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Abstract

Fiber-reinforced polymer composites have recently emerged as novel materials capable
of playing a unique role in industrial applications. The advantage of these materials over
traditional metals or polymers comes from the material property enhancements that can be
achieved by combining appropriate fiber and matrix materials into the microstructure. While
these materials have recently become popularized, many complications arise in the
manufacturing process of the two-phase microstructures, specifically in the machining of FRP
composites. Due to the complex nature of FRP two-phase microstructures, the fiber failure
mechanisms occurring in the machining process are not fully understood. Many experimental
and modeling techniques have been implemented to more fully explain the nature of the fiber
failure mechanisms in the machining process, but these have fallen short of a complete
understanding of the machining complexities. This research seeks to gain a fundamental
understanding of the fiber orientation-based fiber failure mechanisms occurring in the micro-
machining of FRP composites by employing two unique modeling techniques.

In this research, both experimental and finite element-based modeling approaches are
undertaken. Fibers oriented in 0, 45, 90, and 135 degrees with respect to the direction of tool
motion are investigated and unique failure theories are developed for each of these orientations.
The model based on experimental observations is focused on explaining the micro-scale failure
mechanisms occurring in the machining process. The finite element machining model developed
in this work uses a unique modeling approach, which is capable of explaining the fiber failure
mechanisms occurring throughout the chip formation process. After development of the two
machining models, the machining responses are compared to a set of machining experiments for

validation purposes.



Fibers orientated in the 45 and 90 degree orientations were found to fail in compressive
crushing-dominated failure while fibers oriented in the 135 degree orientation were found to fail
in bending below the surface of the cut. In the O degree orientation, the fibers were proposed to
fail in buckling or bending-dominated failure, depending on the depth of cut, and tool geometry
of the process. The micro-scale fiber failure mechanisms were observed to differ significantly
from their macro-scale counterparts. The machining responses of the two models were found to
agree well with the experimental validation analyses indicating that these models are an accurate

representation of the chip formation process.
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1. Introduction

1.1.Background and Motivation

Composite materials have the potential to play an important role in the drive for product
miniaturization. Their appeal comes from the unique material property enhancements that can be
achieved by using appropriate combinations of the reinforcing phase (carbon fiber, alumina, etc.)
and matrix phase (polymer, ceramic, metals, etc.). Carbon fiber-reinforced polymer composites
(CFRPs) are often used in structural components for micro-scale devices such as microrobots
including micromechanical flying insects, crawling robots and biomimetic fishbots [1] because
of their ability to provide the combination of high stiffness with high aspect ratio geometries.
These devices are currently manufactured using expensive laser-based cutting operations.
Micro/meso-scale mechanical manufacturing technologies like micro-milling/drilling/turning
have recently emerged as economically-feasible manufacturing processes for making micro-scale
parts. However, though the micro-scale applications of CFRPs are many, their machining
performance, in particular, the fiber failure mechanisms during machining at the micro-scale, is
not clearly understood.

At the macro-scale, a wide range of experimental and theoretical failure theories have
been proposed to explain the fundamental failure mechanisms occurring during the machining of
aligned CFRPs. According to Koplev et al. [2], the tool does not shear the material as observed
in conventional metal machining, but rather induces a compressive stress at the contact point
with the fiber, which results in crushing of the fiber. Bhatnagar et al. [3] claims that the fibers
experience tensile failure from the side of the fiber opposite the tool. According to Pwu et al. [5],
the tool itself does not fracture the fiber but rather it induces a bending stress at a point below the

surface resulting in fracture at that location as well as sub-surface damage.
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In an aim to better understand the complex nature of the fiber failure mechanisms, several
researchers have employed finite element machining models to aid in the interpretation of the
experimental machining responses. Finite element machining models have been developed for a
variety of CFRP microstructures, some having the ability to predict cutting forces, chip
formation mechanisms, and material damage in the machining of a complex multi-phase,
anisotropic material. Two methods of microstructure development in finite element machining
studies have been implemented: a micro-mechanical approach and a macro-mechanical
approach. The micro-mechanical approach describes the local material microstructure as two
individual phases (carbon fiber and epoxy) each being assigned unique material properties.
Using the micro-mechanical approach, the modeling of the fiber-matrix interface is
accomplished with cohesive zone elements in order to accurately model material damage in the
form of phase separation. The macro-mechanical approach replaces the two-phase carbon
fiber/epoxy microstructure with a homogenous microstructure with equivalent anisotropic
properties referred to as an equivalent homogenous material (EHM).

The EHM approach has serious limitations as it is not capable of describing factors such
as chip formation mechanisms, material damage, and fiber-matrix interactions. The
microstructure-based CFRP finite element machining models (FEMMs) that have been
developed are all quasi-static machining models and thus, are only capable of predicting the
failure mechanisms at the end of the displacement-based cutting operation. Thus, in predicting
the fiber failure mechanisms, quasi-static models are only capable of predicting the location of
failure in the first fiber encountered by the tool rather than describing the failure mechanisms in

the formation of a full chip. Quasi-static models are further limited by the fact that, it is difficult



to identify the locations of failure in an entire chip by simply examining the fiber stress-
distribution in a single fiber.

All of the proposed failure theories and finite element machining models are geared
towards explaining the fiber failure mechanisms in a macro-scale machining process and none of
the models adequately explain the micro-scale failure mechanisms. Micro-scale failure
mechanisms are likely to differ from their macro-scale counterparts for several reasons. The chip
loads encountered in micro-machining are at times equal to or even lower than the critical
diameter of the fibers (5-8 um). This, coupled with the relatively high tool edge radius-to-
chipload ratios encountered at the micro-scale, implies that the failure modes of individual fibers
at various fiber-orientations with respect to the cutting direction become more critical in
dictating the machining responses of aligned CFRPs at the micro-scale.

In summary, while studies have been done to understand the fiber failure mechanisms
encountered in the machining of CFRP composites, there are several shortcomings. Of the
experimental and modeling studies in literature, none are capable of explaining the exact nature
of the orientation-based fiber failure mechanisms encountered in the full chip formation process.
Furthermore, none of these studies shed light on the unique failure mechanisms that occur when
machining CFRPs at the micro-scale. In this thesis, a study will be performed to gain a
fundamental understanding of the specific nature of the micro-scale failure mechanisms using

various modeling techniques.



1.2. Research Objectives Scopes and Tasks

1.2.1. Objectives and Scope

The overall objective of this research is to gain a better understanding of the orientation-
based fiber failure mechanisms occurring in the micro-scale CFRP machining processes. Both a
model based on experimental observations and a unique approach to a finite element machining
model will be implemented to aid in the interpretation of the micro-scale fiber failure
mechanisms.

The scope of this research will be focused on the effects of fiber orientation on the micro-
scale failure mechanisms in both milling and orthogonal machining processes. Throughout this
thesis, four fiber orientations will be considered: 0, 45, 90, and 135 degrees with respect to the
direction of motion of the tool tip. These fiber orientations will be studied to cover the full range
of fiber orientations encountered in a milling process as each has shown to yield different and
distinct fiber failure mechanisms [1]. While many of the fiber failure mechanisms are
comparable between different unidirectional fiber-reinforced polymers (FRPs), the focus of this
study will be on carbon fiber-reinforced polymer (CFRP) composites with 5-8 um diameter

fibers and 60 percent fiber volume fraction.

1.2.2. Tasks

To accomplish the objectives of this thesis, the following tasks will be undertaken:

1. Micro-endmilling slotting experiments will be conducted on aligned CFRPs at fiber
orientations of 0, 45, 90, and 135 degrees with respect to the direction of tool motion. Chip
morphology, delamination along the edge of the slot, and machining forces are the specific

machining responses investigated in the experimental study.
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2. The results from the experimental study are used as the basis for the development of the
experimentally-based model to explain the micro-scale fiber failure mechanisms.

3. The model is validated by comparing the proposed failure mechanisms with those inferred
from the results of the experimental study. Chip morphology, delamination, and machining
forces are the machining responses used for model validation purposes.

4. A unique finite element machining model capable of describing the specific nature of the
fiber failure mechanisms throughout the orthogonal machining process will be developed. In
order to facilitate the unique modeling approach, a new fiber-matrix interfacial model will be
developed and implemented into the finite element machining model allowing the interfacial
elements to fail in tension or compression. Similar to the experimental-based model, fiber
orientations of 0, 45, 90, and 135 degrees will be investigated in this study.

5. For model validation purposes, the model-based machining performance predictions are
compared to the machining responses from a set of orthogonal machining experiments.

6. The developed finite element machining model is employed to investigate the effects of tool
geometry and fiber size on the fiber failure mechanisms and general machining performance

of CFRP composites.

1.3. Outline of this Thesis

The remainder of this thesis is outlined as follows. Chapter 2 provides a comprehensive
literature review on previous work done by other researchers relating to the machining of FRP
composites. The first section discusses experimental studies which have been employed to
determine the failure mechanisms encountered in the machining of FRP composites. The second

section covers various modeling techniques which have been used to predict machining



responses including fiber failure mechanisms, machining forces, and material damage. The third
section outlines the gaps in the current state of knowledge.

Chapter 3 presents an experimental study used to predict the failure mechanisms
encountered in the micro-scale machining of CFRP composites. The first section discusses the
key differences between micro and macro-scale machining and how these are taken into
consideration in the development of the experimental-based micro-milling model. The third
section outlines the experimental design with the fourth section covering details as to the
validation of the model based on experimental observations using the experimental results.

Chapter 4 explains the development of the finite element machining model. The first
section introduces the need for the new modeling approach while the second section discusses
the development of the finite element machining model. The third section is dedicated to
presenting the modeling results specifically relating to the fiber failure mode, characteristic fiber
length in the chips, and machining forces.

The first part of Chapter 5 is dedicated to the validation of the finite element machining
model developed in Chapter 4 by comparing the model simulation results with the results from a
set of orthogonal machining experiments. In the second part, the finite element machining model
is employed in a parametric study used to determine the effects of tool geometry and fiber size
on the fiber failure mechanisms in the machining of CFRPs, and to find a tool which improves
machining performance.

Chapter 6 outlines the specific conclusions, which can be taken from this work and

presents areas of possible future work.



2. Literature Review

The literature reported in this chapter contains investigations of the cutting process for
fiber-reinforced polymers and highlights specific factors which affect their machining
performance. The focus of this review will remain on studying the fiber failure mechanisms
occurring in the machining process and how these are affected by process parameters such as
tool geometry and fiber orientation. Section 2.1 outlines some mechanical properties of FRP
composites and presents some issues occurring in the machining of these materials. Section 2.2
discusses various experimental studies in literature and covers topics including cutting
mechanisms, cutting forces, and material damage and focuses on the unique orientation-based
failure mechanisms encountered in the machining of FRPs. Section 2.3 covers experimental and
theoretical modeling approaches used to predict machining forces while Section 2.4 outlines
several finite element-based machining models. Section 2.5 discusses gaps in the current state of

the literature.

2.1. Fiber Reinforced Composites

2.1.1. Fiber Reinforced Composite Constituents

Fiber-reinforced polymers consist of a combination of two separate phases within a single
material microstructure, typically a fiber and matrix phase. The fibers in the microstructure
typically carry the primary load and have a high strength and stiffness. The ductile matrix
material provides several key functions including stabilizing the fibers in compression,
distributing and transmitting loads between fibers, and providing off-axis properties [2].

Common fiber-reinforcement materials include carbon, glass, aramid, and boron fibers while the



matrix typically consists of a thermoset or thermoplastic such as epoxy, polycarbonate, or

polyester.

Table 2.1 shows typical mechanical properties of carbon and glass fibers. Fibers are

typically produced by a pultrusion process, which results in the alignment of molecules in the

fiber longitudinal direction. This molecular alignment leads to high strength and stiffness in the

fiber longitudinal direction [1].

Table 2.1 . Properties of Typical Fiber-Reinforcement Materials [3]

Fiber Property Carbon Fibers Glass Fibers
Diameter (um) 5-9 8-14
Density (kg/m3) 1950 2560
Longitudinal Modulus of Elasticity (GPa) 390 76
Transverse Modulus of Elasticity (GPa) 12 76
Tensile Strength (GPa) 2.2 1.4-2.5
Elongation at Fracture (%) 0.5 1.8-3.3

Table 2.2 shows typical mechanical properties of epoxy and polyester matrix materials [3].
The polymeric matrix phase typically used in FRPs consists of long polymer chains of high
molecular weight organic compounds [1]. The high toughness of polymer matrix materials
comes from the restructuring of these polymer chains occurring during material deformation
allowing for high deformation before failure occurs.

Table 2.2 . Mechnical Properties of Typical Matrix Materials [3]

Matrix Property Epoxy Polyester
Density (kg/m3) 1100-1400 1200-1500
Modulus of Elasticity (GPa) 3-6 2-4.5
Tensile Strength (GPa) 0.035-0.10 0.04-0.09
Compressive Strength (GPa) 0.1-0.2 0.09-0.25
Elongation at Fracture (%) 1-6 2

In examining the mechanical properties it can be noted that the combination of the two

properties are what give FRP composites their unique mechanical properties, namely, high




specific strength and stiffness. Furthermore, the fact that the fibers in a typical FRP composite
are long and unidirectional, the stiffness and strength of the composite in the fiber direction can
be an order of magnitude higher than in the transverse direction. This anisotropic nature of FRP
composites is one of the unique features, which must be accounted for in the design and

manufacturing of FRP composites.

2.1.2. Issues Encountered in the Machining of Fiber Reinforced Composites

While FRP composite materials are generally fabricated net-shape, post-processing
operations are often unavoidable [4]. Net-shape composite manufacturing technologies generally
have very loose tolerances and as such, post-curing machining operations are often required to
improve dimensional accuracy [1]. Post-processing is also required in joining technologies as
attaching the composite component into a structure generally requires milling, drilling, and
grinding operations for the implementation of mechanical fasteners. While the machining studies
of traditional metal materials are many, studies on the machining behavior of fiber-reinforced
composite (FRP) materials are comparatively few and more recent. Due to the anisotropic and
highly abrasive nature of typical fiber reinforcements, several machining complications arise
which must be accounted for when designing the machining process for a FRP composite, as
these have been observed to affect the fiber failure mechanisms occurring in the machining
process.

First, unlike most traditional metals, unidirectional FRP composites are highly anisotropic
with non-homogenous microstructures. Just as the fiber direction dictates the strength and
stiffness properties of the composite; it also affects the machining behavior of the composite.
Specifically, chip formation mechanisms and cutting forces are dictated primarily by fiber

orientation with respect to the direction of motion of the tool [5,6].



Second, due to the two-phase nature of most FRP composites, several new failure
mechanisms and damage modes exist, which do not exist in the machining of homogenous
metals. These include matrix cracking, transverse cracking, delamination, fiber pull-out, and
fiber-matrix interfacial failure [1,7,8]. These failure modes caused by fiber-matrix interactions
dictate the chip formation mechanisms occurring in the different fiber orientations. Furthermore,
these failure modes lead to machining-induced damage as material cracks tend to propagate
along the fiber axial direction rather than along a shear plane as observed in the machining of
ductile homogenous materials [9]. The extent of damage typically observed in the machining of
FRP composites is a major material manufacturing limitation.

Third, the highly abrasive nature of the fiber reinforcement phase leads to stringent cutting
tool requirements to account for high levels of tool wear typically encountered in the machining
process [6,10,11]. In many cases tools with high positive rake angles and a small edge radius are
required to minimize the abrasive damage on the cutting tool [1]. Furthermore, a tool material
with high stiffness and hardness and low coefficient of friction is often implemented to combat
the rapid tool wear as high speed steel and cemented carbide have been observed to be unsuitable
tool materials for the machining of FRPs [1,10,12]. For these reasons, new tool geometries and

tool materials have been studied, which are better suited to the machining of FRP composites.

2.2.Experimental Machining Studies

2.2.1. Orientation-Based Cutting Mechanisms
Because of the anisotropic nature of fiber-reinforced composites, distinctly different cutting
mechanisms have been observed depending on the fiber orientation with respect to the direction

of tool motion [13,14]. Figure 2.1 shows the definition of fiber orientation with respect to the

10



direction of tool motion used throughout this review. Generally, the four fiber orientations
investigated by researchers are 0, 45, 90, and 135 degrees as each of these fiber orientations has

been shown to yield differing fiber failure mechanisms.

Cutting
Direction
p—

-

-F':" Clearance Angle

Figure 2.1. Fiber Orientation Definition [15]

0 Degree Fiber Orientation. Figure 2.2 shows the fiber failure mechanisms, which have

been observed to occur in the O degree orientation when machining with a positive tool rake
angle. As the tool enters the workpiece, it applies pressure in the axial direction of the fibers
causing the fibers to split or peel along the fiber-matrix interface [16,17,15,18]. This causes a
crack to appear ahead of the cutting tool, which propagates along the fiber axial direction. As the
tool progresses into the workpiece, the peeled layers move up the rake face of the tool as stresses
in the fibers due to bending develop [5]. After sufficient bending stresses develop in the fibers,

they fail ahead of the tool under cantilever loading [15,19].

q‘_! H
] cutting
direction toal

Figure 2.2. 0 Degree Failure Mechanisms with Positive Rake Angle [20]
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Figure 2.3 shows the failure mechanisms that occur when machining in the 0 degree fiber
orientation with a negative tool rake angle [20]. As the tool progresses into the workpiece, the
fibers are subjected to compressive loading along the axial direction. This compressive loading
then leads to fiber-matrix interfacial failure in the form of interfacial cracks ahead of the cutting
tool similar to the positive rake angle case [5]. Because the chip fragments are not allowed to
leave the cutting area due to the negative rake angle, the compressive stresses continue to
develop until failure due to buckling occurs ahead of the cutting tool [15,18,1,13]. While
buckling failure mode is observed in this configuration, bending stresses develop in the fibers

similar to the positive rake angle case [1].

culting

direction cutting

- tool
——]

Figure 2.3. 0 Degree Failure Mechanisms with Negative Rake Angle [20]

45 Degree Fiber Orientation. When machining in the 45 degree fiber orientation, the

tool edge radius plays a more important role in the failure mechanisms than the tool rake angle.
A combination of two distinct cutting mechanisms are observed when machining in the 45
degree orientation depending on the tool edge radius. For a tool with an edge radius comparable
to or smaller than the fiber diameter, as the tool progresses into the workpiece, each fiber is
observed to fail at the point of contact of the tool due to compressive crushing-dominated failure
as seen in Fig. 2.4 for tools with positive and negative rake angles [16,15]. Some researchers
claim that a shear-dominated fiber failure occurs, but in both cases, failure occurs at the point of
contact of the cutting tool as the small tool edge radius can provide a concentrated stress on each

individual fiber causing failure [17,1]. After an individual fiber is crushed by the cutting tool, the
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fiber-matrix interface undergoes shear failure allowing the chip flow to occur along the fiber axis
as the crushed fibers are removed from the cutting zone [21,1].

The second cutting mechanism occurs when machining with a tool with an edge radius
significantly larger than the fiber diameter. In this configuration, a crushing failure is not
expected as the large tool edge radius does not provide as concentrated a stress on the individual
fibers. Compressive stresses build up at the point of contact of the tool, but do not exceed the
fiber strength required to cause fiber crushing. Instead, sub-surface interfacial failure occurs
below the trim plane allowing a bundle of fibers to separate from the workpiece and eventually

fail due to bending-dominated failure at a location below the machined surface [22].

cutting

cutting tool
tool

N

Figure 2.4. Cutting Mechanisms for 45 Degree Fiber Orientation [15]

90 Degree Fiber Orientation. Cutting mechanisms similar to the 45 degree orientation

are observed for the 90 degree orientation. When machining with a tool with a small edge radius,
crushing-dominated failure takes place at the point of contact of the tool as seen in Fig. 2.5 [16].
The fractured chips then flow from the cutting area vertically along the direction of the fiber axis
[15]. This observed failure mode is independent of the tool rake angle [1]. When machining with
a large edge radius tool, bending stresses develop below the cutting plane similar to the 45

degree orientation, resulting in sub-surface bending-dominated failure as seen in Fig. 2.6 [22].
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8=90° cutting

tool

Figure 2.5. Cutting Mechanism for 90 Degree Fiber Orientation with Small Edge Radius [15]

cutting velocity

Figure 2.6. Cutting Mechanism for 90 Degree Fiber Orientation with Large Edge Radius [22]

135 Degree Fiber Orientation. Failure in the 135 degree orientation is dominated by

bending as seen in Fig. 2.7. As the tool progresses into the workpiece, the tool first contacts the
fiber from the rake face rather than the cutting tip due to the fiber angle-rake angle relationship.
The tool then continues to move and bend a bundle of fibers. As the fibers bend, interfacial
failure is observed below the cutting plane as sections of fibers are peeled from the remaining
workpiece and sub-surface bending stresses develop in the fibers [21,23]. When the bending
stress reaches the failure stress of the fibers, failure occurs below the trim plane [24,25]. This
chip formation event is oftentimes referred to as macro-fracture as the chip produced is large
with fibers longer than the DOC of the process as failure takes place away from the cutting tool

[15,18,1].
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Figure 2.7. Cutting Mechanism for 135 Degree Fiber Orientation

2.2.2. Machining Forces

Machining forces for FRPs are most significantly dictated by fiber orientation rather than
process conditions [17,26]. The cutting forces observed in the machining of FRPs are directly
related to chip formation mechanisms. Figure 2.8 shows a series of principle (cutting) and thrust
force profiles for each fiber orientation under consideration in an orthogonal machining process
conducted by wang et al. [15]. This experiment was conducted with a PCD tool with 10 degree
rake angle and 17 degree clearance angle. The force signatures were obtained using a 250 um
depth of cut (DOC) and 4 m/min cutting speed. The cutting and thrust force signals are seen to
have high variability with the force magnitudes depending primarily on fiber orientation agreeing
well with studies by other researchers [27,28]. The force variability arises due to the anisotropic
nature of the material, and repeating chip formation events yielding sporadic machining force
signals. The force variability is most prevalent when machining in the 135 degree orientation as
the sub-surface bending-dominated failure causes the formation of macro-chips at repeating

intervals [16,15,21].
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Figure 2.8. Representative Cutting and Thrust Force Profiles for a Series of Fiber Orientations [28]

Figure 2.9 shows the cutting and thrust force trends as a function of fiber orientation for
various tungsten carbide tools with clearance angle of 7 degrees and rake angle varying from -20
to 40 degrees [24]. Generally the lowest cutting and thrust forces exist in the 0 degree orientation
while the maximum force magnitude occurs between the 45 and 90 degree orientations, agreeing
well with the experimental results from other researchers [29,15,9]. A lower force is observed
when machining in fiber orientations greater than 90 degrees [1]. The lowest cutting force exists
in the 0 and 135 degree orientations, indicating that bending-dominated failure requires a lower
machining force as compared to crushing-dominated failure. The 45 and 90 degree fiber
orientations show similar cutting force magnitudes as the cutting mechanism in these fiber

orientations is crushing-dominated [15]. While the rake angle is seen to play a role in the overall
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force magnitude, it does little to affect the overall cutting and thrust force trends with respect to

fiber orientation.
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Figure 2.9. Cutting Force Trends as a Function of Fiber Orientation (a. Cutting Force, b. Thrust
Force) [24]

2.2.3. Machining Induced Damage and Surface Integrity

One of the major limitations in the machining of FRPs is the sub-surface damage and poor
surface quality which is inherent to the machining of fiber-reinforced materials [9,30]. The
anisotropic nature of the material allows for failure to take place at locations other than at the
tool tip, which causes workpiece damage in the form of fiber-matrix interfacial failure, and sub-
surface machining induced fiber failure [31,5,22,27]. These damage modes inherent to the
machining process impose a limit on the maximum allowable machining tolerance and the
structural integrity of the machined workpiece [9].

The degree of sub-surface damage in the workpiece is primarily affected by fiber

orientation over process parameters [24,18,32]. Specifically, the fiber failure mode and location
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of fiber failure dictates the extent of sub-surface damage. In the O degree orientation, the fibers
fail in bending- or buckling-dominated failure and occurring ahead of the cutting tool but still
along the trim plane as shown in Figs. 2.2-2.3 [26]. Some damage typically exists along the
surface of the cut but this damage only extends one or two fiber diameters into the surface of the
workpiece [16]. For this reason, negligible sub-surface damage is observed when machining in
the O degree orientation [29,17].

In the 45 and 90 degree fiber orientations, failure occurs due to crushing at the point of
contact of the tool for sharp tools, or bending below the machined surface for tools with a large
edge radius. This sub-surface bending failure resulting from machining with large edge radius
tools results in an increase in the depth of damage as fibers are removed below the surface of the
cut leaving cavities in the material surface [5,22,8,33]. In addition to sub-surface fiber fracture in
the 45 and 90 degree orientations, sub-surface interfacial failure and micro-cracks are also
typically observed in the orthogonal machining FRPs in 45 and 90 degree fiber orientations [16].
Figure 2.10 shows two types of sub-surface damage occurring below the surface of the cut in an

orthogonal machining experiment in the 90 degree orientation conducted by Dandekar et al. [34].

Figure 2.10. Sub-Surface Damage Modes Observed when Machining in the 45 and 90 Degree Fiber
Orientaentations [34]
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The 135 degree orientation results in the highest depth of damage as the failure is bending-
dominated and occurs below the machined surface regardless of other processing conditions as
seen in Fig. 2.11 [24]. The cavities and bent fibers caused by residual bending stresses are two
forms of damage shown in Fig. 2.11 occurring when machining FRPs with fiber orientations

greater than 90 degrees.

Figure 2.11. Examples of Sub-Surface Damage in the 135 Degree Orientation [24]

2.3. Theoretical and Experimental Modeling

In developing a theoretical or experimental model to capture the cutting process
occurring in the machining of FRPs, several considerations must be taken into account. First, it
is not accurate to directly apply the merchant shear plane theory from metal cutting as FRPs do
not plastically deform along a shear plane as is typical in the machining of metals [35,36].
Instead, the material has been observed to separate along the fiber-matrix interface and cracks
tend to grow along the fiber axial direction [15,21]. Thus, in the modeling of the FRP cutting
process, the shear angle must always be related to the fiber angle. Second, the shearing behavior
along the fiber axis only occurs in fiber orientations between 15 and 90 degrees and thus, new
models must be developed outside of this fiber orientation range [35]. Taking these new
considerations into account, several researchers have developed theoretical and experimental-

based models capable of predicting the machining behavior of FRPs as outlined below.
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2.3.1. Continuum Mechanics Approach

Everstine Model. The first modeling work on the machining of FRPs was reported by

Everstine et al. [37]. This model is capable of predicting the machining forces when machining
in the O degree orientation using a continuum mechanics approach [37]. The workpiece in the
model is composed of parallel strong fibers embedded in a weaker matrix. The fibers are initially
aligned parallel to the direction of motion of the cutting tool. After deformation takes place, it is
hypothesized that a ‘wrinkle’ is formed where the fibers deform in bending while the spacing
between the individual fibers remains unchanged. This ‘wrinkle’ is similar to the cantilever
bending observed ahead of the tool tip when machining in the O degree orientation [5].

-

s
£
i == tool
h — a T

= workpiece

Figure 2.12. Initial configuration and deformation of the chip proposed in Everstine Model [37]

Using a continuum mechanics approach, an expression for the cutting force is derived
based on the process parameters and material properties according to:

F. =exhT, (tan(7 /2 - ) + tan o) (2.1)

where h is the depth of cut, T, is the ultimate tensile strength transverse to the fiber, a is the tool
rake angle, 8 is a parameter referred to as the angle of downward deflection, and ¢ is a
dimensionless material property parameter given by:

2 _20-1)G

- (2.2)
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where v is the Poisson Ratio, G is the shear modulus, and E is the elastic modulus of the material
in the transverse direction.

This model is limited as it lacks experimental validation and only predicts principle cutting
forces in the O degree fiber orientation. Furthermore, the authors acknowledged that other

deformation modes not accounted for by this model are likely to occur.

2.3.2. Cutting Energy Approach

Takeyama Model. The model proposed by Takeyama et al. was the first model to propose

machining responses as a function of fiber angle (6). The model is proposed where cutting force
is predicted using a modified version of the minimum cutting energy theory used for the
machining of isotropic metals [36]. The shear angle is proposed to vary as a function of fiber
orientation and thus, a second parameter is defined referred to as the fiber shear angle (®), which
is obtained experimentally from a machining chip morphology analysis. Using this new
parameter, the model can be implemented for any fiber orientation between 0 and 90 degrees.
Based on the shear angle assumption and the minimum cutting energy principle, the cutting

force (F¢) and thrust force (F;) are defined, respectively, viz.,

__btr(@)cos(8-) (2.3)
cos(¢ + B —y)sin(¢)

C

__btz(@)sin(5-7) (2.4)
" cos(g+ B —y)sin(g)

where b is the width of cut, t is the depth of cut, 6" is the fiber shear angle, t(0°) is the shear
strength of the material as a function of fiber shear angle, p is the friction angle, and vy is the tool

rake angle as illustrated in Fig 2.13.
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Figure 2.13. Orthogonal machining model proposed by Takeyama et al. [25]

To validate the model, the force predictions calculated according to Eqgs 2.3-2.4 were

compared with the forces obtained experimentally from an orthogonal machining experiment.

Figure 2.14 shows a comparison of the experimental and predicted cutting and thrust forces. The

cutting and thrust force values from the model were found to correspond accurately to those

obtained from the experimental study.

250

150

50

Principal cutting force (N)

2001

100

|
0 30 60 90
Fibre angle (deg)

Thrust force (N)

175 -
150,
125 -
100 -
75 -
501
25 -

0. Ll
0 30 60 90
Fibre angle (deg)

Figure 2.14. Experimental and Predicted Machining Forces in Takeyama Model [25]

While this model does consider the effect of fiber orientation on the machining process and

provide experimental validation, it does not discuss the specific failure mechanisms taking place

at these orientations. Furthermore, this model has been criticized for several reasons including

the method used by the authors to determine the shear plane angle as this is nearly impossible to

measure from a chip morphology analysis [27]. In addition to this, no details were given as to the
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determination of the shear strength of the material under consideration or for the experimental
validation study [21].

Bhatnagar Model. The Bhatnagar model aims to overcome some of the shortcomings of

the Takeyama model by accurately documenting the experiment used to obtain the material shear
strength values along with the model validation experiment. In the Bhatnagar model, the
losipescu shear test is well-documented and used to characterize the shear strength of the FRP
material for each fiber orientation under consideration [38]. The Bhatnagar Model provides a
further improvement on the Takeyama Model in that it is developed based on the chip formation
mechanisms observed from an orthogonal machining experiment.

The first portion of this study is dedicated to an experimental investigation of the fiber
failure mechanisms for fiber orientations between 0 and 135 degrees, which serves as a basis for
force prediction modeling. For fiber orientations of 45 and 90 degrees, two events are proposed
to take place in the chip formation process. The fibers are first proposed to break in tension
followed by shearing of the matrix along the fiber angle. For 135 degree fiber orientations, deep
cracks are observed to propagate into the workpiece as the fibers delaminate from the
surrounding matrix and fail below the material trim plane.

While chip formation mechanisms are proposed for fiber orientations between 0 and 135
degrees, the cutting forces are only predicted for fiber orientations between 0 and 90 degrees.
Similar to the Takeyama Model, fiber cutting forces are predicted by resolving the forces parallel
and perpendicular to the fiber orientation as shown in Figure 2.15 for the 45 degree fiber
orientation. In the experimental study, the chip was observed to shear along the fiber angle, and

thus, it was assumed that the shear angle used in the Takeyama model could be more accurately
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described directly by the fiber angle. Thus, the cutting and thrust forces are described according

to:
- racos(ﬂ—O{) (2.5)
cos(@ + S —a)sin(6)
rasin(f —a) (2.6)

' cos(0 + f—a)sin(0)
where a is the area of the shear plane, 0 is the fiber angle, a is the rake angle, B is the friction
angle, and t is the shear strength of the material for a given fiber orientation determined using the

losipescu Shear Test.
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Figure 2.15. Cutting Force Model for 45 Degree Fiber Orientations [21]

While the failure mechanisms proposed in the Bhatnagar Model are based on experimental
findings, the force prediction capabilities of the model are not validated experimentally.
Furthermore, the model developed by Bhatnagar et al. can predict machining forces for fiber
orientations between 0 and 90 degrees; however, the model is incapable of predicting forces for
the 135 degree orientation. The authors claim that a force prediction model for the 135 degree
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fiber orientation would require considerable theoretical modeling work to develop a feasible
model to describe the shear plane angle in fiber orientations greater than 90 degrees as the chip
formation mechanisms become more complex, and thus, is beyond the scope of this study.

Zhang Model. In the model proposed by Zhang et al., two separate machining models are

proposed, the first for fiber orientations between 15 and 90 degrees and the second for fiber
orientations greater than 90 degrees. A theory describing the chip formation mechanisms is
presented for each of the two cases under consideration.

The cutting zone while machining FRPs in fiber orientations between 15 and 90 degrees is
divided into three regions to capture the various deformation mechanisms that occur in the
machining process [39]. Figure 2.16a illustrates these three regions. Region 1 in front of the rake
face is called the chipping region. In this region fracture occurs at the fiber cross sections and
along the fiber-matrix interfaces. This results in the formation of an overall failure plane similar
to the shear plane seen in metal machining. The second distinct deformation region takes place
under the nose of the cutting tool, where the nose pushes down the workpiece material and is
referred to as the pressing region (Region 2). The deformation in Region 2 can be viewed as
deformation under a cylindrical indenter. Region 3 is called the bouncing region, where the
contact force between the clearance face and the workpiece is caused by the elastic recovery of

the workpiece material.

The second distinct failure model is presented for fiber orientation angles greater than 90
degrees with respect to the direction of motion of the tool tip. In this case, the deformation
mechanisms become more complex. As seen in Fig 2.16b, the tool first causes fiber-matrix

debonding and fiber buckling close to the tool-tip. Only after sufficient deformation has taken

25



place, will the fibers fail in bending along a plane similar to the shear plane as observed in

machining of metals.

Chip
Cutting tool

Fibre onentation ¢

Region 3 Shear plane
(a) 15-90 Degrees (b) >90 Degrees

Figure 2.16. Zhang Model for 45 and 135 Degree Fiber Orientations [39]

In addition to predicting the chip formation mechanisms for various fiber orientations, this
model is also capable of predicting the machining forces for fiber orientations between 15 and 90
degrees. The cutting and thrust forces are determined for each of the three regions in Fig. 2.16a
and the sum of the forces in the three regions is used as the predicted cutting and thrust force

response.

Figure 2.17 shows a comparison of the experimental and predicted cutting (Fy) and thrust
(F,) forces for fiber orientations between 0 and 90 degrees and depths of cut (a;) between 0.05
and 0.15 mm. A comparison of the predicted and experimental force responses show that the
model can accurately predict the machining forces. The author then concludes that the accurate
force prediction indicates that the model is an accurate representation of the chip formation

mechanisms occurring when machining in fiber orientations between 15 and 90 degrees.
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Figure 2.17. Comparison Between Predicted and Experimental Machining Forces [39]

While the force prediction model presented by Zhang et al. is shown to accurately predict
machining forces for fiber orientations between 15 and 90 degrees, it does little to model the
force response when cutting with fiber orientations greater than 90 degrees and thus, still has

many of the same limitations as the other theoretical or experimental force prediction models.

2.4. Finite Element Modeling

While some of the theoretical and experimental models developed in Section 2.3.1 are
helpful in predicting chip formation mechanisms and machining forces, they have several
limitations. The most significant limitation of these models is the fact that they are not capable of
directly illustrating fiber failure mechanisms or machining forces for fiber orientations greater

than 90 degrees. Furthermore, the models are not capable of explaining the precise nature of the
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fiber failure mechanisms encountered in the machining process, as these cannot be observed
directly.

More recently, finite element machining simulations have emerged as a standard in FRP
machining studies with the aim to improve on many of the experimental and theoretical
deficiencies. Finite element models are capable of predicting cutting forces, chip formation
mechanisms, and material damage in the machining of a complex multi-phase, anisotropic
material for any programmed input parameter [34]. A finite element machining model can be
used to understand the physics of the material removal process and identify the microstructural
parameters that give a desired combination of properties and machining performance without the
need for exhaustive experimentation [40]. Furthermore, a single finite element machining model
is capable of predicting machining responses for the full range of fiber orientations.

Orthogonal finite element machining models have been developed for a variety of FRP
microstructures using two approaches: a microstructure-based approach (micro-mechanical) and
an equivalent homogenous material (EHM) approach (macro-mechanical). The microstructure-
based approach describes the local material microstructure as two individual phases (fiber and
epoxy) each with unique material properties. In the microstructure-based modeling approach,
interfacial elements are typically implemented at the fiber-matrix interface in order to accurately
model damage in the form of phase separation. This approach is capable of accurately predicting
cutting forces along with damage in the form of fiber-matrix interfacial failure [41,42,43,34].
The EHM approach replaces the two-phase carbon fiber/epoxy microstructure with a
homogenous microstructure with equivalent anisotropic properties. The EHM approach is
typically used to predict cutting forces rather than sub-surface material damage or chip formation

mechanisms [44,45,46,47].
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2.4.1. Macro-Mechanical Finite Element Machining Models

The macro-mechanical models developed by researchers are primarily focused on
predicting the machining force response in the material. While several of these models have been
able to predict machining forces accurately, they are incapable of directly describing the fiber
failure mechanisms occurring in the machining process as the fiber-matrix interactions cannot be
modeled using the EHM approach.

Arola Model. The first FRP finite element machining model was developed by Arola et
al. [47]. The goal of this study was to accurately predict the machining forces for fiber
orientations between 0 and 180 degrees and compare the predicted force response to that from a
previous experimental study for model validation purposes [18].

The EHM microstructure in this simulation is modeled as elastic and anisotropic. The
elastic constants of this material are calculated according to a micromechanics approach with the
combined properties of the two constituent materials [48]. The stiffness in the fiber direction (E;)

and the stiffness transverse to the fiber direction (E;) are calculated according to:

E =V,E, +V E, (2.7)
Y

1 Ve Ve , (2.8)

E2 Ef Em

where V¢ and Vy, are the fiber and matrix volume fractions, respectively, and E; and E,, are the
respective stiffness of each phase. The anisotropic material direction specified for the EHM is
the same as the fiber orientation that the model is simulating.

To model the material failure, two separate damage models are studied individually. The

first is the maximum stress theory where failure occurs when

‘O-ij‘z‘o-ij(crit) , (2.9)
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where o;jj is the current state of stress at any time in the simulation and cij(crir) is the strength of the
composite in either material direction [48]. The second failure theory used in this simulation was

the Tsai-Hill failure criterion where failure is said to occur when

2 2 2
BESONOE
X X2 Y s ) 7

where 61, 62, 611, 022, and o1, are the various stress components in the anisotropic stress tensor
and X, Y, and S are the longitudinal, transverse, and shear strengths of the material, respectively
[48]. Separate simulations were run with each of these two failure theories in order to examine
the effects of the failure model on the predicted machining forces.

Figure 2.18 shows a comparison of the experimental machining forces and the simulated
machining forces for each of the two failure theories under investigation. The simulated cutting
forces are seen to agree well with their experimental counterparts for both failure theories. The
Tsai-Hill theory is seen to be slightly more accurate. The thrust forces, however, are seen to be

significantly underpredicted.
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Figure 2.18. Comparison of Predicted and Experimental Force Responses from Arola Model [47]

Mahdi_Model. The finite element modeling study by Mahdi et al. is focused on

improving the model developed by Arola et al. by examining the effects of mesh density, and
element type on the model cutting force prediction.

The material model implemented by Mahdi et al. for the machining simulation is
identical to that modeled by Arola et al. according to Egs. 2.7-2.8. The Tsai-Hill failure criterion
was implemented according to Eq. 2.10 because the Arola Model showed a slight improvement

in prediction accuracy with the Tsai-Hill failure criterion over the maximum stress failure
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criterion. Using these material and failure models, separate simulations were run using plane
stress and plane strain elements with varying mesh densities.

Figure 2.19 shows the effects of mesh density and element type on the predicted cutting
force. It is observed that for the plane stress case, the finer mesh reduces the variation of cutting

force with respect to fiber orientation, while in the plane strain case the mesh dependence is

negligible.
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Figure 2.19. Effect of Element Type and Mesh Density on Orientation-Based Machining Forces [44]

While the finite element machining study by Mahdi et al. shows a way to improve the
stability of the machining forces, it does little to improve on the major shortcomings of the Arola
Model. Namely, the underprediction of thrust force is not addressed.

Ramesh Model. The model developed by Ramesh et al. uses a new material and failure

model [45]. Using this failure model, machining forces can be predicted for any fiber reinforced
composite material where as the Arola Model is limited to predicting machining forces for

graphite-epoxy composites.
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Instead of modeling the EHM workpiece material as linear elastic, it is modeled as elasto-
plastic. The elastic region is modeled using the anisotropic elasticity matrix identical to that
implemented by Arola et al. [47]. The plastic region is modeled using Hill’s anisotropic plasticity
model where the effective stress (&) is described as a function of the six three-dimensional
stress components (o1-65) and anisotropic yield strength parameters [49]. Similarly, the material

is said to fail when:

_ 1 2
Oy = |:§|:a12 (o, _O-y)2 +ay(o, ~0,)" +ay(o, _Gx)2]+3a44rfy} (2.11)

where &, is the ultimate effective stress in any given element, oy, oy, and o, are the directional
normal stresses, tyy is the shear stress, and o2, o3, 031, and a4 are the normalized anisotropic
failure strengths. Thus, failure occurs as a combination of individual stress components similar to
the Tsai-Hill model presented by Arola et al. while still allowing for plastic deformation before
failure.

The key advantage of the Ramesh Model over the Arola Model is that it is capable of
predicting the machining force response in any brittle or ductile fiber reinforced composite. In
this study, four different materials were investigated, including a boron fiber composite, carbon
fiber composite and two different glass fiber composites. It was determined that for all the
materials, the cutting forces follow similar trends, namely, the highest cutting forces exist in the
45 and 90 degree fiber orientations with the cutting forces being significantly lower in the 0 and
135 degree orientations [24]. While the machining force trends with respect to fiber orientation
predicted by this model agree well with other researchers, it lacks experimental validation.

Rao Model. The macro-mechanical finite element machining study presented by Rao et

al. is focused on developing 3-dimensional cutting force prediction model also capable of
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yielding information regarding the chip formation mechanisms occurring in the machining
process.

The Tsai-Hill failure criterion is used to model the material failure; however, it is suitably
modified to accommodate a three-dimensional simulation [50]. Failure is said to occur when the
following condition is met:

2 2 2 2 2 2
(ﬁj +[ﬁ) +(ﬁ) _0_102[iz+i2_iz}_%{—_&iﬁiz]_ap{iz_iﬁiz}(&) +[T_] {T_] 1
X Y z X?'y? z X2 y:z X2 vz Sy s,, S,

(2.12)
where o1, oo, and o3 are the induced normal stresses, 112, T23, and 113 are the induced shear
stresses, X, Y, and Z are the directional ultimate strengths, and Sy, Sy;, and Sy, are the ultimate
shear strengths. Instead of directly determining the machining forces from the forces acting on
the tool as is typical in other finite element machining models, the cutting forces are obtained by
resolving the contact pressure and frictional shear at the workpiece-tool interface.

To validate the developed finite element machining model, the simulated machining
process results are compared to the results obtained from an experimental orthogonal machining
study. Unlike the other macro-mechanical finite element machining models, this model is found
to accurately predict both cutting and thrust forces for depths of cut (t) between 0.10 and 0.20
mm as shown in Fig. 2.20. The improvement in thrust force prediction likely arises from the
method used to obtain the machining forces. This model is also capable of accurately predicting

the overall chip size and appearance.
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Figure 2.20. Cutting and Thrust Force Prediction for Rao Model [46]

2.4.2. Micro-Mechanical Finite Element Machining Models

While in a macro-mechanical finite element model a single material and failure model is
required for the homogenous microstructure, in a micro-mechanical finite element model,
separate material and failure models are required for the fiber, matrix, and interface phases.
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Having the material constituents modeled as separate phases allows for the prediction of fiber
failure mechanisms, and material damage in the form of phase separation, thus providing a
significant advantage over the macro-mechanical finite element models.

Nayak Model. The model developed by Nayak et al. was the first micro-mechanical FRP

machining model to emerge [42]. To model the fiber-matrix interfacial failure, cohesive zone
elements were placed along the material interface to model material separation. Cohesive zone
modeling (CZM) is a fracture mechanics approach to model dissimilar material separation
[51,52]. Using the cohesive zone elements at the material interfaces, the model can determine the
extent of damage below the machining surface in the form of phase separation.

The material interface is modeled using a stress-opening displacement potential function.

This potential function allows for both the normal and tangential separation of the cohesive

zones using a traction-separation law. The traction vector (T ) across the surface is given by:

T = %ﬁx), (2.13)
OA

where A is the work of separation and ¢(A) is the potential function used for two-dimensional

cohesive elements allowing for both normal and tangential material separation. The two

dimensional potential function is defined according to:

P(A)=¢, + ¢, exp[—%){[l— r +%}%—[q +(%j%} exp[%j} : (2.14)

where ¢ is the critical separation, q =% ,and r =A% . In Eq 2.14, the subscripts n and t

indicate the normal and tangential components, respectively. When the normal or tangential
critical separation is achieved in the cohesive elements, the interface is said to fail, and thus,

tensile stresses can no longer be held between fiber and matrix phases.
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The overall micro-mechanical microstructure is modeled as a single fiber embedded in
the matrix material with the interface only modeled below the cutting plane to ensure that the
cutting tool does not cause compressive stresses to develop in the cohesive zone elements. Figure
2.21 shows the overall microstructure used and indicates the location of the cohesive elements

below the trim plane.

Cohesive elements
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Figure 2.21. Finite Element Mesh and Microstructure used in Nayak Model [42]

It was determined that the CZM model can effectively simulate the interfacial behavior of
the material. It was also determined that failure occurs in the fibers due to a combination of
compression induced crushing and tensile bending at the point of contact of the tool. Sub-surface
damage was found to be lowest with fiber orientations less than 45 degrees with the highest
extent of surface damage existing in the 90 degree fiber orientation, agreeing well with the
results of experimental studies by other researchers [53,22,8].

In a second study by Nayak et al., the results from an experimental study are compared to
both a macro-mechanical model using the Tsai-Hill failure criterion (Eqg. 2.10) and the micro-
mechanical model developed using cohesive zone interfacial modeling [29,42]. It was
determined that the cutting forces obtained from both the micro and macro-mechanical models

agreed well with the experimental results while the thrust forces only agreed well with the
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experimental study for the micro-mechanical model. Furthermore, only the micro-mechanical
model was capable of describing the extend of sub-surface damage in the workpiece using the
separation of cohesive elements below the machining surface.

While the finite element micro-mechanical model developed by Nayak et al. is helpful in
outlining a fiber-matrix interfacial model capable of predicting sub-surface damage in the form
of interfacial failure, it does not discuss the material and failure models used for the fiber and
matrix phases. Furthermore, the cohesive elements used in the simulations are not allowed to
fail in compression, and as such, the model requires that the cohesive elements are strategically
placed below the trim plane instead of throughout the entire microstructure. Thus, interfacial
failure can only be studied in a single region. This study also does not address the more complex
failure mechanisms that have been observed to occur in fiber orientations greater than 90
degrees.

Rao Model. The most comprehensive micro-mechanical finite element machining model
in literature was developed by Rao et al. in a two part study for fiber orientations between 0 and
90 degrees [41,40]. The first study is aimed at machining force and damage prediction while the
second study examines the chip formation mechanisms in detail. In the Rao model, the material
interface is modeled using the cohesive zone model developed by Nayak et al. in Egs. 2.13-2.14
[42]. Unlike the Nayak Model, however, the fiber and matrix material and failure models are
outlined in detail.

The carbon fiber is assumed to be an elastic and anisotropic material and can be fully
characterized by the anisotropic elasticity matrix of the material (E). The carbon fibers are

assumed to fail when the stress in the fiber exceeds the anisotropic ultimate strengths of the
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material. The fiber reinforcement phase has been determined to have a very low fracture
toughness and does not undergo significant plasticity before failure [54,55].

The epoxy matrix was modeled as an isotropic, elasto-plastic material. The elastic region
is characterized by the Elastic Modulus (E) and the poisson ratio (v). The proportional limit
stress (oy) is used to define the onset of non-linear plasticity. A progressive damage model was
used to capture the failure of the epoxy material caused by brittle cracking and micro-voids [56].
Damage is said to initiate at the point of maximum work hardening. Using the progressive
damage approach, the degree of damage can be fully characterized by a scalar damage variable
(d). Upon unloading, the current state of damage exhibits itself in the form of a degraded
modulus of elasticity (E4) according to:

E, =(1-d)E. (2.15)

The damage variable then evolves linearly according to:

pl
g=5f (2.16)
up

where L, is the characteristic element length, & is the plastic strain and u” is the equivalent

plastic displacement at failure calculated according to:
bl =—=-, (2.17)

where Gs is the fracture energy of the material, and oy is the static yield stress before the
initiation of damage. The material is then said to fail when the damage variable is equal to unity
at which point the modulus of elasticity is equal to zero. The degree at which damage progresses
can be fully characterized using the yield stress (oy), and the fracture energy (Gs). The above

damage model is available in the ABAQUS/Explicit finite element code [57].
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In this analysis, the workpiece microstructure is modeled as separate phases (micro-
mechanical) near the tool contact zone and as an EHM (macro-mechanical) away from the
contact zone as seen in Figure 2.22. Using this approach, the number of elements, and thus

simulation time can be dramatically reduced without a loss of force prediction accuracy [58].

Trim Plane

~s—— Cutting Direction
Tool T
Depth of cut

fiber

matrix

ehm

ehm, f; f, ehm,

Figure 2.22. Micro-Macro Mechanical Modeling Combination Implemented by Rao et al. [41]

In the first study by Rao et al., the focus remained on the prediction of cutting forces and
depth of damage [41]. It was observed that the machining model was capable of accurately
predicting both cutting and thrust forces. The machining force results were also compared to the
machining forces simulated with the macro-mechanical finite element model developed by
Nayak et al. [59] showing that the thrust force trends are more accurately predicted in a micro-
mechanical analysis as seen in Fig. 2.23. Furthermore, this model was found to predict sub-
surface damage showing that the depth of damage increases with increasing fiber orientation (see
Fig. Figure 2.24). The general trends in damage with respect to fiber orientation agree well with
the experimental work by other researchers [5,22,8,33]; however, no experimental verification is

provided in this study.

40



80 (T T T T T T T T T T T T T T T T T 65 AR —_— —

- ———a— Experiment R - porimeont :

[— —o— - FEP(:I.fm[!!]) UD-GFRP ] == FEM"’M"’""F"}“’"’W P
70f— —4— - FE (Present Study) o = ] e ZEMMW-G) y

[ s Experiment sl 3 i - UD-CFRP, 7

[ o = FE(Pmmtsm)}“’"’” »” ] [ = —8- ~ FE (Mioro Mechanis) . g
Eeol ] Easl
£°°.‘ B i :

: 2 F
= " R
fsof Sl ]
| E
faf { B=
ank 15 ]
P SR P B biaaaleiastavantsy ] S L -

0 15 30 45 60 75 S0 0 15 30 45 60 75

Fiber orientation (°) Fiber orientation (°)
(a) Cutting Forces (b) Thrust Forces

Figure 2.23. Predicted and Experimental Machining Forces for Rao Model [41]

L o o S A e SR

N
o
I
~

L
o
L L L L R L

--a-- UD-GFRP y
by | ID-CFRF #:

~
o
|

w
n

w
=4

g
[=]
1

-
(%]
TTT

Extent of damage below the trim plane (pm}

(=)
TTTTT

b gl b g b g e laaaa g g

45 60 75 80
Fiber orientation { ® )

o
S e
g T8
m_
wl

Figure 2.24. Extent of Damage below the Trim Plane for Two FRP Composites [43]

The second study by Rao et al. focused on the chip formation mechanisms occurring in
the model simulation [43]. The goal of this study was to determine the failure mode of the fibers
for a series of fiber orientations between 15 and 90 degrees. It was determined that for all fiber
orientations considered, the fiber failure is likely to take place at the point of contact of the tool
by fiber crushing and at the same time, tensile rupture on the side of the fiber opposite the tool

due to bending stresses. This contradicts the experimental study of Pwu et al. [22].
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While this model is helpful in providing an accurate prediction of machining forces, it has
several limitations, most significant of which is the quasi-static nature of the machining
simulation. The author admits that it is difficult to identify the location of fracture by examining
the stress distribution from a quasi-static machining simulation [43]. Also, because of the
cohesive zone elements used in the machining simulation, the interface cannot undergo any
compressive stresses and thus, the interface can only be modeled below the trim plane.
Furthermore, this study does nothing to explain the complex nature of the fiber failure

mechanisms in fiber orientations greater than 90 degrees.

2.5. Gaps in Knowledge

Many experimental studies have been performed with the aim of gaining a better
understanding of the fiber failure mechanisms occurring in the machining of FRP composites;
however, these fall short of fully describing the specific nature of the fiber failure mechanisms.
The material removal mechanisms in the machining process of non-homogenous, anisotropic
FRPs are complex and it is difficult to hypothesize on the material failure mechanisms by simply
examining the experimental responses, which have a high variability and are sporadic in nature
[28].

The modeling studies outlined in Section 2.3 seek to overcome some of the experimental
deficiencies; however, these still have several limitations. While the theoretical and
experimental-based models are helpful in predicting machining forces for a range of fiber
orientations, they do little to describe the specific nature of the fiber failure mechanisms. The
macro-mechanical finite element modeling approach has serious limitations as it is not capable

of describing factors such as chip formation mechanisms and material damage, relating the fiber-
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matrix interactions. The micro-mechanical FRP finite element machining models that have been
developed are quasi-static in nature and thus, are only capable of predicting the location of
failure in the first fiber encountered by the tool rather than describing the failure mechanisms
occurring throughout the formation of a full chip. This poses serious limitations as it is difficult
to identify the locations of failure in an entire chip by examining the stress-distribution in a
single fiber [43]. Furthermore, the cohesive zone model used in micro-mechanical finite element
modeling is insufficient as the elements are only allowed to fail in tension and thus, the interface
can only be modeled below the trim plane.

The vast majority of the research in the field of machining of FRP composites is focused
on fiber orientations between 0 and 90 degrees and does little to explain the complex nature of
fiber failure mechanisms when machining in orientations greater than 90 degrees. In the
machining of more complex geometries such as rounded edges and curvilinear features, the tool
will encounter a full range of fiber orientations, and as such, the process conditions must be
selected with this in mind. Thus, the lack of understanding of the machining behavior of FRP
composites at fiber orientations greater than 90 degrees poses a serious limitation on the overall
machining process.

All of the research on the machining of FRP composites is focused on the macro-scale
fiber failure mechanisms and overall macro-scale machining behavior. It is expected that the
fiber failure mechanisms at the micro-scale will differ greatly from their macro-scale
counterparts for several reasons including the high edge radius to chipload ratios encountered at
the micro-scale, and the chiploads being equal or even lower than the critical diameter of the

fibers.
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3. An Experimental Study on the Failure Mechanisms

Encountered in Micro-Milling of Aligned CFRPs

In this chapter, a model capable of describing the fiber failure mechanisms occurring in
the micro-scale machining of carbon fiber-reinforced composites (CFRPs) will be proposed. The
basis of this experimentally-based model will be developed by examining the general differences
between macro and micro-scale machining processes and how these differences will affect the
specific nature of the fiber failure mechanisms at the micro-scale. This will then be applied to
develop a fiber failure model capable of describing the fiber failure mechanisms at the micro-
scale for the full range of fiber orientations under consideration.

The remainder of this paper is organized as follows. Section 3.1 outlines the formulation
of the fiber failure model for micro-scale machining of CFRPs followed by Section 3.2 that
explains the design of the validation experiments. Section 3.3 discusses the machining responses
used to validate the proposed model, and finally, Section 3.4 presents the specific conclusions

that can be drawn from this work.

3.1. A Fiber Failure Model for Micro-Scale Machining of CFRPs

This section first reviews the failure mechanisms observed during the machining of
CFRPs at the macro-scale, followed by a discussion on the differences between machining at the
micro and macro-scale. This section concludes with the proposal of a fiber failure model that

describes the failure of CFRPs during machining at the micro-scale.
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3.1.1. Summary of Macro-Scale Fiber Failure Mechanisms

Because the compressive and tensile strengths of carbon fibers are comparable, ( = 3 GPa
and 3.5 GPa, respectively [60]) their failure has been observed to be highly dependent on the
stress state (i.e. bending/buckling/crushing). The microstructure-based simulation study of
Venugoapalrao et al. reveals that for fiber orientations between 15 and 90 degrees relative to the
direction of tool motion, failure initiates from the side of the fiber opposite the tool as the tensile
stress due to bending in this region reaches the failure value (3.5 GPa). At angles less than 15
degrees the fibers are observed to fail in buckling [17]. Thus, at the macro-scale, the fiber failure
for orientations < 90 degrees is bending or buckling-dominated.

For macro-scale machining, the second distinct failure mode occurs for fiber orientation
angles greater than 90 degrees with respect to the direction of motion of the tool-tip. The tool
first causes fiber-matrix debonding and only after sufficient deformation has taken place, will the
fibers fail in bending along a plane similar to the shear plane as observed in machining of metals
[21,39]. The bending of the fibers results in a shift in the breakage point of the fibers with the
movement of the cutting tool into the workpiece. Thus, the fiber failure for orientations > 90

degrees is bending dominated.

3.1.2. Fiber Failure Mechanism Differences at the Micro-Scale

While the overall fiber failure modes of crushing, bending, and buckling are expected to
remain the same at the macro and the micro-scale, the fundamental differences in machining
between the two scales is expected to influence the failure mechanisms that come into play at
various fiber orientations. In micro-machining, there are at least two things that are

fundamentally different from macro-scale machining and each is expected to have a unique and
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important influence on the machining of CFRPs. First, the relationship between the process
geometry and the workpiece microstructure changes as compared to conventional machining
operations. Because the feed-per-tooth (FPT) values used are comparable to the nominal carbon
fiber diameter (5-8 um), the tool will encounter individual fibers instead of fiber bundles, as
observed at the macro-scale. Therefore, the failure mode of individual fibers in the composite
will become significant at the micro-scale.

Second, the relationship between the process geometry and the tool geometry changes as
compared to conventional machining operations. In micro-milling, the feedrate is typically on the
order of a few microns per tooth, and the endmills have edge radii that are equal to a few
microns, limited by the current tool fabrication capability and tool material microstructure.
Unlike most conventional endmilling operations in which the chip thickness is at least an order
of magnitude larger than the edge radius, in micro-scale machining the edge radius is roughly
equal in magnitude or at times even larger than the chip thickness. Therefore, the compressive
load exerted by the cutting edge of the tool will also become more prominent in dictating the

fiber failure at the micro-scale [42].

3.1.3. Proposed Fiber Failure Model

There are three distinct failure mechanisms observed in the failure of CFRPs at the
macro-scale: crushing, bending, and buckling; exhibiting themselves differently depending on
fiber orientation. Figure 3.1 shows how these mechanisms are likely to be exhibited at the micro-
scale. Figure 3.1a illustrates the failure mechanism for the 90 degree tool-fiber orientation
shown, where the tool contacts the fiber at point A. Because in micro-milling, the tool edge

radius is small in comparison to that which is typical at the macro-scale, the tool will provide a

46



much more concentrated stress at the point of contact of the tool and the fiber. Furthermore,
since the depth of cut (i.e., (FPT) in micro-milling) is comparable to the fiber size, the fiber will
likely be crushed due to the compressive stress exerted on it by the tool and a crack will
propagate through point A. A similar phenomenon is theorized for the 45 degree tool-fiber

orientation shown in Fig. 3.1b.
iToDI
B
(a) 90 DEGREES
a/ Tool \

(b) 45 DEGREES (d) 135 DEGREES

Figure 3.1. Basic CFRP Micro-Scale Failure Mechanisms

For the O degree tool-fiber orientation shown in Fig. 3.1c, an entirely different failure
mechanism is expected to occur. Given the relatively low FPT values and tool edge radius, the
compressive load exerted by the tool is predominantly carried by a single fiber or perhaps two
fibers. Because the compressive load exerted on the fiber from the tool is parallel to the fiber axis
in this case, the fiber(s) will peel from the matrix as shown in Fig. 3.1c and fracture in tension at
point B. Given that the point of load application at the end of the fiber does not significantly vary
with change in the FPT value, the buckled fiber length (L¢) of the fibers is expected to be
independent of the FPT value (Fig. 3.1c) and significantly larger than the fiber diameter of 5-8
pm. It is also possible that the fibers can fail in bending if the tool contacts the composite
material in one of the matrix sections, thus allowing the tool to lift the fiber and bend along the

tool rake face.

47



The fiber failure seen for the 135 degree tool-fiber orientation shown in Fig. 3.1d will
likely be dominated by bending. For cases where the fiber angle (¢f) is greater than the rake
angle (o), the tool will first contact the fiber at point A, which will result in fiber bending rather
than compressive crushing-dominated failure at point A (Fig 3.1d). The fiber will bend and
eventually fail in tension at some location below the tool-path, labeled as point B in Fig. 3.1d.
The length L; of the failed fiber is also expected to be larger than the fiber diameter of 5-8 um. If
the fiber angle is less than or equal to the rake angle, then the tool tip will contact the fiber at
point A and a crushing failure is expected, similar to that seen in for the 90 and 45 degree
orientations in Figs. 3.1a-b. The failure mechanisms proposed in the model are summarized
below:

e Crushing failure at 90° and 45° orientations i.€., Grailure > 3 GPa (G (max compression))
e Tensile buckling failure at 0° and tensile bending failure at 135° orientation, i.e., Ggijure > 3.5

GPa (6(max tension))-

3.2. Design of Validation Experiments

A micro-milling experiment was employed to validate the proposed fiber failure
mechanisms for CFRPs. Three machining responses, viz., chip morphology, delamination, and

cutting forces, are used to interpret failure mechanisms and validate the model.

3.2.1. Microstructure Characterization
The specimens used in this experiment were obtained from ACP Composites (www.acp-
composites.com [61]). They were in the form of plates of layered, resin-infused carbon fibers

with a fiber volume percentage of 60 percent. Each lamina was approximately 180 pm thick. The
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machining samples were cut from a large 3 mm thick composite panel into 10 x 10 mm samples
to fit on the machining testbed. Figure 3.2 shows a scanning electron microscope (SEM) image
of the top view of a material sample indicating several fibers along with zones of epoxy. The
carbon fibers in the samples were observed to be continuous over the entire length of the
workpiece and found to have a diameter between 5 and 8 pum. Note that many fibers in Fig. 3.2

have a generous coating of epoxy making them appear to have a larger diameter.

Figure 3.2. SEM Image of CFRP Microstructure (Scale:Bar = 100um)

3.2.2. Machining Testbed

The micro-milling tests were performed on a three-axis computer numerical control
(CNC) micro-scale machine tool (mMT) developed at the University of Illinois. This micro-
machine tool is equipped with linear voice coil motors on each axis with encoders having a
resolution of 100 nm. Two NSK air-bearing spindles with rated speeds of 50,000 and 150,000
RPM were used on this testbed. This testbed is also equipped with an acoustic emissions-based sensor

capable of detecting the surface of the workpiece accurately to within 1 um, thus allowing for highly
accurate workpiece touch-off operations [62]. This guaranteed a consistent axial depth of cut used

throughout the experimentation. Figure Figure 3.3a shows the overall experimental setup while Fig.

Figure 3.3b shows a close up image of the tool and workpiece.
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Figure 3.3. Experimental Testbed
A 396 um diameter, single-fluted, tungsten carbide endmill with an edge radius of 1 um was used
for this study. A single-fluted endmill was chosen because it allows for a precise control of chipload and

eliminates effects due to tool run-out. Figure 3.4 shows an image of the one of the tools used in this

experimental study.

Figure 3.4. Image of single-fluted tool tip
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3.2.3. Experimental Design

Slotting experiments were conducted with an axial depth of cut of 80 um and FPT values
of 2, 4,5, 6,7, 8, 10, and 18 um. Cutting speeds of 62.5 and 187.5 m/min were studied. Four
different fiber orientations relative to the feed direction (Fig. 3.5) were examined. For every
cutting condition, a 10 mm long slot was machined. A new tool was used for every cutting
condition to ensure that the machining responses under consideration were not confounded with

tool wear effects.

BN M
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()
Figure 3.5. Fiber Orientations Relative to Tool Path

3.2.4. Machining Responses for Model Validation

The three machining responses used to validate the proposed fiber failure model were
chip morphology, delamination, and cutting forces. This section discusses how each of these
were defined and observed.

To analyze the chip morphology, chips were collected around the cutting area. Because
many small chips in the form of fractured sections of individual fibers are present, only the larger
chips were collected, imaged, and examined using the SEM.

Delamination is a common phenomenon occurring in the milling of CFRPs where
sections or layers break out usually along the edges of the machined slot. While machining at the
micro-scale, two unique types of delamination were observed depending on the fiber orientation.

The first was failure due to entire sections of the fibers being pulled from the matrix, along the
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top edge of the slot, leaving a series of cavities or irregular ledges as circled in Fig. 3.6a. This
type of delamination will be referred to as positive delamination. The second type of
delamination failure occurs when the matrix is removed from the fibers leaving stray fibers
laying across the slot. This type of failure is pictured in Fig. 3.6b and will be referred to as
negative delamination. The positive and negative delamination can be quantified using the

positive and negative delamination factors (Fpp and Fpy, respectively) according to:

W

Fop = V\E;P 1)
W

FDN = V\I?N (2)

where W, is the maximum width of positive damage in um, Wpy is the maximum width of the

slot without fiber interference, and W the nominal width of cut in um as indicated in Figs. 4a-b.
SEM imaging was used to make the measurements required to determine the two delamination
factors. Because of the variability observed along the length of the slot, eight measurements were

taken along the entire length of the slot and averaged.

(a) Positive Delamination (b) Negative Delamination

Figure 3.6. Delamination Types

The cutting force signals were obtained using a Kistler 9018 tri-axial load cell embedded
in the mMT by sampling at a rate of 50 kHz. Once the forces were obtained, the average peak-to-
peak (P-to-P) force orthogonal to the feed direction was calculated over the length of the slot and

used as the cutting force response.
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Table 3.1 outlines the parameters used in the experimental machining study.

Table 3.1. Experimental Parameters Used in Machining Study

Workpiece Material Carbon fiber reinforced polymer
Layered with unidirectional fibers
5-6 um fiber diameter

Machine Tool Linier voice coil motors

100 nm encoder resolution

NSK air bearing spindles

Acoustic emission touch-off sensor

Tool @ 396 um
Single-fluted, tungsten carbide end mill
1 pm edge radius

Axial Depth of Cut 80 um

Feed per Tooth 2,4,5,6,7,8, 10, and 18 um
Cutting Speed 62.5 and 187.5 m/min

Fiber Orientation 0°, 90°, 45°, and 135°

Machinability Measures Chip Morphology

Cutting forces

Positive and Negative Delamination
Surface Roughness

3.3.Model Validation

3.3.1. Chip Morphology

Figure 3.7 shows the tool path and three different tool positions along one half tool
revolution for all four fiber orientations shown in Fig. 3.5. In Fig. 3.7, the parallel lines denote
the orientation of the fibers. Tool positions 1, 2 and 3 in Fig. 3.7 correspond to the entry, center
and the exit of the cut, respectively. Because at tool positions (1) and (3) the chipload is low in
comparison to the FPT value, the process will likely produce only very small chips formed by
crushing a portion of the fiber either longitudinally or transversely. Position (2) is the only point
along the cutting path that will experience a chipload equal to the programmed FPT value. Since
only the larger chips were collected, it can be inferred that these chips were cut when the tool
was in the vicinity of tool position (2). Therefore, in order to properly interpret the chip images,
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it is critical to examine the fiber orientation with respect to the direction of tool tip motion near

tool position (2).
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Figure 3.7. Chip Formation Locations

Chip Appearance. Figure 3.8 shows the images of the chips collected for the four

different fiber orientations specified in Fig. 3.7. These chips reveal the underlying mechanisms
of failure that come into play for these CFRPs. In examining the chips, there were two distinct
types of chips observed. The chips collected for the 0 and 135 degree orientations at (2) (Fig.
3.7) show chips with large fiber segments where the individual fiber pieces are discernable in
what appears to be irregular fiber bundles, most of which appear to be significantly longer (~100
pm in length) than the FPT value of the cutting process (Fig. 3.8). For the 45 and 90 degree
orientations (Fig. 3.8) the length of the fibers observed in the chips were found to vary

approximately between 5 and 12 um, or comparable to the FPT value.
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Figure 3.8. Typical Chips Formed at Tool Position (2) as Defined in Fig. 5 (Scale: Bar =50 pum)

Orientation Effects. For the fiber orientations shown in Figs. 3.7a-b, near tool position

(2), the tool will be moving 90 and 45 degrees, respectively, to the fiber axis. The chips collected
for the 90 and 45 degree fiber orientations show small fiber fragments within the chips (Fig. 3.8).
This seems to indicate a crushing failure at point A (Figs. 3.1a-b) rather than a bending failure as
typically observed at the macro-scale, which agrees with the proposed model. The lengths of the
fiber fragments appear to increase with the FPT value (Fig. 3.8, close-up of FPT = 5um, 45
degrees).

For the fiber orientation shown in Fig. 3.7c, at tool position (2) the tool will be moving 0
degrees with respect to the fiber axis. Similarly, for the fiber orientation shown in Fig. 3.7d, at
tool position (2), the tool will be moving in the 135 degree orientation. The chips collected for
these cases show fibers within the chips that are significantly longer than the FPT value (Fig. 3.8,
close-up of FPT=5um, 135 degrees). The failure length of the fibers (L in Fig. 3.1c-d) is found

to be approximately 100 um for the 0 and 135 degree orientations, indicating buckling- and
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bending-dominated failures, respectively. These failure lengths appear to be independent of the

FPT values used in this study, which is consistent with the proposed model.

3.3.2. Delamination

Figure 3.9 shows representative images of slots machined at a cutting velocity of 187.5
m/min and FPT of 6 um for all four fiber orientations. Because delamination only occurs at the
edge of the slots, delamination depends primarily on the fiber orientation close to the edge of the
slot (positions (1) and (3) in Fig. 3.7). Figure 3.10 shows the delamination measurements for
several cutting conditions and shows that both positive and negative delamination occur
independently of each other. The 62.5 m/min cutting speed results in higher positive
delamination while the 187.5 m/min cutting speed results in higher negative delamination.
Neither positive nor negative delamination appears to exhibit any apparent correlation with

feedrate.

(a) 0 Degrees (b) 90 Degrees (c) 45 Degrees (d) 135 Degrees

Figure 3.9. Slot Edge Delamination (Scale: Bar = 100um)

0 Degree Orientation. Figure 3.10 shows that there is almost no positive or negative

delamination observed for any of the cutting conditions when machining with the fibers in the 0
degree orientation. This is likely due to the fact that the tool buckles a portion of the fiber

longitudinally and since fracture tends to grow along the fiber axis, the Wp value as measured
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according to Eqgs. 1 and 2 will never differ by more than the diameter of a single fiber from the
nominal width. Fpy and Fpp are close to 1 (Fig. 3.10), which agrees with the proposed failure

model.
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Figure 3.10. Nature of Delamination at Various Fiber Orientations

135 Degree Orientation. The 135 degree tool-fiber orientation yields the highest positive

delamination among the four orientations (Fig. 3.10a). When the tool tip comes in contact with
the fibers at the edge of the slot, the fibers are subjected to bending stress, and generally fracture
at a point beyond the edge of the slot wall (Point B, Fig. 3.1d) resulting in subsurface damage or
in this case, positive delamination. Thus, the fact that the positive delamination is the highest for
the 135 degree case is therefore consistent with the proposed model. Furthermore, negative
delamination also appears to be prevalent in that fibers are seen to have bent and sprung back

after the passing of the tool (Fig. 3.10b).
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45 and 90 Degree Orientations. For the 45 and 90 degree orientations, the relatively low

positive delamination (Fig. 3.10a) in comparison to the 135 degree orientation indicates that the
fibers are being crushed rather than bent, which would result in subsurface damage (positive
delamination). While most of the fibers are crushed, some fibers are bent under the tool and
spring back after the tool has passed resulting in negative delamination (Fig. 3.10b). This

behavior is consistent with the proposed model.

3.3.3. Cutting Forces

Figure 3.11 shows a series of force signals and spectra in the direction orthogonal to the
feed direction collected over 10 revolutions for each fiber orientation. The cyclic nature of the
single-fluted cutting process can be clearly seen in Fig. 3.11 as the cutting edge of the tool enters
the cut for one half revolution and exits the cut for the other half revolution. A smaller sub-peak
is noted between the main peaks, which may be attributed to the tool rubbing against the
elastically recovered surface. The spectrum plots clearly show the spindle frequency of 850 Hz
to be dominant. The reduced energy level observed in the second harmonic of the spindle
frequency for the 135 degree orientation may be indicative of reduced back rubbing in this fiber
orientation. The forces orthogonal to the feed direction were chosen to analyze because the
majority of the chip is formed when the tool is in the vicinity of position (b) (Fig. 3.7) and
moving orthogonal to the feed direction. It is at this point (b) that the force reaches its maximum

value.
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Figure 3.11. Cutting Force Profiles and Spectra for Collected Force Signals

Figure 3.12 shows the average peak-to-peak forces orthogonal to the feed direction (at

59

tool position (2) in Fig. 3.7) collected over the entire length of the slot. Figure 3.12 shows that
the forces for the 45 and 90 degree orientations at (2) are about 40 percent higher than for the 0
and 135 degree orientations at (2). As proposed by the model, the chip at tool position (2) (Fig.
3.7) is formed by a crushing-dominated process for the 45 and 90 degree orientations. Though
the compressive strength of carbon fibers (3 GPa) is lower than their tensile strength (3.5 GPa), a
crushing-dominated fiber failure has been observed to result in a higher cutting force when
compared to buckling or bending-dominated failure [17,39]. Unlike crushing, in a bending-mode

the tool induces a moment at the location of failure which aids the failure process.



Therefore, even though the tensile strength of the fibers is higher than the compressive
strength, lower cutting forces are observed. The lower force observed for the 0 and 135 degree
orientations can be attributed to the buckling and bending-dominated failures occurring at those
orientations, respectively. These observations agree with the studies of Hocheng et al. [17] and

Zhang et al. [39] and support the proposed model.
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Figure 3.12. Effect of Fiber Orientation on Cutting Forces

3.4. Chapter Summary

A failure model is proposed to capture the fiber failure mechanisms that occur while
machining CFRP composites at the micro-scale. Carbon fibers oriented at 90 and 45 degrees to
the direction of motion of the tool edge are proposed to fail predominantly in
crushing/compression while buckling- and bending-dominated tensile failures are proposed for
the 0 and 135 degree orientations, respectively according to Fig. 3.1. The model proposes a
location of failure, mode of fiber failure (viz., bending, crushing, buckling), and a relative length
of fiber that will be found in the chips generated from the process. The micro-scale fiber failure
model proposed in this study specifies micro-scale fiber failure mechanisms that are uniquely

different than their macro-scale counterparts.
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In order to validate the machining model based on experimental observations, the results
from an experimental validation study are examined and compared to the developed model.
Parameters such as chip morphology, delamination trends, and cutting forces are used as
validation measures. The chip morphology validates the proposed model since the chips for the
45 and 90 degree orientations show small fragmented chips indicating crushing (compressive)
failure while the chips collected for the 0 and 135 degree orientations have fibers significantly
longer than the feed-per-tooth indicating buckling and bending (tensile) failures, respectively.
The delamination patterns observed support the failure modes proposed. The buckling failure at
0 degree orientation results in negligible delamination whereas the bending failure at 135 degree
orientation results in the highest positive delamination. Both 45 and 90 degree orientations show
low positive delamination because of the crushing mode of failure. The trends in the cutting
forces correlate with the proposed modes of failure. The cutting forces were found to be 40
percent higher for the crushing-dominated failure as compared to bending or buckling failures. In
a bending mode the tool induces a moment that aids the fiber failure process, thereby reducing
the cutting force.

The fiber failure model proposed and subsequently substantiated based on experimental
data in this chapter is useful in understanding the fiber failure mechanisms occurring in the
micro-scale machining process as a function of fiber orienntation, however, its usefulness is
limited for two reasons. First, the model is limited in describing the failure mechanisms only as a
function of the process parameter values (viz., feedrate, cutting speed, tool rake angle, and tool
edge radius) analyzed in this study. Furthermore, in this study, the failure mechanisms were not
directly observed, but instead inferences were drawn from the machining responses observed in

the experimental validation study. To gain a more fundamental understanding of the micro and
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macro-scale fiber failure mechanisms occurring in the machining process, a more comprehensive
model is required in which the fiber failure mechanisms can be directly observed throughout the

chip formation process for any process parameter under consideration.
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4. Development of a Finite Element-based Machining Model

Chapter 3 outlines a fiber failure model for machining of CFRPs at the micro-scale.
While the failure mode and location of fiber failure were inferred from examination of the
experimental machining responses, the specific nature of the fiber-failure mechanisms is still not
fully understood as the chip formation process cannot be directly observed.

In this chapter, what will be referred to as a dynamic machining simulation will be
developed where the tool is assigned a velocity-based boundary condition instead of a
displacement-based boundary condition as is typical in quasi-static simulations. A dynamic finite
element machining model (FEMM) is capable of capturing the failure mechanisms occurring
throughout the chip formation process. Thus, along several points throughout the cut, the chip
formation and fiber failure mechanisms can be captured and analyzed, illustrating the specific
nature of the chip formation process. In order to facilitate this new modeling approach, a unique
approach to fiber-matrix interfacial modeling will be presented and implemented into the finite
element machining model.

The remainder of this chapter is organized as follows. Section 4.1 explains the FEMM
development and material/failure models, followed by Section 4.2, which employs an
experimental study to validate the FEMM using fiber failure mode, the characteristic fiber length
in the chips, and cutting forces as validation measures. Section 4.3 outlines a parametric study
which implements the model to find improved tool geometry conditions for machining
microstructures of differing fiber sizes. Section 4.4 presents the specific conclusions that can be

taken from this work.
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4.1. Finite Element Machining Model Development

Figure 4.1 outlines the modeling strategy to develop the FEMM for carbon fiber-
reinforced polymer composites. First, the overall material microstructure was characterized and
this was used to simulate separate material microstructures for each fiber orientation under
consideration. The simulated microstructures and interfacial model along with the material and
failure models of carbon fiber and epoxy from literature were used as model inputs for the finite
element solver. With these parameters, the model is then capable of predicting the machining
behavior of these materials, specifically, the fiber failure mode, characteristic fiber length in the
chips, and machining forces. In chapter 5, the model will be validated by comparing the model

simulation results to the results of a set of micro-scale orthogonal machining experiments.

| CFRP Composites with different fiber orientations —
Microstructure CF and epoxy CF and epoxy Fiber-matrix
Simulation material models failure models interfacial model

Finite Element
Solver

v

Predicted Experimental
Machining Behavior Machining Study

Validation

Figure 4.1 . Model Development and Validation Strategy

4.1.1. Microstructure Simulation

The material used in this study was a unidirectional carbon fiber-reinforced polymer
obtained from ACP Composites with a fiber volume percentage of 60 percent and diameter of
7.5 pum [61]. SEM images of the machined material surface were taken to characterize the

microstructure as shown in Fig. 4.2.

64



Figure 4.2 Images Used for Microstructure Characterization

The three parameters used to characterize the microstructure are illustrated in Fig. 4.3.
The three parameters are fiber angle, fiber grouping number, and matrix spacing. The fiber angle
(®) is defined as the local fiber angle in reference to the mean fiber angle, 6 (6 = 0 for fiber
orientation in Fig. 4.3). Variability in fiber angle is inherent to most CFRP microstructures and
caused from the high temperature curing of the composite panels. The fiber grouping number (N)
is defined as the number of fibers in a group at a specific fiber angle (®). The matrix spacing (t)

is defined as the thickness of the matrix sections between adjacent fibers.
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Figure 4.3. Microstructure parameters used for microstructure simulation (Scale: Bar = 50um)

To estimate each of the three parameters, ten 300 um square microstructures similar to
that shown in Fig. 4.3 were imaged using SEM. To determine the fiber angle statistics, the local
angle (@) of each individual fiber on the surface of the microstructure was measured in reference
to the mean fiber orientation angle (0) and the average and sample variance pooled over the ten
specimens were calculated. In examining the fiber angle histogram in Fig. 4.4, the data was
shown to well-approximate a normal distribution. A similar technique was used to determine the
average and sample variance of the fiber grouping number (N). Based on the data, the
distribution of the matrix spacing was approximated as a uniform distribution between 2 and 5
pm. Table 4.1 outlines the estimated parameters used to characterize the microstructure.

Table 4.1. Estimated parameters used in microstructure characterization

Average Stdev Distribution
Fiber Angle
(degrees) 0 3.28 Normal
Fiber Grouping
Number 5.52 2.01 Normal
Matrix Spacing 35 0.75 Uniform
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Figure 4.4 Histogram of fiber angle data

The estimated microstructure parameters were used to simulate the material
microstructure using the following algorithm. First, a fiber angle (®) and matrix spacing (t) were
generated according the appropriate distributions outlined in Table 4.1. Second, a fiber grouping
number (N) was generated according the appropriate distribution and rounded to the nearest
integer. Next, N fibers were generated and placed in a group into the microstructure with angle
‘@’ with a separate spacing (t) generated for the spacing between adjacent fibers. This process
was repeated as groups of fibers of differing angles and fiber numbers were stacked to create the
microstructure. Figure 4.5 shows examples of two 300pum square microstructures simulated from
data in Table 4.1 where the black lines denote fibers and the white areas denote the matrix phase.
Once the two-phase microstructure was simulated, an EHM backing was added to the overall

microstructure to add extra stiffness in the cutting direction [43].
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Figure 4.5. Examples of two simulated microstructures (Scale: Bar = 50um)
4.1.2. Material and Failure Modeling

Since a microstructure-based approach was used in the development of the model, unique
material and failure models are required for each of the three phases.

Carbon Fiber/Epoxy/EHM Model. The carbon fiber and epoxy material and failure
models used in this analysis are standard for many finite element machining simulations [43,63].
The carbon fiber is assumed to be an elastic and anisotropic material. The carbon fiber material
model could be fully characterized by the anisotropic elasticity matrix of the material (E). The
carbon fibers are assumed to fail at the onset of stress-induced damage initiation (of). The epoxy
matrix was modeled as an isotropic, elasto-plastic material. The elastic region is characterized by
the Elastic Modulus (E) and the poisson ratio (v). A progressive damage model was used to
model the epoxy material as is available in the ABAQUS/Explicit finite element code. The
EHM backing was modeled as elastic and anisotropic. The elastic constants of this material were
calculated according to a micromechanics approach with the combined properties of the two
constituent materials. Because failure did not take place in the EHM regions, plasticity or failure

models were not required.
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Fiber-Matrix Interfacial Model. For the continuum interfacial elements used in the new
interfacial model, the elastic region was modeled as isotropic with an arbitrary penalty stiffness
(P). The progressive damage is then said to initiate at the maximum normal or tangential stress
(omax Or Tmax). Because the damage initiation stress primarily dictates the behavior of the
elements, the elastic stiffness of the elements is of secondary importance [52,43].

In order to accurately model the normal and tangential failure of the interfacial
continuum elements, two separate damage models were implemented simultaneously. The
normal damage behavior of the interfacial elements is modeled with a tensile progressive
damage model, which dictates the normal separation of the interface. After damage initiation
occurs, as the normal strain increases, the elastic modulus of the interfacial elements decreases
according to:

E =(1-d)E, (4.1)
where E is the degraded elastic modulus, E. is the elastic modulus before damage initiation, and
d is the damage variable. The material is said to fail when the damage variable is equal to unity,
at which point the material stiffness is equal to zero. The damage variable ‘d’ evolves

exponentially according to:

uP L - pl
d =1—exp(— .[Jy ad J (4.2)

where £ is the rate of plastic strain, oy is the yield stress, L. is the characteristic element length,

Gt is the material fracture energy, and u” is defined according to:

ul =—=— . (4.3
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The fracture energy (Gys) is defined for the normal and tangential fracture energies, respectively,

viz.,
G, = j ode (4.4)
0

G = yj dy (4.5)
di

where & and y¢ are the normal and shear failure strains, respectively. Similarly, the shear damage
of the interfacial elements is modeled with the progressive damage approach accounting for
failure under positive or negative shear strains. After damage initiates, the progression of shear
damage evolves exponentially according to Eq. 4.2 until the elements are assumed to fail at a
strain of +yf and when the damage variable is equal to unity.

Because multiple damage modes are implemented for the interfacial elements, a

multiplicative damage variable is defined which combines the current state of damage of each of

the two damage variables according to:

dmuI’[ =1- H (1_dk) ) (46)

keN

mult

where dmyi is an intermediate damage variable and Ny is the number of damage variables used

in the model. The overall damage variable (D) can then be calculated according to:

D=max d m@x(dj) . 4.7)
JE€Nmax

mult

Researchers have noted that the overall shape of the normal and tangential traction-
separation curves for interfacial elements has little effect on their behavior [52]. Instead, the

damage initiation stress and fracture energy are the two key factors which dictate the behavior of
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the material interface. The behavior of the interface phase can then be fully described with
normal and tangential strengths, fracture energy, and penalty stiffness in the elastic region. The
overall stress-strain relationships for the normal and tangential behavior of the interfacial

elements can thus be defined for the normal and tangential behaviors, respectively, viz.,

Pe e<¢g,
o(e)=4(1-D)Pz g<e<ég; (4.8)
0 ezg,
Py a2V 27,
t(r)= (I=D)Py =y, >7>=Vsla<V<t; . (4.9)
0 VEVaY 2y,

where &4 and y4 are the normal and tangential damage initiation strains, respectively.

Figure 4.6 summarizes the stress-strain behavior of each of the three materials under
consideration. Figure 4.6a-b outlines the carbon fiber and epoxy material and failure models used
from literature. Figures. 4.6¢c-d are developed using Eqgs. 4.8-4.9 where the three regions from

Egs. 8-9 are dependent on the state of strain.
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Figure 4.6. Material and Failure Models

4.2.Machining Model Implementation

A microstructure-based FEMM can be generated by combining the simulated
microstructure with the appropriate material/failure models assigned for each of the three
individual phases. The simulation is carried out using commercially available finite element
software ABAQUS/EXPLICIT. The model will be capable of predicting the mode of fiber
failure, fiber length in the chips, and cutting forces. Table 4.2 outlines the material properties

used in the machining simulations obtained from literature [52,56,64,65,54,55,66,67,68].
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Table 4.2. Material Properties Used in Machining Simulations

Material Property
Carbon Elastic Constants E11=235GPa, E»»=14GPa, v=0.2
Fiber Longitudinal Strength X=3GPa
Transverse Strength Y=0.5GPa
Epoxy Elastic Constants E=4GPa, v=0.4
Yield Strength oy=85MPa (Static)
Interface Normal Strength omax=167.5MPa
Shear Strength Tmax=25MPa
Fracture Energy 0.05 N/mm?
EHM Elastic Constants E11=147GPa, E;»=10GPa, v=.27

In this machining simulation, four fiber orientations are considered: 0, 45, 90, and 135
degrees, defined according to Fig. Figure 4.7. A separate microstructure is simulated for each
fiber orientation according to the parameterization scheme outlined in Section 4.1.1. The
workpiece size was determined to be 300 by 300 um in order to accommodate the chip size and
failure modes typical in the micro-machining process. To construct the overall microstructure,
each separate phase was modeled as a separate part and each individual part was added into the
overall microstructure. To ensure the nodes between sections remained intact, tie constraints
were used along all adjacent boundaries. During the simulation, the workpiece was constrained

along the bottom and far left edges according to Fig. Figure 4.7.
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Figure 4.7. Fiber Angle Definition
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The elastic modulus of the tungsten carbide tool material is significantly higher than the
elastic modulus of either carbon fiber or the epoxy matrix and thus, the tool was modeled as an
analytical rigid body. The tool was assigned an edge radius of 5um and rake and clearance
angles of 25 and 10 degrees, respectively. This tool geometry was chosen because it was
determined to yield generally lower forces as compared to lower rake and clearance angle
geometries [24,69]. To simulate the machining process, a constant velocity boundary condition
(V1001) Was assigned to the tool in the direction shown in Fig. Figure 4.7. A 40 um length of cut
was used for the simulations. The friction between the tool and the workpiece is accounted for
and assumed to be a function of fiber orientation and was set to 0.3, 0.6, 0.9, and 0.6 for the O,
45, 90, and 135 degree orientations, respectively according to Nayak et al. as shown in Fig. 4.8.
For the 135 degree orientation it was assumed that the coefficient of friction was the same as for

the 45 degree orientation.
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Figure 4.8. Coefficient of Friction with Respect to Fiber Orientation [59]

The microstructures are meshed in the cutting region using a combination of quadrilateral

and triangular 2D, 0.5 pum elements. In order to improve computation time, a more course mesh
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was used in the EHM sections as no element failure takes place in these regions. The fine 0.5 pm
mesh in the cutting region was swept to the course mesh at the outer surface of the EHM.

Because the interfacial elements are not able to hold any stress after failure, it became
necessary to specify contact between each of the material phases to avoid the penetration of
intact surfaces around the interfacial elements. Two forms of penalty contact were defined within
each microstructure. The first was contact between each fiber external surface with each adjacent
epoxy nodal surface. The second type of contact implemented was between each fiber external
surface and the external surface of each adjacent fiber. Using the combination of these two
contact conditions, the un-failed elements remained relevant in the simulation until the point of
failure. The penalty contact algorithm is available in ABAQUS/Explicit finite element code [57].

Orthogonal machining simulations were run with a cutting speed of 500 mm/min and
depths of cut of 15 and 30um. The three machining responses of primary interest in this
machining simulation were fiber failure mode, characteristic fiber length in the chips, and
machining forces. Table 4.3 outlines the process parameters used in the finite element machining
simulation.

Table 4.3. Process Parameters Used in Simulation

Tool e 5 pum edge radius
e 10 degree clearance angle
o 25 degree rake angle

Depths of cut 15 and 30 um

Cutting Speed | 500 mm/min

Fiber 0, 45, 90, and 135 degrees
Orientations

Machining e Fiber failure mode

Responses e Characteristic fiber length in chips

e Cutting forces
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4.3. Simulation Results

In this section, the three model machining responses of primary importance are outlined

including fiber failure mode, characteristic fiber length in the chips and machining forces.

4.3.1. Fiber Failure Mode

Figure 4.9 shows the results from the 0 degree cutting simulation. Figure 4.9a shows the
material failure modes leading to the formation of the chip. As the tool enters the workpiece, the
phases are seen to separate due to interfacial failure. Once the interface has failed sufficiently,
bending stresses build up in the fibers ahead of the cutting tool. The fiber-matrix interface
continues to fail until the bending stresses in the fiber exceed the failure stress of the fiber
resulting in bending-dominated fiber failure ahead of the cutting tool. Figures 4.9b and ¢ show
the fiber just after failure occurs. The fiber failure mode is seen to be independent of the DOC of
the process, which dictates the number of fibers in a chip rather than the fiber failure
mechanisms.

The bending-dominated failure observed in Fig. 4.9 is notably different from the
buckling-dominated failure proposed in the model based on experimental observations developed
in Chapter 3. This may occur for several reasons. First, in this simulation study, the depths of cut
analyzed are 15 and 30 um, which are notably higher than used in the study in Chapter 3. Thus,
with a higher DOC, it is more likely that the tool will bend a larger bundle of fibers rather than
buckle an individual fiber as proposed in the experimentally-based model developed in Chapter
3. Furthermore, the model developed in Chapter 3 was proposed with a tool edge radius of 1 pum
whereas the tool in the simulation study had an edge radius of 5 um and thus, the longitudinal
stresses in the fiber observed in the simulation are spread between several fiber making it less

likely for a single fiber to failure under buckling-dominated failure.
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Figure 4.9. 0 degree simulation results

Figure 4.10 shows the results from the 45 and 90 degree simulations. As the tool
progresses into the workpiece, each fiber is crushed and fails at the point of contact of the tool
(Fig. 4.10a). There is also observed to be some bending stresses in the fibers below the cutting
plane, however, these do not lead to sub-surface fiber failure as typically observed in macro-
machining studies. The bending stresses below the cutting plane do, however, result in sub-
surface damage in the form of fiber-matrix interfacial failure. Figures 4.10b-e show the chip
formed after several fibers have been crushed for the 45 and 90 degree orientations at the two

DOCs under consideration.
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Figure 4.10. 45 and 90 Degree Simulation Results
Figure 4.11 shows the simulation results for the 135 degree orientation. Figure 4.11a
shows the failure modes occurring in the 135 degree machining simulation. As the tool enters the
workpiece, it catches on a fiber which is peeled from the rest of the workpiece due to fiber-
matrix interfacial failure below the cutting plane. After sufficient fiber peeling and separation,
bending stresses develop below the surface of the cut, eventually leading to bending-dominated
fiber failure below the cutting plane (Figs 4.11b and c). The fibers are seen to fail in a similar

failure mode for each of the two DOCs under consideration.
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Figure 4.11. 135 Degree Simulation Results

4.3.2. Characteristic Fiber Length in the Chips

Figures 4.9-4.11 also illustrate the characteristic length of the fiber found in the
simulation chips. For the 0 degree orientation, the fibers in the chip are seen to be approximately
120 pm in length. This is expected as the fibers in the O degree orientation fail in bending-
dominated failure away from the point of contact of the tool. For the 45 and 90 degree
orientations, the fibers are seen to fail at the point of contact of the tool in a crushing-dominated
failure and thus, the chips contain short fibers of approximately 15-35 um in length. Because of
the location of failure, the fiber lengths in the chip are seen to be dependent on the DOC of the
process. For the 135 degree orientation, the sub-surface bending-dominated failure is seen to
result in fibers in the chips that are approximately 40-80 um in length and significantly longer

than the DOC of the process.
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4.3.3. Machining Forces

Figure 4.12 shows the simulated cutting force profiles for the 40 um length of cut and for
each fiber orientation under consideration for the 30 um DOC. All of the cutting force profiles
show a considerable amount of variability cause by the two-phase nature of the simulated
microstructure. This force variability is the most prevalent in the 90 and 135 degree orientations
as machining in these orientations result in the most significant out-of-plane forces [28]. These
force profiles agree well with those observed by Rahman et al. in Fig. 2.8 [28].
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Figure 4.12. Simulated Cutting Force Profiles
Figure 4.13 shows the simulated thrust force profiles for each fiber orientation. It can be
noted that the overall magnitude of the simulated thrust forces is significantly lower than for the

cutting forces. In finite element machining models, it is typical for the thrust forces to be
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significantly underpredicted. This occurs because in a finite element simulation, as elements in
the microstructure fail, they are deleted from the simulation and can no longer hold stresses. In
the vertical (thrust) direction, this phenomenon has the most significant effect as after the
elements along the surface of the cut fail, they are deleted and fewer elements on the surface of
the cut are contributing to the thrust forces. The cutting forces; however, are effected less
significantly by the element deletion algorithm as the tool continues to come in contact with
elements after the previous ones have been deleted. The variability within the thrust force signal

remains high and comparable for all four fiber orientations.
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Figure 4.13. Simulated Thrust Force Profiles
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4.4. Chapter Summary

In this chapter, a new finite element machining model approach is presented capable of
improving on some of the shortcomings of both the experimentally-based models and the finite
element models developed in literature. This model is capable of capturing the failure
mechanisms occurring at several points throughout the chip formation process. The model was
capable of predicting fiber failure mode, characteristic fiber length in the chip, and machining
forces for microstructures with fibers oriented at 0, 45, 90, and 135 degrees. The fibers were
observed to undergo crushing-dominated failure for the 45 and 90 degree orientations and
bending-dominated failure for the 0 and 135 degree orientations for the process parameters under
consideration.

The new interfacial model developed for this study was composed of traditional
continuum elements, which are allowed to fail in tension or compression, thus preventing the
interfacial sections from distorting excessively. Furthermore, the sections have a thickness
comparable to the smallest element size in the fiber and matrix sections, which prevents a
dramatic increase in the smallest stable time increment. To accommodate the normal and
tangential deformation modes from traditional interfacial models, two separate damage modes
were implemented simultaneously to the continuum interfacial elements. This interfacial model
was able to describe chip formation mechanisms along with sub-surface damage in the form of

fiber-matrix interfacial failure.
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5. Validation and Interpretation of Finite Element

Machining Model

In chapter 4 what was referred to as a dynamic finite element machining model was
developed using a unique modeling approach. Material and failure models for the separate
materials phases (viz., carbon fibers, epoxy, and interface) were developed and assigned to each
microstructural component. The model is capable of predicting the fiber failure mode,
characteristic fiber length in the chips, along with machining forces. In this chapter, the model
will be validated by first comparing the simulated machining responses from the model to the
machining responses from a set of orthogonal machining experiments, and then the model is
used to find a more robust tool geometry.

The remainder of this chapter is organized as follows. In section 5.1, the experimental
machining testbed is described and the details of the orthogonal machining experiments are
outlined. Section 5.2 compares the results from the machining simulations and the experimental
analysis with the aim of validating the finite element machining model. Section 5.3 outlines the
application of the developed and validated finite element machining model with an aim to

determine the effects of fiber diameter and tool geometry on the machining process.

5.1. Validation Machining Experiments

The orthogonal micro-machining experiments were performed on a 3-axis CNC micro-
scale machining testbed developed at the University of Illinois. This testbed is equipped with
linear voice-coil motors and encoders having a resolution of 100 nm. The testbed was suitably

modified to facilitate orthogonal machining experiments. A stationary tool mount was designed
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for orthogonal machining with an embedded Kistler 9018 triaxial load cell. A Phantom v. 7.0
high-speed camera is implemented into the experimental setup to monitor the cutting process.

Figure 5.1 shows a schematic of the experimental testbed used for model validation while Fig.

5.2 illustrates the actual orthogonal machining testbed.
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Cutting Direction €—
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Figure 5.1. Schematic of Orthogonal Machining Testbed

Figure 5.2. Orthogonal Machining Experimental Setup

A micro-scale orthogonal machining tool with an edge radius of 5um and rake and
clearance angles of 25 and 10 degrees, respectively, was used for the cutting operation. This tool

geometry was chosen because it was identical to the tool geometry used in the machining
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simulations. The tool remained stationary on the mount while the cutting operation was
performed with the moving of the workpiece over the tool.

The micro-scale orthogonal machining experiments were performed with depths of cut of
15 pm and 30 um. The machining experiments were carried out at a cutting speed of 500
mm/min. Four different fiber orientations were tested: 0, 45, 90, and 135 degrees according to
Fig. Figure 4.7. For each experimental condition, two replicate experiments were performed. A
new tool was used for every two test conditions to avoid confounding machining responses with
tool wear effects.

The machining responses were collected with two separate cutting operations. During the
first cut, the high-speed camera images were collected at 400 pps. In order to prevent the forming
chips from interfering with the images, an air stream was directed at the tool to clear chips from
the cutting surface. The high-speed camera images were used to validate the fiber failure mode
observed in the machining simulations.

During the second cut, the chips and cutting forces were collected. The chips from the
cutting process were collected and examined using scanning electron microscopy (SEM) with
specific attention being given to the fiber lengths in the chips collected. The chip morphology
analysis was used to validate the characteristic fiber lengths in the chips from the machining
simulations.

The cutting and thrust forces were collected using the Kistler load cell. Figures 5.3 and
5.4 show the raw data collected over the full 10 mm length of cut. The force values were then
averaged during the steady-state region of each of the force signals. While the workpieces were
approximately 1 mm thick, there was found to be some slight variance, and thus, the overall

average machining force was divided by the thickness of each individual workpiece to obtain the
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machining forces per unit thickness (N/mm). Finally, these values were averaged across the two

replicate experiments.
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Figure 5.3. Raw Cutting Force Signal
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5.2. Finite Element Machining Model Validation

In validating the finite element machining model developed in Chapter 4, the machining
responses from the simulation are compared to their experimental counterparts. The machining
responses used for validation purposes are fiber failure mode, characteristic fiber length in the

chips, and machining forces.

5.2.1. Fiber Failure Mode

To validate the fiber failure mode, the fiber failure modes (viz., bending, crushing, etc.)
observed in the machining simulation are compared to the high-speed camera images captured
in the experiment. Figures 4.9-4.11 are repeated here as Figs. 5.5-5.7 showing representative

images from the machining simulations for each fiber orientation and DOC under consideration.
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For the purpose of comparison, Fig. 5.8 shows several high-speed camera images collected for

each fiber orientation and DOC.
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Figure 5.5 . 0 Degree Simulation Reults
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Figure 5.8. Experimental High-Speed Camera Images for Each Fiber Orientation and DOC under
Consideration
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The high-speed camera images for the 0 degree orientation in Fig. 5.8 agree well with the
simulated failure mechanisms as the fiber bundles are seen to bend from the progressing tool and
fail ahead of the cutting tool. This failure mode is also illustrated in Fig. 5.9a. While the tool
contacts the fiber at Point A, the bending stresses eventually cause it to fail at Point B ahead of
the tool but still along the cutting plane. The fiber failure mode observed in the 45 and 90 degree
simulations agrees well with the experimental high-speed camera images seen in Fig. 5.8. The 45
and 90 degree high-speed camera images show the fibers undergo a crushing-dominated failure
at the point of contact of the tool for both depths of cut under consideration. This phenomenon is
further illustrated in Fig. 5.9b and c, where the fiber is seen to fail at the point of contact of the
tool (Point A). The bending-dominated fiber failure mode observed for the 135 degree
simulations also agrees well with the experimental high-speed camera images. The tool is seen to
peel back a small bundle of fibers which fail below the cutting plane (Fig. 5.8). Figure 5.9d
illustrates the failure mechanisms observed in the 135 degree simulations and experiments. The
tool rake face first contacts the fiber at Point A; however, failure due to bending takes place at

Point B, below the surface of the cut.
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5.2.2. Characteristic Fiber Length in Chips

The characteristic fiber length in the chips is validated by comparing the characteristic
fiber length in the simulated chip (Figs. 4.9-4.11) to the fiber lengths observed from the
experimental chip morphology analysis. Figure 5.10 shows representative chips collected for
each of the four fiber orientations and depths of cut under consideration. While there is some
variability in the fiber lengths found in the chips, the general lengths are labeled and shown in

Fig. 5.10.
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Figure 5.10. Chips Collected from Machining Experiment for Each Fiber Orientation and DOC
under Consideration (Scale: Bar = 50um)

For the 0 degree machining simulations, the fractured fibers in the chip are approximately
120um in length. The fiber length in the chips appears to be consistent for both of the DOCs,
with the only difference being the number of fibers in the chip. This agrees well with the
experimental chip morphology analysis as the chips appear in the form of irregular fiber bundles
with fibers approximately 100-150um in length (Fig. 5.10a-b). Furthermore, the length of the
fibers in the chips appears to be independent of the DOC of the process, which agrees well with
the simulation results.

The fibers in the simulated chips for the 45 and 90 degree orientations are found to be
approximately 15-35um in length. The fiber lengths are found to correspond to the DOC of the
process as failure takes place at the point of contact of the tool. The chips observed in the
experimental chip morphology analysis are continuous with fibers extending through the
thickness of the chip. The fiber pieces in the chip are also seen to correspond to the DOC of the
process for both the 45 and 90 degree orientations as is evident in Fig. 5.10c-f.

The 135 degree simulations show chips that are approximately 40-80um in length. The
fiber length in the simulated chip is seen to be effected by the DOC of the process as the fiber

length for the 30um DOC is double that for the 15 um DOC. For both cases, the fiber length is
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seen to be significantly higher than the DOC of the process as the fiber length is dictated by the
location of sub-surface fiber failure. The experimental chip morphology analysis shows chips in
the form of irregular fiber bundles similar to those collected from the O degree orientation. There
is a high variability in fiber length but the majority of the fibers in the chips are found to be
approximately 40-90um in length corresponding well to the simulated chips (Fig. 5.10g-h).
Table 5.1 provides a summary of the fiber lengths in the simulated chips for each fiber

orientation under consideration and a comparison with the experimental fiber lengths in the

chips.
Table 5.1. Comparison of Approximate Fiber Lengths in Simulation and Expeirment
Experimental Condition Fiber Length (um)
Orientation (degrees) DOC (um) Simulation Experiment
0 15 120 100-150
45 15 20 15
90 15 15 15
135 15 40 50-80
0 30 120 100-150
45 30 30 35
90 30 30 30
135 30 80 60-90

5.2.3. Cutting Forces

The simulated machining forces are validated by comparing the simulated machining
force trends across the four fiber orientations to their experimental counterparts. In the cutting
force comparison, attention here is given to relative force trends across the four fiber
orientations.

Figure 5.11 shows a comparison of the simulated and experimental machining forces.
The highest simulated cutting forces exist for the 45 and 90 degree orientations, where crushing-

dominated failure is observed. Significantly lower cutting forces are seen for the 0 and 135
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degree orientations where bending failure is observed. This agrees well with the experimental
cutting force magnitudes and cutting force trends, as the failure mode is seen to primarily dictate

the cutting forces.
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Figure 5.11. Machining Force Comparison

For thrust forces, it can be noted that while the magnitude of the thrust forces from the
simulation is significantly underpredicted (see right-hand axis), the simulated thrust force trends
as a function of fiber orientation agree well with the experimental results. It is noted that for both
the simulated and experimental thrust forces, the highest force exists in the 45 degree orientation
with a progressively lower thrust force with increasing or decreasing fiber orientation.

In examining the model machining responses (viz. fiber failure mode, characteristic fiber
length in chips, and machining forces), it can be concluded that these correspond well to the

experimentally obtained machining responses. Thus, the developed finite element machining
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model can be considered to be sufficiently validated and as such, can be applied in further

machining process analysis.

5.3. Application of Machining Model

5.3.1. Motivation for Parametric Study

In the machining of more complex geometries such as rounded edges and curvilinear
features in CFRPs, the tool will encounter a full range of fiber orientations, and thus, the process
conditions must be selected with this in mind. While the micro-scale machining of CFRPs has
been shown to be a feasible manufacturing option, there are several manufacturing complications
which arise in specific fiber orientations. First, the sub-surface fiber and interfacial failure
occurring in the 135 degree orientation has been observed to yield a poor quality surface finish,
which leads to tolerance limitations and poor structural integrity of the machined surface [9].
Secondly, the high cutting and thrust forces observed in machining in the 45 and 90 degree
orientations lead to high rates of tool wear, which is a major limitation of composite machining
[70].

While fiber orientation has been observed to play a dominant role in determining the fiber
failure mechanisms, other factors have been found to play secondary roles. As new carbon fiber
manufacturing processes are developed, it is likely that the fiber diameter may vary for material
design purposes. It is possible for the fiber failure mechanisms to be affected by the fiber size
and as such, it is important to understand the effect of fiber diameter on the machining response

of the material.
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5.3.2. Experimental Design

In this simulation study, two process parameters will be investigated in determining their
effects on the fiber failure mechanisms occurring in the machining process. Specific attention
will be given to the reduction of sub-surface damage in the 135 degree orientation and reduction
of machining forces in the 45 degree orientation. Model simulations with a new tool geometry
and smaller fiber diameter will be investigated with the aim of improving the machining
response of the material.

The new tool geometry used for the study had a rake angle () of 50 degrees and a tool
edge radius (re) of 1 um as compared to the original tool having a rake angle of 25 degrees and
edge radius of 5 um. To examine the effect of fiber size on machining forces, secondary
microstructures were simulated with 3.5 um diameter fibers as compared to the original 7.5 um
diameter fibers with the remainder of the microstructure simulation parameters being identical to
those outlined in Table 4.1. For each fiber orientation under consideration, a separate 22 factorial
design experiment was run with levels outlined in Table 5.2. The simulations were run with a 30
pm DOC in all four fiber orientations with the other simulation conditions remaining identical to
the previous validation analysis.

Table 5.2. Levels for Facotial Design Experiment

Level
Parameter Low High
Tool Geometry a=25um , re=5um a=50um , re=1pm
Fiber Diameter (um) 3.5 7.5

5.3.3. Simulation Results
Figure 13 shows a comparison of the cutting and thrust forces for both tool geometries
and fiber diameters under consideration. For the 45 and 90 degree fiber orientations, the cutting

force is seen to reduce significantly with the new tool geometry for both fiber diameters. The
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higher rake angle allows the chips to flow up the rake face of the tool with less resistance
resulting in a lower cutting force. This phenomenon is also exhibited in the O degree orientation,
but to a lesser degree. The thrust forces are seen to be similarly affected by tool geometry as the
thrust forces in the 45 degree orientation are notably lower with the new tool geometry. While a
decrease in machining forces is observed for the 0, 45, and 90 degree orientations, the failure

modes remain identical to those found with the original tool geometry.
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Figure 5.12. Cutting and Thrust Forces from Parametric Study

The cutting and thrust force in the 135 degree orientation are observed to increase with
the new tool geometry. With the original tool geometry, the tool first contacts the fiber with the
tool rake face because of the fiber angle-rake angle relationship. The tool contacts a large area of
the fiber along the rake face instead of providing a concentrated stress on the fiber from the tool
tip. This leads to bending-dominated failure below the surface of the cut as seen in Fig. 14a.

With the new tool geometry, the lower tool tip edge radius provides a much more concentrated
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stress on the fiber while the higher rake angle allows the tool to contact the fiber with the tip
before the rake face as seen in Fig. 14b. This results in a crushing failure similar to that observed
for the 45 and 90 degree orientations instead of a bending failure with the original tool geometry,

which causes an increase in cutting and thrust forces.

(a) Original tool geometry (b) New tool geometry

Figure 5.13. Effect of Tool Geometry on Sub-Surface Damage in the 135 Degree Orientation

With the new tool geometry, the cutting forces are much more consistent with lower
force variability across fiber orientations. Also, the overall cutting and thrust force magnitudes
decrease significantly, which would result in a significant decrease in tool wear. At the same
time, the tool is capable of locally crushing the fibers in the 135 degree orientation which results
in a decrease in sub-surface damage.

When machining with the original tool geometry, the force magnitudes are seen to
decrease significantly with the 3.5 um diameter fibers. This effect is observed to be the most
significant in the 45 and 90 degree orientations, implying that the fiber size primarily affects the
machining forces in a fiber orientation where crushing failure is dominant. With the new tool
geometry, the fiber diameter has little affect on the machining force trends or magnitudes.

In summary, the new tool geometry is found to reduce the cutting and thrust forces in the
45 degree orientation and reduce the depth of sub-surface damage in the 135 degree orientation.
Furthermore, the new tool geometry is more robust as factors such as variation in fiber

orientation and fiber diameter have a comparatively insignificant affect on the machining forces.
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5.4. Chapter Summary

The model was validated by comparing the model simulation results to the results from a
set of CFRP machining experiments with identical process parameters. The developed finite
element machining model was found to be capable of accurately predicting fiber failure mode,
characteristic fiber length in the chip, and machining forces. In particular, the model was found
to accurately describe fiber failure mode, characteristic fiber length in the chips, and machining
forces.

Using the model, the affects of tool geometry and fiber size were investigated. A new
more robust tool design was found where the affect of fiber size and orientation on machining
forces was reduced significantly. Furthermore, the tool geometry caused the fibers in the 135
degree orientation to fail in crushing instead of bending, thus reducing the depth of sub-surface

damage.
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6. Conclusions and Recommendations.

The objective of this research was to gain a better understanding of the fiber failure
mechanisms occurring in the micro-scale CFRP machining process. To this end, a model was
proposed and experiments were conducted to shed light on the validity of the proposed failure
mechanisms. Subsequently, a finite element-based model was developed to obtain a more
fundamental understanding of the failure mechanisms involved in micro-scale CFRP machining
as a function of fiber orientation.

This research was focused on determining the effect of fiber orientation on the fiber
failure mechanisms occurring in the micro-machining process. Specific attention was given to
carbon fiber reinforced composites with fiber orientations of 0, 45, 90, and 135 degrees with
respect to the direction of tool motion in an effort to cover the full range of fiber orientations

encountered in the machining of CFRP composites.

6.1. Conclusions

The following is a set of conclusions that can be taken from this work:

Micro-Scale Fiber Failure Mechanisms

1. The fiber failure mechanisms occurring in the micro-scale machining process were found
to be notably different than their macro-scale counterparts. These differences exhibited
themselves most significantly in the 45 and 90 degree orientations where the fibers were
found to fail in crushing rather than bending as is typical at the macro-scale. For the 0
degree fiber orientation, the fibers were found to either fail in bending or buckling

dominated failure, depending on the tool edge radius and DOC under consideration. For
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the 135 degree orientation, the fibers were observed to fail in bending at the micro-scale,
similar to the macro-scale failure mechanisms.

The chip morphology analyses agrees with the proposed micro-scale failure mechanisms
since the chips in the 45 and 90 degree orientations show small fragmented chips
indicating crushing-dominated failure, while the chips collected for the 0 and 135 degree
orientations had fiber significantly longer than the FPT or DOC of the process indicating
bending or buckling dominated failure.

The delamination patterns observed support the failure modes proposed as the bending or
buckling-dominated failure in the O degree orientation results in negligible delamination
while the sub-surface bending failure in the 135 degree orientations results in the highest
positive delamination. Both the 45 and 90 degree orientations showed low positive
delamination because the fiber failed in crushing at the point of contact of the tool.

The cutting force trends correlate with the proposed fiber failure modes. The machining
forces in the 45 and 90 degree orientations are significantly higher than the force in the 0
and 135 degree orientations, indicating that a crushing failure results in a higher force

than a bending or buckling-dominated failure.

Finite Element Machining Model Development and Interpretation:

5.

6.

The microstructure of a carbon fiber-reinforced polymer composite was characterized
using three parameters: fiber angle, fiber grouping number, and matrix spacing. Statistical
distributions for each parameter were determined and used to simulate the microstructure.
A new finite element machining modeling approach is outlined in this work capable of

capturing the fiber failure mechanisms occurring at several points throughout the chip
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10.

formation process. This unique approach was referred to as a dynamic analysis as it is
capable of illustrating the full chip formation process and sub-surface damage. The model
was capable of predicting fiber failure mode, characteristic fiber length in the chip, and
machining forces for fiber orientations of 0, 45, 90, and 135 degree orientations.

The interfacial model developed in this study is based on the use of continuum elements
to model the fiber-matrix interface. The continuum interfacial elements used to model the
fiber-matrix interface are assigned two separate damaged models and allowed to fail in
both tension and compression. The fiber-matrix interface was found to play a critical role
in the fiber failure mechanisms occurring in the chip formation process.

The fibers were determined to fail in bending for the O degree orientation along the trim
plane while for 135 degree orientation, the fibers failed in bending below the trim plane.
For the 45 and 90 degree orientations, crushing at the point of contact of the tool was
found to be the dominant failure mode.

For the 0 and 135 degree orientations where bending-dominated failure is prevalent, the
characteristic fiber lengths in the chips were found to be significantly longer than the
DOC of the process as the failure takes place away from the cutting tool. In the 45 and 90
degree orientations, the crushing-dominated failure resulted in short fiber fragments in
the chips of length comparable to the DOC of the process.

The simulated cutting forces with respect to fiber orientation were found to agree well
with the experimentally obtained machining forces. The simulated thrust force trends
with respect to fiber orientation were found to accurately represent those obtained
experimentally; however, the overall thrust force magnitude was found to be significantly

underpredicted.
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11. To determine model validity, the simulation results based on fiber failure mode,
characteristic fiber length in the chips, and machining forces were compared to the results
from a set of CFRP orthogonal machining experiments with identical process parameters.
The developed finite element machining model was determined to be valid and capable
of accurately predicting machining responses.

12. To examine the affects of tool geometry and fiber diameter on the machining responses,
the model was used to simulate the cutting process for a tool with a higher rake angle (50
degrees) and lower edge radius (1 um) as compared to the original tool geometry (rake
angle: 25 degrees, edge radius: 5 um) along with microstructures with a smaller fiber
diameter. This parametric study was used to show the capabilities of the developed finite
element machining model in predicting machining responses.

13. It was determined that the new tool geometry allowed for the fibers in the 135 degree
orientation to fail in crushing instead of bending, thus reducing the depth of subsurface
damage and indicating that tool geometry plays an important role in the fiber failure
mechanisms. Furthermore, the new tool geometry studied was more robust as the affect

of fiber size and fiber orientation on machining forces was reduced significantly.

6.2. Recommendations for Future Work

1. While the finite element machining model and experimentally-based micro-scale model
in this work focused on CFRP composites, there are many other fiber reinforced materials
which are commonly used in both micro and macro-scale applications. These include
glass, boron, and aramid fiber composites. While some of the orientation-based failure

mechanisms may be similar for these materials, it would be helpful to develop similar
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finite element machining models to explore any significant differences. In order to
simulate the machining process for these new fiber reinforcement materials, new material
and failure models would need to be developed. Furthermore, validation experiments
similar to those used in this study for CFRP composites could be executed in an aim to
validate the new material and failure models.

While the models developed in this work were validated for the process parameters under
consideration, it would be beneficial to observe if the machining responses remain similar
for other process parameters (viz., increase DOC, negative rake angles, large edge radii).
Thus, a secondary parametric study could be executed using different process parameters
to observe if the model is valid for process parameters outside the range considered in the
original simulations.

. While this work was focused on long aligned unidirectional fiber composites, other fiber
configurations are commonly used. Randomly orientated short fibers, aligned short
fibers, or plies of differing fiber orientations are all common FRP microstructures whose
machining behavior could be more fully investigated. In order to simulate the machining
process on other fiber configurations, new parametrization schemes could be developed
in order to characterize these new material microstructures. To examine the effect of
other fiber configurations on the machining process, simulations could be carried out
using the new developed microstructures.

Now that a fundamental understanding of CFRP failure mechanisms occurring in the
machining process has been achieved, this information can be applied to designing
machining processes for actual CFRP components. Specifically, the manufacturing

processes for more complex features such as curvilinear and three-dimensional features
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can be developed. Using the results obtained in this study, complex geometries could be

machined experimentally with improved processing results.
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