine the instantaneous milling force. The cutting force coefficients called empirical
constants were experimentally determined using the average forces. It was noted that the
coefficients were mainly dependent on the chosen process parameters. Altintas and
Montgomery (1991) developed a two-dimensional (2-D) model for helical end milling
process to predict the forces under static or dynamic conditions. The geometry of the
workpiece and cutting tool were considered in the model. Young et al. (1994) used
orthogonal machining theory to predict the cutting forces during face milling operation.
In the late nineties, Armarego (1998, 2000) presented in detail a unified-
generalized mechanics of cutting approach which can be used for a wide variety of
machining operations. The model involved generalized mechanics of cutting analyses for

single and multi-point cutting and a database was established for basic cutting quantities
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and edge force coefficients. Later they developed a methodology for modeling
machining operations based on the database. Zheng et al. (1999) developed a theoretical
model for predicting the cutting forces during face milling. The milling cutter was
discretized into several single point cutting tools to determine the forces acting on each
tool. The model took into account the material properties, cutter parameters, tooth
geometry, cutting conditions and types of milling. Li et al. (2001) developed a theoretical
model for determination of cutting forces during helical end milling based on Oxley’s
model. For an oblique cutting process, the forces along the cutting, feed and radial
directions (P;, P2 and P3) were determined as follows. Figure 2.6 shows the schematic of

the developed oblique cutting model.

tool

Figure 2.6 Model for simple oblique cutting (Li et al. (2001))

P=F

P, = F; -cos(C,) + F -sin(C,) (2.1)
P, = F; -sin(C,) — Fy -cos(C;)

where, Cs is the tool side cutting edge angle, Fc, Fr and Fg are the force components in

the cutting, feed and radial directions, respectively, which were calculated as:

F. =R -cos(f-a,)
K =R"-sin(8-a,) (2.2)
F* — Fg (Sin(is) B cos(is)sin(an) tan(nc )) B I:T* (COS((ZH) tan(nc ))

R sin(A,)sin(e, ) tan(z, ) +cos(A, )

where f is the mean angle of friction at the tool-chip interface, aj, is the tool normal rake
angle, /s is the tool inclination angle, #. is the chip flow angle calculated according to

Stabler’s chip flow law, and R* is the resultant force at the shear plane and tool-chip
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interface, and was calculated using the equation:

R = M (2.3)
sin(g) cos(6)

where kag is the shear flow stress along the shear plane, h is the undeformed chip

thickness, b is the width of cut, ¢ is the shear angle and & is the angle made by R* with

the shear plane.

Moufki et al. (2000, 2004, and 2015) presented visco-plastic models to predict the
cutting forces in the oblique cutting mode of operation. These models were equipped
with thermo-mechanical properties, inertia effects and friction at the chip-tool interface.
The material characteristics such as strain rate sensitivity, strain hardening and thermal
softening were considered in the model. The model could predict the cutting forces, chip
flow direction, temperature distribution and the contact length between the chip and the
tool. Authors carried out a study to understand the influence of the normal shear angle,
the thickness of the primary shear zone and the pressure distribution at the tool—chip
interface. Further, they developed a predictive machining theory for cutting force
determination during peripheral end milling based on an analytical oblique cutting model

for machining titanium alloy Ti6AI4V.

Becze and Elbestawi (2002) worked on the development of an oblique cutting
based force model. The oblique cutting forces were based on the orthogonal cutting
force. The shear stress during material deformation was modeled using a thermo-visco-
plastic material constitutive law. In this model, the strains and strain rates those used to
define the shear stress were obtained from chip formation and morphology derived from

orthogonal cutting tests.

Palanisamy et al. (2006) developed a dynamic cutting force model for end milling
operation. The model was developed to predict the tangential cutting force and thrust
force during machining of AISI 1020 steel. The chip-tool interface temperature was
determined using Oxley’s energy partition function and Rapier’s equation. Li et al.
(2011) used oblique cutting analysis to develop an analytical end milling force model. In
their work, the orthogonal cutting theory based on unequal division shear zone was
extended to oblique cutting analysis. Chip flow through the primary shear zone was
modeled using a piecewise power law distribution under the assumption of shear strain
rate. The material flow stress was defined using Johnson-Cook (JC) constitutive model.
Subsequently, Li and Wang (2012) proposed a cutting force model for milling of Inconel
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718. Johnson and Cook material constitutive model was used to specify the material
flow, whereas the shear angle was determined based on a shear plane model. Cutting
temperature was defined based on the model developed by Kronenberg. Cutting forces
acting on each tooth of the milling cutter was calculated from its chip load considering
the oblique cutting effects.

Recently, Song et al. (2015) used vector transformation derived from orthogonal
cutting process to determine oblique cutting forces. The model was based on the
fundamental mechanics of the friction relationship between tool and material (chip) at
the primary and secondary shear zones. Fu et al. (2015) proposed an analytical milling
force model for helical end milling. It was based on predictive machining theory. The
input data provided were the workpiece material properties, cutting conditions, cutting
tool geometry and cutting conditions. The cutting edge was discretized into a series of
infinitesimal elements and each element was equated to an oblique cutting edge. Cutting
force components were predicted for the oblique edge and the forces were integrated to
determine the global forces acting on the helical end mill. Lin et al. (2016) developed an
oblique cutting based end milling based force model. The model considered the pitch

angle and the helix angle of each flute.

2.4.2 Modeling of Force and Deflection during Thin-Wall End Milling Process

Literature reports important research works on the development of cutting force-
deflection prediction models. In the early eighties, Kline et al. (1982) developed
combined cutting force-deflection model to predict the workpiece and tool deflection.
Altintas et al. (1992) developed a dynamic model for milling flexible thin-wall parts. The
model provided details about the surface finish, form errors and cutting forces for
dynamic end milling operations. In the model, the interaction between a flexible plate
and rigid end mill during dynamic milling was considered. Also, the dynamics of tool-
work contact zone was modeled. In 1994, Budak and Altintas modeled the peripheral
milling operation by considering the workpiece and cutting tool as plate and elastic beam
member, respectively. A mechanistic force model for end milling operation was
developed. For an infinitesimal element thickness (dz) of the end mill, the tangential

(dFy), radial (dF,), and axial (dF;) differential milling forces were given by:
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dr (6,2) =K, -h(6,2)]-dz

dF (6,2) =K, -dFR.(0,2) (2.4)
dF,(6,2) =K, -dFR, (6, 2)

where @ is the immersion angle. The tangential, radial and axial forces given by Equation
(2.3) were resolved in the feed (x) normal (y) and the axial direction (z) and integrated
within the immersed part of the tool to obtain the total milling force applied on each
tooth. For the exponential force model, the force components obtained after the
integration was given by:

x<¢)—%[ 2¢08(g) + K, - 26(2) ~sin 24(2) | K, -h(0, )5+
Fy(¢)= ﬁta:: 5 [(26(2) -sin 2¢(2)) + K, -cos 24(2) ((Z)) (2.5)
F(¢) = u[cos $(2)]> ((;f))

4tan
where zi(¢) and z,(¢) are the lower and upper axial engagement limits of the in cut
portion of the flute. By using the model, authors investigated the workpiece dimensional
errors generated during the process. Further, they developed an analytical cutting force
and surface generation model which considered the partial separation of tool and plate
structures due to static displacements. The model identified the feed variation required
along the plate to keep the static form errors within the specified tolerance (Budak and
Altintas (1995)). Finally, a model was developed that was capable of optimization of

process variables such as feed, depth of cut and spindle speed was (Budak 2006).

Ratchev and his research group also developed a force-deflection model to
simulate the cutting operation thin-wall machining (Ratchev et al. (2003)). They
developed a flexible force model for end milling of low rigidity parts. The forces were
computed by considering the changes in immersion angles of engaged teeth (Ratchev et
al. (2004)). Further, an adaptive flexible theory was used to determine static deflection
during thin-wall machining. Figure 2.7 outlines the developed force-deflection prediction
model. The approach was based on an extended perfect plastic layer model which was
integrated with a FEM model (Ratchev et al. (2004)). The material removal was
simulated by considering the interaction of tool volume with deflected part (Ratchev et
al. (2004, 2004)). Based on this simulation model, an error prediction and compensation
model was developed and employed in practice ((Ratchev et al. (2004, 2006)).

23
TH-1899_126103020



: Ft
/

3 J Fr
Cutting Force Boundary
’ Definition G conditions
Force é Part deflection
Conversion \ prediction

LA

4 7 9 223034394349

Cutting tool/part

ﬂ' position definition
Output

Fx, Fy, Fz

Workpiece

Figure 2.7 Force-deflection prediction model (Ratchev et al. (2004))

Herranz et al. (2005) proposed efficient process planning strategies by analyzing
the static and dynamic phenomena that occur during high-speed cutting. They suggested
useful guidelines to minimize part bending during machining of low rigidity parts. Aijun
and Zhangiang (2008) developed an analytical model to predict the static deformation
during end milling of thin plates. The part deformations were predicted using a
theoretical deformation equations model, which was established on the basis of
reciprocal theorem when the linear load acts on thin-walled plates. The work considered
the influence of radial cutting force on the deformations. Accordingly, the unit linear

load was expressed as:

. % - Ng—;th[Ktc (2¢—sin2¢)+ K. cos(2¢)]zz:] (2.6)
where N; is the tooth number of cutter, f; is the feed per tooth (mm/tooth), a4 is the axial
depth of cutting (mm), ¢ is the immersion angle that varies with time, ¢y and ¢, are the
start and exit immersion angles of the cutter to and from the cutting zone, respectively.
Kic and K are the milling force coefficients; Fy is the milling force in the radial
direction. Later, they simulated the cutting process and obtained the instantaneous part
deformations using FEM software ANSYS. In this study, the influence of linear loads,
the location of the cutter, and thickness of work plates on the deformations of the thin-

walled plates were analyzed.

Wan et al. (2008) developed an integrated model to predict the cutting force, uncut
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chip thickness and instantaneous cutting force coefficients. Izamshah et al. (2011)
developed a new methodology to predict the wall deflection during thin-wall machining
by integrating the FEM based model and statistical analysis techniques. The cutting force
was predicted using a mechanistic model.

Recently, Du et al. (2017) developed a precise and economical cutting force
induced error compensation method for both low-rigidity parts and other complex
components based on a generalized explicit analytical milling force model and a fast
ANSY'S parametric design language (APDL) deformation calculation procedure has been
proposed for peripheral milling process. Authors demonstrated the great potential of
analytical modeling in the compensation of errors induced due to real-time milling

forces.

Observations

Researchers worldwide have developed various force models to obtain the cutting forces
generated during end milling operation. Most of these models predict cutting forces
while very few are capable of predicting cutting forces as well as deflections. Developed
analytical models are based on the estimation of cutting force coefficients and important
parameters such as chip thickness ratio and normal shear angle (empirical models).
These coefficients and parameters, in general, need to be obtained by conducting
experiments which are time-consuming and costly. Moreover, their values are applicable
only to the chosen workpiece-tool material combinations. In most of the reported
literatures, the thin-wall part deflection was predicted by using rigid or mechanistic
cutting force models. Some of the deflection prediction models utilize experimentally
determined cutting forces as input to calculate the magnitude of deflection. Some of the
deflection models did not consider the influence of workpiece material properties and
reduction in the rigidity due to material removal of work part, which are important to

develop a realistic force-deflection prediction model.

2.5 Numerical Modeling and Simulation of Thin-Wall Milling Process

Literature depicts numerous attempts on modeling and simulation of the metal cutting
process using numerical modeling techniques such as finite element method (FEM).
Researchers have developed various models of material removal such as two-
dimensional (2-D), three-dimensional (3-D) oblique cutting models and full 3-D models.
Developed 2-D models were used to study the orthogonal mode of metal cutting,
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whereas full 3-D models were employed to simulate the various machining processes
such as turning, milling, drilling, tapping, etc. Most of these models have been developed
by using finite element method (FEM). Application of FEM effectively reduced the cost
associated with carrying out physical experiments. By using FEM, it is possible to
incorporate the effects of large deformation; strain rate effect; tool-chip contacts and
friction; local heating and temperature effect. FEM is also capable of handling different
boundary and loading conditions such as thermal, structural, electrical, magnetic. Thus
FEM is widely been used in modeling and simulation of the complex physical interaction
of tool and workpiece during a typical metal cutting operation such as end milling.

These models are discussed in the following sections.

2.5.1 Two-Dimensional Numerical Models for Metal Cutting Simulation

Several research works have been reported on the development of 2-D FEM models of
metal cutting processes. Ceretti et al. (1996) used commercial FEM package DEFORM
2-D to simulate a 2-D plain strain cutting process. They used damage criteria to simulate
segmented chip formation. Ozel and his group have pioneered in numerical modeling
and simulation of metal cutting operations. In 2000, Ozel and Altan used finite element
method to predict the cutting forces, tool stresses and temperatures during high-speed
machining of P-20 mold steel using flat end mill. It was observed that maximum
temperatures occur at the primary cutting edge of flat end mill inserts. Rech et al. (2005)
investigated the influence of cutting edge wear behavior of powder metallurgical high-
speed steel (PM-HSS) milling inserts experimentally. Simultaneously, Lagrangian
thermo-visco-plastic based 2-D FE cutting simulations were carried out to analyze the
tool-stress distributions within the tool coating and substrate. Predicted results were used
to obtain optimum cutting edge radius for minimal stresses. Ec et al. (2005) determined
residual stresses in a machined component by using a thermal elastic-visco-plastic finite
element model. Johnson-Cook material model was used to describe the material

behavior.

Literature reports some important research works on the study of friction behavior
between the tool and the workpiece, cut chips and tools using FEM based numerical
simulation methodology. Ozel (2006) used orthogonal cutting process using finite
element (FE) simulations to simulate the continuous chip formation process in
orthogonal cutting of low carbon free-cutting steel. Five friction models viz. constant

shear friction at the entire tool-chip interface, constant shear friction in sticking region
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and Coulomb friction in sliding region, variable shear friction at the entire tool-chip
interface, variable friction coefficient at the entire tool-chip interface, variable shear
friction in sticking region and variable friction coefficient in sliding region were
considered. These models were developed using the experimentally determined stress
distributions on the tool rake face. Finally, the effects of tool-chip interfacial friction
models on the FE simulations are investigated. Haglund et al. (2008) used Arbitrary
Lagrangian Eulerian (ALE) approach to explore and evaluate various friction models
such as constant friction coefficient model, two friction coefficients model, limited shear
stress model, temperature-dependent friction coefficient model, temperature-dependent
limited shear stress (with constant Coulomb friction in sliding region) model and
constant limited shear stress in sticking region (with temperature-dependent Coulomb
friction in sliding region) model in their numerical simulations. Maranhdo and Davim
(2010) developed a thermo-mechanical 2-D FEM model to study the influence the
friction coefficient in the tool-chip interface on cutting and feed forces, cutting
temperature, plastic strain, plastic strain rate, maximum shear stress and residual stresses
during machining of stainless steel (AISI 316). Figure 2.8 shows a typical maximum
shear stress in the tool, workpiece and chip at the end of the length of cut profiles

observed during the simulations.

Y (mm)

Y (mm)

Figure 2.8 Detailed comparison of maximum shear stress in the tool, workpiece and chip
at the end of length of cut in the machining of the stainless steel (Maranhao and Davim
(2010))
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It was concluded that friction coefficient at the tool-chip interface had a significant
influence on the accuracy of prediction. Arrazola et al. (2008) proposed a variable
friction coefficient approach to identify friction coefficient during machining process
using finite element modeling. The developed approach reduced the differences between
the experimental and FEM results in terms of feed force and cutting force. Arrazola and
Ozel (2010) investigated the effects of friction modeling at the tool-chip-workpiece
interfaces during chip formation process. A systematic investigation has been carried out
on predicting the cutting forces, temperatures (see Figure (2.9)), normal stresses and
shear stress acting on the cutting tool. Authors employed Arbitrary Lagrangian Eulerian
(ALE) method and a fully coupled thermal-stress analysis to study the effects of limiting
shear stress at the tool-chip contact on frictional conditions. Moreover, more realistic
friction modeling of the tool-chip and tool-work interfaces were carried on by coupling

sticking and sliding frictions.

Test9 (Max. 1170 °C) 7, = 200 MPa

Test 12 (Max. 1322°C) 7, = 500 MPa Test 14 (Max. 1310 °C) 7, = 700 MPa

Figure 2.9 Simulated temperature fields during 2-D simulations (Arrazola and Ozel
(2010))
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Some of the reported research efforts were focused upon deducing the relationship
between machining parameters and various responses such as temperature, cutting
forces, chip thickness ratio, residual stress, etc. by using 2-D FEM based models. Ginting
and Nouari (2006, 2007) performed dry ball-end milling of aerospace titanium alloy Ti-
6242S and investigated the suitability of uncoated cemented carbide tools. They
obtained optimal cutting conditions by developing 2-D FEM model. Ozel and Zeren
(2007) studied the influence of edge roundness on stress and temperature fields induced
during high-speed machining AISI 4340 steel by developing a fully coupled thermal-
stress model. Davim et al. (2008) carried out a comparison study to analyze the
performances of two different types of cutting tools viz. PCD (polycrystalline diamond)
and K10 (cemented carbide) on the thermal and mechanical behavior of work material
aluminum alloys (AI7075). It was noted that polycrystalline tool provides superior
performance in terms of cutting, feed forces and cutting temperature in comparison to

that of cemented carbide tool.

Li et al. (2009) studied residual stresses induced during high-speed end milling of
hardened steel SKD11. A 2-D thermo-mechanical fully coupled FEM model was
developed to determine the stresses generated in the machined component. The model
considered the effective rake angle and variable undeformed chip layer. Similar to this,
Agmell et al. (2011) developed a fully coupled thermo-mechanical 2-D numerical model
to study the influence of process parameters such as feed force, cutting force, chip
thickness ratio, relative deformation widths and temperature distribution. Adetoro and
Wen (2010) utilized FE tool to simulate the cutting process and determined average as
well as instantaneous cutting force coefficients. The model was found accurately
predicting the cutting forces. Tang et al. (2011) carried out finite element simulation on
dry hard orthogonal cutting AISI D2 tool steel with CBN cutting tool. Cutting
temperature and stress were considered as most important aspects in hard dry machining.
The influences of cutting speed and depth of cut on temperature fields and residual stress
were studied. Recently Lu et al. (2016) developed 2-D coupled thermo-mechanical
model to simulate orthogonal cutting of titanium alloy Ti6Al4V. Johnson-Cook material
constitutive model and Cockroft-Latham damage criterion were utilized to simulate the

plastic behavior and chips formation during the cutting process.
Some of the researchers investigated the microstructures of machined surfaces

using FE based simulations. Pu et al. (2014) investigated the microstructural changes in
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dry and cryogenic machining of AZ31B magnesium alloy. They also studied the
influence of rake angle on microstructural changes after cryogenic machining. Similarly,
Rotella and Umbrello (2014) studied the microstructural changes during dry and
cryogenic cutting of titanium alloy Ti6Al4V. In the FE subroutine, Zener-Hollomon (Z-
H) equation was used to predict the dynamic recrystallization (DRX), while the hardness
variation has been predicted by using the Hall-Petch (H-P) equation. Furthermore, a
modified flow stress model was used to incorporate the effects of new grain size on the

material behavior.

2.5.2 Three-Dimensional Numerical Models for Cutting Simulation and Thin-wall
Machining Process
Literature reports various research works on the development of 3-D FE-based numerical
simulations for milling operation. Initially, Bacaria et al. (2001) developed a 3-D
transient numerical model of metal cutting for milling operation by incorporating
dynamic effects, thermo-mechanical coupling with damage criterion and contact with
friction. Johnson-Cook material law was used to model the yield stress by taking into
account the strain, the strain rate and the temperature in order to incorporate realistic
behavior of the material in the metal cutting process simulation. The material damage
was modeled using Johnson-Cook damage criterion. The model was able to predict the

stress distributions, chip formation and tool forces during the milling process.

Soo et al. (2004, 2004) successfully simulated the high-speed ball nose end milling
process using 3-D FEM. Formation of chips, cutting forces and temperature were studied
during machining of Inconel 718 workpiece. The material yield stress behavior was
determined experimentally by using an elevated strain rate and temperature compression
test. The machining process was simulated for various cutting speeds. Later, Saffar et al.
(2008) employed 3-D FE simulations to predict cutting forces and tool deflection during
end milling operation. It was noted that the predicted results with Johnson-Cook (JC)
theory were agreeing well with the experimental results in comparison to the results
obtained based on the theoretical relationships, where the material properties were

simply defined using the constant material coefficients.

Ozel et al. (2010) investigated the performance of various multi-layered coated
inserts in machining of titanium alloy Ti6AI4V by using 3-D simulations. In this study,

uncoated, TiAIN coated, and TiAIN + cBN coated single and multi-layer coated tungsten
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carbide inserts were considered and their influences on forces and tool wear were
studied. It was noted that cBN and TiAIN + cBN coated inserts generate largest cutting

forces at higher cutting speeds and cBN coatings reduce the tool wear in dry machining.

Soo et al. (2010) developed a Lagrangian-based, 3-D finite element (FE) model to
simulate the high-speed ball nose end milling of Inconel 718 nickel-based superalloy
using a commercial FE package Abaqus/Explicit. Cutting forces and chip formation
during the machining process were studied. Pittala and Monno (2010) carried out a FE-
based simulation of face milling operations using a 3-D milling insert using commercial
code DEFORM 3-D. Milling tests were conducted and the measured cutting forces were
compared with finite element modeling results. Rao et al. (2011) carried out numerical
simulations to study the tool performance and surface integrity during face milling of
titanium alloy Ti6AI4V. During the course of work, tool wear patterns under various
cutting conditions and the influence of tool wear on surface integrity were investigated.
Ozel et al. (2011) modeled the chip formation process for machining of Inconel 718.
Results were obtained in terms of temperature, strain and stress distributions by using
two different commercial finite element packages viz. Abaqus/Explicit and DEFORM 3-
D. Maurel-Pantel et al. (2012) also conducted a 3-D FE simulation of shoulder milling
operation by implementing the J-C plastic material model to study the cutting forces and
chip formation during the process. Typical stress contours obtained during the simulation
are shown in Figure 2.10.

Ozel and Ulutan (2012) developed 3-D finite element model to study the residual
stresses induced in turning of titanium and nickel based alloys. Authors used uncoated
tools with various edge radii and TiAIN coated carbide tools during the study. Chen et al.
(2012) developed a FEM model to simulate inclined ball-end milling. They utilized
Cockcroft-Latham criterion for chip formation study. Asad et al. (2013) investigated the
effects of cutting speed and depth of cut on chip morphology and surface finish for
down-cut milling case. 3-D simulations were performed for roughing, semi-finishing and
finish cutting operations of A2024-T351. Wang et al. (2013) worked on the development
of 3-D finite element model to simulate the high-speed end milling of Ti-6Al-4V
titanium alloy using commercial finite element package Abaqus/Explicit. Johnson-Cook
material constitutive model was employed to model the flow stress behavior of the
workpiece. Johnson-Cook shear failure criterion was used to model the chip separation

and Zorev’s friction model was used to determine the frictional behavior at the tool—chip
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Figure 2.10 Von Mises stress contours during the chip separation (Maurel-Pantel et al.
(2012))

Wu and Zhang (2014) developed an improved model by incorporating the damage
constitutive law in addition to the material model to define the chip separation in the
milling of titanium alloy Ti6Al4V. The milling force and cutting temperature (see Figure
2.11)) obtained by FEM simulations were experimentally validated. Liu et al. (2014)
evaluated six ductile fracture models to identify their suitability to define fracture
criterion for metal cutting processes. These models were: constant fracture strain,
Johnson-Cook, Johnson-Cook coupling criterion, Wilkins, modified Cockcroft-Latham,
and Bao-Wierzbicki fracture criterion. It was concluded that the Bao-Wierzbicki fracture
model which considers rate dependency, temperature effect and damage evolution gives
the best prediction of chip removal behavior of ductile metals. Ji et al. (2015)
investigated the process of precision milling of a hole in a titanium alloy Ti-6Al-4V
workpiece using a 3-D FEM. Jiao et al. (2015) carried out a transient 3-D simulation to
predict the temperature field on the machined surface using single tooth and multi-tooth
milling using the FE method. All of these works were focused on the end milling

process.
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Figure 2.11 Temperature distribution of chip at different cutting times (Wu and Zhang
(2014))

Literature also reports some dedicated research works on numerical modeling and
simulation of thin-wall machining operations. Ning et al. (2003) applied finite element
method (FEM) to analyze and calculate the deformation of thin-walled structures. They
analyzed the influence of wall thickness on deformation. It was reported that the wall
deformation during machining varies inversely with the wall thickness and the
constraining walls had insignificant influence on the deformation. Moreover it was also
noted that the deformation varies linearly with the load applied and the deformation
along the wall height varies linearly.

Wan et al. (2005) developed a FE-based numerical model to simulate the flexible
peripheral milling and predicted the static form errors in thin-wall workpieces. In this
work, irregular FE meshes were used to enhance the flexibility and robustness of the
simulation approach. Wan and Zhang (2006) developed an algorithm to predict the form
errors during peripheral milling of the thin-wall workpiece. The algorithm considered the
contact between the tool and workpiece, radial and axial depth of cut. It was reported that
3-D irregular volume elements such as tetrahedral elements, prismatic elements, and
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hexahedral elements can be used to predict form errors. Denkena and Schmidt (2007)
developed a numerical model to predict form deviation in end milling of thin-walled
structures. The cutting force was also predicted using the developed model. Rai and
Xirouchakis (2008, 2009) conducted numerical studies to analyze the cutting force
components, workpiece temperature distribution, part deflection and stresses in the
machining of thin-wall components. The model considered the effects of fixturing,
operation sequence, tool path and cutting parameters. The geometric model of the
workpiece comprised of machining features like steps, slots, pockets and nested features.
An integrated analytical force model was incorporated into the finite element model. An
attempt was made to predict transient temperature distributions and elastic-plastic
deformations induced during milling of prismatic parts. It was found that cutting
parameters like spindle speed and feed/ tooth, workpiece thermal properties, and coolant
have significant influence on the heat dissipation rate.

Gang (2008) developed a three-dimensional (3-D) FEM model to simulate the chip
separation during thin-wall machining of titanium alloy Ti6Al4V. Johnson-Cook flow
model was used to define the material behavior. The work also incorporated the friction
between cutter and chip. Similarly, Tanase et al. (2010) analyzed the influence of depth
of cut, feed and spindle speed on cutting forces, elastic deformation and stress during
thin-wall machining by conducting experiments and carrying out 3-D numerical
simulations. 1zamshah et al. (2011) developed a finite element analysis (FEA) model to
predict the instantaneous deflection of a thin-wall part. Tool and workpiece were
modeled using three-dimensional iso-parametric tetrahedron elements. A set of
machining tests were carried out to validate the accuracy of the model.

Recently, Wang and Sun (2014) proposed a method to generate interference-free
tool paths those were used to compensate the deformation error during spiral milling of
blades. During the numerical simulations, it was noted that warping deformation occurs
at the leading and trailing edge of the blade while bending and torsion deformation occur
in the whole blade. Qasim et al. (2014) developed a methodology which combines the
usefulness of the statistical analysis and finite element method to determine the
correlation between form errors and process parameters. The mean cutting force was
determined by using a mathematical model and it was further used to compute the wall
deformation. Slusarczyk (2015) compared the influence of conventional and climbing
mode of milling operation on the deformation of thin-walled components during
machining of ST3S steel. Wall deflection occurred while using climbing mode was
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found to be lower during the study. Cheng et al. (2015) also developed 3-D FEM model
to simulate the thin-wall machining of titanium alloy. Li et al. (2015) studied the
machining of 45 steel thin-walled parts using a 3-D numerical model developed in
Abaqus/Explicit. It was noted that trends of the simulated results were matching well

with the experimental results.

Observations

From the literature, it was realized that a lot of research work have come up on the
employment of finite element method to develop two-dimensional and three-dimensional
model of the material removal process. Majority of the efforts have been focused on the
prediction of cutting forces generated during bulk milling operation. In view of
computational simplicity, researchers have developed 2-D orthogonal cutting models.
Some of the research attempts have established 3-D numerical models for more realistic
simulation of metal cutting operation. By using developed numerical models researchers
have determined very useful information in terms of cutting forces, mechanism of chip
formation, the evolution of cutting temperature, shear zone, contact length, chip
thickness, cutting and residual stress distributions. 3-D models have incorporated
realistic aspects such as tool-friction and material damage. In comparison to the
significant efforts put on modeling and simulation of bulk milling, few attempts have
been made on acquiring characteristics of thin-wall milling operation using FEM based
simulations. In most of these models, the cutting forces were determined either
experimentally or by using analytical force models and were provided as a process input
to determine the deflection numerically. Some of these models took into account the
material properties, tool-friction model and material damage model together. Scant
research is reported on development of realistic 3-D thermo-mechanical models which
take into account the material behavior, friction behavior, temperature generation and
material damage model to study the cutting forces, wall deflection, chip morphology and

cutting temperature during the thin-wall machining process.

2.6 Optimum Process Conditions for Thin-Wall Machining Process

Selection of optimal machining parameters and conditions is crucial to obtain desired
performance during a machining process. Thus, determination of efficient machining
parameters has attracted a wide international research. The main goal of thin-wall

machining is to machine dimensionally accurate thin-wall components by an economical
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and energy efficient process. Various process characteristic parameters such as spindle
speed, feed rate, depth of cut, tool geometry, milling condition, tool path strategies, etc.
play very important role in efficient and quality machining of thin-wall parts. Many
research attempts have been made by researchers to optimize machining parameters
during milling process using a variety of optimization techniques. Some of the works
reported on optimization of bulk milling and end milling operations have been reviewed

as follows.

Alauddin et al. (1996) presented an approach to optimize surface finish during end
milling of Inconel 718 using uncoated carbide inserts under dry condition. The surface
finish was analyzed by varying speed and feed values. Response surface method (RSM)
was used to plot the surface contours and to determine optimum process parameters.
Suresh et al. (2002) developed a surface roughness optimization model for machining of
mild steel by using Response Surface Methodology (RSM) and Genetic Algorithms
(GA). Oktem et al. (2005) also used RSM and GA to optimize cutting conditions for
surface roughness during milling of mold surfaces. Process parameters viz. feed, cutting
speed, axial depth of cut, radial depth of cut and machining tolerance were considered for
the study. Further, they used coupled neural network (NN) with GA to obtain the
optimum process parameters. Palanisamy et al. (2007) carried out optimization of milling
process using GA. In their work, machining time was considered as the objective
function and the constraints were tool life, feed rate, depth of cut, cutting speed, surface

roughness, cutting force and amplitude of vibrations.

In 2010, Chandrasekaran et al. provided a comprehensive overview of various soft
computing techniques used in evaluation and optimization of machining operations. Zain
et al. (2010) used GA to optimize machining conditions for minimizing surface
roughness during end milling process. Surface roughness was evaluated against radial
rake angle of the tool, cutting speed and feed rate. It was concluded that GA technique
was capable of estimating the optimal cutting conditions which resulted in minimum
surface roughness. Yang et al. (2011) developed an efficient fuzzy global and personal
best-mechanism-based multi-objective particle swarm method to obtain optimum
machining parameters during face milling. Kondayyaa and Krishna (2012) used GA to
optimize CNC end milling process in terms of spindle speed, feed and depth of cut on
performance measures. Further, non-dominated sorting genetic algorithm-11 (NSGA-I11)

was used to obtain Pareto optimal fronts. Yildiz (2013) presented an application of
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Cuckoo search algorithm to find out the optimal machining parameters in the milling
operation. Sivasakthivel and Sudhakaran (2013) focused on analyzing the effect of
machining parameters such as helix angle of the cutter, spindle speed, feed rate, axial and
radial depth of cut on temperature rise in end milling of Al 6063. Kuram et al. (2013)
carried out an assessment of cutting fluids and cutting parameters during end milling by
using a D-optimal design of experiments. The effects of cutting fluid types were
investigated as a function of three milling factors viz. cutting speed, depth of cut and
feed rate and optimal levels of setting were determined. Alrashdan et al. (2014) also used
GA to optimize end milling of AISI D2 steel. The work was focused on minimizing the
machining cost caused by poor surface roughness and energy consumption during
machining. Campatelli and his group (2014) worked on optimizing the process
parameters such as cutting speed, axial and radial depth of cut, and feed rate for
minimum consumption of machining power using Response Surface Method (RSM). Li
et al. (2015) worked on optimizing the production cost and surface quality during
machining of titanium alloy Ti6Al4V. NSGA-II was adopted to solve the multi-objective
optimization problem. Sarikaya et al. (2015) carried out multi-response optimization of
milling of AISI 1050 steel using Taguchi based gray relational analysis. In their work,
the effects of process parameters such as depth of cut, feed rate, cutting speed, and
number of insert on vibration signals, cutting force and surface roughness were

investigated.

Recently Masmiati et al. (2016) reported optimum levels of cutting conditions for
minimum residual stress, cutting force and surface roughness in end milling of S50C
medium carbon steel. Du et al. (2016) investigated multiple performance characteristics
viz. surface roughness, surface micro-hardness, and surface residual stress during high-
speed milling of titanium alloy TB17 using Taguchi-Grey relational analysis method.
Saini et al. (2016) conducted multi-process parameter optimization in face milling of
titanium alloy Ti6Al4V using RSM. This work was focused on developing mathematical
relations between input factors and response parameters, namely, surface roughness, tool
wear and tool vibration. Zhang et al. (2017) worked on optimization the multi-pass dry
milling for high efficiency, low energy and low carbon emissions. The multi-objective
optimization model was converted into a single goal problem using weight coefficients.
Pereira et al. (2017) optimized helical milling of aluminum alloy AI7075 using

Augmented-Enhanced Normalized Normal Constraint method. This multi-objective
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problem dealt with optimization of axial cutting force component, total roundness and
material removal rate. TOPSIS decision-making approach was used to determine the best
solution among the obtained Pareto optimal solutions. Jomaa et al. (2017) attempted to
optimize peripheral milling under dry machining condition with regard to the surface
finish and residual stress during machining of aeronautical Al-Zn-Mg-Cu alloy. Grey
relational analysis (GRA) was employed to obtain optimum levels of machining
parameters viz. cutting tool geometry, milling mode, feed per tooth, cutting speed, and
radial depth of cut.

In comparison to end milling process, very few attempts have been reported on
obtaining the optimum process parameters for thin-wall milling process. Ghoddisian et
al. (2011) worked on optimizing the surface roughness for peripheral milling of thin-
walls. Authors used two different optimization techniques viz. genetic algorithm (GA)
and Imperialist competitive algorithm (ICA). They reported that ICA method provides
better results than that of GA method in the scope of their study. Songtao et al. (2012)
used the genetic algorithm (GA) to optimize the thin-wall machining process for minimal
milling force. Experiments were carried out on aluminum alloy 7475-T7351 by varying
the cutting speed, feed rate, axial and radial depth of cut. Based on the work it was
concluded that high spindle speed conditions (471 m/min) with large radial cutting depth
(12 mm) and low axial cut (0.8 mm) reduce the deformation of thin-walls. Qu et al.
(2016) worked on the selection of proper machining parameters for improving the
quality and productivity of thin-wall parts. Machining parameters viz. spindle speed,
axial and radial depths of cut were varied and their influence on cutting force, material
removal rate and surface roughness were investigated. Multi-objective optimization
using the non-dominated sorting genetic algorithm (NSGA-Il) was employed to
determine the optimum parameters. However, the work was limited to cutting force,
surface roughness and material removal rate optimization. Authors did not consider the

wall deflection in their objective function.

Observations

Literature reports significant research on optimization of bulk milling process; however
scant work is available on obtaining optimum parameters for efficient and quality thin-
wall machining. For bulk milling process, researchers have used various optimization
techniques such as response surface methodology (RSM), Taguchi based gray relational

analysis (GRA), Augmented-Enhanced Normalized Normal Constraint method, TOPSIS
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decision-making approach and evolutionary optimization approaches such as genetic
algorithms (GA), artificial neural network (ANN), non-dominated sorting genetic
algorithm-I1 (NSGA-I1I) and Cuckoo search algorithm. Most of the researchers have
worked on determining the optimal settings of feed, cutting speed, axial depth of cut,
radial depth of cut, tool life, the radial rake angle of the tool, helix angle of the cutter,
and cutting fluids. These studies were focused on achieving various objectives such as
minimum surface roughness; cutting force and amplitude of vibrations and a maximum
value of material removal rate (MRR).

As mentioned above very few researchers have worked on optimizing the thin-wall
machining process. Their works are limited to optimizing either wall deflection or
surface roughness. No work has been reported on optimization of thin-wall machining
process for improving the overall productivity, product quality and energy consumption

in an integrated and comprehensive manner.

2.7 Discussion

Thin-wall components possess low rigidity as they have a large surface area as compared
to their thickness. During the machining operation, thin-walls deflect under the action of
milling forces which in turn affects the quality and accuracy of the work-part. If the
deflection is predicted beforehand, effective counter measures can be undertaken to
obtain the desired process performance that is, manufacturing of a dimensionally
accurate finished component with good surface quality. This requires developing a
realistic numerical model to predict the process responses which will help for better

control of the process parameters during the actual cutting operation.

From the reported literature, it was concluded that a significant amount of work is
reported on 2-D as well as 3-D simulations of the bulk milling operation. Extensive
research has been reported on simulation of orthogonal metal cutting process using 2-D
FEM methods. These are based on plane stress, plane strain conditions and axisymmetric
assumptions. In view of model development, they are simple and require lesser number
of elements in comparison to that of a 3-D model. These 2-D models were basically used
to evaluate cutting forces, contact length of the chip with the tool, chip thickness, cutting
temperatures and residual stress distributions. In spite of providing computationally
faster responses, 2-D models have a limitation during FEM simulation of thin-wall

machining process that, these models are unable to simulate the deflection of a free wall
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in 2-D. Thin-wall milling using a helical end milling cutter is a complex operation and is
difficult to comprehend and analyze in a 2-D domain. Scant work is reported on 3-D
thermo-structural modeling and simulation of machining of low rigidity thin-wall
components. A realistic 3-D numerical model may provide milling forces, deflection,
stresses, cutting temperature, chip morphology with fair and acceptable accuracy. Also,
the model may also give very useful insights into the complex physical interaction of

helical cutting tool and workpiece.

An extensive literature review has been reported on analytical modeling of milling
process. Many research attempts have been reported on the computation of milling force
and wall deflection. However, in most of these models, the forces have been determined
by using chip load and force coefficients. The chip load and force coefficients are usually
determined by orthogonal cutting experiments or slot milling experiments for chosen
cutting tool geometry and tool-workpiece combination. These models predict the wall
deflection quickly; however, physical experiments are needed to determine the milling
force coefficients. Conducting experiments is costly and tedious. Moreover, these models
do not take into account the thermo-mechanical aspects of machining. This limits their

application in practice.

Some of the reported analytical works predict the wall deflection by using simple
cantilever geometry of the workpiece without due consideration to the in-process change
in workpiece geometry i.e. reduction in wall thickness during the milling process. This
specifies a void to have efficient force-deflection prediction model for quicker and
accurate prediction of the wall deflection for chosen process parameters conditions. The
model should take into account the thermo-mechanical characteristic of the process and

tool-workpiece geometries.

From the published esteemed literatures, it is realized that significant research has
been reported on analytical and numerical investigations into bulk wall machining which
certainly helped to understand the complex interaction between cutting tool and the
workpiece. However mathematical modeling of uncontrollable parameters such as
imperfections in machine tool and cutting tool structures, errors in the cutting tool
settings, deformations in the critical machine tool such as spindle, workpiece fixtures and

modeling of material inhomogeneity is difficult.

From the experimental investigations reported on end milling process, it is realized
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that determination of optimum levels of parameters for efficient and quality bulk
machining process has always been a key research problem and is still a subject of study
for the manufacturing researchers and engineers. Literature reports significant work on
optimization of bulk machining operations such as surface milling, end milling.
However, few attempts have been reported on optimization of thin-wall machining
process to improve its productivity and product quality. Most of these works have
limited applicability as they consider either wall deflection or surface roughness or
material removal rate. Moreover, there is hardly any comprehensive and systematic study
reported on the influence of critical process parameters such as feed, depth of cut, tool
geometry parameters viz. helix angle, tool diameter on the performance measures i.e.
material removal rate, wall deflection, cutting forces, and surface roughness. Literature
reports that GA is a better optimization methodology over the classical optimization
techniques due to its robustness (Deb (2002)).

Nowadays researchers worldwide are focusing their attention on minimizing the
carbon footprint of manufacturing processes. Energy saving has become a priority for the
manufacturing industry. Therefore, reducing the energy consumption during machining
process has become an integral part of sustainable manufacturing. Thus it is imperative
to consider the requirement of low energy consumption in addition to the other
objectives such as high surface quality and productivity. To the best of our knowledge,
there is no published work that deals with the multi-objective optimization of thin-wall
machining process for improving the productivity, product surface quality, dimensional

accuracy and energy consumption.

2.8 Research Objectives

Based on the research gaps identified during the literature review on various aspects of

thin-wall machining, the objectives of present research have been derived. The overall

objective of the proposed research work is to enhance the productivity, product quality

and energy efficiency during thin-wall machining of the aerospace grade aluminum alloy

by carrying out systematic numerical, analytical and experimental investigations. The

specific objectives of the proposed work are as follows:

e To study the complex physical interaction between the helical end mill cutter and low
rigidity thin-wall by using a realistic three-dimensional, thermo-mechanical

numerical model. To study the milling forces, stress distribution, cutting temperature,
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part deflection and chip morphology during the thin-wall cutting operation.

e To develop an efficient force-deflection prediction model for quicker and accurate
prediction of the wall deflection for chosen process parameters conditions. The
model should take into account the thermo-mechanical characteristic of the process
and tool-workpiece geometries.

e To carry out comprehensive experimental investigations into the influence of process
parameters viz. feed per tooth, axial depth of cut, radial depth and tool geometry
parameters viz. tool diameter, helix angle and number of flutes on the process
responses viz. cutting force, wall deflection, surface integrity and material removal
rate during thin-wall machining of aluminum alloy 2024-T351.

e To derive optimum levels of characteristic milling parameters viz. feed per tooth (f,),
axial depth of cut (ag), radial depth of cut (rq) and tool diameter (d;) for obtaining
desired process performance in terms of maximum productivity, superior surface
quality, excellent dimensional accuracy and low power consumption during thin-wall

milling process.

Figure 2.12 gives an overview of the research carried out in the present work. The
various stages of the work are as follows.

e Stage 1. Development of a finite element based three-dimensional thermo-
mechanical numerical model of thin-wall machining by considering realistic

assumptions followed by the experimental validation of developed numerical model.

e Stage 2: Development of an integrated analytical-finite element based model for

quicker prediction of milling force and wall deflection during thin-wall machining.

e Stage 3: Experimental investigations into the influence of cutting tool geometry
parameters and process parameters on performance parameters such as milling force,

surface roughness, wall deflection and material removal rate.

e Stage 4: Multi-objective optimization of thin-wall machining process to derive

optimum levels of milling parameters for obtaining desired process performance.

The details of these stages are presented in the next chapters.
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CHAPTER 3

Three-Dimensional Thermo-Mechanical Modelling and
Simulation of End Milling of Thin-Wall Parts using Finite
Element Method (FEM)

3.0 Scope

This chapter presents the development of thermo—mechanical numerical model of end
milling of thin-wall parts using finite element method (FEM). Initially, the need to carry
out thermo-mechanical analysis of thin-wall machining process is defined. Then an
overview of the proposed approach for modeling thin-wall milling using FEM s
presented. Further, the numerical FEM model of the end milling process considering its
thermo-mechanical characteristics is presented, in detail, in terms of its governing
equation, boundary conditions, material model, damage model, contact modeling, and
solution methodology. The predicted responses from the model are validated with the
experimental results. This chapter concludes by reporting a study on the evaluation of the

computational efficiency of the 3-D simulation process.

3.1 The Need

Thin-wall components possess low rigidity as they have a large surface area as compared
to their thickness. During the machining operation, thin-walls deflect under the action of
milling force which in turn affects the quality and accuracy of the work-part. If the
deflection is predicted beforehand, effective counter measures can be undertaken to
obtain the desired process performance that is, manufacturing of a dimensionally
accurate finished component with good surface quality. A need was thus identified to
develop a realistic numerical model to predict the process responses which will help for
better control of the process parameters during the actual cutting operation.

From the reported literature, it was concluded that a significant amount of work is
reported on two-dimensional (2-D) as well as three-dimensional (3-D) simulations of the
bulk milling operation. Many researchers have reported the development of 2-D FEM
model to simulate the metal cutting process (Ceretti et al. (1996), Shi et al., Barge et al.
(2005), Ozel (2006), Agmell et al. (2011)). Generally, the orthogonal metal cutting
process is modeled and simulated using 2-D FEM methods. These are based on plane
stress, plane strain conditions or axisymmetric assumptions. In view of model

development, they are simple and require a much lesser number of elements in
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comparison to that of a 3-D model. These 2-D models are basically used to evaluate
cutting forces, contact length, chip thickness, cutting temperatures and residual stress
distributions. Figure 3.1 shows the difference between the process continuums required
for 2-D and 3-D mode of simulation of a typical end milling operation.

Ve
Machining in 3-D Machining in 2-D

Workpiece

AAAANAANAAAA

Figure 3.1 3-D and 2-D process continuums in numerical simulation of end milling
operation

In spite of providing computationally faster responses, 2-D models have a limitation
during FEM simulation of thin-wall machining process that, these models are unable to
simulate the deflection of a free wall in 2-D. Thin-wall milling using a helical end
milling tool is a complex operation and is difficult to comprehend and analyze in a 2-D
domain. Scant work has been reported on 3-D thermo-structural modeling and simulation

of machining of low rigidity thin-wall components.

In view of this, in this work, a Lagrangian-based 3-D FEM based numerical model
has been developed to simulate the deflection of the workpiece during the thin-wall
machining of aluminum 2024-T351 alloy. The developed model was aimed to predict the
milling forces, temperature, stress distribution and chip formation in the workpiece for
chosen process parameters by considering realistic material behavior, friction
consideration, damage model, heat generation and by employing realistic geometry of
the milling tool,. Subsequently, milling experiments were carried out to validate the

developed model. Details of the model development are presented below.

3.2 Overview of the Process Model Development
To understand and improve the thin-wall machining process, it is important to develop a
mathematical model to establish a realistic relationship between input and output process

parameters. The aim of this work was to analyze the metal cutting phenomenon in the
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thin-wall milling process by proposing a thermo-mechanical analysis. The work mainly

includes the following steps. These steps are schematically depicted in Figure 3.2.

Geometry modeling
Tool geometry

e Helix angle
o Flutes INPUT
Workpiece geometry
o Wall height
e Wall length
o Wall thickness 3D NUMERICAL SIMULATION
EEM model OUTPUT
Material definition ||, podel formulation « Deflection
*Mechanical properties ||, \jechanical analysis « Cutting force
e Thermal properties o Thermal analysis :J\l/ o Stress
o Flow §treS§ * Work-tool contact « Cutting temperature
* Material failure « Element and meshing « Chip morphology
Process conditions
¢ Cutting speed

e Feed rate
¢ Depth of cut

Boundary conditions
e Displacement BC
*Velocity BC
eThermal BC

Figure 3.2 Overall approach and development of 3-D numerical model

e Design and development of geometric models of helical cutting tool and workpiece
and selection of suitable mesh element

e Define the material models and material failure criteria

e Governing equation and boundary conditions

e Selection and application of required process conditions

e Solution of the problem using finite element analysis (FEA) tool Abaqus/Explicit in
nonlinear mode

e Determination of stress-strain, temperature distribution in the workpiece and cutting
tool, and computation of process performance parameters such as milling force,
stress distribution, cutting temperature, part deflection and chip morphology.

e Validation of computed responses with the experimental results.

e Evaluation of computational efficiency of developed 3-D numerical simulation

approach.

These steps are discussed at length in the following sections.
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3.3 Thermo-Mechanical Modeling of End Milling Operation

During the milling process, the material is removed from the workpiece using a rotating
tool. The most commonly used milling operations are peripheral (or end) milling and
face (or plain) milling. Generally, peripheral milling is a common process used in aircraft
thin-wall component machining. The thin-wall sections are deformed due to the
influence of forces developed during tool-workpiece interaction and the heat generated
during cutting. The milling force developed depends upon various process parameters;
therefore, the accuracy of the component depends upon the proper selection of the
process parameters during machining. In the machining process, heat is generated due to
plastic deformation and frictional contact between the workpiece and the tool. The heat
generated directly influences the material properties. Therefore, it is essential to couple
the mechanical and thermal responses to obtain the solution for such a problem. In this
work, a fully coupled thermo-mechanical analysis of thin-wall milling operation has

been attempted.

3.4 Assumptions

In the present work, determination of the deflection of the workpiece under the action of
milling force is considered to be the main objective. Numerical modeling and simulation
of thin-wall machining involve complex interaction between the tool and the workpiece,
contact modeling, material properties. Following assumptions were made in the present

thermo-mechanical modeling.

e The helical milling cutter has sharp cutting edges.

e The rigidity of cutting tool is significantly larger than that of workpiece; therefore the
tool is considered as rigid body. In the present work, tungsten carbide cutting tool is
used. It has very high Young’s modulus (about 7 times) as compared to that of the
workpiece material.

e Workpiece material is deformable. It is isotropic and homogeneous in nature.

e The workpiece material is free of initial residual stresses.

e Initial temperatures for both workpiece and the tool are set at 25 °C.

e Workpiece and tool surfaces lose the heat generated during the machining process to
the environment by convection. The convection coefficient, h. is assumed as 20
W/m?C (Kilicaslan (2009)).

e The workpiece has uniform thickness along the height and width. There are no
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deformations present in the workpiece at the commencement of the machining
simulation.

e Dynamic re-crystallization of the material and microstructure are not considered.

e 90 % of the energy due to plastic deformation process converted into heat (Li et al.
(2002)).

e 100% of the dissipated energy caused by friction is transformed into heat and 50 %
of the heat goes into the chip (Li et al. (2002), Haddag et al. (2010)).

3.5 Workpiece, Tool Geometry and Finite Element Meshing

Initially, the geometric models of cutting tool and workpiece have been developed. The
thin-wall workpiece was modeled as an inverted cantilever structure with bottom portion
being constrained, while the other three ends were free. The tool geometry influences the
surface properties of the machined workpiece, so importance has been given to
accurately model the cutting tool. A 3-D model of the end mill with actual tool geometry
parameters was designed using a CAE tool and then imported in Abaqus/Explicit as a
solid 3-D homogeneous part. Figure 3.3 shows the workpiece, cutting tool, and relevant
geometric parameters. The influence of vibrations of thin-wall structure that occurs
during the machining was not considered in this work. The cutting tool geometry

parameters are listed in Table 3.1.

Radial cut depth-—»

50

All dimensions in mm

Figure 3.3 Workpice geometry and dimensions

Thin-wall machining process involves non-linear and complex interaction between the

tool and workpiece. It also involves large deformations. It is thus essential to select the
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right type of element to handle such complex thermo-mechanical interaction and large
deformation. In the present work, hexahedral elements were chosen over the tetrahedral

elements.

Table 3.1 Cutting tool geometry parameters

Tool diameter (mm) 8
Tool rake angle (°) 8
Tool helix angle (°) 45

Tool clearance angle (°) 15
Number of flutes 4

It was noted that tetrahedral elements perform poorly while solving problems involving
plasticity and bending. Severe locking problem has been noted when solving FE
problems using tetrahedral elements. Also, the tetrahedral elements are over stiff and
extremely fine meshes are required to obtain accurate results (Puso and Solberg (2006)).
In the recent years, researchers such as Soo et al. (2004), Gang (2009), Wang et al.
(2013) and Ji et al. (2015) have used hexahedral elements C3D8RT to handle complex
thermo-mechanical simulation problems and obtain fairly accurate and realistic results.
Therefore, hexahedral C3D8RT elements were selected for meshing the workpiece and
the tool. It is a 3-D displacement-temperature coupled 8-noded solid element with

reduced integration and hourglass control.

Meshing of the workpiece is a problematic process as high resolution mesh is
needed at the machining area of the workpiece. In the work, mesh was refined around
some areas of interest such as tool-chip interface. To reduce the computational time, non-
contact region was discretized with coarse mesh. However, refinement of mesh means
increasing the number of elements number thereby the computational time. Therefore a
tradeoff between the mesh refinement and the processing time should be taken into
consideration. Hence mesh sensitivity analysis was carried out to mesh the workpiece for
accurate prediction of performance parameters in an optimum time frame. The mesh
sensitivity analysis was carried out for a typical process condition: Spindle speed = 3000
r/min, feed per tooth = 0.1 mm/z axial depth of cut= 8 mm and radial depth of cut = 1
mm. Figure A3.1 (Appendix A3.1) shows the various sizes of the element used to
discretize the workpiece-tool contact domain. Table 3.2 presents the influence of mesh

size on computational time and output response viz. milling force. A computer system of
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3.9 GHz 4GB RAM processor was employed. The milling force components were
affected by the mesh size. It was found that the change in resultant force (F) was lowest,
when the element size reduced from 0.2 mm x 0.2 mm to 0.1 mm x 0.1 mm in
comparison with those obtained in other cases. It was also noted that the minimum time
was recorded for mesh size of 0.4 mm x 0.4 mm. As the element size reduced the
computational time increased due to increase in the number of elements. But the time
needed increased drastically when element size reduced from 0.2 mm x 0.2 mm to 0.1
mm x 0.1 mm. As computation time was equally important, based on the analysis, the

mesh size of 0.2 mm x 0.2 mm in the work-tool contact region was considered.

Table 3.2 Mesh sensitivity analysis for fine mesh region

] , Average milling force Change in force )
Mesh size (mm®) CPU time (hrs)
Fx (N) Fy, (N) F: (N) value AF; (N)
0.4.0.4 134.36 101.94 168.65 - 49.25
0.3.0.3 111.91 92.18 144.98 23.67 57
0.2.0.2 104.4 85.43 134.89 10.09 66
0.1.0.1 96.7 81.87 126.70 8.91 79.5

Brick element P
irectio
3D8RT \:ee‘d—(ﬂ_’_ A )

Fine mesh region

Figure 3.4 Workpiece-tool meshing and boundary conditions

As shown in Figure 3.4 the entire geometry is discretized into very small finite C3D8RT
elements. For this particular case, the tool and the workpiece were discretized into 12650
and 293745 elements respectively. Figure 3.4 also depicts the boundary conditions
applied on the workpiece and tool geometries. The workpiece was constrained at the

bottom to imitate the clamping action during machining. The milling tool was provided
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with two motions, namely linear motion along the feed direction and rotational motion
about its own axis. The initial temperature of the tool and workpiece was set at room
temperature. Heat loss to the environment from the tool and workpiece interface was

considered primarily by convection.

3.6 Material Properties

The FE-simulation of thin-wall milling process has been carried out on the aluminum
2024-T351 aerospace grade commercial alloy. It possesses high strength and good
fatigue resistance and is widely used in aircraft wings and fuselage structures. The
workpiece material is considered to be an elastic-plastic type. The end mill is considered
to be made of uncoated tungsten carbide (WC). Tungsten carbide otherwise known as
cemented carbide composes of tungsten carbide powder (85-95%) cemented with a
binder material namely cobalt or nickel. It has many desirable qualities such as high
resistant to abrasion, erosion, wear, compression, and heat (Juneja (2003)). The effect of
machining process parameters on the cutting tool wear is not considered of the present
study; therefore the tool is to be a rigid body throughout the simulation. Table 3.3 lists
the mechanical and thermal properties of the workpiece as well as the tool material
(Mabrouki et al. (2008)).

Table 3.3 Workpiece and cutting tool material properties (Mabrouki et al. (2008))

Properties Workpiece Tool
Density, pm (kg/m°) 2700 11900
Elastic modulus, E (GPa) 73 534
Poisson ratio, v 0.33 0.22
Fracture toughness, K.(MPaym) 37 -
Specific heat, C, (J/kg°C) =0.557 T +877.6 400
Thermal expansion , a (10e-6/°C) = 8.9%10°T+22.2 30
25<T<300
Thermal conductivity, k; (W/m°C) = 0.247Tr1144
300<T< Trent 50
=0.125T+ 226
Melt temperature, Ty, (°C) 520 -
Room temperature, T,oom(°C) 25 -
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3.7 Material Constitutive Model

During the metal cutting process, the material deforms plastically and is subjected to
high strains, strain rates and temperature conditions. To describe the thermo-mechanical
behavior of a material undergoing deformation at such high strains and strain rate
conditions, Johnson and Cook developed a constitutive material model in 1983. As per

their model, the equivalent flow stress &, is expressed as:

= =n £ Tc _Troom "
& =(A+Bz )[1—cln(gﬂ{l—£—me" _Tmom] J (3.1)

where, A(MPa) is the initial yield stress of the material, B (MPa) the hardening modulus,
c the strain rate dependency coefficient, n the work-hardening exponent, m the thermal
softening coefficient, & is the equivalent plastic strain, ¢ is the equivalent plastic strain
rate and &, is the reference plastic strain rate, Tyoom iS the room temperature and Tper: iS
the workpiece melting temperature. Table 3.4 lists the J-C material model constants for
aluminum 2024-T351 alloy (Mabrouki et al. (2008)).

Table 3.4 Johnson-Cook material parameters values for A2024-T351 (Mabrouki et al.

(2008))
A(MPa) B(MPa) n c m
352 440 0.42 0.0083 1

3.8 Material Damage Model

In the metal cutting process, chips are formed as a result of excessive (large) material
deformation at the cutting tool-work material interface under the action of applied force.
The material is said to be failed when it loses its load carrying capacity. In machining
processes, the prediction and control of the material failure is a critical issue. In order to
investigate the surface finish and integrity of the produced parts, it is essential to
simulate the damage and fracture of the material under the action of applied loads.

In this work, it was desired to simulate the material ductile failure with high strain,
strain rate and temperature effects. Johnson & Cook (1985) shear failure criterion was
used to model the chip detachment. Figure 3.5 shows the progressive damage
degradation curve obtained from a uniaxial stress-strain response of a ductile metal. Chip
formation due to the shear deformation occurs in two stages: first, the failure initiation
and the second is the failure evolution. During the initial phase, material response is
linear elastic (stages 1 and 2) which is followed by plastic yielding with strain hardening
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(stages 2 and 3). Beyond point 3, the material loses its load carrying capacity until it

undergoes the fracture (stages 3 and 4).

OA

_____
.=
-

Strain hardening

_____
-----

Damage initiation (w&) Degraded stiffness

(D=1,w=0)

Damage evolution

Material failure

g
My

EOi

Figure 3.5 Stress-stain curve with progressive damage degradation

Point 3 represents the damage initiation point, which is referred to as damage initiation
criterion. Complete failure of the material occurs at point 4. Deformation occurring in the
final stage (3-4) is governed by evolution law which is based on fracture energy principle
(Liu et al. (2014)). Damage in the element is initiated by scalar damage parameter D,

which is defined as sum of ratio of the increments in the equivalent plastic strain Az to
the equivalent strain at fracture initiation&;. It is given by Equation 3.2. The damage

initiation is said to have occurred when scalar damage parameter D exceeds unity.

p-32¢ 3.2)
&

The equivalent strain at failure initiation & is determined as:

Eg = [Dl + D, exp(D3 Eﬂlil+ D, In(iﬂ(1+ D (mn (3.3)
o ) Treit — Troom

where P is the hydrostatic pressure and & is the von Mises equivalent stress. The J-C

damage constants (D, —D,) are listed in Table 3.5. It can be noted that the value of
coefficient D,is zero. This indicates that temperature has no effect on the damage

initiation during machining of the aluminum alloy 2024-T351. Only, stress triaxiality and
strain rate effects can induce damage initiation (Mabrouki et al. (2008)).When ductile

material damage occurs, the stress-strain relationship no longer accurately represents the
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material behavior.

Table 3.5 Johnson-Cook failure parameters for A2024-T351 (Mabrouki et al. (2008))
Dl D2 D3 D4 D5
0.13 0.13 -1.5 0.011 0

After the damage initiation, the use of stress—strain relation causes strong mesh
dependency which is based on strain localization. This reduces the energy dissipation as
the mesh becomes smaller. Influence of mesh dependency on energy dissipation can be
reduced by using the Hillerborg’s fracture energy proposal. The damage evolution is

based on Hillerborg’s fracture energy G, required to open a unit area of crack. It is

defined as:
¢ TP
Gt = | Loyde = | oy dU (3.4)

The damage evolution parameter is defined in the form of a scalar stiffness degradation

parameter ws, It is given as:

L
[
|
Il

u
=— a (3.5)

where &, plastic strain at damage initiation, £, equivalent plastic strain at failure, £ is the

equivalent plastic strain, U is the equivalent plastic displacement, U; is the equivalent

plastic displacement at failure and L is the characteristic length of the element. The

equivalent plastic displacement at failure can be expressed by:
Uy =—o (3.6)

where o is the yield stress of the material, G, is the fracture energy dissipation. It can be

determined by:

E

6, [ 122 |k2 (3.7)

where K is the fracture toughness of the material.

3.9 Workpiece-Cutting Tool Contact Model

The friction condition at the tool and workpiece interface influences the milling forces,
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temperature, machining quality and tool wear. The contact between the cutting tool and
the workpiece was defined using modified Coulomb friction model. As per this model,
contact between the chip and the rake surface region can be divided into two regions,
namely the sliding region and the sticking region (see Figure 3.6).

O, TA
o
T =T,
Workpiece
Sticking Sliding l/, ”x
region region
Tool __-"" “Rake face

Figure 3.6 Schematic illustration of normal and shear stress distribution at chip-tool
interface

Sticking friction occurs very near to the cutting edge which is in contact with the
workpiece. Sliding friction occurs far away from the contact area. The sliding region

obeys the Coulomb friction law. In the sticking region, the frictional stress 7 is equal to

the critical frictional stress. The model can be expressed by the following formulations:
¢ = Kenipwhen oy, > Ky (Sticking region) (3.8)
7y = po When 14,0 < Ky, (Sliding region) (3.9)

Where 7 is the frictional stress, o, is the normal stress and k. is the shear flow stress of

chip
the material. In the present work, the coefficient of friction x is considered as 0.17 (Liu et
al. (2014)). The advantage of using the modified Coulomb friction model is that the
solver determines the friction state automatically according to the contact stress value

during the simulation process (Wu and Zhang (2014)).

3.10 Solution Methodology

After the development of geometric models of workpiece and tool, material properties,
material damage law and friction law were applied and thermo-mechanical analysis of
thin-wall end milling was carried out. The mathematical equations employed in the

present work are given below.
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3.10.1 Mechanical Analysis

The differential equation of motion governs the mechanical response and is given by:

pii+ci+ku=F (3.10)

Equation (3.10) is rewritten in matrix form as:

[M]i+[Clu+[K]u=F (3.11)

where p is the mass, c is the damping coefficient, k is the stiffness coefficient, [M] is the
mass matrix, [C] is the viscous damping matrix, [K] is the stiffness matrix, F is the
external force vector and (i ,uand u are the nodal acceleration, velocity and displacement
vectors, respectively. Nodal acceleration at the beginning of time increment can be

obtained by rewriting Equation (3.11) as:

G, =M (F-Cu; —Ku, ) (3.12)
In the present work, explicit formulation was employed which uses central difference

scheme to discretize the equations. The acceleration equation can be written as:

. (ui+%+ 0 L]i—%)
e (4tiq +48)/2 (3.13)

Velocity change is calculated by integrating acceleration term explicitly through time
using central difference method. The change in velocity obtained is then added to
velocity from the middle of the previous step and is used to calculate the velocities at the

middle of the current step using:

Q0= Aty 4 + 45 i i
i+% = 2 R T4 (3.14)

Displacement is calculated by integrating velocity through time, which is then used to

update the displacements at the end of time step using:

3.10.2 Thermal Analysis
The governing equation which outlines the transient heat transfer process during
machining process is written as:

pcpﬂ:ﬁ{kxﬂ}ﬁ s +E{kzﬂ}+g (3.16)
ot ox| “ox| oy oy | oz 0z
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where C is the specific heat; ky, ky and k; are the heat conductivity in x, y and z directions,

respectively; T is the cutting temperature; and Q is the total heat generation rate.

Equation (3.16) can be rewritten in matrix form as:
[CIT+[K]T=Q (3.17)
Where [C ] is the capacitance matrix, [T] is the nodal temperature vector, [K ] is the

time-dependent conductivity matrix, T is the derivative of the temperature with respect

to time and @ is the time-dependent heat vector. Solving the nodal temperature rate from

the above equation yields:

T, =C(Q-KT) (3.18)

After applying the forward difference integration scheme on Equation (3.18), the nodal
temperature rate is given by:
Ti+1 _Ti

T = 3.19
I A[i+1 ( )

Equation (3.19) can be rewritten as:

Tivz =(ti )T + T (3.20)

The explicit expression for nodal temperature rate can finally be written as:

T :(AIHI)C_l(Q._KIE)"'Ti (321)

Total volumetric heat generation rate @ is due to the heat generated during plastic

deformation and friction at the work-tool interface. Volumetric heat flux generated due

to inelastic plastic deformation is expressed as:

Qpl :npa‘c}p (3.22)
where 7, is the fraction of the mechanical work required for plastic deformation which is
converted into thermal energy,o the stress and &, is the rate of plastic straining.

Considering that most of the plastic work is converted into the heat, the value of 7, is

taken as 0.9 (Li et al., (2002)). Friction at the work-tool interface is a potential heat

source and the volumetric heat flux due to friction is given by:

Qr = fr-n1 77 (3.23)

where y_ is the slip rate, 77; is the frictional work conversion factor, f, is the fraction of
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heat energy conducted into the chip and 7 the frictional stress. During the machining

process, the tool and workpiece surfaces lose the heat to the environment. This

phenomenon is described by Newton’s law of convection as:

Georv =N (T = Troom) (3.24)
The milling process involves large deformations and continuously changing contact
between cutting and workpiece. With the above stated equations (3.10 to 3.24),
Abaqus/Explicit, the FEA solver computed the responses such as milling force, wall
deflection, cutting temperature. In the present analysis, explicit time integration scheme
has been used to solve the transient problem. It was originally developed to solve high-
speed dynamic problems those were difficult to simulate using the implicit method. This
scheme is simple and can handle problems which involve high nonlinearity, large
deformation, complex friction-contact conditions, thermo-mechanical coupling and
fragmentation. The formulation using explicit solution can be of Eulerian, Lagrangian, or
Adaptive-Lagrangian Eulerian (ALE) type. Figure 3.7 shows a comparison between
Lagrangian, Eulerian and ALE formulations. In the Lagrangian formulation, the finite
element mesh is attached to the material and follows the mesh deformation. The
Lagrangian formulation is used to analyze transient problems which undergo large
deformations. It is widely used due to its ability to form chips and to determine the chip
geometry as a function of cutting parameters, plastic deformation process and material
properties. This enables the evolution of the cut material from its nascent stage to a
stable state without any predetermined material geometrical boundary conditions. The
development of chip is entirely a function of physical deformation process, machining

parameters and the input material properties.

Material }/Iesh
L it
—>[ [T T [ | [ |tagrangian

— | [[TTTTT]]T] A€
L | = [ PP T T T T ] Euern

Figure 3.7 Comparison of motion of mesh and material with Lagrangian, Eulerian and
ALE formulation
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In the Eulerian formulation, the finite element mesh is fixed in the space and the
material flows through the control volume that eliminates the possibility of element
distortion during the process. It reduces the computation time as fewer elements required
for the analysis. These models do not need separation criteria for simulating the material
failure. The major drawback of the Eulerian formulation is that it needs prior knowledge
of the chip geometry, chip-tool contact length, chip thickness, and contact conditions to
simulate the chip formation. Also, the chip thickness, tool-chip contact length and
contact conditions between tool-chip must be kept constant during analysis which makes
Eulerian formulation not suitable for simulation of workpiece deformation that occurs
during metal cutting. To overcome these drawbacks, researchers have developed a new
iterative procedure which combines the best features of Lagrangian and Eulerian
formulations. It is called arbitrary Lagrangian-Eulerian (ALE) approach. In this
approach, the mesh follows the material flow and the problem is solved for
displacements in Lagrangian steps, while for velocity the mesh is repositioned and the
problem is solved in Eulerian step. The combined formulation avoids the severe element
deformation which is a typical problem often associated with the Lagrangian approach.
However, in view of simplicity and high computational efficiency, most of the 3-D FEM
based simulations of metal cutting operations have used the Lagrangian formulation.

Therefore in the present work, the same approach has been adopted.

In this work, Abaqus/Explicit, a commercial finite element solver has been used to
carryout 3-D numerical simulations of machining of thin-walls. Extensive trials have
been carried out to fine tune the FEM solver parameters. In general, a typical simulation
of material removal during a complete pass of the milling tool along the wall length of
50 mm took about 340 to 350 hours.

3.11 Experimental Validation of FEM based Simulation of Thin-Wall Machining

After the development of numerical model, experimental validation of the responses
predicted by the numerical model was carried out. For this purpose, an experimental
setup was developed on a three-axis computer numerically controlled vertical machining
center (CNC-VMC). Figure 3.8(a) depicts the details of the experimental setup
developed. The workpiece was clamped in a workpiece holder, which was fixed firmly
on a piezoelectric sensor based three-component dynamometer (make: Kistler 9272B).

The dynamometer is capable of measuring three components of milling force (Fx, Fy and
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F,). The dynamometer was mounted firmly onto the base plate of the machine tool. For
the data acquisition, the dynamometer was connected to a computer through a force
measurement multi-channel charge amplifier (type 5070A). The data sampling rate was
set to 500 Hz per channel.

LVDT
holder
S End mill
Embedded
Workpiece ; K-thermocouple
Wal [ i __________ ;RDOC
thickness || -

~
7 Drilled hole

Thermocouple

Workpiece loads

holder

) S Base plate_'
(a) BRI ahpe e (b)

Figure 3.8 Experimental set-up: (a) Workpiece and force dynamometer, (b)
Thermocouple placement for temperature measurement

The component F, is normal to the machined wall surface. The component Fy is oriented
along the direction of feed movement and the F, component is along the tool’s axis. The
temperature was recorded by using a K-type thermocouple embedded in the workpiece.
The thermocouple was connected to the Agilent-temperature DAQ system for the data
acquisition (Figure 3.8(b)). The workpiece deflection was measured by Solartron linear
variable differential transformer (LVDT) sensor. Experiments were repeated thrice for

each set of process conditions.

3.11.1 Simulation of Process Conditions

The work was carried out to assess the capability of the developed numerical model to
predict the responses such as milling force, wall deflection, chip morphology and
workpiece temperature during thin-wall machining process. In addition, the efficiency of
the developed model in terms of the computational time was also analyzed. Milling
conditions used for simulation studies are listed in Table 3.6.The results obtained during
the numerical simulation of machining thin-wall aluminum 2024-T351 alloy part are

discussed in the following sections.

3.11.2 Milling Force

Using the developed experimental setup, force components, namely Fy, Fy and F,, were
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recorded for a typical process condition (Test case 1) as mentioned in Table 3.6. For the
same process condition, a numerical simulation using the developed mathematical model

was carried out.

Table 3.6 Milling conditions employed for thin-wall machining simulation

Test N f, rq Workpiece length
case (rev/min) (mm/z) (mm) (mm)

1 4500 0.1 1 40

2 4500 0.1 1 50

3 3500 0.1 0.625 40

4 3500 0.1 0.625 50

Figure 3.9 shows the comparison between the simulation predictions and the
experimental results. The dotted lines represent the milling forces in three directions
which are obtained experimentally in the stable region, while the solid lines represent the

respective simulation results.
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Figure 3.9 Comparison of simulated and measured milling force components F, Fyand
F,

From the plot, it is observed that the forces predicted by the numerical model are in good
agreement with those obtained in the experimental study. The average prediction errors
were noted to be 13.93%, 20.82% and 32.68% in F,, F, and F, direction respectively.
Lower values of force predicted by numerical simulation can be attributed to the factors
such as consideration of isotropic nature of material properties, stress-free work material

and absence of tool vibration and tool run-out. It was observed that the prediction error
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of F;is quite high in comparison with that of F, and F,. It is because the magnitude of F,

is smaller and it is more sensitive than the forces generated in the other directions.

It is difficult to analyze the cutting action occurring around the tool tip. Also, the
factors such as re-cutting of chips and ploughing of cutting tool edges on the work
surface result in the generation of fluctuating force values. However, the trends of
variations of experimental and numerical forces are matching. It can be seen that the
forces are fluctuating with the time. This is due to the fact that during the cutting process,
the material softens due to the rise in temperature which reduces the force values. As the
magnitude of force decreases, the heat production also reduces which in turn affects the

metal softening effect that further leads to rise in the milling forces.

3.11.3 Wall Deflection and Form Error

During the machining process, the thin-wall part deflects due to low rigidity under the
action of milling forces. Maximum deflection occurred at top edge of the wall in
comparison to that of the wall base. It is due to the low rigidity of top edge of the
workpiece. The base material has sufficient rigidity as it is firmly supported by the bulk
material. Figure 3.10 shows the variation of deflection along the workpiece length

measured perpendicular to the feed direction for the process condition mentioned in

Table 3.6.
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Figure 3.10 Comparison of numerical and experimental maximum deflection along the
length of workpiece at top portion (2 mm below the top edge)

It is noted that the deflections at free ends of the workpiece are higher in comparison to

that of the middle portion of the wall. The two ends are less stiff and deflect readily
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under the action of milling force, whereas the center portion has sufficient rigidity as it is
supported by the material all around. It can also be observed that experimentally
obtained deflection values are slightly on the higher side than those obtained in the
simulations. The absolute error between the experimental and numerically obtained
results is noted to be 11%. The trends of variations are found to match well. Figure 3.11
shows the section view of the machined workpiece obtained during the numerical
simulation and experimental work. It is noted that due to higher deflection occurring at
top end during the milling process, material remains uncut leading to thicker top edge
compared to the base of the workpiece. It can be seen that developed numerical model

could successfully predict the form error that occurred during the machining process.

Thicker top

Workpiece

Experiment Simulation

Figure 3.11 Comparison of form error obtained with experiment and numerical
simulation

3.11.4 Stress Distribution

FEM-based simulation provides the prediction of stress distribution during the
machining process. Figure 3.12 shows the stress distribution during end milling of the
thin-wall part. During milling process, maximum stress occurs at the primary
deformation zone, where the tool and workpiece are in contact. Figure 3.12(a) shows the
stress developed during the process. It can be observed that the stress is highly localized
at the work-tool contact region near to the cutting edge. The maximum induced stress at
the milling area is around 700 MPa. Stress field gradually reduces away from the cutting

zone. Also, the residual stress contour in the machined surface at the end of the process
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is shown in Figure 3.12(b).
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Figure 3.12 Stress distributions in thin-wall machining: (a) Stress at cutting zone, (b)
Residual stress at the end of machining process

3.11.5 Chip Morphology

Generally, chips formed during aluminum machining are of continuous type. These long
chips have a tendency to curl back into the work surface. Many a times, curled chips
degrade the machined surface quality and damage the cutting tool (Songmene et al.
(2011)). Another important characteristic is the formation of built-up-edges (BUE)
during the machining operation. BUEs are harder than the work material, and act as
temporary cutting edges which interrupt the smooth work-tool interaction and results in
poor surface quality (Okonkwo et al. (2015)). During the machining process, periodic
fractures of BUEs due to cyclic formation and disappearance lead to cutting instability
which results in machining vibration (Ramaswami (1974)). Therefore it is very important
to select proper cutting and tool related parameters that help in obtaining the desired chip
morphology and surface finish during aluminum alloy machining. In the present work,
formation of chips due to shear deformation is simulated by using Johnson-Cook damage
model. Figure 3.13(a-d) illustrates the chip formation recorded at four different time
intervals during the numerical simulation of helical end milling process. Figure 3.13(a)
depicts the initial cut as the tool enters the workpiece. As the tool applies pressure over
the workpiece, chip separation from the workpiece is initiated. In Figure 3.13(b) shows
the flow of chip over the rake face. Figure 3.13(c) presents a curl of chip formed as it
slides over the spiral tool flute. Figure 3.13(d) shows the chip about to detach from the

workpiece.

Figure 3.14 shows a comparison between the morphology of chips obtained by

using numerical simulation model and experiments. The shape and size of the simulated
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chips are quite similar to that obtained during the experiments. Average values of chip
width recorded during the experimental study and numerical simulation were around
680.52 um and 773.8 um respectively. The chip is curled due to the effect of helical
shape associated with the flute over which the chip slides during its formation. Present 3-

D numerical model successfully simulated this realistic phenomenon.
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Figure 3.13 Chip evolution stages: (a) Initial chip cut, (b) Chip flow over rake face,
(c) Chip curling, (d) Chip detachment
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Figure 3.14 Comparison of chip morphology obtained by numerical simulation and
experiments

3.11.6 Temperature Distribution
In the present work, the transient temperature distribution generated during the severe
plastic deformation of the work material has been recorded. The cutting temperature

affects tool wear and quality of finished surface. In a machining process, the temperature
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rise is mainly attributed to the plastic deformation of work in the shear zone and
frictional heat generated at the chip-tool interface. Out of the total heat generated, a
portion of the heat dissipated into the surrounding environment by convection; however,
the remaining portion gets transferred to the chip and tool through conduction mode of
heat transfer. It is to be noted that during the machining of aluminum alloy, the heat
dissipation to the environment is high due to high thermal conductivity of the work
material. Figure 3.15 shows a plot of temperature rise during the milling process. It is
observed that as the machining commences, the temperature rises gradually due to the
generation of heat in the process of plastic deformation. It increases with the time, attains
its peak during the chip separation and then reduces when the chip detaches from the
parent material. In this work, it was found that the simulation results are very well
matching with that of the experimental studies with an average error of 17%. The trends
of variations are also agreeing well. This demonstrates the capability of 3-D thermo-
mechanical numerical model to simulate the machining process in terms of machining

temperature.
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Figure 3.15 Comparison of temperature obtained by numerical simulation and
experiments

Similar to test case 1, experiments were conducted for three other test cases. Table 3.7
summarizes the values of measured and simulated milling force components, wall
deflection and workpiece temperature for all the four test cases. It can be seen that the
milling force component values predicted by the developed model match well with the
values that are obtained by experiments for all the test cases. Mean prediction errors for
Fx, Fy, F, wall deflection and workpiece temperature were noted to be 11.61%, 16.38%,
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26.1%, 10.02% and 15.61% respectively. Overall a very good agreement between the
simulated and experimentally measured responses has been noted which demonstrates

the capability of the developed model to predict the process responses accurately.

Table 3.7 Comparison of the simulated and measured responses for test cases listed in

Table 3.6
Test Milling force (N) Wall deflection Workpiece

case Fx Fy Fz (mm) temperature (°C)

Predicted 2943 13244 37.04 0.096 60.21

. Measured 341.8 167.28 55.10 0.107 72.95

Absolute error (%) 1393 20.82 32.68 11.00 17.00

Predicted 289.6 127.11 38.31 0.133 62.67

? Measured 323.1 1529 5164 0.124 76.58

Absolute error (%) 1053 16.86 25.81 6.780 18.16

Predicted 252.74 175.02 38.49 0.091 59.30

3 Measured 287.50 204.32 52.10 0.104 70.29

Absolute error (%) 12.09 1434 26.13 12.50 15.63

Predicted 246.98 168.16 36.67 0.0956 66.98

4 Measured 27440 19437 45.72 0.106 75.84

Absolute error (%) 9.9 135 19.79 9.81 11.68

Mean Error (%) 1161 16.38 26.1 10.02 15.61

3.12 Evaluation of Computational Performance of the Developed 3-D FEM Model

From the results obtained, it can be seen that the 3-D FEM model was able to simulate
the complex interaction of helical milling cutter with the thin-walled work part. It could
predict the process responses viz. milling forces, wall deflection and workpiece
temperature with good accuracy. However, it was noticed that 3-D numerical simulation
took hundreds of hours of time to simulate a single pass of cutting by using a computer
system with 3.9 GHz, 4GB RAM processor. In view of this, the computational efficiency
of the developed model was examined by conducting extensive trials. Table 3.8 provides
the total time consumed by the FEM simulations for some of these trials. In a FEM based
simulation model, the computational speed vastly depends on the model parameters such
as material properties considered, geometric complexity and meshing and boundary
conditions. It was noted that as the length of the workpiece increases the computation

time increases. Also, the process parameters viz. feed rate and radial depth of cut greatly
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influence the computation time. This is because as the depth of cut increases, fineness of

mesh increases, thereby increasing the number of elements in the model.

Table 3.8 Computation time for 3-D thin-wall machining simulation
Test case CPU time (hrs)

1 340

2 348

3 334

4 343

The observations made during the course of work are listed.

e FEM simulation can predict the deflection during thin-wall machining process with
reasonable accuracy.

e Simulation needs very long computational time (several days).

e Computation times increases with increase in workpiece size and number of
elements.

e Huge data storage spaces are required to store the output data files.

e The complex geometry of the helical tool needs to be modeled using a separate CAD
package and transferred into the FE package which is time consuming.

From this work, it can be seen that a 3-D mathematical model and its successful
simulation solves a quite complex problem of simulation of helical milling of thin-wall
components. It helps in the prediction of important process performance parameters such
as milling force, deformation, stresses, chip morphology and temperature quite
accurately and easily. A prior knowledge about these parameters certainly helps the
process engineers to tune up the process parameters to achieve the desired process
performance. Predicted milling forces provide an approximate estimation of energy
requirement. Deformation values forecast the quality of the product in terms of the
dimensional accuracy. Stresses will help in the estimation of the strength of the
machined workpiece, while the chip morphology predicts the surface quality of the
machined workpiece. Thus, it can be said that numerical modeling and simulation
provides a useful tool to the engineers and scientists to carry out a prior detail study of
the cutting process. However the requirement of huge computation time beset the
application of 3-D FEM based simulation in practice. A need was thus identified to

develop a simple and quicker approach to predict the important process responses such
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as part deflection and milling forces during thin-wall milling operation. It is envisaged
that such an approach will provide comprehensive analysis of thin-wall milling operation

for a wide range of process parameters.

3.13 Summary

This chapter presented, in details, the development of a numerical (FEM) model for the
thin-wall machining process. A realistic three-dimensional thermo-mechanical finite
element based FEM model is developed to simulate the complex physical interaction of
helical cutting tool and workpiece during thin-wall milling of an aerospace grade
aluminum alloy. Lagrangian formulation with explicit solution scheme was employed to
simulate the interaction between helical milling cutter and the workpiece. The behavior
of the material at high strain, strain rate and the temperature was defined by Johnson-
Cook material constitutive model. Johnson-Cook damage law and friction law were used
to account for chip separation and contact interaction. Experimental work was carried out
to validate the results predicted by the mathematical model. The developed model
predicted the forces in radial, feed and axial directions with errors of 11.61%, 16.38%
and 26.1%, respectively. The prediction error for deflection at the top portion of thin-
wall was 10.02%. It was noted that maximum deflections occur at the free ends of the
wall as compared to that at the center. It was also observed that due to the deflection of
the wall, some material at the base of the wall remained uncut that further leads to
geometric form error in the workpiece. The simulated chip dimensions were in good
agreement with experimental results while the computed cutting temperature varied by
17% with respect to the experimental value. The simulated cut-chip was noted to have a
similar curl as that occurs in physical experiments. Overall, it was found that the
developed model predicts the process responses with fair and acceptable prediction

accuracy.

Although the developed model provides very useful insights into the complex
physical interaction of helical cutting tool and workpiece such as milling forces, stress
distribution, cutting temperature, part deflection and chip morphology, it has limited
applications in practice due to the requirement of huge computation time. In view of this,
in the present work, an integrated analytical-numerical approach has been developed to
predict the process responses quickly with reasonable accuracy. The details of the same

are provided in the next chapter.
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Chapter 4

An Integrated Analytical-Numerical Modeling of Milling
Force and Wall Deflection in Helical End Milling of Thin-
Wall Parts

4.0 Scope

This chapter presents the development of an integrated analytical-numerical approach for
three-dimensional thermo-mechanical modeling of end milling of thin-wall parts using
unified mechanics of cutting approach and finite element method (FEM). Initially, the
need to develop such an approach is defined. Then an overview of the proposed approach
for modeling of thin-wall milling is presented. Further, the thermo-mechanical
characteristics are presented in detail, in terms of shear flow stress, shearing temperature,
tool-chip interface friction, and solution methodology. The model is validated in
comparison with the experimental results. This chapter concludes by reporting a study on
the evaluation of the computational efficiency of the developed force-deflection

prediction process.

4.1 The Need

Wall deflection is an important aspect during thin-wall milling which influences the
quality of the work part; therefore research on accurate prediction of in-situ deflection of
thin-walls has attracted worldwide attention. The previous chapter presented a finite
element based three-dimensional numerical model of the thin-wall milling operation. The
model was developed by considering all realistic aspects such as material flow, material
failure, tool-chip interface friction, and workpiece and tool geometries. It computed the
process responses such as milling force, deflection, machining stresses, workpiece
temperature and chip morphology with fair and acceptable accuracy. Also, the model
provided very useful insights into the complex physical interaction of helical cutting tool
and the workpiece. However, the requirement of huge computation time (approx. 340
hours) besets its application in practice. In view of this, a literature review was carried
out to find out analytical alternatives for quicker and accurate predictions of wall
deflection during the thin-wall milling operation. Few attempts on the computation of
milling force and deflection prediction have been reported. In the reported models the
workpiece was considered as rigid and the forces were determined using mechanistic
force models (Kline et al. (1982), DeVor et al. (1983), 1zamshah et al. (2012)). In most
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of these models, the forces have been determined by using the chip load and force
coefficients. The chip load and force coefficients are usually determined by orthogonal
cutting experiments or slot milling experiments for the chosen cutting tool geometry and
tool-workpiece combination. These models can compute the deflection quickly;
however, experiments are needed to determine the milling force coefficients. Conducting
experiments is costly and tedious. Moreover, these models do not take into account the

thermo-mechanical aspects of machining. This limits their application in practice.

Some of the reported works predict the wall deflection by using simple cantilever
geometry of the workpiece without due consideration to the in-process change in
workpiece geometry i.e. reduction in wall thickness during the milling process (Altintas
et al. (1992)). Thus a need was identified to develop an efficient force-deflection
prediction model for quicker and accurate prediction of the wall deflection for chosen
milling conditions. The model should take into account the thermo-mechanical
characteristic of the process and tool-workpiece geometries. A research work in this
direction has been carried out in the present work and its details are provided in the

following sections.

4.2 Overview of the Development of an Integrated Force-Deflection Model

In the present work, an integrated model has been proposed by combining the merits of
analytical unified mechanics based computation approach of milling force and finite
element method. It quickly predicts the milling force and wall deflection during end

milling of thin-wall parts. Figure 4.1 shows an overview of the proposed methodology.

ANALYTICAL MODEL NUMERICAL MODEL

| Oblique cutting model 2-D FEM model

Process parameters

e Shear coefficients Edge coefficients
e Shear stress
¢ Cutting temperature

Tool geometry
parameters

3-D FEM model

Thermo-mechanical || | g0 ental forces Milling forces N [ Wall deflection
properties I
EXPERIMENTAL VALIDATION

Figure 4.1 Overview of the integrated force-deflection prediction model
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The stages of the model development are as follows.

e Development of an analytical model for computation of milling forces. It comprises
of determination of milling forces by using the shear force coefficients, shear stress
and shear temperature those obtained by using metal cutting theory. The peculiarity
of the present work is that the edge force coefficients are computed by using simple
2-D finite element simulations which otherwise to be determined by conducting
costly and tedious physical experiments. The computed milling force was validated
by using experimental results. This experimentally validated approach can further be
employed to predict wall deflection for given set of process conditions. No further
experiments will be required for obtaining the force coefficients and validation of the

predictions.

e Based on the computed milling forces, the in-situ wall deflection was predicted by
developing a 3-D finite element based numerical model. The predicted response of

the FEM model was also validated by using experimental results.

It is envisaged that the proposed approach saves the computation time and data storage
space at a very large scale in comparison with that of 3-D FEM based numerical
approach. The details of above-mentioned stages are presented in detail in the coming

sections.

4.3 Development of an Analytical Model for Computation of Milling Force

In this work, to compute the milling forces, the unified mechanics of cutting approach
proposed by Armarego (2000) has been used. Unified mechanics of cutting approach
model is based on the concept of the shear plane. The calculation of milling forces are
based on the shear stress and strains within the workpiece and are further dependent on
the workpiece material properties and cutting tool configuration. The model is based on
the classical orthogonal and oblique cutting operations. In addition to the shearing forces
usually observed in the classical oblique cutting operations, the model incorporates an
additional force component called edge forces which arise due to the rubbing and

ploughing phenomena at the cutting edge.

Figure 4.2 depicts an overview of the analytical methodology used for modeling of
milling forces. The inputs to the model were the milling parameters and the material

properties. The milling parameters considered are spindle speed, feed per tooth, axial
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depth of cut, radial depth of cut and tool diameter. The material properties in terms of
mechanical, thermal and Johnson-Cook material model parameters have been applied.

After that, the milling forces were computed by carrying out the following steps.

Cutting conditions
Axial depth of cut
Radial depth of cut

Cutting speed

Material parameters
Mechanical properties
Thermal properties
J-C parameters

Feed rate
| |
v
Calculation on ¢, $ex and h(6, z)
v

Oblique cutting model

Calculation on ¢,, a,, B, Nsh

v
Calculation of y, y and V;

v

Calculation of T by iteration

A

Iteration
precision

Calculation of 7,

v

Calculation of force
coefficients

v
(Elemental forces F;, F, Fa>

Y
Summation of forces of
engaged edges

I

( Milling forces Fy, F,, F; )

Figure 4.2 Flow chart for computation of milling force using unified mechanics
approach

e Determination of uncut chip thickness, and cutting tool entry and exit angle.

e Determination of shear strain, strain rate, shear stress and shear temperature to

74
TH-1899 126103020



compute the shear force coefficients.

e Determination of edge force coefficients based on 2-D FEM simulations.

e Computation of elemental forces occurring at the cutting edge by using unified
mechanics of cutting approach.

e Determination of end milling forces by summing up the elemental forces.

In the present work, the milling cutter geometry was discretized into a series of axial

cutting elements as shown in Figure 4.3.

End mill geometry

Oblique cutting model Milling forces

Elemental cutting forces

1
% -

Discretization of end Summation of
mill Disk segment elemental force

Figure 4.3 Determination of end milling force from the elemental forces

Based on the oblique cutting model, the elemental forces were computed on a small
cutting section of the tool that represents a single point cutting tool. The forces acting on
an oblique cutting element were resolved into tangential (F), radial (F,) and axial (F5)
components in three mutually perpendicular directions. The three oblique force

components (F, Fr and F,) of the total forces can be expressed as:

Fo=Fe+Fe
Fo=F¢+Fe (4.1)
Fo = Fac + Fae

In the above expressions, the first components (F, Fr. and Fy) represent the forces due
to material shearing occurring in the primary shear zone while the second components
(Fte, Fre and F4e) account for the forces due to rubbing and ploughing at the flank face in

the tertiary deformation zone. Equation 4.1 can be rewritten as:
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F = Kbh+ Kb

F =K, .bh+ Kb 4.2)
F, = Kycbh+ Kb

where K, K. and Ky are the shearing force coefficients and Ky, Ky and Ky are the

edge force coefficients.

As per Armarego (2000), the shearing coefficients can be determined by using the
analytical expressions based on the theory of metal cutting. On the other hand, there is no
single straightforward relationship to determine edge force coefficients. Some of the
popular classical approaches to determine the six coefficients are by carrying orthogonal
cutting experiments (Altintas and Armarego (1996)), conducting experiments to measure
average forces per revolution in slot milling tests (Altintas (2000), Wang and Zheng
(2002)) or arbitrary radial immersion tests (Gradisek et al. (2004)). As per these models,
carrying out cutting experiments is a necessity to compute the edge coefficients; however
experiments are costly and time consuming. To solve this problem, it was thought that
use of finite element based simulation could be an economical, efficient and simple
alternative. Therefore, in the present work, shearing coefficients have been computed by
using the analytical expressions provided by Armarego (2000) while the edge force
coefficients have been obtained by conducting FEM based simulation of metal cutting
process. Further, in FEM based method, the coefficients can be obtained by conducting
2-D or 3-D simulations of metal cutting operation. In view of the computational
simplicity and efficiency, simple 2-D FEM based approach was followed. The approach
was duly validated by conducting experiments. It is envisaged that it provides a quicker
and simpler way to determine the milling forces which can further be utilized to estimate
the thin-wall deflection.

In the following section, the analytical procedure to determine the shearing
coefficients is presented in detail. Initially, the geometric model and related terms are
presented and then the computation of elemental forces based on the oblique model is
presented. Finally, the procedure to determine the end milling force is described.

4.3.1 Geometric Analysis of the Helical End Mill

Figure 4.4 shows the geometry of a four-fluted helix end mill cutter. The end milling
operation was analyzed with respect to the global Cartesian coordinate system (XYZ). In
this system, X-axis has been defined perpendicular to the machined surface, while Y-axis

and Z-axis were considered along the feed direction and tool axis direction respectively.
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The end milling cutter was discretized into a stack of disk elements along the cutter
length. Each disk is of thickness dz.

BN NN AN N NN

Figure 4.4 Helical end milling geometry with milling forces components

To account for intermittent cutting phenomenon that occurs due to multiple cutting
edges, cutting edge engagement and disengagement with the workpiece has been
modeled by using immersion angle. Figure 4.5(a) illustrates the immersion angle for
down milling process. The cutter immersion angle 6;(z) at time t for a differential cutting

edge element on j™ cutting tooth at the axial location z is expressed as:

6,(2) =t +] 2T _tan(a)-Z (4.3)
N, R

where w is the angular velocity (rad/sec), N; the number of teeth, R the end mill radius
and 4s is the cutter helix angle.

Precise determination of instantaneous chip thickness is essential for calculating the
milling forces. In milling operation, instantaneous chip thickness varies periodically as a
function of time varying immersion. Therefore, by assuming the tool path to be circular
as suggested by Martellotti (1941), the uncut chip thickness shown in Figure 4.5(b) was
calculated. The uncut chip thickness 4 (0, z) is dependent on immersion angle as well as
feed per tooth (f;) and is given by:

h(6,2) = f,-sing; (4.4)
The relationship applies under the conditions that the axis of rotation of the spindle

coincides with the rotational axis of the end mill and the radius of each tooth of the cutter

is constant and removes equal amount of material.
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Workpiece

Workpiece

(a) (b)
Figure 4.5 (a) Entry and exit angle, (b) Uncut chip thickness

The entry angle (fen) and the exit angle () are the key parameters required for the
computation of milling forces. The angle at which the tool enters into the workpiece is
termed as entry angle whereas the exit angle is the angle at which the tool exits the cut.
These angles were computed by applying following equations.

6, =0 and 4, =arccos(l-ry /R) for up-milling (45)
0, = w—arccos(l—ry /R) and 6,, =0  for down-milling '

where rq is the radial depth of cut. After the computation of uncut chip thickness, and
entry and exit angles the cutting forces have been computed by using oblique cutting

theory. The details are presented in the next section.

4.3.2 Oblique Cutting Model

The cutting phenomenon occurring at each element has been considered in the ‘oblique’
mode. Figure 4.6 illustrates the classical oblique cutting process. Geometric parameters
were determined using the analytical models. As stated in Section 4.3, in the present
work milling force coefficients have been computed by using the expressions given by
Armarego (2000). These have been derived by using the oblique cutting model. To
obtain these coefficients, it is essential to first obtain the necessary expressions for shear
angle, rake angle, friction angle, shear strength, strain, strain rate and cutting velocity.
These were obtained as follows.
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Figure 4.6 Schematic representation of oblique cutting process

The normal rake angle (a,) has significant influence on the chip flow direction
(Armarego and Brown (1969)). It can be computed by using the radial (specific) rake
angle and helix angle and is expressed as:

tan(e,) = tan(4) - tan(e,) (4.6)

The mean friction angle on the tool rake face is a function of friction coefficient () and
can be obtained by using orthogonal cutting tests and is defined as:

tan(f) = u (4.7)

In this work it is assumed that the shear velocity is collinear with shear force
(Armarego (2000)). Based on the oblique cutting deformation geometry, the normal
friction angle can be expressed as a component of mean friction angle in the normal

plane and is given as:

tan(4,) = tan(p) - cos(r,) (4.8)
The normal shear angle (¢n) is calculated using Merchant’s theory (Merchant 1945). It is
based on minimal principle energy principle and is a function of mean friction angle (5)
and normal rake angle (an). The normal shear angle (¢,) is given by:

b=+ (0~ ) @9)

The oblique machining process is then modelled by using thermo-mechanical approach
which takes into account the stress, strain and temperature generated during the metal

cutting operation. The details are presented in the next section.
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4.3.3 Computation of Shear Stress

Metal cutting is a thermo-mechanical phenomenon in which the high strain rates, shear
strain and temperature are essentially required to model the thermo-mechanical behavior
of the process. In the present work, these aspects have been considered by using the law
suggested by Johnson and Cook (1983). It is called as Johnson-Cook (J-C) constitutive
law and it assumes that the workpiece material is isotropic and viscoplastic. According to

the J-C model, the material shear flow stress can be expressed as:

A sl el 2 Te=Tooom )
TS_\/§[A B(\/gj :H:l Cln(yoj:| ' (Tmelt_Troomj (4.10)

where 75,y,7, ¥, and T, represent the shear stress, shear strain, shear strain rate,
reference strain rate and cutting temperature respectively. Here A (MPa) is the initial
yield stress of material, B (MPa) the hardening modulus, ¢ the strain rate dependency
coefficient, n the work-hardening exponent, m the thermal softening coefficient for the
material. J-C material parameter values for aluminum alloy 2024-T351are listed in Table
4.1.

Table 4.1 Johnson-Cook material parameters values for A2024-T351 (Mabrouki et al.

(2008))
A(MPa) B(MPa) n o m
352 440 0.42 0.0083 1

To determine the flow stress, shear stress, shear strain, shear strain rate and the cutting

temperature need to be calculated. The shearing strain in oblique cutting is given by:

S (tan(¢, — @, ) +cot(4,) (4.11)

€os(77¢n)

The shear stain rate is calculated as:

j= tan(g, —a,) +cot(d,) Vs

4.12
cos(77gn) Ay (412

To compute shear strain rate it is required to determine shear velocity (Vs), shear band

spacing (4y) and shear flow angle (#s,). These are obtained as follows.

A. The shear velocity is a function of cutting speed (V) and is expressed as:
V, =V -cos(4)-sin(g,) - ¥ (4.13)
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B. The shear band (4y) is a narrow zone developed due to severe plastic deformation in
the shear deformation area. The shear bands are depicted in Figure 4.7. It was
observed (Pawade et al. 2009) that shear band spacing is a function of workpiece
material properties, cutting tool geometry, heat effect, and machining conditions.
Based on the experimental work carried out by Kececioglu (1958), shear band

spacing is approximated as a function of uncut chip thickness (h) and it is given by:

Ay = %h (4.14)

&
.

A

Uncut chip thickness (h)

/
Shear band spacing (4y)
Workpiece

Figure 4.7 Schematic diagram of chip formation with shear band zone
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Figure 4.8 Schematic diagram of shear flow angle in oblique cutting
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C. The shear flow angle (#sh) takes into account the shear direction in the primary
shear zone (see Figure 4.8). The shear flow angle can be determined as a function
of chip flow angle (#¢), normal shear angle (¢,), normal rake angle (a,) and the
inclination/helix angle (/).

As per Moukfi et al. (2004), the shear flow angle is determined by analyzing the
geometric relationship between chip flow angle, shear angle, normal rake angle and

the inclination angle. It is given by using the following correlation:

tan (Ush) — {tan(nc) i Sin(¢n )(:_0;?2(;“5) i COS(¢n — an) } (4. 15)

where 7. is chip flow angle. Alternatively, the chip flow angle can be related to the

shear flow angle by:

tan(n., ) = tan(4)-sin(7,) (4.16)
77| tan(4) - cos(,) -sin(¢, — at,) —cos(dh — )

Thus Equations (4.15) and (4.16) can be solved simultaneously to determine the

chip flow angle.

D. During the metal cutting operation, a considerable amount of heat is generated. It is
mainly due to the plastic deformation that occurs along the shear plane and the
friction between the tool and the workpiece. Excessive heat affects tool life, part
surface quality, and chip morphology. Increase in the temperature softens the work
material and helps in smoother material removal. However excessive rise in
temperature deforms the workpiece and the tool which affects the machining
accuracy. Cutting temperature also reduces the tool hardness and makes the tool
susceptible to wear and damage. It also significantly influences the morphology of
the cut chips. Therefore, incorporation of cutting temperature in the milling force
model is important to make it more realistic. Moreover, a study on the distribution
of cutting temperature into the workpiece, cutting tool and chips helps in proper

selection of milling parameters.

E. In a typical metal cutting operation, three regions of heat source can be
distinguished. These are shown in Figure 4.9. The first heat source region (S1)
occurs at the shear plane which is due to intense plastic deformation. The shear
plane temperature influences the flow stress of workpiece material and temperature

on the tool rake face. The frictional heat at the tool-chip interface generates the
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second heat source (S2). Since the chip is in contact with the rake face, maximum
temperature is experienced by the rake face which leads to tool wear and in turn
damages the cutting tool. The third heat source (S3) is due to the contact between
the workpiece and tool flank face. Literature reports research works by Hahn
(1951), Loewen and Shaw (1954), Trigger and Chao (1951), Boothroyd and Knight
(1989), Kronenberg (1996), Komanduri and Hou (2001) on the determination of
cutting temperature during metal cutting process.

Secondary deformation
zone (S2)

Primary deformation
zone (S1)

Workpiece

Tertiary deformation
zone (S3)

Figure 4.9 Locations of heat sources in metal cutting

Some of these formulations assume that entire plastic deformation takes place at the
shear plane and the heat generated is consumed at the shear plane. But in reality, a
portion of the heat generated due to the cutting action in the primary deformation zone is
conducted into the workpiece whilst the remaining portion is conducted into and
convected along the sheared chip. To accurately model the heat flow, the heat generated
has to be partitioned carefully between the workpiece and chip. The heat partition is
influenced by various factors viz. cutting parameters, material parameter and tool
geometry parameters such as shear angle, normal rake angle, cutting speed, density of
workpiece, thermal conductivity, uncut chip thickness and heat capacity (Artozoul et al.
(2015), Puls et al. (2016)).

In the present work, the average cutting temperature in the primary shear zone is

determined based on Oxley’s energy partition function (Altintas, 2000).
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Tc — Troom ﬂ’n ) (1_ /15) T COS(an) (417)
p'Cp 'Sm(¢n) 'COS(¢n _an)

where Ay, is a factor which considers the plastic work done outside the thin shear zone and

Jw IS the heat conducted into the work material. The fraction of heat conducted into the

work material 4, is evaluated using:

{ Ay =0.5-0.35log(R; -tan(g,) for 0.04 < R; -tan(¢,) <10 (4.18)

A, =0.3-0.15l0g(R; -tan(g,) for R; -tan(#,) =10
where Rt is a non-dimensional thermal number which depends on the workpiece thermal
properties like density (pm), specific heat (Cp) and thermal conductivity (ki) and cutting
conditions like cutting speed (V) and uncut chip thickness (h).

_ P Cp-Ve-h

(4.19)
kt

Ry

Based on the expressions from 4.10 to 4.19, shear flow stress has been computed and it

was further used to compute the milling forces.

4.3.4 Determination of Milling Force Coefficients
After the determination of shear stress, the milling force coefficients were determined.
As stated earlier (Section 4.3: Equations 4.1 and 4.2), the force components in oblique
cutting can be divided into two parts. The first component considers the shearing
mechanism and the second takes into account the rubbing and ploughing effects.
Collectively Ky, Kre, Kae, Kie, Kre, and Kge are called the milling force coefficients. The
coefficients based on the shearing mechanism are termed as shearing coefficients and the
coefficients based on rubbing and ploughing effects called as edge coefficients. The
force components which account for the shearing at primary deformation zone are
represented by tangential (Ky), radial (Kc), and axial (K,) shearing force coefficients.
The second force components account for shearing action in tertiary deformation zone at
the flank of the cutting edge due to ploughing, friction or rubbing actions. These are
represented by tangential (K), radial (Kr), and axial (Ks) edge force coefficients
respectively.

Based on the transformation proposed by Armarego (2000) for an oblique cutting
geometry, the total force components can be expressed in the form:
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f-h Ts COS(ﬂn — an) + tan(ﬂs) i tan(nc) 'Sin(ﬁn)
— ‘h-| — . + Fte
sin(gh) \Jcos? (g, + 3, — ary) + tan? (1) -sin?(43,)

Fo="f-h|— Is : SIN(Ah — ) +Fe (4.20)
_sm(qﬁn)-COS(/ls) \/cosz(¢n + B, —a,) +tan®(17,) -sin?(5,)

| n | cOs(f, ) tan() - tan(a,) sin(y)
F,="f-h|— . + Fye
Sin(dh) \Jcos? (g, + B, — @) + tan2 (i) -sin?(f3,)

Then the three shearing force coefficients can be expressed as:

_ 75 cos(f, —ap)+tan(dg) -tan(r) -sin(4,)
~sin(¢,) \/COSZ(%+,gn_an)+tan2(nc)~sin2(ﬂn)
A Sin( i, — ) (4.21)
Sin(gh)-c08(%s) \[cos? (g, + 5, — ) +tan () -sin ()
7, _COS(f —ap)-tan(A) —tan(ic) -sin(4,)
- Sindh) \Joos2 (g, + 5, —aty) + tan?(zc) sin ()

Thus in this research work by utilizing the Equation 4.21, shearing force components

tc

rc

ac

were determined.

Literature depicts that no single straightforward relationship exists to determine
edge force coefficients. Researchers determined the force coefficients by carrying out
orthogonal cutting experiments (Budak et al. (1996)), slot milling tests (Altintas (2000),
Wang and Zheng (2002)) or arbitrary radial immersion tests (Gradisek et al. (2004)). It
was noticed that to employ these approaches it is essential to conduct a number of cutting
tests which may be time consuming and tedious. Thus it was thought appropriate to
develop a simple way to determine the edge force coefficients. In view of this, in the
present work, a finite element method (FEM) based simulation was carried out to
determine the three edge force coefficients. In general, two-dimensional (2-D) or three-
dimensional (3-D) mode of FEM simulation can be used to determine the edge
coefficients. However, in view of better computational efficiency, in the present work, 2-
D mode of FEM simulation was used to compute the edge force coefficients. The FEM

based procedure to obtain these coefficients is presented as below.

Figure 4.10 shows the meshed models of the cutting tool, workpiece and the
applied boundary conditions. Arbitrary Lagrangian-Eulerian (ALE) based FEM
formulation was developed to simulate the orthogonal cutting. The workpiece was fully

constrained at its bottom edge. The tool was modeled as a rigid body due to its relatively
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high stiffness. The tool was constrained in the Y-direction, while the translational motion
was allowed in negative X-direction. Details about the material properties and material
flow are already provided in Section 3.6. The entire workpiece was defined as an
adaptive mesh domain. The chip-tool interaction was defined using modified Coulomb
friction model. (For more details see Section 3.9). The 2-D domain was meshed using
four-node bilinear iso-parametric quadrilateral elements (CPE4R) under plane strain
assumption. The workpiece was meshed with 9000 elements while the tool was meshed
with 984 elements. Extensive simulations were carried out by varying the feed and then

cutting force components were recorded.

RP
A\

ww

2 mm

4 mm

L
|

Figure 4.10 2-D FEM simulation model to determine edge coefficients

The simulated force components (F; and F,) were plotted against the feed values.
The force components were linearly fitted to obtain the edge forces Fy and F. by
extrapolating the fit to zero feed (Altintas 2000). Based on the edge forces determined,
the edge force coefficients are calculated using the relationships given by Equation 4.22

for unit cut width (in Z-direction).

F
Kee = b_te
w
(4.22)
« _Fa
re b
W

The value of axial edge coefficient Ky is usually very small and is generally considered
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to be zero (Armerego and Whitefield (1985)).

4.3.5 Determination of Milling Forces

After the determination of force coefficients obtained by employing the equations 4.21
and 4.22, the force components were derived. The forces acting along tangential, radial
and axial directions acting on a differential flute element with height dz are given by
Equation 4.23 (Altintas (2000)).

dR(0,2) =[K, + K -h(6,2)] - dz

dF(6,2) =[K, + K, -h(8,2)]-dz (4.23)
dF,(8,2) =[K, + K, -h(6,2)] - dz

The elemental force components can be calculated by using the six force coefficients
along with the values of uncut chip thickness 4(6, z) and elemental thickness dz for the

chosen process conditions and tool-work material pair.

By using Equation 4.24, elemental oblique forces in the local co-ordinate system
were transformed to the global co-ordinate system (X-Y-Z). Finally, the total force along
the normal (X), feed (YY) and axial (Z) directions acting on the tool was obtained by
integrating the elementary force components (dFy, dFy and dF;) along the axial direction

z. For this developed analytical model a computer code has been written in MATLAB

R2013b.
dF, sind —cos@ 0] dFR(6,2)
dF, |=|cos@ sind 0| dF.(6,2) (4.24)
dF, 0 0 1| dF,(6,2)

A case study on the computation of milling forces based on the developed
methodology is presented in a later section. The computations are duly validated with the
experimental results. These milling forces are useful in the estimation of energy
requirement during a metal cutting operation. Moreover, the forces can be employed in
prediction of deflection of thin-wall during helical end milling operation. For this
purpose, 3-D finite element based simulations were carried out. The forces computed by
using proposed analytical-numerical modeling were employed to compute in-situ wall

deflection. Details about the same are presented in the next section.
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4.4 Prediction of In-situ Wall Deflection during End Milling of Thin-Wall Parts
using 3-D FEM based Simulations
In this work, three-dimensional FEM based simulations were carried out to predict in-
situ deflection of a thin-wall during metal cutting operation. Figure 4.11 gives an
overview of wall deflection prediction methodology. Initially, the milling force values
have been calculated by employing the methodology described in the previous section
(Section 4.3) for chosen set of process parameters such as feed rate, cutting speed, axial
and radial depth of cut and tool geometry parameters. These forces were then inputted

into the 3-D simulation model to compute the deflection.

Process parameters »| Analytical milling force
‘ model
Tool geomet : :
pargm i ersry | Oblique cutting model FEM be_lsed static
deflection model

Thermo-mechanical ‘ ‘

properties Wall deflection

Figure 4.11 Deflection prediction methodology

A solid CAD model of the thin-wall workpiece was developed and imported into
the FEM solver Abaqus/Explicit. The workpiece geometry was meshed by using C3-
D8R type finite element. Figure 4.12 shows the meshed workpiece geometry and applied
boundary constraints. It is to be noted that the 3-D solid model has been developed by
considering the cut portion of the wall due to the previous location of cutting tool with
respect to the wall. That means the geometry of process continuum has been developed
by considering the already cut portion of the wall. The cutter contact zone has been
modeled in such a way that the wall thickness is gradually reduced by considering the
radial depth of cut. In this way, the wall deflections have been computed at various
intermediate points along the tool path, by modeling the realistic geometries of the work
parts. Then necessary material properties were provided as input to the model (see
Section 3.6). During the complete machining simulation run, the cantilever thin-wall

base was encastred while other surfaces were free to move.
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Figure 4.12 Meshed wall structure clamped at bottom end

During the simulation, the tool path along the feed direction was divided into a number
of steps. Each step represents the position of the tool along the feed direction. The load is
applied on the transition region. Transition region is a contact zone between the cutting
tool and the workpiece. Its area varies according to the cutter geometry and feed (radial,
axial) parameters. The milling forces computed from the analytical model were applied
in the direction normal to the curved transition region (green color Figure 4.12). Based
on the requirement, one can compute the thin-wall deflection at various transition
regions/contact zones. However, in the present 3-D simulation, the deflections have been
computed at five transition zones along the length of the wall. These locations are
equidistant to each other and are at the top of the wall. Milling parameters were set and
then the wall deflection was predicted. This methodology has been demonstrated by

considering a case study in the next section.

4.5 Case Studies on the Computation of Thin-Wall Deflection using the Developed
Integrated Model

In this section, a demonstration on the computation of thin-wall deflection using the

proposed approach has been presented. For this purpose, four different sets of process

conditions were chosen. These are listed in Table 4.2. The tests were conducted in down-

milling mode.
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Table 4.2 Milling parameters for test cuts

Cutting Test No.
parameters 1 2 3 4
di (mm) 8 12 4 12
f,(mm/z) 0.06 0.04 0.02 0.04
aq (mm) 8 24 8 12
rq (mm) 1.25 0.625 0.3125 1.25

For the chosen process conditions (Table 4.2), values of thin-wall deflection were
computed by using the developed integrated analytical-numerical approach. The
predicted results were validated by using our own experimental data. The deflections

have been computed by following the below-mentioned procedure.
e Input the milling parameters.
e Determine the shear coefficients by using equation 4.21.

e Obtain the edge force coefficients by using 2-D FEM based numerical
simulations. For this purpose, cutting simulations were carried to obtain the
cutting force components under various feed per tooth (uncut chip thickness)
conditions which are listed in Table 4.3. FEM simulations were carried out over a

wide range of feed per tooth (uncut chip thickness).

Table 4.3 Feed values for 2-D FE simulation to determine edge coefficients
Run No. L 2 3 4 5 6 7
f, (mm/z) 0.03 0.05 0.07 009 011 013 015

Figure 4.13(a, b) show the formation of cut chip with von Mises stress plot and
convergence of cutting forces for a chosen process condition with feed per tooth of 0.15
mm/z. Similarly, 2-D cutting simulations were carried out for various feed values as
mentioned in Table 4.3 and the plots of cutting force components against the feed values
were obtained. These plots are shown in Figure 4.14. It can be seen that a linear
relationship exists between the forces and feed per tooth. The required edge force
components were obtained by extrapolating the fit of edge forces Fi and F to zero feed.
In other words, the edge force components Fi and F are the intercepts of the force-feed
plot with y-axis; it means the value of the force at zero uncut chip thickness. The edge

force coefficients were calculated based on Equation 4.24; where the width of cut was
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considered as 1 mm.

S, Mises

(Avg: 75%)
+6.260e+02
+5.738e+02
+5217e+02
+4 696e+02 +
+4.175e+02
+3.653e+02
+3.132e+02
+2611e+02
+2.090e+02
+1.568e+02
+1.047e+02
+5.258e+01
+4.566e-01
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Figure 4.13 (a) 2-D FE simulation, (b) Tangential force and radial force components for
V=88 mm/min (3500 r/min) and f, = 0.15 mm/z
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Figure 4.14 Cutting force components measured during orthogonal cutting simulations

Finally the milling forces were computed by using the shear force components and edge

force components using Equations 4.21 to 4.24.

After the computations, the predicted force values were duly verified by

conducting in-house cutting experiments. For each trial an unused (new) end mill with

equal pitch was employed. The end milling cutter was having 8 mm diameter, 45° helix

angle and 8° rake angle. A dynamometer fixed onto the table of the machining center

(CNC-VMC) was used to measure the three force components. The experimental details

are similar as stated in Chapter 3, Section 3.11.

TH-1899_126103020
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Figure 4.15 Comparison of measured and predicted milling forces for test case 1: ng=

3500 r/min, di=8 mm, f,=0.06 mm/z, ag=8 mm, r4=1.25 mm

Figure 4.15 shows the comparison of milling force components in X, Y and Z directions

obtained by the proposed integrated analytical model and measured by conducting

experiments. Force component Fy is normal to the workpiece and Fy is along the feed

direction and F; is along the tool axis. It can be seen that the magnitude of the force

component Fx is higher in comparison to Fy. This is due to the increase in the frictional

force between the tool flank and the workpiece. From the comparison, it was noted that

the predicted force values are in good agreement with the experimental results with

absolute errors of 5.36, 7.33 and 11.13% in Fy, F, and F, directions respectively. The

trends of variation of the computed results were noted to be very well matching with the

experimental results.

Similar to Case 1, the computed force components for case 2, 3 and 4 were verified

with the experimental results. Table 4.4 shows the prediction errors of milling force

components for all four test cases listed in Table 4.2. Moreover, comparison plots

between the milling forces and respective experimental results are shown in Figure 4.16.

It can be seen that the milling forces are in good agreement with the experimental results

for all cases. The maximum absolute errors between the predicted and measured values
were 13.12%, 9.51% and 29.9% for Fy, Fy, and F, components. This indicates that the

proposed approach can be applied with confidence to compute the wall deflection using

the 3-D FEM based simulation. Moreover, it is simple, quicker and cost effective in

comparison with the FEM 3-D numerical model and experimental method of study.
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Table 4.4 Comparison of the error between the predicted and measured average values
of milling force components for four test cases listed in Table 4.2

Milling force components

Test
est case = 3 =
Predicted (N) 139.62 121.35 32.10
1 Measured (N) 147.53 130.96 36.12
Absolute error (%) 5.36 7.33 11.13
Predicted (N) 212.3 180.53 22.33
2 Measured (N) 184.43 163.36 31.86
Absolute error (%) 13.12 9.51 29.9
Predicted (N) 82.65 73.72 9.67
3 Measured (N) 88.78 67.89 13.27
Absolute error (%) 6.90 7.90 27.12
Predicted (N) 154.93 134.50 21.42
4 Measured (N) 177.8 141.63 25.98
Absolute error (%) 12.86 5.03 17.55
Mean error (%) 9.56 7.44 21.48
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Figure 4.16 Comparison of experimental and simulated milling force components for
cases listed in Table 4.2
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Considering all test cases, the mean prediction errors Fy, Fy and F, were noted to be
9.56%, 7.44% and 21.48% respectively.

After the computation of milling forces, 3-D numerical simulations were carried
out to predict the in-situ wall deflection. The workpiece was modeled as a cantilever part
with overall dimensions of length 50 mm, height 25 mm and thickness of 2.5 mm. To
account for the cut portions due to previous full or partial cutting, the thickness of the
wall was varied. Figure 4.17 shows three solid geometries those were considered to
compute the deflections at the start, middle and end of a cutting pass for test case 1:
spindle speed (ns) of 3500 r/min, feed per tooth of 0.06 mm/z, axial and radial depth of 8
mm and 1.25 mm respectively. The computing milling force values by our analytical
model were provided as input loads to the 3-D FE wall deflection model and wall
deflections were computed by solving the problem using Abaqus/Explicit FEM solver.

Figure 4.17 also shows the deflection contours of the workpiece at three tool positions.

U, Magnitude U, Magnitude
+2.267e-01 +1.928e-01
+2.078e-01 +1.767e-01
+1.88%e-01 +1.606e-01
+1.700e-01 +1446e-01
+1.511e-01 +1.285e-01
+1.322e-01
+1.134e-01
+3446e-02
+7.557e-02
+5.668e-02
+3.778e-02
+1.889e-02
+0.000e+00

+1.125e-01
+9.639e-02
+8.032e-02
+6.426e-02
+4.819e-02
+3.213e-02
+1.606e-02
+0.000e+00

U, Magnitude
+2357e-01
+2.160e-01
+1.964e-01
+1.767e-01
+1.571e-01
+1.375e-01
+1.178e-01
+9.819e-02
+7.855e-02
+5.891e-02
+3.928e-02
+1.964e-02
+0.000e+00

Figure 4.17 FE based deflection prediction for test case 1: (a) At the starting location of
the wall, (b) At the middle of the wall, (c) At the end of the wall
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Moreover, in the present case study, simulations have been performed to compute the
deflections at two more intermediate locations along the tool path. Thus, in this work the
deflections have been predicted at five equidistant locations along the cutting path. Then
the obtained results were verified by conducting actual experiments. Experiments were
carried out for all four test cases and the results in terms of wall deflection were recorded

by employing linear variable differential transformer (LVDT).

Figure 4.18 shows the comparison of the wall deflection predicted by the
developed model and measured by the experiment for test case 1. The maximum
deflection was noted to be 0.2268 mm. As the cutting progresses till the middle portion
of the wall, the magnitude of the wall deflection decreases (Figure 4.17(b)). It is mainly
due to the higher stiffness of wall at the middle portion in comparison that at the free-
end. Further, as the machining progresses and reaches to the end, the wall thickness
reduces and the magnitude of the wall deflection increases as shown in Figure 4.17(c)).
In conclusion, the deflection predicted was noted to be higher at the two free ends in
comparison to that of the middle portion of the wall. This is found to be very well in line
with the deflection values measured from actual experiments. This can be clearly seen in

Figure 4.18. The trend of variation is also fairly matching.
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T 0.250 R
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Figure 4.18 Comparison of predicted and measured wall deflection for test case 1

Figure 4.19 and Table 4.5 summarize the validation of our proposed integrated
approach for all the cases. It can be seen that the deflection values predicted by our
model are in good agreement with the one obtained in experiments for all test cases.

Overall prediction error was found to be 9.315%. Thus it can be said that the developed
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approach can be applied in practice with confidence to accurately predict the wall
deflection prior to the actual thin-wall cutting. This will certainly help in enhancing the
product quality by correcting the tool path, which could be an interesting and important
area of research and development.

T T T T T T T
1 Measured 1
0.30 + Predicted 7 .

020 §7 ]

Wall deflection (mm)
o
>
1

0.104 -
0.054 -
0.00 - ‘ . EEE&. A .
T1 T2 T3 T4
Test case

Figure 4.19 Comparison of the predicted and measured average values of wall deflection
and error for four test cases listed in Table 4.2

Importantly, it is noted that the developed integrated model consumes
approximately 40 minutes to predict the milling forces and instantaneous wall deflection,
which otherwise might consume hundreds of hours by using 3-D FEM based numerical
machining approach. Thus the integrated analytical-numerical force-deflection model has
been found to be simple, efficient and realistic.

Table 4.5 Comparison of the error between the predicted and measured average values
of wall deflection for four test cases listed in Table 4.2

Test Predicted Measured Absolute Error Prediction time
case (mm) (mm) (%) (min)

1 0.213 0.229 6.89 40

2 0.141 0.128 9.21 40

3 0.025 0.029 13.79 40

4 0.312 0.289 7.37 40

4.6 Summary
This chapter presents the development of a simple and integrated force-deflection model
for thin-wall milling process. The merits of this proposed approach lie in the utilization

of unified mechanics based approach and three-dimensional finite element method based
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simulation together to quickly and accurately predict the milling forces and in-situ wall

deflection for chosen process condition. Unified mechanics based analytical equations

have been thoroughly studied and then employed to compute the milling forces. Based

on these forces, wall deflections have been computed using 3-D finite element method.

The features of the proposed approach are as follows.

The present approach considers realistic three-dimensional helical end mill geometry

for the computation of milling forces.

A thermo-mechanical oblique cutting model has been developed to determine the
shear flow stress in the primary shear zone. It incorporates the modified Johnson-
Cook law which is based on realistic material characteristics such as strain rate
sensitivity, thermal softening and strain hardening. The model also considers the

milling force coefficients.

In this work, the shearing force coefficients those take care of primary shear
deformation have been derived by using established empirical relations. The edge
force coefficients those take into account the rubbing and ploughing effects have
been derived by using simple and computationally inexpensive 2-D FEM model.

The proposed methodology of employing 2-D FEM based simulation has been duly
validated by using experimental results. The results in terms milling forces were
found in good agreement with the experimental results. The merit of proposed
approach lies in the ease of computing the milling force coefficients for chosen pair
of cutting tool and workpiece material without conducting costly and time consuming
experiments.

The wall deflection has been predicted using 3-D FEM simulation model. The
simulation considers the realistic geometry of the workpiece in terms of the curved
transition region and cut portions due to previous tool passes. The model was able to
predict the wall deflection with very good accuracy (about 9.315 % of prediction
error). This error is attributed to various factors such as vibrations, friction,
inhomogeneous structure of the workpiece, machining interruptions by generated
chips, tool runout. These parameters are uncontrollable and it is very difficult to
incorporate them into a numerical/analytical or mathematical model.

The developed integrated model was found to be far more efficient than the 3-D

FEM model which was developed initially (Chapter 3). The time duration for
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prediction of the milling force and magnitude of wall deflection using the developed
model reduced drastically from 344 hrs (3-D FEM model, Chapter 3) to 40 minutes.

Overall the present work provided a realistic, simple, efficient integrated approach for
force-deflection prediction during helical end milling of thin-wall parts. Based on the
results obtained it is felt that the developed model can be applied with confidence in
practice for quick and accurate computation of in-situ wall deflection of thin-wall parts
and prior estimation of energy required for machining by using the computed milling
forces. However, the proposed model does not provide the information about the quality
of surface machined, chip morphology which is vital in deciding the milling parameters
to obtain the desired process performance. In view of this, it was thought appropriate to
carry out comprehensive experimental studies on thin-wall milling operation. These are
presented in the next two chapters. Then the optimal milling parameters have been

obtained for efficient and quality thin-wall milling operation.
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Chapter 5

Experimental Investigations into Thin-Wall Milling
Process: Selection of Process Parameters and Tool
Geometry Parameters

5.0 Scope

This chapter presents the results obtained during the experiments carried out on
machining of thin-wall workpieces made of aluminum alloy 2024-T351. First, the need
to carry out physical experiments is defined. The details of experimental procedure are
elaborated in the following section. Then the response measurement methodologies are
depicted. The rationale behind the selection of milling parameters, in particular the
process parameters and tool geometry parameters are explained. Detailed discussions on
the influence of process parameters such as spindle speed, feed per tooth, radial depth of
cut, axial depth of cut on milling forces, surface roughness and magnitude of wall
deflection have been presented. Moreover an investigation into the influence of tool
geometry parameters on the process performance is carried out using grey relation
analysis (GRA). Finally, the most influential parameters based on the experimental

results are selected for further studies.

5.1 The Need

Economical and precise machining of thin-wall parts is the primary objective of present
research work. As mentioned in the previous chapters, obtaining good quality surface,
accurate part dimensions, efficient removal of large amount of (90-95%) of bulk material
are the main challenges during thin-wall machining. Enhancement in productivity i.e.
increase in material removal rate is generally achieved by employing maximum possible
levels of process parameters viz. spindle speed, depth of cut and feed rate. However
machining at these high levels often produces dimensionally inaccurate thin-wall parts
with poorer surface quality. Aluminum alloys possess comparatively low modulus of
elasticity which causes the workpiece to spring back. This spring back action often
results in deflection and chatter. Chatter affects the material removal rate and leads to
poor surface finish which again might lead to part rejection, increase in cost and loss of
productivity. Therefore selection of proper levels of milling parameters is very crucial as
they influence the milling forces, surface finish, dimensional accuracy and material

removal rate. A need was thus identified to carry out systematic experimental study to
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determine the influence of milling parameters on process response parameters, Viz.
milling force, wall deflection, surface quality, chip morphology and material removal

rate during thin-wall machining of aluminum alloy 2024-T351.

As discussed in the previous chapters, analytical and numerical investigations into
the thin-wall machining helped in understanding the complex interaction between cutting
tool and workpiece. Also these studies can help in determining the milling forces and
wall deflection during thin-wall machining process. However mathematical modeling of
uncontrollable parameters such as imperfections in machine tool and cutting tool
structures, errors in setting of cutting tools, deformations in the structure of machine tool
such as spindle, workpiece fixtures, and material inhomogeneity is difficult. Moreover,
requirement of huge computation time (in days) beset the application of numerical 3-D
FEM based approaches in practice. In view of this, it was felt worth to carry out
systematic and comprehensive experiments to determine proper levels of milling
parameters to obtain desired process performance. Also, it was noted from the literature
review that, very scant studies have been reported on obtaining optimal values of tool
geometry parameters that influence the thin-wall machining process. These are presented

in this and subsequent chapters in detail.

5.2 Experimental Procedure

In the present work, experimental studies have been carried out to determine the
performance characteristics in thin-wall machining process. Figure 5.1 illustrates the
step-by-step experimental procedure that followed in this study. Basically the

experimental study was carried out in three phases.

1. In the first phase, a systematic study of published literature has been carried and
based on this; the ranges of process parameters have been selected.

2. In the second phase, experiments were carried out to study the influence of tool

geometry parameters on the responses.

3. Third phase involves extensive experiments to determine the influence of selected
milling parameters on important responses on thin-wall machining. Once the
experiments were carried out, the recorded response data were carefully analyzed
to determine the proper levels of milling parameters. Further the data obtained
during the third phase of experiments were used to develop mathematical models

(more details are provided in Chapter 6).
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In the coming sections, the details of experiments in terms of experimental setup,
workpiece preparation, cutting tool selection, process responses measurement and

experimental methodologies are presented one-by-one.

Selection of process parameters

v

Section of tool geometry parameters

v

Thin-wall machining experiments

Y

Record the responses

Y

Analysis of results

v

Development of predictive models

Figure 5.1 Detailed experimental procedure

5.3 Experimental Setup

Experiments were carried out on a three-axis CNC vertical machining center (VMC)
(PMK India make, Model: MC-3/400) with spindle power of 5.5kW as seen in Figure
5.2. Specifications of the VMC are listed in Appendix A5.1. Figure 5.3 provides the
details of the experimental setup. The work specimens were mounted on custom made
work holder which was housed on a dynamometer. The dynamometer was screwed

rigidly onto a base plate which was clamped to the machine work table.
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Figure 5.3 Experimental setup for thin-wall milling
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5.4 Workpiece Material

Aluminum alloys are widely used in aerospace, automobile, electronics manufacturing
industries to manufacture critical components such as aircraft wings structures, pan
engine blocks, steering components, instrument panels, Heat sinks, housings for
electronic equipments, etc. (Starke and Staley (1996), Miller et al. (2000)). In this work,
aluminum alloy 2024-T351 an aerospace grade commercial alloy has been used for
conducting the experiments. It is an Al-Cu-Mg alloy and it is solution heat-treated,
control stretched and naturally aged. The alloy possesses high strength, low density and
good fatigue resistance and is widely used in aircraft wings and fuselage structures. The

chemical composition of the alloy is listed in Table 5.1

Table 5.1 Chemical composition of A2024-T351 (Bussu and Irving (2003))

Element Si Fe Cu Mn Mg Cr Zn Ti Others Al

Composition 05 05 3849 0309 1218 01 02 05 0.15 Rem.

Specimens prepared for conducting the experiments are shown in Figure 5.4.
Initially the blocks cut from the raw material were milled to the desired dimensions and
then the experiments were carried out to reduce the thickness of the wall from 2.5 mm to
the desired dimension of 1.25 mm. The present study mainly focuses on an experimental
analysis of finishing operation. The roughing operation has been performed by applying
regular cutting parameters. These process conditions are provided in Appendix A5.2.

Y e
e §

Pre-final part

Figure 5.4 Initial and pre-final specimen geometry
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5.5 Cutting Tools

The experiments were conducted using solid carbide flat-bottom end mills. Tungsten
carbide is a cemented carbide material that composes of tungsten carbide powder (70-
97%) cemented with a binder material namely cobalt or nickel. It is resistant to abrasion,
erosion, wear, compression, and heat; and it exhibits longevity where other materials like
high speed steel (HSS) fail. Selection of cutting tool geometry parameters for carrying

out the experiments is explained in Section 5.9.

5.6 Measurement of Process Responses
The performance factors considered for the present investigation were surface quality,
milling force, wall deflection and material removal rate. Details about the measurement

methodologies of these responses are provided in the following sections.

5.6.1 Milling Force Measurement

Figure 5.5(a) depicts the three stages involved in the measurement of milling forces.

Signal transducing

Initial Final
1504 engagement disengagement-

Dynamometer

End\mill

Force (N)

Workpiece

-600- e = —Fx]

" Steady cutting state’ ——FY
-750 —Fz/
00 05 10 15 20 25 30
Time (Sec)
(b) (c)

Figure 5.5 (a) Milling force measurement system, (b) Milling force components, (c)
Typical milling force signal

These stages are: signal transducing, signal conditioning and signal readout. To measure

the milling force components, a four-component piezoelectric based dynamometer
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(Kistler make, Model: 9272B) having a measurement range of -5 to +5 kN was used.
During the signal conditioning step, the signals of measurands were conditioned by using
a multi-channel charge amplifier (Kistler make, Model: 5070A) which converts the
electrical charge produced by piezoelectric sensors into a proportional voltage signal.
The data sampling rate was set at 2000 Hz/Channel. For signal readout, an USB type
data acquisition and analysis software (DynoWare: 2825A) which facilitates continuous
recording and graphical visualization of the force data was used. The force signals were
measured for a cutting time of 15 s. The specifications of the force dynamometer are
listed in Appendix A5.3.

Three milling force components viz. Fy (cutting force), Fy, (feed force) and F,
(thrust force) were measured based on the dynamometer specified reference system as
shown in Figure 5.5(b). In this work, the resultant milling force (F.) obtained by using
the three measured quantities of force components (Fy, F, and F;) was considered to
study the influence of input milling parameters. The data were processed through the
data acquisition system and stored in a computer. During the data evaluation step, signal
drift compensation was carried out to take care of any undue changes in ambient
temperature. The inferences were obtained by studying the average values of the milling

forces recorded in the steady cutting state (see Figure. 5.5(c)).

5.6.2 Surface Roughness Measurement

Surface roughness (R,) of the machined components was measured in offline mode i.e.
after the completion of machining operation. It was measured along the feed direction
using an optical profilometer. It is a non-contact type, high precision white light
interference microscope (Taylor—-Hobson) with an objective lens of 20x magnification
and focal distance of 4.7 mm. The specifications of the optical profilometer are listed in
Appendix A5.4. Figure 5.6(a-c) shows various stages of measurement methodology of
surface roughness by using optical profilometer. During the process of measurement, the
objective lens unit was moved along the z-axis and focused onto the workpiece surface.
Measurements were carried out at seven different zones as shown in Figure 5.6(d) and
the average of these measurements was considered for further analysis. The data was

collected and analyzed using the 3-D analysis software TalyMap.
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Figure 5.6 Surface roughness measurements using optical profilometer

5.6.3 In-situ Measurement of Wall Deflection

Due to low rigidity, the thin-wall workpiece deflects during the machining operation. To
measure the instantaneous deflection (Dy) of the thin-wall during the actual machining, a
linear variable differential transformer (LVDT) was used (see Figure 5.7(a)). The LVDT
(Solartron) was mounted on a holder attached to the machine tool spindle. It records the

instantaneous wall deflection when the work table moves with respect to the tool spindle.

Readings were noted using a digital display (Solartron C55) as shown in Figure
5.7(b). The deflection occurring at the free end of the cantilever wall was measured as
per the scheme depicted by Figure 5.7(c). The specifications of the optical profilometer

and display unit are listed in Appendix A5.5 and A5.6.
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Figure 5.7 Wall deflection measurements using LVDT
5.7 Experimental Design

In this research work, experiments were carried out in three phases.

1. In the first phase, experiments were conducted to choose the proper ranges of
process parameters. In this stage, initial ranges of process parameters were
identified based on the available literature data in terms of research papers and
machining handbooks. Then systematic experiments were conducted on the CNC-
VMC located in Advanced Manufacturing Laboratory of Department of

Mechanical Engineering, T Guwahati, Guwahati, India.

2. In the second part, extensive experiments were carried out to study the influence of
end mill tool geometry parameters on the responses. The experiments were
designed based on Taguchi orthogonal array scheme.

3. In the third phase of the experiments, comprehensive experiments were carried out
for a detail parametric study of thin-wall milling process. For this study the most

influential milling parameters that are obtained in phase 1 and 2 were employed.

In this chapter, the results of first and second phases of the experimental study are

presented while the results obtained in phase 3 are presented in the next chapter.

5.8 Phase 1: Selection of the Experimental Process Parameters
Selection of proper process parameters and their respective appropriate levels is

important in view of an efficient and accurate thin-wall machining process. Therefore in
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this work, initially experiments were carried out to select the process parameters and
their respective broad ranges that can further be fine-tuned. Various process parameters
such as feed per tooth (f), spindle speed (ns), axial depth of cut (aq) and radial depth of
cut (rq) were varied and their influence on performance measures viz. milling force (F.),
surface roughness (R,) and magnitude of deflection (Ds) was studied. In this phase, an
end milling tool having a diameter of 8 mm and a helix of 35° was used to conduct the
experiments. Taguchi’s technique was used as it provides the quality characteristics of
the process by employing minimal number of experiments (Tsao CC. (2009)). Figure 5.8
depicts the overview of the experimental work carried during the first phase to determine
the influential process parameters. Experiments were designed based on L8 Taguchi

orthogonal array where four parameters at two levels were chosen (see Table 5.2)

EXPERIMENTAL

INPUT PARAMETERS |—p DESIGN —
» Feed per tooth THIN-WALL MACHINING
e Spindle speed PROCESS

« Axial depth of cut L8 Orthogonal array

¢ Radial depth of cut

Y

RESPONSE
S/N RATIO B S— VARIABLES
} o Milling force
INFLUENTIAL e Surface roughness
PARAMETERS e Wall deflection

Figure 5.8 Flow of work for determination of range of process parameters

Table 5.2 L8 array and response data

Run Factors Results

No. f,(mm/z) ng(r/min)  aq(mm) rq (mm) F.(N) Ra (Um) Dt (mm)

1 0.06 3500 12 0.625 140.92 0.95 0.135
2 0.06 3500 24 1.25 409.69 1.37 0.628
3 0.06 4500 12 1.25 310.87 1.22 0.376
4 0.06 4500 24 0.625 247.59 1.08 0.164
5 0.1 3500 12 1.25 329.81 1.29 0.397
6 0.1 3500 24 0.625 293.43 1.27 0.251
7 0.1 4500 12 0.625 265.76 121 0.189
8 0.1 4500 24 1.25 440.1 151 0.714
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Figure 5.9 Main effect plots for milling force

Figure 5.9 shows the influence of process parameters on milling force. The plot suggests
that the milling force (F.) increases with the increase in feed per tooth, spindle speed,
axial and radial depth of cut. To determine the influential factors, the experimental
results were transformed into a signal-to-noise (S/N) ratio. To achieve the objective of
minimum milling force, the “smaller is better” method was employed. The S/N ratio for
minimum milling force under ‘smaller-the-better’ characteristic was calculated by using
Equation 5.1, where n is the number of measurements, and y; the measured characteristic

value.

- =—10|og[%i y?} (5.1)
i=1

Table 5.3 presents the computed S/N ratio values for milling force. Higher the delta
value, more influential is the factor. It can be observed from table that the influencing

parameters are radial depth of cut (ryq) and axial depth of cut (aq), respectively. Feed per
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tooth (f;) also influences the milling force; however spindle speed (ns) has comparatively

minimal influence on milling force.

Table 5.3 S/N ratios for milling force

Factors
Level _
f,(mm/z)  ng(r/min)  ag(mm) rg (mm)
1 -48.24 -48.74 -47.92 -47.17
2 -50.27 -49.77 -50.59 -51.33
Delta 2.03 1.04 2.66 4.16
Rank 3 4 2 1

Figure 5.10 shows the influence of process parameters on surface roughness (Ry).
The plot shows that the surface roughness increases with the increase in feed per tooth,
spindle speed, axial and radial depth of cut. The experimental results were transformed
into a signal-to-noise (S/N) ratio to determine the influential factors.
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Figure 5.10 Main effect plots for surface roughness

110
TH-1899_126103020



Table 5.4 presents the computed S/N ratio values for surface roughness. It can be
observed that the strongest influence was exerted by radial depth of cut (rg) and feed per
tooth (f;), followed by axial depth of cut (ag). Again spindle speed (ns) was found to have

minimal influence on surface roughness.

Table 5.4 S/N ratios for surface roughness

Factors
Level _
f,(mm/z)  ng(r/min)  ag(mm) rq (Mmm)
1 -1.1711 -1.6442 -1.2873 -0.9887
2 -2.3808 -1.9077 -2.2646 -2.5632
Delta 1.2096 0.2635 0.9773 1.5746
Rank 2 4 3 1

Figure 5.11 shows the influence of process parameters on wall deflection (Dy).
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Figure 5.11 Main effect plots for wall deflection
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The plot shows that the magnitude of wall deflection increases as the values of feed per
tooth, spindle speed, axial and radial depth of cut increase. The experimental results were
transformed into signal-to-noise (S/N) ratio to determine the influential factors. Table 5.5
presents the computed S/N ratio values for wall deflection. It can be seen that, similar to
the cases of surface roughness and milling force, in case of deflection, the strongest
influence was exerted by radial depth of cut (rq) followed by axial depth of cut (a4) and
feed per tooth (f)). Spindle speed (ns) was found to have minimal influence on wall

deflection magnitude.

Table 5.5 S/N ratios for wall deflection

Factors
Level _
f,(mm/z) ng(r/min)  ag(mm) rq (Mmm)
1 11.703 10.617 12.072 15.169
2 9.250 10.337 8.882 5.785
Delta 2.453 0.280 3.190 9.384
Rank 3 4 2 1

5.8.1 Observations made during Phase 1 of Experiments
To determine the influential process parameters, initial experiments were carried out.

Following are the observations made during this study.

e Radial depth of cut was found to influence all the three responses viz. milling force,
surface roughness and wall deflection. It was found to be the most influential
parameter. As it can be seen from previous section (Section 5.8), as the radial depth
increases, the magnitude of milling force increases. This leads to the increase in
magnitude of wall deflection. Surface roughness was also found to be influenced
by radial depth of cut. Surface roughness increases with the increase in radial depth
of cut. Literature reports a scant research on the influence of radial depth of cut on
thin-wall deflection, milling force and surface quality. Therefore, it was decided to
carry out further detail investigation to understand the influence of radial depth of

cut on the jprocess responses.

e Sandvik-Coromant and Boeing Research and Technology group reported that
selection of proper machining strategies is a key for efficient thin-wall machining.
A machining strategy mainly comprises of order of cutting passes and setting of
appropriate values of process parameters viz. radial depth of cut and axial depth of
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cut. The number of axial passes is based on the wall height and cutter contact
length (axial depth of cut). From the initial experiments it was noted that axial
depth of cut has a major influence on all three response parameters. Therefore, it
was decided to study the influence of axial depth of cut on the process

performance.

e |t was noticed that, feed per tooth influences the milling force, wall deflection and
surface roughness to some extent. In the present work, end milling cutters with
sharp cutting edges were employed to carry out the experiments. But during the
machining process, formation of built-up-edges (BUESs) was observed when high
feed per tooth (0.1 mm/z) and axial depth of cut values (24 mm) conditions was
employed (see Figure 5.12(a)). Also the surface quality was found to be
deteriorated due to the persistent BUE formation. Therefore, it was thought worth
to conduct further investigations to study the influence of feed on the response

parameters while maintaining the feed value below 0.06 mm/z.

e Results from the initial experiments clearly suggested that spindle speed has
minimal influence on milling force, part deflection and surface finish as compared
to other three process parameters. But at a process condition of higher levels of
spindle speed, radial and axial depth, formation of chatter marks (Figure 5.12(b))
was observed. Also, it was noted that machine tool structure vibrates at high
spindle speed of 4500 r/min. Based on all the observations; it was decided to

employ a spindle speed of 3500 r/min in the further experimental investigations.

Built-up-edge

Chatter

Workpiece

"

(b)

Figure 5.12 (a) Built-up-edge formation (BUE), (b) Chatter marks in the finished
workpiece
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After the completion of initial experiments, an experimental investigation was
planned to study the influence of tool geometry parameters viz. tool diameter, tool path,
helix angle, number of flutes on the process responses. The experimental details and
results obtained are presented in the next section.

5.9 Phase 2: Selection of Cutting Tool Geometry Parameters

End milling of thin-wall parts is a tool-based manufacturing process. However, literature
reports a scant work on the influence of tool geometry parameters on the surface finish
and wall deflection. Therefore, in this work, experiments were carried out to study the
influence of cutting tool geometry parameters on the surface quality and dimensional

a