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Abstract

Utilizing carbon fiber reinforced polymers (CFRP) in design offers advantages
including as mass reduction, increased stiffness, enhanced corrosion resistance, im-
proved sound damping, and vibration absorption. The notable strength-to-weight
ratio of CFRP has driven its adoption over traditional materials like aluminum and
steel in various industries such as aerospace, automotive, and sports. The assembly of

" which are layered assemblies of CFRP and metal components, becomes

"Stack-ups,'
crucial as CFRP increasingly replaces metallic parts in high mechanical loading struc-
tural situations. The high thrust force involved in machining fiber reinforced polymers
(FRPs) causes a peel-up and push-out effect on the workpiece, leading to delamina-
tion of the plies. This study developed an FE tool to simulate the drilling of FRPs
effectively, aiming to validate tool design and enhance the cutting process.

Modeling the impact of fiber orientation in CFRP material on mechanical be-
havior is essential for optimizing component design and manufacturing. To reduce
the exhaustive experimental work related to CFRP material characterization Abaqus
Explicit is used to predict the tensile material response through fracture. FEA anal-
yses included mesh size, mass/time scaling, failure models, and cohesive surfaces.

Experimental results with the new fixturing-rig show consistent gauge region failure,

regardless of fiber orientation. Puck’s model accurately predicts fracture force and
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displacement for parallel fiber orientation. 45 and 90-degree orientations, maximum
strain and LaRCO2 models offer better accuracy. Most apparent, was the criticality of
cohesive surfaces to predict the nonlinear loading response observed experimentally.
Simulations for various fiber layup orientations indicate similar force-displacement
signatures, with a notable reduction in failure force at angles between parallel and 45
degrees.

Simulating CFRP mechanical properties under three-point bending to understand
cohesive interactions between plies in a laminate was investigated; this capability crit-
ical to effectively model the peel-up and push-out problem observed when drilling. A
parametric FEA study investigated the affect of mesh size, mass/time scaling, failure
models (Hashin, MCT, LaRC02, Maximum Strain, Puck), and cohesive surfaces ver-
sus loading response. Experimental results with a larger radius punch show failure
on the intended bottom side, facilitating Aramis strain camera recording. Effective
mass/time scaling reduces computation time while maintaining accuracy. For perpen-
dicular fiber orientation, all failure models exhibit a similar force-displacement rate.
Minimal difference exists among 0-degree models, except for a 4.18% underprediction
by LaRC02. At 45 and 90 degrees, Maximum Strain and LaRCO2 models prove more
accurate and converge well. The study underscores the need for cohesive surfaces to
predict nonlinearity in loading responses for non-parallel bending setups.

A 3D drilling model is developed discussing significance of modelling techniques
and considerations. The removal of failed elements creates periodic voids between
the workpiece and tool, underlining the importance of proper mesh development. Ac-
curate, computationally efficient models with element lengths of 50-75 pm near the

expected failure region were emphasized. Using a discrete rigid body yielded a 42.1%



reduction in memory requirements and a 2.81x reduction in time step compared to
deformable bodies with rigid constraints. Mass scaling led to over tenfold computa-
tion time reduction with a mere 5.3% mass change. Increasing viscosity parameters
improved the loading response of CFRP laminate during high-speed drilling. Strain
rate strengthening, aligned with literature, increased the load profile by 10.9%. Fric-
tion in the CFRP drilling model showed less sensitivity than estimated, with a 4.4%
standard deviation.

The FE model once confidently developed, was compared to experiments. The
prediction aligned well with experiments, accurately predicting thrust force differences
between CD854 and CD856 drills. The CD856 exhibited reduced inter-ply damage,
highlighting the advantage of double-angle drill geometry. The CD854’s "spur" cut-
ting edge geometry improved hole quality. The "Stack-up" drilling model effectively
predicted thrust force transitions between UD-CFRP and Aluminum layers, confirm-
ing the CD854’s reduced thrust force when drilling Aluminum, as described by the
tool manufacturer Sandvik.

Overall, these studies underscore the importance of advanced modeling techniques,
in understanding and optimizing the behavior of composite materials like CFRP in
various applications. These studies offer valuable insights into the complexities and
factors influencing machining and assembly processes, thereby contributing to the

progression of materials and manufacturing methodologies.
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Chapter 1

Introduction

Thomas Edison and Joseph Swan created the first carbon fibres by burning bam-
boo and cotton. This was not for use in an airplane, but to create the original
filaments used in the invention of a light bulb near the end of the 19" century. With
the creation of tungsten filaments, carbon fibres were no longer useful for creating
light and soon forgotten [1].

Carbon fibre composites have long been thought of as a revolutionary material.
“The New Steel-Carbon-fiber-reinforced plastics: the materials that may revolution-
ize aircraft design” was the title of a 1968 journal describing advantageous material
characteristics |2]. By incorporating carbon fibre reinforced polymers (CFRP) into a
design one can reduce the mass of a part, increase stiffness, improve corrosion resis-
tance, improve sound damping and vibration, facilitate complex aerodynamic shapes
and absorb substantial energy in failure events. Most incentivizing is the strength-
to-weight ratio which has been the motivation to replace conventional workpiece ma-
terials such as aluminum and steel across numerous industries including, aerospace,

automotive and sport.
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Pioneering research done by Roger Bacon in 1958 created high-performance car-
bon fibers. Production process realizations involving “hot-stretching" by Schalamon
created a ten-fold production increase when creating fibres from Rayon [3]. In 1961,
research using polyacrylonitrile (PAN) by Dr. Akio Shindo led to the development of
different modulus fibre. A high modulus (HM) for structural design and low modulus
fiber that is widely popular in sporting equipment [4]. In 1970, limited mostly to
aerospace applications, carbon fibre cost approximately $150/1b. With the inclusion
of sporting goods, automotive, industrial and wind energy applications the price has
fallen to $10/1b, a trend expected to continue. Zoltek, a leading global manufacturer
of carbon fibre materials states growth globally will continue for carbon fibre tow
from 46,000 tons in 2011 to 140,000 tons in 2020 [1].

Composites are made of two or more constituents that are combined to form an
improved material [5]. One material is strong and stiff acting as the reinforcement.
The other, identified as the matrix envelopes the reinforcement and is generally more
ductile and tough [6]. Aerospace and defence sectors are increasing the use of CFRP
year over year. In the 1980’s the Boeing 757/767 was less than 5% by weight made
from CFRP. In contrast, the Boeing 787 Dreamliner is almost 50% by weight [7].
The largest aircraft in the world is the Airbus 380, which is 25% by weight made
from composites. The A380 is also the first aircraft that has a CFRP centre wing
box that reduces this components weight by up to one and a half tonnes [8]. These
advancements will create fuel savings of 12-20% [9, 11, 10]. In the automotive industry
growth is evident. Originally CFRP was incorporated in Class-A cars only such as
the Bugatti Veyron. Today Audi, with Voith are working towards 100-150 units per

day producing a rear wall for an A8 that will save 50% of the components weight [12].
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As utilization of CFRP increases across many sectors difficulties continue to exist
pertaining to cost. The cost breakdown of carbon fibre is significantly dominated by
the manufacturing cost at 53% and of that, 51% is the precursor [13]. Precursor is
the carbon filament in CFRP fibre and is made from PAN, rayon or petroleum pitch.
Although CFRP has advantageous material characteristics including formability, the
parts require various machining processes to meet design and quality requirements.
Processes that must be optimized and improved constantly to drive costs down.

“Stack-ups" are multiple layer assemblies of CFRP and metal components. In
aerospace as CFRP replaces more metallic components in high mechanical load-
ing structural situations assembly of these multi layer interactions becomes critical.
Frequently “Stack-ups" incorporate Titanium and Aluminum in a variety of layups.
When CFRP parts are incorporated as structural components into an assembly they
need to be mechanically joined. Exact part production for CFRP components is diffi-
cult in comparison to conventional machining of metal parts. Hole drilling, frequently
at assembly location, is used to facilitate the assembly. However, drilling “Stack-ups"
is very cumbersome. Aluminum has a high strength-to-weight ratio and remains an
ideal material choice for many aerospace and automotive applications. Aluminum is
not a difficult material to machine, but can be subject to adhesion problems when
machining creating built-up edge (BUE) on the cutting edge. Specific machining
parameters regarding cutting feeds and speeds, tool coatings and coolants must be
selected for proper machining of a specific Aluminum alloy [14]. Titanium and CFRP
are considered difficult materials to machine. Titanium is subject to high cutting
temperatures which causes diffusion and dissolution tool wear [15]. The hardness,

and high strength in CFRP induce significant wear, dulling the tool rapidly leading
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to poor machinability and quality of the workpiece [16, 17].

The machining process becomes more cumbersome due to the different cutting
mechanisms between the materials. When machining metal a shearing mechanism
generates a continuous or serrated chip [18]. The fracture mechanism with CFRP
is a brittle crack growth significantly effected by the fibre layup in the anisotropic
material. Using a quick stop device, Koplev et al. studied the fracture mechanism of
fibre reinforced polymers (FRP) describing the various differences in comparison to
machining with metal [19]. Sakuma et al. describes the effect on cutting forces, sur-
face finish and tool wear all highly dependent on fibre orientation |20, 21, 22|. Shown
by altering the tool geometry and the fibre orientation when machining determines
the failure mechanism albeit tension, compression, bending or buckling.

Sheffler describes the numerous considerations when drilling “Stack-ups". Param-
eters that directly effect material quality and surface requirements including tool
design, cutting parameters and paths, coolants and coatings, swarf control, etc. [23].
The dissimilar materials require a compromise of machining considerations that ex-
aggerates the difficulty of machining these materials and therefore negatively impacts
the workpiece quality and tool life. Research on tool geometries and cutting parame-
ters has progressed the understanding of drilling these hard, high strength composites
[24]. The understanding of the fracture mechanism of CEFRP, the heat transfer be-
tween materials, the tool wear and the frictions developed all must progress to make
informative tool design advancements [25]. Thrust force is considered to correlate
to the observed tool wear. The experimental studies indicated the thrust force is
significantly affected by feed rate, cutting speed and tool wear leading to the devel-

opment of an empirical model [26]. Experiments with CFRP tend to be destructive
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and therefore become costly. Finite element modelling has been extensively used to
progress the understanding of machining.

Advancements regarding CFRP processing are continuously being made offering
greater productivity and improved surface quality /integrity. Developments regarding
the understanding of fracture of CFRP and advancements in tool materials, design,
cutting parameters and other process factors continue to improve the viability of
CFRP across multiple industries. This research attempts to delineate the signifi-
cance of FE modelling of CFRP and validate the effect drill geometries have when
machining CFRP. Understanding the fracture mechanisms in CFRP drilling will allow
the selection of the right tool for each application of CFRP drilling. Efficiency in all
aspects of the process from design, manufacture, install, certification and maintenance
are crucial. This is realized in most aspects although fundamental understanding of

the fracture, friction and failure mechanics is still in its infancy.

1.1 Objectives

This research was carried out to progress the understanding of CFRP material
characterization with FE modelling, to improve productivity and quality of machined
CFRP. In doing so, machining of CFRP will continue to become more effective facil-

itating its use in more applications. Specific objectives of research were to:

e Simulate the mechanical properties of CFRP to fracture. Finite element solver
ABAQUS Explicit will be used to perform a sensitivity analysis regarding el-
ement type, mesh convergence, scaling techniques, damage initiation and evo-

lution methods were studied with its respective limitations in a tensile loading
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configuration. A tensile test rig that could induce fracture at the specimen

gauge section consistently to validate the model.

e Evaluate different failure models, which include Hashin, MCT, LaRC02, maxi-
mum strain, Tsai-Wu, Tsai-Hill, Christensen and Puck. The fibre orientations
investigated to be investigated were parallel, 45 deg and perpendicular to the
tensile loading condition. The significance of modelling multiple ply layups

using cohesive surface interactions will also be investigated.

e Model the mechanical properties up to fracture for CFRP laminates under three-
point bending loading configuration and to gain understanding on the cohesive
interaction between plies and validate mechanical properties and predictive ca-
pability of the FE model. Fibre orientations to be investigated were parallel,

45° and perpendicular to the structure axial direction.

e Develop a 3D macro-Finite Element (FE) model to accurately predict the ef-
fects of drill tip geometry on hole entry and exit quality. The macro-mechanical
material model will be developed treating the Fiber Reinforced Plastic (FRP)
as an Equivalent Homogeneous Material (EHM). To reduce computational time,
numerical analysis will be performed to investigate the influence of mass scaling,
bulk viscosity, friction, strain rate strengthening and cohesive surface modelling.
Consideration will be made to minimize the dynamic effects in the FE predic-
tion. Experimental work will be carried out to investigate the effect of drill tip
geometry on drilling forces, hole quality and to validate the FE results. The
geometry of the drills used were either double-point angle or a “candle-stick”

profile.
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1.2 Outline of Thesis

The thesis includes the following chapters:

Chapter 2 provides a comprehensive literature review of work completed by re-
searchers regarding FEM and machining of CFRP. The content is supplementary to
the literature review present in the three journal papers in the subsequent chapters.
The review includes descriptions of experiments, modelling techniques employed by
researchers and limitations of the work. Any limitations or gaps in knowledge promote
further research.

Chapter 3 presents work published in Materials Today Communications. The
title of the paper is “Non-linear material characterization of CFRP with FEM uti-
lizing cohesive surface considerations validated with effective tensile test fixturing".
This work experimentally tested CFRP samples using an improved fixturing setup.
FE research resulted in effective modelling of the CFRP at various fibre-layup orien-
tations utilizing cohesive surface interactions between plies with damage capability.
The cohesive surface interaction created the ability to capture the nonlinear loading
response observed in experiments, frequently not considered nor implemented in FE
models. The FE model proved effective when predicting the response to loading of
multi-fibre orientations and the effect of various laminate thicknesses.

Chapter 4 presents work published in Modelling and Simulation in Materials Sci-
ence and Engineering journal. The title of the paper is “Three-point bending analysis
with cohesive surface interaction for improved delamination prediction and applica-

tion of CFRP composites". This research experimentally tested CFRP samples at
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various fibre-layup orientations using an increased diameter punch, three-point bend-
ing setup. The research effectively modelled the CFRP utilizing cohesive surface in-
teractions between plies with damage capability, demonstrating improved prediction
of the loading response. The FE model proved effective when predicting the response
to loading of multi-fibre orientations, cross-ply layups and the effect of various span
lengths.

Chapter 5 presents work published in the journal Materials. The title of the pa-
per is “3D Finite Element Model on Drilling of CFRP with Numerical Optimization
and Experimental Validation". This work effectively developed 3D drilling models of
CFRP predicting the effectiveness of different drill geometries, validated by experi-
ments. The 3D drilling model accurately predicts the thrust force and hole quality
generated by the two different drills. Results highlight the improvement in predicted
results with the inclusion of cohesive surface modelling.

Chapter 6 communicates work continued from the 3D drilling model, focusing on
Stack-Ups involving CFRP laminated by Aluminum.

Chapter 7 outlines specific conclusions from the body of work and describes areas
of focus for continued work in the future. Figure 1.1 illustrates the layout of the

thesis.
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Chapter 2

Theory & Literature Review

2.1 Overview

The literature review provided in this chapter focuses on information pertaining
to CFRP testing, modelling and machining. Description of composite materials,
most specifically CFRPs are provided. Experiments completed for specific material
characterization are described including any shortcomings of certain experimental
setups. The various modelling techniques that exist for FEM and the effectiveness of

these techniques are outlined in detail.

2.2 Materials

A composite material is made from two or more different constituents. The re-
inforcement phase has high rigidity and is subject to the majority of the loading.
Reinforcements are generally long fibres, short fibres, particles or whiskers. The con-

tinuous matrix constituent is generally tough and envelopes the fibre reinforcement.

10
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The matrix provides protection from the environment, distributes the applied load
and will determine the form of the part, binding it together |7].

The three standard classifications for composite materials are ceramic matrix com-
posites (CMCs), metal matrix composites (MMCs) and polymer matrix composites
(PMCs). Depending on the application, the reinforcement material may be particle-
reinforced involving large particle or dispersion-strengthened; fibre-reinforced involv-
ing continuous, discontinuous, aligned or random fibres; or structural laminates or
sandwich panels [27]. Shown in Figure 2.1 a) is a composite made of continuous fi-
bres reinforced in a matrix. Figure 2.1 b) illustrates the strength of a composite in

comparison to its individual constituents.

T E, (longitudinal)

u — Matrix

Reinforcing fibers 9

o

&
—
E;

Strain

(b)

Figure 2.1: a) Fibre reinforced composite structure b) Constituent force 28|

Polymer matrix composites are synonymous with fibre reinforced plastics (FRPs).
FRP composites are described as unidirectional (UD) or woven. Unidirectional refers

to the fibre layup orientation being arranged in one direction. Shown in Figure 2.2,

11
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woven FRPs involve weaves with the intersection of fibre in various patters and various

angles to promote laminate function.

Figure 2.2: CFRP weaves: a) Plain b) Twill ¢) Satin d) Basket e) Various [30, 29|

A plain weave involves each bundle of fibre passing under then over a perpendicular
bundle of fibres. The 2x2 twill weave involves a bundle passing over and then under
2 bundles of fibre, however this is staggered in the perpendicular direction. The 3
harness-satin weave shown involves a 3 over 1 under pattern; satin weaves can be
done in 3 over 1, 4 over 1, 5 over 1 etc. The basket weave is similar to the plain
weave however it involves two bundles passing over and then under. In Figure 2.2 e)
specialty weaves such as Rook, Grandmaster, Wasp, Labyrinth, Atomic and Roswell
are shown and are generally selected for aesthetic reasons.

The most common fibre reinforcement with PMCs are carbon, glass and aramid

(also known as Kevlar), with a small usage involving Boron and polyethylene fibres

12
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[11]. Glass fibres are classified into eight classifications that categorize key physi-
cal properties including: (A) higher durability, strength and electric resistivity; (C)
higher corrosion resistance; (D) low dielectric constant; (E) higher strength and elec-
triacal resistivity; (AR) Alkali resistance; (R) higher strength and acid corrosion
resistance; (S) highest tensile strength; (S-2) high strength, modulus and stability
[31]. Aramid fibres are organic fibres in the aromatic polyamide family resulting in
high strength, toughness, high modulus and thermal stability[32]. Carbon fibre is
most frequently made from a raw material called polyacrylonitrile (PAN), know as
the precursor. The precursor is subject to a stabilizing process whereby the fibre is
subject to air at 200-300 °C. The fibres bond with oxygen transforming the linear
atomic bonds to more stable ladder bonding. The stabilizing process can use heated
chambers, hot rollers or other gases to promote the stabilization process. Post stabi-
lization, the fibres are heated to 1000-3000 °C for several minutes in a gas mixture
absent of oxygen. This prevents the fibres from burning and causes them to vibrate
violently forcing the non-carbon elements to be expelled as gases. This focuses the
bonding of the carbon atoms more densely and aligns the crystal with the fibre axis.
To increase adhesion with epoxies, the carbonized fibre surfaces are subject to a con-
trolled oxidation. This allowing for better chemical bonding and etches the surface
that creates a roughness that increases the mechanical bonding qualities of the fibre.
The fibres are coated to add protection from winding processes, increase bonding
characteristics and to size the fibres [1].

The matrix material is crucial to the composite function. It is a thermoset or

thermoplastic resin material which binds the fibre-reinforcement. A thermoset resin

13
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involves a chemical reaction altering the molecular structure of the resin during cur-
ing, which is irreversible. The thermoplastic resin is reversible by adding heat, the
material will transform between solid and liquid phase. With respect to design, this
can have advantages and disadvantages, however with most applications only one
type is appropriate. Composites used in industry are generally limited to the follow-
ing resins: polyester, vinyl-ester, epoxy and high-temperature thermosetting resins
phenolic, cyanate-ester and bismaleide [27|. Table 5.1 and 2.2 detail the physical

and mechanical properties of the fibre reinforcement and matrix.

Table 2.1: Typical fibre reinforcement properties |27, 32, 34, 33|

Fibre property Carbon fibre | Glass fibre | Aramid fibre
Density (kg/m?) 1600 2100 1400
Diameter (um) 4-10 3-20 12
Longitudinal modulus (GPa) | 145 45 76
Transverse modulus (GPa) 10 12 5.5

Tensile strength (MPa) 1240-2000 1020-2500 | 1380
Elongation at fracture (%) 0.5-1.0 1.8-3.3 1.8

Table 2.2: Typical matrix material properties [34, 35|

Matrix property Epoxy Polyester
Density (kg/m?) 1100.0-1400.0 | 1200.0-1500.0
Modulus of elasticity (GPa) | 3.0-6.0 2.0-4.5
Tensile strength (MPa) 35-100 40-90
Compressive strength (MPa) | 100-200 90-250
Elongation at fracture (%) 1.0-6.0 2.0

Between the fiber and matrix, regardless of the layup, is a region referred to as
the interface, or interfacial bonding. The interface refers to the three-dimensional
boundary between the fiber and matrix, playing a crucial role in governing the prop-
erties of composites. This is because the fiber-matrix interaction happens at the

interface. There are three primary mechanisms through which this interaction can
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occur: mechanical coupling or micromechanical interlocking between the two materi-
als, physical coupling such as van der Waals forces or electrostatic interactions, and
covalent bonding facilitated by a coupling agent [36]. Between instances in the finite
element modelling cohesive interactions can be developed to mimic the interfacial
bonding.

This research focuses on the material characterization and machining of unidirec-

tional carbon fibre epoxy laminates (UD-CFRP).

2.3 Fundamentals of FRPs: Empirical & Theoretical

Representations

The inherent advantages of FRP materials are the specific strength and stiffness,
that can be customized to produce varying sized structures, as one piece or assem-
bled parts. This is possible by controlling the fibre orientation and stacking of the
laminated plies. The abundance of options to customize a FRP, create a similar
abundance of difficulties to analyze the response of the part when subject to a load.
FRPs heterogeneous properties create additional complexities when producing ana-
lytical models in comparison to standard isotropic engineering materials. In the most
basic of approaches, damage in a FRP involves interactions of fibre cracking, matrix
failure and delamination as shown in Figure 2.3.

The machining process becomes especially difficult due to the different cutting
mechanisms involved as the fibre orientation changes. When machining metal a shear-
ing mechanism generates a continuous or serrated chip. The serrated, saw-toothed

chips generally occur when machining hardened steels, super-alloys, and titanium
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Matrix crack

Figure 2.3: FRP failure [37]

alloys machined at low cutting speeds. This serrated chip can also occur in ductile
materials if machined at high speeds resulting in instability and poor quality [18].

The fracture mechanism with FRPs involve a brittle crack growth significantly
affected by the fibre layup in the anisotropic material. Using a quick stop device
(QSD) to study the cutting region, Koplev et al. identified the fracture phenomenon
when machining FRPs [19]. Shown in Figure 2.4, altering the tool geometry and the
fibre orientation when machining determines the failure mechanism albeit tension,
compression, bending or buckling. Koplev et al. describes when machining perpen-
dicular to the fibre the surface is destroyed 0.3 mm below the surface versus minimal
damage when machining parallel to fibres. Sakuma et al. describes the effect on
cutting forces, surface finish and tool wear all highly dependent on fibre orientation
[21]. Arola et al. [20] and Kaw [22] made similar experimental observation regarding
the effects of fiber orientation.

A FRP can be represented in a variety of ways within a finite element software.
Consideration must be made to accurately represent the composite structure while

maintaining a reasonable amount of computational expense. At a microscopic level,
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Figure 2.4: Cutting mechanism for various fibre orientations 7|

when a FRP is subjected to load, damage would initiate with micro-cracks at the
interface between the matrix and the fibre. These micro-cracks grow causing in-
terlaminar delamination followed by macro-cracks in the matrix. As this continues,
macro-level failure occurs in the fibre [38|. To increase the understanding of the highly
complex mechanical behavior of FRP composites, numerical models at different scales
have been developed with different loading conditions. There are three distinct scales:

micro, macro and meso.
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Micro-scale analyses incorporate separate model volumes for the fibre and matrix.
The interface between these constituents is also considered. Micro-scale models suc-
cessfully predict properties of the laminate at a macro scale and can model damage
initiation. However, such approach are unable to predict damage evolution because
there is no additional volume representing the undamaged region of the FRP part
experiencing the onset of failure [37].

A macro-scale model represents the component homogeneously with anisotropic
material properties. This is referred to as an equivalent homogeneous material (EHM).
It does not include individual plies, nor the cohesive interaction between plies and
therefore cannot capture delamination. By neglecting the sub-laminate plies com-
putational efficiency can be gained facilitating greater complexities to be included.
Complexities such as alternative failure criteria, damage evolution techniques, more
complex frictions and contact interactions, wear and erosion considerations, etc. In
addition to the inability to capture delamination between plies, the damage evolution
through the representative volume is averaged throughout the critical area depending
on the progressive damage relationship [39, 40]. The majority of progressive dam-
age models involve the matrix damage preceding fibre damage, which leads to failure
in the structure. In a variety of loading conditions, especially with unidirectional
composites, matrix damage will determine structure failure. This is a significant
limitation in the functionality of numerous failure models at a macro-scale.

At the macro-scale (laminate) level, rather than a single instance with homoge-
nized anisotropic properties, a numerical technique can facilitate the ply layup. If the
FRP is not unidirectional, where the orientation of the fibres per ply are parallel, an

analytical manipulation of the volume will more accurately represent the anisotropic
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nature of the FRP structure. This is achieved by subdividing the instance into a
number of plies and allowing the properties of the plies to vary; properties such as
fibre orientation, material, thickness [37, 38|.

The meso-scale (lamina) is an alternative, where the laminate is modelled by the
stacking of individual plies. The ply is an individual instance with homogeneous
properties dependent on the ply orientation. The plies are then laminated together,
incorporating a stacking sequence and orientation if required, with the ability to
consider the interface between the plies [39, 40]. A surface interaction with specific
cohesive behavior and damage modelling can be considered. The ability to simulate
delamination failure is possible. Most crucial, the cohesive interaction allows the FE
model to capture softening in the structure as damage progresses and can therefore
predict a nonlinear loading response frequently not predicted due to the highly stiff,
elastic properties of the fiber-dominating failure evolution. Alternatively, each of the
laminated plies can be connected using cohesive elements versus a surface contact.
This involves an additional instance between each pair of FRP plies. The cohesive
elements are modelled with similar material and failure properties as with the con-
tact surface setup. Due to the additional, generally thin, instances computational
time suffers. A representation of the different scales of modelling are illustrated in

Figure 2.5.
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Figure 2.5: Multi-scale FRP studies [37]

FE modelling has been successfully utilized to model the complexities of FRP
instances for numerous applications such as structural analyses, fluid dynamic studies
or damage studies, each with their own significance [20, 41, 42, 43, 44, 45, 46, 48, 49,
50, 51, 52, 53, 54, 47, 55|. Damage initiation and evolution prediction is used to model
the material response when FRPs are subject to loads exceeding the elastic limit. To
guarantee reliable, accurate simulations FE research must be based on theoretical
studies and validated by experimental work. Finite element modelling must resolve
the local load balancing of a section to determine the global response of a system
in terms of its mass, damping and stiffness. This global response is represented by

Equation 2.1:

[M{a} + [Cl{a} + [K{u} = {f(t)} (2.1)

which is a combination of acceleration, i, velocity, u, displacement, u and the resulting
force vectors, f(t).

In all FE analyses there are two pairs of parameters that distinctly identify the
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type of analysis: static versus dynamic and linear versus non-linear. A static analysis
is one where the inertial forces can be ignored (also includes quasi-static). These
analyses can be linear or nonlinear. In a static analysis the load is divided into
increments. In each increment, the external forces applied must be balanced by the
internal forces of deformation.

A dynamic analysis is one which the inertia effects must be considered and there-
fore parameters are affected by time. There are three categories for dynamic analyses:
transient fidelity, moderate dissipation and quasi-static [39]. Transient fidelity require
minimal energy dissipation to accurately model the vibrational response of a system.
An example of a transient fidelity analysis would be the study of an automobile sus-
pension. The moderate dissipation analyses involve studies where energy is dissipated
by plasticity, viscous damping and other effects such is the case for impact and form-
ing analyses. In a quasi static analysis only the final static response is of interest
and the inertial effects can be used to settle unstable responses [39]. Bulk form-
ing including drawing, rolling, stretching and extrusions involving contact and large
deformations are examples of quasi-static simulations. The greatest advantage to
quasi-static analyses is taking advantage of negligible inertial effects [49]. This allows
for increased loading rates and mass scaling with minimal effect on the prediction;
this consideration is advantageous for efficient material testing simulations.

If an analysis remains in the linear-elastic range of a material response a linear
material response is adequate, requiring Young’s modulus, Poisson’s ratio and den-
sity. This is appropriate for many analyses in engineering design, such as structural

components that must avoid any plastic deformation.
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Alternatively, if a analysis will exceed the yield point of a material, experi-
ence damage and possibly require element erosion, then a non-linear response is
required. Nonlinearities exist in material behaviour, but can also exist due to large-
displacements and boundary nonlinearities such as contacts and friction [40]. Many
real-world analyses are non-linear. One should maximize the plasticity of a material
in a forming application, or try to reduce the energy required to promote shear failure
in a metal cutting process.

There are two distinct methods of integration in FE models, implicit and explicit.
Explicit integration uses the central difference method that assumes linear changes in
one increment to predict the kinematic conditions of another. The central difference
rule integrates the equations of motion explicitly through time, solving the dynamic

equilibrium shown in Equation 2.2:

Mii=P—1 (2.2)

where M is the nodal mass matrix, P is the externally applied forces and I are the
internal element forces. The accelerations at the beginning of the current increment

are calculated as:

i = (M) - (P~ D) (2.3)

The acceleration {ii} at increment n is shown in Equation 2.4:

where {t,1/2} and {t,_1/2} define the velocity at the next half increment and the
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previous, respectively to the elapsed time between the two increments, At. The
central difference method can then be applied to determine the velocities at these
half steps by relation of the nodal displacement as shown in Equations 2.5 and 2.6

respectively:

. Unp, — Up

{utny12 = —+1At (2.5)
. Up, — Up—

{u}n—l/Q = —At ! (2.6)

The velocities are integrated through the step and added to the displacements at the
beginning of the increment to determine the displacement at the end of the increment,

shown in Equation 2.7.

u|(t+m) = u|(t) + At|(t+At)iL|(t+%) (2.7)

The time increment is small enough to assume constant acceleration. The accelera-
tion of the node is determined by its mass and the net force acting on it and does not
require solving for the acceleration, resulting in a computationally inexpensive pro-
cess. With the nodal displacements known, the incremental strain and strain rate can
be determined across the element. With strain determined, stresses can be computed
using the element stiffness and the process is repeated [39].

The implicit formulation equilibrium is also defined by Equation 2.2. However, the
implicit method uses a direct solution method to determine the nodal accelerations,
which is computationally expensive. To do this, the full Newton iterative solution

method is used, known as the Newton-Raphson method. With a nonlinear problem,
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each increment will require several iterations to resolve the error within a certain
tolerance, c;. Each iteration requires the solution of a set of simultaneous variables

shown in Equation 2.8 [39]:

~

Kjcj = Py — I — Mju; (2.8)

where K ; is the effective stiffness matrix. The iterations for a given time step continue
until parameters such as displacement corrections and force residuals are within the
tolerance. Solving an implicit analysis requires significant computational time per
increment and due to the large system of linear equations are quite expensive with
respect to computational hardware; disk space and memory. Implicit analysis also
have significant difficulty resolving the highly discontinuous contact conditions present
[39]. As such, the highly dynamic machining of FRPs can only be effectively solved

using an explicit analysis.

2.3.1 Meshing techniques

A critical aspect of a FE model is the ability to converge efficiently and avoiding
severe mesh distortion leading to an aborted simulation. There are three classic
methods to represent motion in FEM: the Lagrangian method, where the mesh moves
with the material; the Eulerian method, where material moves through a fixed mesh;
and more recently, an Arbitrary Lagrangian-Eulerian description [56].

The Eulerian description is regularly used in Computational Fluid Dynamics
(CFD) and requires the flow of material to be defined [56]. For a fluid or energy
flow simulation that may be acceptably known. However, for other analyses such as

crack path prediction, or newly surface generations, the purpose of the study may be
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that separation prediction and therefore the Eulerian method is not preferred. The
Eulerian description does have the advantage of avoiding excessive element distortion
as the mesh is fixed [56].

In the Lagrangian approach, the mesh is attached to the body of study and ele-
ments are allowed to move relative to the original position based on the deformation
induced. This has the advantage of no predefined flow regions. The Lagrangian ap-
proach is susceptible to excessive element distortion near the separation region, may
require frequent remeshing and as a result can be computationally expensive [56].

The Arbitrary Lagrangian Eulerian (ALE) is an adaptive mesh technique that
combines the Lagrangian and Eulerian formulations incorporating advantages of both.
The ALE mesh is neither attached to the material nor spatially fixed. It allows the
mesh to flow with the material and severe distortion of elements can be avoided. The
ALE description utilizes Lagrangian and Eulerian aspects implemented on one mesh.
The ALE representation has been successfully implemented on 2D orthogonal cutting
analyses [57], however implementing Eulerian boundaries of an ALE setup in a 3D
machining model is not possible. To accomplish this, a Coupled Eulerian Lagrangian
(CEL) analysis that incorporates Eulerian and Lagrangian instances within the same
model must be setup. A single Eulerian part is created and acts as the domain of
the model. Materials are assigned to different Lagrangian regions and those without
material assignment are treated as a void [39, 54, 47, 58|. However, for CEL ele-
ment failure criteria cannot be incorporated into the mechanical behavior resulting in
unavoidable severe element distortion. As a result, the Lagrangian formulation was
used. In Figure 2.6 the three meshing approaches are illustrated [59].

Fortunately, CFRP experiences a highly elastic-brittle failure. Elements exceeding
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critical strengths experience a damage evolution procedure that leads to element
deletion. The Lagrangian representation is an effective approach when consideration
is made for element type, seeding, stacking, hourglass control and adaptive meshing;

these specific modelling considerations will be described in section 2.3.3.

1Y tY  EULERIAN
/ (,/'
\
\ A \
—
X I X
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'X 'X
AY r y ALE
X X
= tﬂ t> 10

Figure 2.6: Meshing approach [59]

2.3.2 Elements

The element type selected for a FE model affects the material properties and
additional analysis parameters required for the given setup. In addition to material
properties, structural elements such as beam elements, require a cross-sectional area

and moments of inertia to solve the 3D governing equations. Shell elements used in the
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stacking of plies require a laminating sequence to develop the anisotropic information
for the material. Continuum 3D elements do not require any additional information
as the material properties and mesh provide all required information [40].

The available elements for a FE model of FRPs are conventional and continuum
shell elements and 3D solid elements. Conventional shell elements are used to repre-
sent a 3D object by a 2D flat /curved surface. Conventional shell elements can be thin
or thick. Thin shell elements assume the transverse shear deformations to be zero,
which is not a suitable assumption for thick composites. Thick composites’ shear
deformation is not zero as a result of enforcing first-order shear deformation theory
(FSDT). FSDT is based on a straight line relationship perpendicular to the surface
of the shell, through its thickness. As the shell deforms it will rotate about the mid-
surface, but remain straight. From the rotation about the middle of the surface the
shear deformation for thick shells can be determined [60)].

Continuum shell elements use the shell thickness similar to the formulation using
the element thickness for a solid 3D elements, but apply the FSDT. The limitation of
these elements are the inability to have any rotational degrees of freedom. Limited to
translational movement, the elements may not accurately predict a bending response
[61]. Continuum shell elements can predict contact better than shell elements as it is
a two-sided contact as a result of the element thickness. Solid, continuum elements
can be used in linear and nonlinear analysis that involve contact, plasticity, large
deformations, heat transfer, acoustic and other electromagnetic models.

Shown in Figure 2.7, an element can be first-order with nodes at the end of
the element, or second-order incorporating additional nodes at the mid-point of the

element; increasing a hexahedral element from eight to twenty, or a tetradral from
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four to ten. Second-order elements can model curved surfaces with fewer elements
and improve accuracy for bending dominated problems, however have an increased

computational time expense.

(&) Linear element {b) Quadratic element (c) Modified second-order element
(8-node brick, C308) (20-node brick, C3D20) (10-node tetrahedron, C3010M)

Figure 2.7: Element types [39]

Reduced integration uses a lower-order integration for the element stiffness. The
mass and force distribution is still fully-integrated, but this will reduce the integration
points in a quadratic brick element from 27 to 8 [39]. An unwanted effect of reduced
integrartion can be hourglassing shown in Figure 2.8. In a first-order linear brick
element, hourglassing can occur because the single integration point can facilitate
strains that are all zero that can create distorted a mesh. This is not physically

possible in reality and hourglass control must be implemented.

Figure 2.8: Hourglassing [62]
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2.3.3 Material modelling

Unlike many engineering materials CFRPs are non isotropic. Properties including
stiffness, strength and toughness vary depending on the principal directions of the
material. The degree of anisotropy in a CFRP depends on the layup. The four
layups for FRPs are unidirectional (UD), woven, multi-axial and random. A UD
layup is one which the fibre orientation remains parallel with each additional ply. For
a mutiaxial (cross-ply) layup the fibre orientation will change depending on a stacking
sequence, specifically designed for the intended part function. The woven plies weave
the bundles of the fibres in a specific pattern to attain desired strength, stiffness and
aesthetic appeal.

The constitutive equations relating stress (o) to strain (e¢) are defined by 3D

Hooke’s law shown in Equation 2.9:

0ij = Cijri€rl (2.9)

where Cjj; is the 3D stiffness tensor. For anisotropic materials the fourth-order
stiffness tensor with 81 components, reduces to 36 independent components, as the
stress and strain tensors are symmetric and can be written in a 6x6 matrix. Using
the inverse of the stiffness matrix [C], known as the compliance matrix [S], the strain
components can be determined [40].

An orthotropic material has three planes of symmetry that coincide with the
coordinate planes requiring nine constants to describe this material. FE;, E,, FEj,
V12, V13, U2z, G2, G13, Gag identify the Young’s modulus, Poisson’s ratio and Shear
modulus in a local material orientation with 1, 2, and 3 representing the fibre (lon-

gitudinal), matrix (transverse) and through thickness direction. Depending on the
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nature of the layup, additional symmetry in properties can be gained resulting in

a transversely isotropic material; Ey = FE3, v19 = v13, G1o = Gag, Goz = 2(1%]23).

A compliance matrix, shown in Equation 2.10, is used to evaluate the relationship

between stress and strain, shown in Equation 2.11:

5 B w0 0 0

F o E 0 00

—vi3  —v23 1 0 0 0
[§p=" = 5 (2.10)

1

0 T 0 0

0 0 0 a0

1

I 0 0 0 0 0 ey
¢ =50 (2.11)

where the ()’ denotes the laminate coordinate system. Equation 2.10 includes 12
constants, but only 9 independent material terms. In a UD layup, the fibre orientation
provides a plane of symmetry and the transversly isotropic material can be described
by five constants as the composite is in a state of plane stress [40].

Using the Rule of Mixtures, the elastic properties of an FRP composite can be
estimated based on the volume fraction of the constituents. Equation 2.12 and 2.13
show the Young’s modulus for the longitudinal and transverse direction respectively.
Equation 2.14 and 2.15 shows the Halpin-Tsai formulation for the shear modului
respectively. Equation 2.16 and 2.17 shows the Poisson’s ratio based on the Rule of

mixtures respectively [63]:
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By=0— f)En+ fE; (2.12)
By = By = Em% (2.13)

Gy = Gy = Gys = Gy = W (2.14)
G = 2(1 f21/23) (2.15)

vig = (1= f)vm + fy (2.16)

vas =1 — vy — f—é (2.17)

where f represents the fibre volume fraction and subscripts 1, 2, 3, m and f refer to
longitudinal, transverse (2 and 3), matrix and fibre. Equation 2.18 shows the relation-
ship between the fibre and matrix Young’s modulus to determine 7, the reinforcement
constant assumed to be unity [64]. Equation 2.19 shows the relationship to determine
the bulk moduli (K) using the rule of mixtures. Equation 2.20 and 2.21 shows the

bulk moduli for fibre and matrix respectively [63].

ey (G-
T (G .
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K::[:£~+££:12]_ (2.19)

K, K
Ly
K= 2.20
7731 —20y) (2.20)
Em
Kp=—m (2.21)
3(1 —2vy,)

The stacking of plies allows the laminate to be custom tailored for a particular
function. The relationships just described are used to determine the laminate response
to a given load configuration. If the loading surpasses the strength of the laminate a

designer should understand how the laminate will progress through damage evolution.

2.3.3.1 Failure models

The damage of a composite laminate is a complex phenomenon with many failure
modes concurrently interacting. With respect to the multiscale approach described
earlier - micro, meso and macro - failure in a FRP at the ply level involves fibre
breakage, matrix failure or fibre-matrix failure at the interface of cohesion [65]. These
failure modes result in interlaminar or intralaminar failure modes at the laminate level
and are illustrated in Figure 2.9. Intralaminar damage describing damage within a
ply, such as the fibre debonding from the matrix. Interlaminar damage describing

damage between plies, such as delamination between plies.
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Interlaminar
delamination

Intralaminar
cracking

(z - stack direction)

Figure 2.9: Interlaminate versus intralaminate failure [66]

Within the FE framework many failure models exist to predict the loading re-
sponse, onset of damage and evolution to fracture for a FRP. Two types describe
the failure criteria models, non-physics and physics based. Non-physics based failure
criteria are mathematical functions creating an envelope based on interpolating ex-
perimental results. The prediction of the specific failure mode is not of concern at
the laminate level. Physics-based failure criteria attempt to predict the failure based
on the physical mechanics of the process at the lamina level [65].

Motivation behind non-physics failure criteria is the efficient implementation into
FE models. However, with increasing computational power more complex, physi-
cally driven criteria have become the norm. Direct laminate failure envelope theories
include Maximum Stress, Maximum Strain, Maximum Shear Stress and others. In
1986, Nahas reviewed failure and post failure theories for laminated composites com-
paring 30 theories categorized as limit failure theories, interaction failure theories,

tensor polynomial failure theories and direct laminate failure theories [67]. Tsai and
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Wu developed a stress-based failure criteria that does not distinguish different failure
modes, specifically relating to the composite constituents [68|. Using a quadratic
formulation, which generated a smoother failure envelope, Tsai-Wu prediction agreed
better with the experimental data. Naresh described the Tsai-Wu theory as the sim-
plest of the tensor polynomial theories, however it does require bi-axial experimental
test data, which was not easy to carry out [69].

To predict damage initiation many physics based models have been developed,
most utilizing the groundbreaking work by Hashin. Failure indices are developed to

predict the physical failure modes and are defined as shown in Equation 2.22:

stress
= — 2.22
r strength ( )

which predicts the onset of damage initiation when the ratio is greater than one.
Hashin failure criteria suggests four modes of failure: fibre tension, fiber compression,
matrix tension, and matrix compression. The failure indices for these four modes are

shown in Eqautions 2.23 to 2.26:

01 012

Tipe = () talFo) s if o0 >=0 (2.23)
2 01 .9 .
Lppe=(5)" if o1 <=0 (2.24)
lc
Lt = (;—;)2 + (;—i)? ,if 09 >=0 (2.25)
me " \9F, 2F, Fy | VFy 0
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where 4 and . describe fibre tension and compression, and ,,; and ,,. represent ma-
trix tension and compression [40]. The variable o controls the contribution of shear
on fibre failure [70]. With the four primary failure modes outlined, their effect on
the stiffness of the laminate at the meso-scale is determined by Continuum Damage
Mechanics (CDM). CDM calculates the stiffness degradation of the laminate, rep-
resented as an effective stiffness. This is accomplished by assuming a homogeneous
dispersion of cracks/damage in a continuum and associates this to an effective me-
chanical response |71]. The damage variable D, represents the loss of stiffness, shown
in Equation 2.27. The loss of stiffness results from the accumulated damage result-
ing in a theoretical reduction of area due to the micro-cracks and is illustrated in

Figure 2.10.

D=1-E/E (2.27)

In Figure 2.10 a) E represents the Young’s modulus without stiffness degradation
and ;1 is the nominal area. Figure 2.10 b) represents the actual configuration with
a decreased area due to damage and the nominal Young’s modulus. The FE model
utilizing CDM as shown in Figure 2.10 c¢), which uses the nominal geometry, an
increased effective stress o and decreased effective stiffness E. Finally, the principal
of energy equivalence defines the elastic strain energy in configurations b) and c) as

equal, resulting in Equations 2.28 and 2.29 respectively:

o =o[l — D] (2.28)

€ =¢[l—D] (2.29)
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m
>] ﬁJ
o

Figure 2.10: Continuum damage mechanics [40]

The effective normal and shear stresses act on an equivalent undamaged material
and therefore represent the same strain as the damaged material. This is computed

as shown in Equation 2.30:

o= Mo (2.30)

where M represents the matrix of damage parameters initiated by a failure index and

shown in Equation 2.31:

= 0 0
M=o L o0 (2.31)
0 0 1de

Until a failure index indicates damage, the M matrix is equal to an identity matrix
and the effective stress remains equal to stress as no damage is present. Once a failure
index is initiated the equivalent stress and strains in the element are determined by
Equations 2.32 to 2.39 for the four indices outlined by Hashin failure criteria:

Fibre tension (O‘NH > 0,611 > 0),

36



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

67t = Lo/ {e11)? + ael, (2.32)

It _ (o11)(€11) + aoz€r:

It L (2.33)
Fibre compression (071 < 0, €11 < 0),
676 = L¢(—ey) (2.34)
ole — (—011><—}511> + (—on) (2.35)
0:¢)Le
Matrix tension (032 >0, €99 > 0),
5?” =L <€22>2 + 6%2 (236)
mt _ (022)(€22) + 012612
_ 2.37
% o 2.7
Matrix compression (o9 < 0, €35 < 0),
(5210 =L <—€22> + 6%2 (238)
o — (—092)(—€a2) + O12€12 (2.39)

c gme /Le
where ( ) represents the Macaulay bracket operator. The Macaulay bracket operator

ensures the equivalent displacements and stress is calculated as it incorporates the
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positive portion of the parameter, computed as shown in Equation 2.40 [40]:

(o) = 5o+ |al) (2.40)

Using the equivalent displacements, the tensile and compressive damage in the
matrix and fibre are determined and tracked independently (d%, d}, d},, ds,,) based on

o ¥mo ¥mo

the relationship shown in Equation 2.41:

55(56 - 62)

where 60 is the displacement at the initiation at damage and 6% is the displacement
at failure. The remaining damage variable for shear (d;) is determined using Equa-

tion 2.42:

ds=1—-[(1- djc)(l —d3)(1— dt ) (1 —dS)] (2.42)

Damage can progresses from its initiation through to failure on the range 0 < d <'1

as 00 < 6, < 07 and is illustrated in Figure 2.11.

anunalkan
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-—
EI a 6 1 aquialent deplacsmsant
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Figure 2.11: Damage evolution [39]
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The damaged, degrading stiffness matrix Cy; is shown in Equation 2.43. Equa-
tions 2.43 and 2.44 are used to determine the resulting stress after the equivalent
displacements have been used to calculate the strain. This follows the original rela-
tionship of Hooke’s law, now updated with stiffness degradation due to the damage,

shown in Equation 2.45:

(1-d)E, (1= dy)(1 = dp)vsi By 0
[Cd] = % (1 — df)(l — dm)'l}lQEQ (1 — dm)EQ 0 (243>
0 0 (1— dy)GisD
D=1- [(1 — df)(l — dm)Ulg?ng] (244)
o = [Cyle (2.45)

FRP laminate failure is initiated by matrix damage. When the laminate is loaded
in tension or compression, perpendicular to the fibre orientation the fibre-matrix
cohesion interface fails. In compression, this failure results in a shear band. If the
loading of the FRP is focused parallel to the fibre orientation, fibre damage will
dominate the failure prediction. When the applied load is in tension and parallel to the
fiber orientation, decohesion of the fibre-matrix interface will occur followed by fibre
breakage. If the applied force acting parallel to the fibres generates compressive stress,
the fibre-matrix cohesion fails leading to a kinking in the laminate. Interlaminar
failure, known as delamination is common for Uni-directional (UD) composites. In

frequent load configurations the normal and shear stress exceed the weaker resin-rich
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interlaminar area, leading to decohesion of the plies [65].

To model the interlaminar delamination a significant modelling consideration to
the representation of the laminate must be made. A macro-scale representation, with
a single instance using a representative volume element (RVE) can determine the ma-
trix and fibre damage independently in a representative sense, but cannot facilitate
delamination [40]. To represent the interlaminar delamination a meso-scale represen-
tation is required. Individual ply instances must be modelled with a cohesive response
between the plies. Many factors can facilitate delaminations including manufacturing
imperfections, fatigue, low velocity impacts, stress concentrations due to geometrical
and material discontinuities, or due to high interlaminar stresses [40]|. Interlaminar
fracture strength is described by mode I opening, mode II shear and mode III tearing

conditions, as illustrated in Figure 2.12.

Figure 2.12: Crack propagation modes: I-opening, b) II-shear, c) III-tearing [72]

The cohesive zone model (CZM) uses a stress - displacement approach (o versus 0)
known as traction separation, versus the standard engineering stress-strain approach
(o versus €). To model the interlaminar cohesive interaction continuum cohesive
elements or cohesive surfaces can be used. Illustrated in Figure 2.13 are the three
zones created to represent the cohesion: the non-damaged elastic zone, the damage

initiated zone and the stress-free fully damaged zone.
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)
/_SS
Elastic zone . Stress transfer | Stress-free :
(b=0) zone (0<D<1) :zone(D=1):

Figure 2.13: CZM crack propagation [40]

The three zones allows for damage progression, such that the stress between the
laminates is not fully lost when damage is initiated. Secondly, because the displace-
ment is initially zero as there is no cohesive damage, strain cannot define the defor-
mation. The behaviour of this cohesive interface is linear-elastic and is represented

by Equation 2.46:

where ¢ = I, 11, 1] denoting the three modes of deformation at the interface. Similar

to the composite stiffness degradation, the traction stiffness follows Equation 2.47:

Ki=(1—- D)K, (2.47)

where K is the stiffness undamaged and D; is the damage variable. This stiffness is
different than the Young’s modulus (FE) or shear modulus (G) with units [N/mm?].
The stiffness value is non-physical, relatively insensitive and is used to prevent model

inconsistencies ranging in magnitude from 10° to 10'? [61].
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The damage initiation criteria is based on a stress or separation in the contact.
This is achieved by defining a maximum stress or separation (MAXS or MAXU), or
using a quadratic interpretation for the stress or separation (QUADS or QUADU).
The maximum stress and separation criteria are shown in Equation 2.48 and 2.49

respectively:

mazx { (tn) L5 tt} =1 (2.48)

0198

maz { (n) 9 5t} =1 (2.49)

05 180" 0}
where ¢ represents the stress and t° represents the critical value where cohesive dam-
age would be initiated. In the case, the Macaulay bracket insures that a compressive
displacement or stress state does not initiate contact damage. The quadratic for-
mulation of the stress and separation criteria is shown in Equation 2.50 and 2.51

respectively:
() 2 L AL -
{ ) + 0 + o 1 (2.50)
{ 50 + 6_2 + 6_? =1 (2.51)

Cohesive damage evolution is the process of degrading the cohesive stiffness and

requires two definitions. First, providing the effective separation at failure, &/, rel-
ative to the effective separation at the initiation of damage for the cohesion, 462,.
Secondly, by specifying the energy dissipated at failure, G¢. The energy dissipation

definition identifies the magnitude of the evolution of damage and can follow a linear
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softening or exponential relationship. The linear and exponential softening of the
damage evolution for traction separations are expressed in Equation 2.52 and 2.53

respectively:

_ (0 = 0p)

= 2.52
gme (64, — 89,) (2:52)
maac_(;O
50 1 — eap(a(Zr—5=))
D=1 {533”} o) (2.53)

where « is a non-dimensional parameter that controls the rate of the exponential
evolution [39]. Damage evolution based on energy is determined by the area under
the traction separation curve. The damage evolution of the cohesive interaction based
on the fracture energy can be modelled using a tabular description, the Power law,
or the Benzeggagh-Kenane (BK) form. The Power law form and BK fracture energy

relationships are given in Equation 2.54 and 2.55 [39] respectively:

(G Sy G - o
G + (G — GS){g—in} —G° (2.55)

The Power Law form requires critical fracture energies in the normal (G¢), primary
(GY) and secondary (G€) shear directions to be specified; in addition, o which defines
the power of the relationship. The BK relationship requires G¢, G¢ and a cohesive
property parameter 7 to be specified; where Gg = Gs+ Gy, Gr = G, +Gs [39]. When
separation is focused in the primary and secondary shear directions (G¢ = G¢) BK

is effective |73]. Alternative to cohesive surface interactions, cohesive elements can be
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used to model these regions. Cohesive elements require partitioned sections or indi-
vidual instances in which the cohesive properties are applied. Due to the 3D nature of
the instance a finite-thickness is known. Rather than the traction-separation criteria
for surface based cohesion, the cohesive elements use a continuum macroscopic prop-
erty to model the constitutive response [39]. Properties include stiffness and strength
that are determined experimentally. The cohesive elements are capable of modelling
through-thickness strain, two transverse shear strains and all six stress components.
The cohesive zone with a finite thickness is modelled using a continuum constitutive
(o versus €) behaviour, in contrast to the zero thickness cohesive elements that is
based on the traction-separation constitutive behaviour (o versus ¢) [40]. Special
considerations must be taken when using cohesive elements together with contact in-
teractions that can lead to degradation of the stable time increment, or convergence
issues in an implicit analysis. Ullah et al. [55], performed large deflection bending
tests on woven CFRP laminates and compared with FE simulations. The FE models
had cohesive elements capability. Results showed that mesh size of the cohesive zone
element and stiffness have significant effect on the simulation. Computational time
was affected by two unique material properties. Furthermore, Ullah et. al. also found
that interface parameters has to be specifically calibrated and specify correctly other-
wise model will be terminated preternaturally, long computation times and to avoid
solution oscillations. In an Explicit FE analysis the stable time increment is com-
monly significantly less than other elements in the model due to the small element
length (cohesive thickness), high stiffness and comparatively low density [39]. To
mitigate these concerns the cohesive modelling in this research implements cohesive

surface interactions.
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With delamination, the drill movement of a distance d.X is associated with the
work done by the thrust force, Fl4. This deflects the ply while promoting the inter-

laminar crack. The energy related to this is represented by Equation 2.56 [24]:

GrodA = FudX — dU (2.56)

where dU is the strain energy, dA is the increase in delamination crack area and
Go is the mode I crack propagation energy per unit area. The drilling induced
delamination is a function of the applied thrust force. Exceeding a critical amount,
F4, which the uncut thickness of the laminate cannot withstand causes delamination.

Figure 2.14 illustrates the mechanism outlined by Equation 2.57 [24]:

8G1cERh371/2
FA = T\ 32G]CM = W[ﬁ] (257)

where E' is the Young’s modulus, v is the Poisson’s ratio and M is the stiffness per

unit width of the fibre-reinforced polymer (FRP). The relationship for M is given by

Equation 2.58 [24]:

Eh?
M=—__ 2.
1201 = ) (2.58)

A result of the thrust force, is the pure bending of the laminate causing delamination.
The change in area, dA, is calculated in Equation 2.59 depending on the radius of

delamination, a [24]:

dA = 7(a + da)(a + da) — ma® = 2nada (2.59)
By identifying the critical thrust force causing delamination, with respect to uncut
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/Drill

Delamination 3
l X

Figure 2.14: Delamination cause by twist drill [24]

thickness of the laminate, the feed rate should be modified throughout the progression
of the cut [24, 74]. Most effectively with an aggressive feed at initiation to promote
material removal rate (MRR) and a reduced feed to mitigate delamination near the

exit of the cut.

2.3.4 Experiment and modelling relating to material charac-

terization and subtractive machining

2.3.4.1 Tensile test configurations

There are abounding benefits to CFRP composites, most specifically the high
strength to weight ratio and the ability to customize a part for a particular function.
As described, there are equally as many considerations that must be made to ensure
an effective, optimized part is created. To promote the knowledge and understanding

of FRPs experimental tests and numerical modelling have been studied extensively.
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Designers have been provided this information regarding material properties for dif-
ferent loading configurations to ensure a successful part is created.

The anisotropic nature of FRP composites needs to be efficiently understood and
characterized. The near infinite combinations of fibre types, matrix types, fibre ar-
rangements and loading configurations is an intensive undertaking. UD-FRP com-
posites are transversely isotropic and can be described by five material properties
(E1, By, 112, 193, G12). Numerical modelling and FE simulations have greatly reduced
the experimental testing required to characterize an FRP. Experiments are time con-
suming and costly, but necessary to determine material parameters used to accurately
represent a CFRP sample for design calculations and end use. The American Society
for Testing and Materials (ASTM) outlines numerous tests to characterize FRP ma-
terials: D3039/D3039M-17 for tensile properties used by [41, 75|, D7264/D7264M-15
for flexural properties, D8066/D8066M-17 for compression testing, etc. [76].

The designated acceptable failure locations of the tensile test by ASTM are shown
in Figure 2.15. Many modes of failure illustrated are not useful if the measurement
tools are not capturing the failure in the chosen gauge section. Any failure that is not
designated with a second character Gage (G) would be outside the intended failure re-
gion and unable to capture the strain at failure. Wong et al. and Coguill and Adams,
report damage first initiating in the tabbed region rather than the intended gauge
region |78, 77]. Coguill and Adams studied tabs and specimen geometry extensively
describing no one specimen configuration can be optimal for ultimate tensile perfor-
mance of unidirectional specimens [79]. Numerous fixturing techniques and sample
geometries have been studied including rectangular, wishbone, notched and the disc

geometry created by Arcan to improve testing repeatability.
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First Character
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Figure 2.15: Tensile test failure codes |76]

Common serrated wedge grips unfortunately induce concentrated compressive
damage on the sample due to the significant gripping force required when loading
the CFRP samples to fracture. ASTM-D3039 describes adding tabs as needed |76].
An exhaustive 74 page report titled Tabbing Guide for Composite Test Specimens
exists to provide information regarding tab design and application [80]. A NASA
supported report by Worthem tested five geometries to reduce stresses leading to
unintended failure between the gauge section and the tab region. It concluded tab
materials must be selected with great consideration to adhesion and toughness ver-
sus stiffness that will lead to nonlinearity in response [81]. Mehar et al. describes

tab design as an art that affects coupon strength [82|. Sadeghian et al. uses epoxy
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tabs to prevent premature failure near coupon ends [83| although others note steel,
aluminum, carbon fibre and epoxy as possible options [84, 85]. UD fibre reinforced
polymers (FRP) are susceptible to notch sensitivity due to the great longitudinal
strength, but comparatively low shear strength.

To avoid inefficient or unusable testing researchers have adapted ASTM methods
and other methods in literature to improve material characterization. When uni-
directional (UD) CFRP is loaded parallel to the fibres in a tensile test, the loads
experienced can be ten orders greater than when loaded perpendicular to the fibre.
Significant gripping pressure is required for these tests to prevent slipping during the
loading, frequently resulting in compressive damage on the CFRP samples in the
gripping area prior to failure in the gauge region. A modified wishbone geometry
was implemented to control failure location in work by Kobayashi et al. used to test
enhanced strengths resulting from creep at high temperatures [86].

Despite the ideal material properties of a CFRP composite they are quite suscep-
tible to damage caused during manufacturing, assembly, or in service. Zappalorto
and Carraro worked to quantify the stress concentration factor of orthotropic plates,
thus improving the understanding of notch sensitivity and controlling the location of
failure [87].

Hallett and Wisnom tests progressive damage using a double-edge-notched ge-
ometry to control and correlate failure at the notch for multiple cross-ply layups [8§]
Hallett et al. described the failures due to notches highly dependent on size and layup,
very complex and not possible to characterize using analytical techniques based on
fracture mechanics or average stress criterion. Hallett et al. continued this work mod-

elling using FEM capturing delamination and ply splitting while considering mode II
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damage [89].

Lapczyk and Hutado studied a new energy based damage evolution law with
Hashin’s failure initiation criteria to predict notch sensitivity. Energy based damage
evolution is generally dissipated proportional to the volume of the failed element,
rather than the area of the fractured surface. As meshes are refined the energy
dissipated reduces to zero. This common mesh sensitivity issue can be minimized
using a crack band model that uses a characteristic element length and preserves the
fracture energy. Damage softening convergence issues were alleviated using viscous
regulation [90].

Creatively in 1977, Arcan et al. developed a unique disc geometry that when
loaded in tension, at 0° with respect to the primary fibre direction would determine
in-plane shear and is shown in Figure 2.16 [91]. This work motivated by the previous
conventional “rail-shear method" that was highly influenced by gripping procedures,
or the “picture-frame method" that did not produce a homogeneous stress state.
Limitations of the Arcan disc geometry include the significant material required per
test due to the geometry in comparison to the gauge section. Additionally, setup
angles greater than 45° cannot achieve plane stress in the gauge region due to stress
concentrations. Therefore the test cannot be used to determine normal stresses in
the longitudinal and transverse directions.

Hajjar and Haj-Ali used a modified Arcan fixture to determine the non-linear
shear response up to failure by mimicking the Arcan fixture, but including a gripping
section requiring a reduced geometry for the test [92]. Tessmer et al. used the modified
geometry for combined loading situations to determine the out-of-plane response [93].

Nikbakht and Choupani used the modified Arcan geometry to test pure mode I,
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Figure 2.16: Arcan method to produce uniform plane-stress states [91]

pure mode II and a full range of mixed mode setups to characterize the interlaminar
strength of the carbon-epoxy composite; the interlaminar specimen is tougher in shear
versus a tensile loading condition [94].

When a unidirectional (UD) CFRP coupon is loaded in tension a non-linear re-
sponse is observed resulting from damage in the matrix and the interface between
the matrix and fibres or plies. This nonlinearity increases as the angle between fibre
orientation and the loading direction of the UD-CFRP is increased. Frequently, a
CFRP material response is modelled as linear-elastic, followed by damage initiation
and evolution based on time, displacement, or energy; omitting the non-linear re-

sponse observed experimentally [96, 41, 95|. This representation is not sufficient as
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it neglects the inter-ply interactions and the pre-failure damage in the matrix that
contributes to a nonlinear response. Precision of FEM versus analytical formulations
and trade off between average method and complete layup are outlined in [97]. As
the name implies, the average method averages the composites anisotropic properties
throughout the volume. The average method of a symmetrical multi-ply layup will
more accurately represent a laminate versus a cross-ply UD layup.

Classical laminate theory (CLT) is the fundamental method for calculating re-
sponse of multi-ply inhomogeneous layups. The stiffness response of a ply, based on
its orientation and anisotropic properties is determined and transformed from the
ply level to the laminate coordinate system. This allows one instance to mathemati-
cally represent a multi-ply layup oriented in any stacking sequence. In FE software,
a composite layup can facilitate a cross-ply layup of a single instance requiring the
ply thickness, orientation and elastic material properties; negating the requirement
of multi-instance assemblies with tied constraints or partitioned geometries.

In an implicit FE analysis pre-failure nonlinearity can be incorporated in the
FE model to better predict a UD laminates nonlinear softening response, a result
of the nonlinear longitudinal shear [33|. This prediction generates a four-segment
picewise linear representation with three discrete reductions in the shear moduli.
In an explicit anslysis, to accurately capture the non-linear response of the CFRP
coupon, the inclusion of multi-ply layups, with cohesive interaction between plies

capable of damage, must be modelled.
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2.3.4.2 Bending test configurations

Described in an International Organization for Standardization (ISO) document
“Plastics-Determination of flexural properties" [98], tensile tests are quite cumber-
some for brittle materials. Techniques to improve repeatability in fracture location,
minimize tabbing-effect or alternative gripping methods are required. Three-point
bending tests are preferred due to advantages in sample production, testing repeata-
bility, negated grip sensitivity and predictable failure location.

Huang et al. [99] used cohesive elements to model three-point bending using ma-
terial properties from [100]|, however no description of the layup, cohesive element ge-
ometry or implementation, nor comparison to experimental tests was provided. Ullah
et al. [34] studied woven composites under large-deflection and compared experimen-
tal results to a 2D FE model highlighting the interface zone cohesive elements were
highly sensitive to mesh and stiffness magnitudes. Ullah et al. incorporated three
layers of cohesive elements parallel to the plies and a cohesive layer in the trans-
verse direction through the thickness of the laminate; no other literature was found
incorporating a cohesive layer through the thickness of the laminate. The predicted
delamination and force-deflection represent the experiments well, but the application
of real-world, three-dimensional, dynamic loading was suggested to cause issues |34,
55, 101]. Petrescu et al. [102] used various span lengths to determine flexural modulus
of the CFRP laminate, noting bending tests should be used preferentially for brittle
materials for which tensile tests are difficult. Petrescu et al. referred to the modulus
as interchangeable to the Young’s modulus but did not provide any description as to
why. Naresh et al. study experimentally the effect of fibre orientation (0°, 45°and 90°)

and two cross-ply layups in bending using CFRP and GFRP. Naresh et al. described
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fibre-matrix debonding for the 0°, 45°and 90°setups and increased flexural strain due
to delamination hindering crack propagation for cross-ply layups [69]. Niezgoda and
Derewonko [38] created a two-stage, macro-micro scale FE model using brick elements
for the resin and beam elements to represent the fibre constituent. Approximately a
60% reduction in elements is created with the two-stage model, however differences
in strain prediction between the models and the effort required to setup the analy-
sis presents significant challenges. Mujika describes an inflated flexural modulus for
three and four point bending tests resulting from a decreased span due to rotations
at supports. Mujika describes greater inflation error for four point bending tests due
to the additional span increase resulting from the loading noses. Testing the same
specimen using three-point and four point bending setups resulted in a 5% difference,
that reduced to below 1% when corrected for span length. The over estimated flexural

modulus creates a design risk using inaccurate material information [103].

2.3.4.3 Drilling

CFRP requires modelling in tension, bending and shear setups to accurately and
efficiently predict material response and failure in common loading configurations.
Finite element modelling (FEM) of machining processes involves higher strain rates,
complex tool design and various material interactions requiring specific modelling
considerations. Vijayaraghvan outlines numerous considerations in modelling mul-
tilayer material machining including: material modelling, contact, fracture criteria,
adaptive meshing, element types, tool modelling [104].

Significant experimental work has been carried out studying the effectiveness of
drilling CFRP materials, including reviews completed by Panchagnula et al. outlining

the significance of process monitoring to ensure hole quality [105, 106]. Panchagnula
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et al. reiterates the generated force, cutting mechanism and delamination damage
created when drilling FRPs are directly related to cutting speed, feed and tool ge-
ometry. Experimentally, Liu et al. specifically studied the drilling of composite
laminates, highlighting the variation between materials’ elastic modulus resulting in
deviations in drilled hole diameters [107]. Bhatnagar et al. used losipescu shear tests
and orthogonal cutting experiments to characterize chip formation for various fibre
orientations in hope of future use in more complex cutting operations such as drilling
[108]. Bhatnagar et al. concluded the principal stress was always in the direction of
the longitudinal fiber, creating a chip formation process transverse to this axis.

Sandvik tool manufacturer outlines surface roughness for drilling compisite metal
stacks must achieve 3.2um or less and 1.6 pm or less for titanium or aluminum
alloys [109]. A Mapal (Aalen, Germany) business unit manager of acrospace and
composites, Dr. Peter Mueller-Hummel, outlines holes drilled in metal for aerospace
structures must achieve H7 tolerances, =12 ym. When drilling composites this is
relaxed to H8 tolerances, +18 um and even H9, 430 um, referencing the ISO 286-
1:2021 Geometrical product specifications standard [110].

Conventional drilling experiments carried out by Merino-Perez et al. investigate
cutting speed and CFRP constituents, identify the significant importance of the ma-
trix on the material response due to strain rate and thermal effects [111]. Aspinwall
et al. studied the effect of machining inputs when drilling CFRP, and concluded that
drill geometry and feed rate are the main contributing factors relating to tool life and
thrust force. Two of the geometries investigated and the relationship between tool
life and process parameters are shown in Figure 2.17 [112].

Karpat et al. compared drill designs experimentally and highlighted that double
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Figure 2.17: a) Conventional twist drill b) Stepped drill ¢) Tool life versus process
parameters [112]
point drill angles with long primary edge length showed lower thrust force at exit.
However, the tool exhibited increased wear and confirms better tool performance
at lower feeds [113]. Wang et al. studied the effect of tool wear in drilling CFRP,
describes rapid dulling due to brittle nature of CFRP can be significantly reduced with
ultra-hard diamond coating, however aluminum titanium nitride (AITiN) did not, due
to its oxidation during drilling. Insignificant change in torque after 80 holes, however
3.5 times the thrust force with wear on uncoated and AITiIN coated [114|. Faraz et al.
studied the effect of cutting edge rounding (CER) to predict and prevent increase drill
loads and maintain hole quality, versus more common flank wear monitoring [115].
Aspinwall et al. studied different stepped drill geometries noting a reduction in
thrust force attributed to the reduced chisel edge [112]. Won [116] demonstrated that
as the feed rate increased from 0.1 to 0.7 mm /rev for a 1/4" twist drill the thrust force
increased nearly 5 times in magnitude; a feed rate greater than 0.1 mm /rev resulted in
a thrust force greater than the critical force causing delamination damage. However,

with the pre-drill thrust force increased only marginally and remained well under the
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critical thrust force value even at feeds of 0.7 mm/rev, as shown in Figure 2.18.
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Figure 2.18: Measured thrust force

Tsao and Hocheng continued this investigati

s versus feed rate [116]

on identifying a process window for

pre-drilled holes relating the ratio of the chisel edge length to pre-drilled hole diameter.

As a result the critical thrust is reduced with a p

more assertive feed rates to be used [117]. Jain et

re-drilled hole, therefore allowing for

al. preformed experiments regarding

the reduced feed that support Hocheng et al. work. Jain et al. [118| found 40-60%

of the thrust force is created by the chisel edge

and demonstrated by reducing the

chisel width edge thrust force and thereby delamination was greatly reduced. Further

improvements focused on reducing the effect of the chisel edge of the drill to minimize

thrust force were preformed by Won who studied

the effect on forces with and without

pre-drilled holes [116]. The pilot hole was shown to reduce thrust force significantly

allowing for use of much higher feed force. Lissek et al. describes delamination is the

most critical damage when drilling CFRP [106].
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Xu and Mansori preformed experiments outlining machining quality when trim-
ming CFRP/Ti stacks relies highly on fibre orientaiton and tool wear [119]. Zitoune
et al. preformed experimental tests on drilling stacks and determined thrust force of
aluminum and titanium to be 2-3 times higher than CFRP and high feed rates increase
circularity [120]. Phadnis et al. experimentally drilled Aluminum with CFRP stacks
and compared with an FEA model developed, concluding low feed rate, high cutting
speeds reduced thrust force and torque, shown in Figure 2.19 [48|. Brinksmeier et
al. experimentally studied the drilling of multi-layer composites consisting of CFRP,
Titanium and Aluminum alloys and concluded improved drill geometries, coatings
and minimum quantity lubrication is critical [121].
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Figure 2.19: FE model setup with boundary conditions of Aluminum and CFRP
stack-up [48]

Shyha et al. [122] investigated hole quality utilizing one drill geometry with various
coatings, coolant environments, cutting speeds and feed settings in addition to a
dual level speed program, doubling the speed for Aluminum and CFRP versus the

Titanium. Two cutting environments were investigated, which were wet, high pressure
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coolant and spray mist coolant. Shyha et al. determined wet, high pressure coolant
generated undersized holes between 14 to 20 um when compared to 120 um with spray
mist coolant. Park et al. [16] concluded that polycrystalline diamond (PCD) drills
were superior to tungsten carbide (WC) drill. However, major chipping was noticed at
the cutting edges when drilling titanium due to brittle nature of PCD. CFRP abraded
the cutting edge, and titanium extended the flank wear due to carbide grain pullout
when the titanium adhesion was removed. Drilling Titanium, CFRP and Aluminum
Shyha et al. [123] demonstrated low cutting speed and feed under wet conditions were
most ideal (less than 20/40 m/min & 0.05 mm/rev). This feed is recommended for
drilling stacks by multiple drill manufacturers including Sandvik [109]. However, this
cutting speed was 1.5-3 times less than commonly recommended. Although tool life
demonstrated 310 drilled holes, material removal has decreased and therefore reduced
productivity.

Kahwash et al. [124] highlights the current practice of modelling the cutting
process of CFRPs describing significant work on 2D orthogonal cutting due to its
simplicity from modelling assumptions and computational advantage. Kahwash et
al. outlines the need for more comprehensive modelling research with emphasis on
multi-scale and mesh-free methods. Multi-scale methods attempt to obtain large
scale solutions accurately without determining all small scale details. The small scale
information is captured within each element and then coupled to the global stiffness
matrix of the large scale. Mesh-free methods use discretized unconnected nodes,
unlike solving the partial differential equations of the nodes connected by elements
and is shown in Figure 2.20. The motivation for this modelling technique is the

reduction in remeshing due to large deformations and element distortion present with
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machining simulations.
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Figure 2.20: a) 2D orthogonal cutting setup b) Mesh-free 3D view ¢) Mesh-free FEM
effective plastic-strain [124]

Arola and Ramulu produced preliminary 2D orthogonal models involving graphite
epoxy material, highlighting the significant potential of FE modelling for FRP ma-
chining acquiring good correlation between cutting force prediction and experiments,
but not with thrust force prediction [20]. 2D FE orthogonal models were investigated
additionally by Dandekar et al. [44], Abena et al. [125] and Gobivel et al. [45, 126]
focusing on separate matrix, fibre and cohesive interface phases. Dandekar et al.
was able to predict fiber debonding, fiber damage and cutting forces, but results had
limitations depending on fiber angle. Matrix damage such as cracking or redistribu-
tion of load was not captured. Abena et al. developed a fiber-matrix interface that
could predict compressive cohesive, shear and tension failure depending on the 2D
orthogonal setup, however mesh sensitivity and prediction of thrust force need more
development. Gobivel et al. developed a thermal-mechanical 3D model of the 2D
orthogonal cutting process investigating cryogenic cooling of workpiece versus heat-
ing pre-treatments. Cryogenic cooling developed brittle failure modes in both the
fiber and matrix, versus the pre-heating developing a thermal softening of the matrix
material. Although cutting force was decreased with higher heating pre-treatments,

the surface roughness increased, a relationship dominated by fiber orientation.
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Mahdi et al. studied mesh sensitivity, plane stress versus strain assumption and
rake angle concluding the rake angle had minimum effect, but succesfully demon-
strated the effect of fibre angle when machining FRPs [50]. Lasri et al. used a pro-
gressive failure stiffness degradation scheme when modelling 2D orthogonal machining
to gain understanding on subsurface damage and its contribution on chip formation
[127]. A hybrid 2D orthogonal cutting model involving CFRP and Titanium was cre-
ated by Xu et al. [119]. The inclusion of an interface zone between the constituents
proved to have significant effect on delamination magnitude and fibre/matrix failure.

Phadnis et al. compared drilling experiments to FEM model. Using X-ray mi-
crotomography, drill entry and exit delamination damage was investigated [128]. Al-
though exaggerated, the outer region of the damage predicted in the FEA resembled
experiments and is shown in Figure 2.21. The concern is the significant element

removal of the failed cohesive elements at exit.
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Figure 2.21: Predicted damage at drill entry and exit [128]
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A 3D model was created to represent the 2D orthogonal cutting of CFRP with
a macro-mechanical setup that does not consider matrix-fibre interface, by He et al.
[129]. A strong variance in predicted cutting forces was described when using differ-
ent failure criteria including Hashin and Max Stress. Max Stress predicted cutting
force reasonably where Hashin underestimated significantly. However, thrust force
was significantly under predicted, 75% difference from experiments. He et al. [129]
described the thrust force predictions an order of magnitude less than experiments.
No element removal or chip formation was captured. Lasri et al. [127] describes
good prediction of cutting force, but inability to predict thrust force in comparison
to experimental data. The model captures damage modes, however does not show
the removal of elements, nor the progression of chip evacuation; only the initiation as
shown in Figure 2.22. Lasri et al. uniquely describes minimal strain rate dependence

and a bouncing back effect reducing the overall depth of cut [127].
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Figure 2.22: Predicted damage initiation, chip initiation and chip formation [127]
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3D orthogonal and drilling model produced by Usui et al. [46] captured delamina-
tion in various fibre orientations by using cohesive zone elements mapped to fracture
planes defined by the Miller indices. The orthogonal cutting model predicts chip
formation for the various fibre orientations, however no no experimental validation
is provided. Usui et al. noted the thrust force continually increasing throughout the
drilling simulation. This contrary to the steady output observed experimentally. Usui
et al. suggested this was due to a deflecting workpiece and progressing damage zone
as the fault; these factors are not conveyed with any basis. Zenia et al. developed 3D
orthogonal and drilling models with an elasto-plastic damage model applied in the
transverse and in-plane shear. This was accomplished by a VUMAT, that predicts
interply damage and chip formation [130].Giasin et al. created a 3D drilling model of
a hybrid material made of stacked glass fibre/epoxy prepreg with aluminum sheets.
The model predicted torque within 0.83-17.9% and thrust force within 3.2-53.2% [49].
The FE model provided torque measurment within 18% and thrust within 52%. Isbilir
et al. used the Johnson-Cook constitutive model to simulate the drilling of Titanium
alloy (Ti6Al14V) to successfully predicted thrust force, reasonably predict torque, but

was not able to capture the burr height [131].
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2.3.5 Framework for experiments and FE analysis

A description of the current practices in experiments and modelling has been out-
lined. CFRP composite constituents, manufacturing process, assemblies and main-
tenance continue to improve. At the same time, demand and application of CFRP
increases. Efficient material characterization is a necessity, requiring continual re-
search and development for more effective means. Orthogonal cutting models have
been extensively covered in literature due to the comparative simplicity versus a
3D machining process and reduced computational demand when modelling. The
isotropic nature of metals reduces complexity of experimental testing and finite ele-
ment modelling, leading to an accelerated progression of modelling techniques includ-
ing Eulerian, Lagrangian, Adaptive-Lagrangian-Eulerian (ALE), Coupled-Eulerian-
Lagrangian, and mesh-free techniques including smoothed-particle-hydrodynamics
(SPH). The orthotropic nature of CFRP composites increases complexity in ma-
terial characterization and testing. Drilling experiments have been investigated, de-
termining ideal cutting parameters, coatings, coolants, tool design and have led to
the development of analytical models and techniques to prevent delamination and
improve hole quality. Assembly requirements of Stack-ups involving the layering of
CFRP with aluminum and titanium, in various configurations, has lead to the devel-
opment of one-shot drilling analyses. To develop an effective one-shot-drilling process
through a multi-material layup, research is needed to synergize the copious amount

of knowledge across these areas to develop an effective meso-scale predictive model.
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Author FE Scale | Analysis
° gl
S8 |3
== |2
Mehar et al. [82] X Fibre content vs. orientation tensile test
(FE & exp.) (damage and CZM not dis-
cussed)
Krishnamoorthy, K. & x | FE tabbed tensile tests (exp.) (damage
Sasikumar, T. [75] and CZM not discussed)
Zitoune et al. [132] Behaviour of drilled versus moulded holes
in UD-CFRP (exp.)
Nirbhay et al. [41] X Cross-ply FE tensile tests (damage and
CZM not discussed)
Wong et al. [7§] X Anti-symmetric cross-ply CFRP tensile
test w/ CZM & damage
Sadeghian et al. [83] Nonlinear behaviour of cross-ply layups in
tensile testing configuration (exp.)
Belingardi et al. [85] Tab vs. tensile strength (exp.)
Faulstich de Paiva et Tensile testing of woven CFRP laminates
al. [84] (exp.)
Zappalorto, M. & Car- Analytical formulation for stress concen-
raro, P.A. [87] tration in tension
Shahbazi, M. [37] X Notched composite laminates interface
damage modelling (exp.)
Hallett, S. & Wisno, 2D cross-ply notched tensile tests (FE &
M.R. 133, 8§] exp.)
Arcan et al. [91] Disc geometry for plane-stress states for
FRP (exp.)
Nikbakht, M. & X Interlaminar fracture toughness using Ar-
Choupani, N. [94] can geometry (FE & exp.)
El-Hajjar, R. & Haj- Modified Arcan for thick-section in-plane
Ali, R. [92] shear (exp.)
Lapczyk, 1. & Hur- X FE blunt notched tensile loading w/ CZM
tado, J.A. [90] using crack band model (exp. [134])
Kwon et al. [95] Analytical prediction model of strain rate
on tensile properties (exp.)
Gilioli et al. [135] x | x | Macro, meso & meso w/ CZM tensile tests
on CFRP (FE & exp.)
Tannucci et al. [136] X Thickness effect on tensile strength with
interface CZM (FE & exp.)
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Author FE Scale | Analysis

Naresh et al. [69] Shear (ILSS) and bending experiments
UD & cross-ply (exp.) versus analytical
CLT

Ullah et al. |34, 55| X 2D large-deflection bending of woven
CFRP with CZE (exp.)

Daghigh et al. [42] x | Tensile and 3 pt. bending w/o interface
CZM (FE vs. exp. from literature)

Marzi et al. [137] X Reinforced double cantilever beam & re-
inforced tapered end-notched flexure tests
for interlaminar strength determination
(FE & exp.)

Azzam, A. Li, W. [96] 3 pt. bending of cross-ply CFRP (exp).

Chen et al. [43] x | 3-point bending (FE)

Helali et al. [97] x | x | Tensile and bending configuration com-
paring average vs. complete layup (FE &
exp.)

Huang et al. [99] x | 3 pt. bending w CZE (FE, no exp.)

Petrescu et al/ [102]

3 pt. bending at varrious span lengths to
determine flexural modulus (exp.)

Niezgoda, T. & Dere- X 3 pt. bending multi-scale (FE & exp.)

wornko, A. [3§]

Mujika, F. [103] Analytical 3 pt. vs. 4 pt. bending test
correction (exp.)

Akram et al. [13§] 2D JC-orthogonal cutting on Al 6061-T6
(FE & exp.)

Ng, E. & Aspinwall, 2D JC-orthogonal cutting on AISI H13

D.K. [139] (FE & exp.)

Jomaa et al. 18] HSM 2D JC-orthogonal AL-AA7075-T651
(FE. vs exp.)

Roy et al. [140] Feed rate effect on orthogonal UD-CFRP
(90°) cutting experiments (exp.)

Bhatnagar et al. [108| X losipescu shear & orthogonal cutting

(exp.)

Koplev et al. [19]

UD-orthogonal w/ quick-stop (exp.)
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Author FE Scale | Analysis

Gobivel et al. [45, 126] x | Macro 2d orthogonal cutting CFRP w/o
interface modelling (FE & exp.)

Mahdi, M. & Zhang, X 2D orthogonal cutting w/ user-defined

L. [50] constitutive model (FE & exp.)

Lasri et al. [127] X 2D orthogonal cutting w/ alternative fail-
ure criteria (FE vs. exp. from literature)

Arola, D. & Ramulu, 2D orthogonal (FE. vs exp.)

M. [20]

Sakuma, K. & Masa- UD-orthogonal GFRP (exp.)

fumi, S. [21]

Nayak, D. [141, 142] x | 2D UD-orthogonal (FE vs. exp.)

Abena et al. [125] x | 2D orthogonal cutting of UD-CFRP w/
CZM interface (FE & exp.)

He et al. [129] X 3D orthogonal cutting of UD-CFRP w/o
CZM interface; damage initiation present,
no chip evolution (FE & exp.)

Alaiji et al. [52] X 3D orthogonal cutting of UD-CFRP; dam-
age initiation present, no chip evolution
(FE & exp.)

Dandekar, C.R. & 2D orthogonal cutting of UD-CFRP with

Shin, Y.C. [44] CZM interface and fibre VUMAT (FE &
exp.)

Xu, J. & El Mansori, CFRP/Ti orthogonal cutting model with

M. [143] affected interface zone (FE & exp.)

Wang et al. [144] x | 3D orthogonal cutting of UD-CFRP (FE
& exp.)

Shchurov et al. [145] X Smoothed particle hydrodynamics 3D
orthogonal cutting of 4340 alloy-steel,
AL6061-T5 composite (FE vs. exp. from
literature)

Kim, D. & Ramulu, Drilling graphite bismaleimide titanium

M. [26] stacks (exp.)

Shyha, LS.E.M. [11, UD & woven multi-tool drilling (exp.)

112, 122, 123

Ducobu et al. [54] X 3D orthogonal cutting of Ti6Al4V using
CEL model (exp.)
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Author FE Scale | Analysis

Garrick, R. [9] Drilling with PCD, CFRP/Ti (exp.)
Ho-Cheng, H. & Dha- Analytical delamination when drilling
ran, C.K.H. [24]

Iliescu et al. [25]

Phenomenological model of thrust force
vs. tool life (exp.)

Teti, R. [6]

Composites machining review

Lissek et al. [106]

Drilling induced delamination qualifica-
tion (exp.)

Gao et al. [47]

3D drilling CFRP using plastic deforma-
tion model

Merino-Pérez et al.
[111]

Cutting speed and constituents vs forces
in drilling CFRP (exp.)

Karpat, Y. & Bahti-
yar, O. [113]

CFRP drill geometry analysis (exp.)

Wang et al. [114]

Coated carbide drills tool wear vs. drilling
forces (exp.)

Faraz et al [115]

Cutting edge rounding tool wear criterion
drilling CFRP (exp.)

Jain, S. & Yang,
D.C.H. [118]

Analytical expressions determine sub-
critical thrust force for delamination free
CFRP drilling; incorporates variable,
stepped-down feed rate through thickness

(exp.)

Won, M.S. & Dharan,
C.K.H. [116]

Analytical model for delamination reduc-
tion wusing pilot hole advantage when

drilling CFRP (exp.)

Zitoune et al. [120]

Process parameters drilling CFRP/AL
stack (exp.)

Brinksmeier, E. &
Janssen, R. [121]

Process parameter optimization of
CFRP/Ti/AL drilling with multi-tool
geometry (exp.)

Kahwash et al. [124]

FRP composite machining modelling re-
view

Zhang et al. [146|

Exit defect assessment when drilling
CFRP (exp.)

Eneyew, E. & Ra-
mulu, M. [147]

Hole quality assessment when drilling UD-
CFRP (exp.)

68




Ph. D. Thesis - Patrick William Hale

McMaster - Mechanical Engineering

Author FE Scale | Analysis

Isbilir, O. & Ghas- x | 3D drilling of Titanium alloy (Ti6Al4V)

semieh, E. [131] (FE & exp.)

Abdelhafeez et al. [58| X 3D CEL drilling of titanium & aluminum
stack (FE & exp.)

Debnath et al. [148] Innovative tool design for drilling CFRP
(exp.)

Chakrapani, P. & x | Friction coefficient and failure model influ-

Sekar, V. [149, 51| ence on 3D drilling of GFRP (FE & exp.)

Giasin et al [53] x | 3D drilling of AL2024-T3 using JC (FE &
exp.)

Giasin et al. [49] X 3D drilling of GLARE (fibre-metal) lami-
nate w/ CZM (FE & exp.)

Zenia et al. [130] X 2D & 3D orthogonal & drilling of CFRP
w/ CZM (FE & exp.)

Usui et al. [46] X 3D orthogonal w/ CZM & drilling of
CFRP (FE & exp.)

Phadnis et al. [150] X FE CFRP/AL drilling model (no inter-
face/CZM) (FE & exp.)

Phadnis et al. [128| FE CFRP drilling model w/ inter-
face/CZM (FE & exp.)
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Chapter 3

Non-linear material characterization
of CFRP with FEM utilizing cohesive
surface considerations validated with
effective tensile test fixturing

Complete citation:
P. Hale and E. Ng. “Non-linear material characterization of CFRP with FEM utilizing
cohesive surface considerations validated with effective tensile test fixturing”. In:
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70



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

Non-linear material characterization of CFRP with FEM uti-
lizing cohesive surface considerations validated with effective

tensile test fixturing

This chapter is a copy of the paper published in Materials Today Communica-
tions journal. This paper evaluates modelling considerations for accuracy, regarding
material characterization of CFRP with varying fiber orientations with respect to
loading and thickness. The paper describes an improved fixturing tool for the exper-
iments, that is incorporated into the simulations, which more accurately predicts the
experiments. A key aspect outlined in the paper is the inclusion of cohesive surfaces
between ply instances that better predicts the nonlinear loading response observed of

the CFRP laminates.

Authors: Patrick Hale, Eu-gene Ng
Submitted to the Materials Today Communications journal

Published December, 2019
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Abstract

Modelling the effect of fibre orientation in carbon fibre reinforced plastic (CFRP) on
mechanical behavior is critical for component design and manufacturing process op-
timization. The objectives of this paper are to simulate the mechanical properties of
CFRP to fracture and design a tensile test rig that could induce fracture at the spec-
imen gauge section consistently. Finite element solver ABAQUS Explicit was used
to simulate the effects of mass/time scaling, different failure models and cohesive
surfaces. Failure models evaluated were Hashin, MCT, LaRC02, maximum strain,
Tsai-Wu, Tsai-Hill, Christensen and Puck. The fibre orientations investigated were
parallel, 45° and perpendicular to the tensile loading condition. Extensive design of
the tensile test rig was briefly described. Experimental results showed that with the
newly designed test rig, the failure occurred in the gauge region, regardless of the fibre
orientation. When the fibre orientation was parallel to the tensile load, all the failure
models show similar rate of force increment with respect to displacement. Puck’s
failure model most accurately predicts the fracture force and displacement versus ex-
perimental data. With fibre orientations at 45° and 90°, the maximum strain and
LaRCO2 failure models were more suitable in terms of accuracy and simulation con-
vergence. Incorporating cohesive surfaces between instances to predict nonlinearity
in the loading response is critical. Significant reduction in failure force was predicted
when test was setup at angles between parallel to 45°. The model was capable of
predicting the effects of fibre orientation and laminate thickness on fracture force

agreeing with published experimental results.
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3.1 Introduction

In automotive and aerospace industries the interaction of different material com-
ponents during assembly may require drilling holes to facilitate bolting sections to-
gether. Stack-Ups are laminated carbon fibre reinforced polymers (CFRP) generally
by aluminum and/or titanium sections. Due to the different fracture mechanics for
each material, the drilling of these through holes is no easy task. Prior to the Finite
Element Modelling (FEM) work on Stack-Ups, the CFRP is effectively modelled in
tensile and bending setups to accurately and efficiently predict material response and
failure in common modes.

Time consuming and costly testing is required to determine material parame-
ters used to accurately represent a CFRP sample for design calculations and end
use. To avoid purposeless testing many researchers have adapted the Association for
Testing Materials (ASTM) D3039/D3039M-17 geometry when determining material
strengths. Nirbhay et al. and Krishnamoorthy studied different FEM modelling se-
tups using this geometry [1, 2|. Creatively in 1977, Arcan developed a unique disc
geometry that when loaded in tension, at various angles with respect to the primary
fibre direction and could determine principal material stresses [3]. The original ge-
ometry required significant material per test and was therefore modified to a reduced
size. Hajjar and Haj-Ali used a modified Arcan fixture to determine shear stiffness
and its non-linear stress-strain response [4]. Work developed further using this geom-
etry to determine energy based fracture toughness and complex 3D behaviour [5, 6].
Alternatively Hallett and Wisnom modelled progressive damage using a notched ge-
ometry to control and correlate failure at the notch [7]. Lapczyk and Hutado studied

a damage evolution law based on Hashin’s work for initiation and an energy based
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damage evolution to predict notch sensitivity [8]. Despite the ideal material properties
of a CFRP composite they are quite susceptible to damage caused during manufac-
turing, assembly, or in service. Zappalorto and Carraro worked to quantify the stress
concentration factor of orthotropic plates, thus improving the understanding of notch
sensitivity and controlling the location of failure [9].

The ASTM standardized tensile test method for polymer matrix composite ma-
terials, inclusive of CFRP, is designation D3039/D3039M-17 [10]. The designated
acceptable failure locations by ASTM are shown in Figure 3.1. Many modes of fail-
ure illustrated are not useful if the measurement tools are not capturing the failure
in the chosen gauge section; any failure that is not designated with a second charac-
ter Gage (G) would be outside the intended failure region and unable to capture the
strain at failure. Authors commonly describe the damage first initiating in the tabbed
region rather than the intended gauge region [11, 12]|. Coguill and Adams studied tabs
and specimen geometry extensively describing no one specimen configuration can be
optimal for ultimate tensile performance of unidirectional specimens [13]. Numerous
fixturing techniques and sample geometries have been studied including rectangular,
wishbone, notched and the disc geometry created by Arcan.

Experimentally, the tensile tests used a standard planar wishbone specimen as
referenced from ASTM E 8/E 8M using the sheet-type for serrated wedge grips;
referred to as Geometry I [14]. When unidirectional (UD) CFRP is loaded parallel
to the fibres in a tensile test, the loads experienced can be ten orders greater than
when loaded perpendicular to the fibre. Significant gripping pressure is required for
these tests to prevent slipping during the loading, frequently resulting in compressive

damage on the CFRP samples in the gripping area prior to failure in the gauge
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First Character Second Character Third Character
Failure Type Code Failure Type Code Failure Type Code
Angled A Inside grip/tab | Bottom B
Edge delamination D At grip/tab A Top T
Grip/tab G <1W from grip/tab W Left L
Lateral L Gage G Right R
Multi-mode M(xyz) Multiple areas M Middle M
Long splitting S Various v Various Vv
Explosive X Unknown U Unknown U
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Figure 3.1: Tensile test failure codes [10]

region. Continuing further, the wishbone geometry was exaggerated, to control failure
location in the intended location, after noticing a geometry Kobayashi et al. used
when testing carbon composite strengths at high temperatures [15]. As a result,
a newly designed gripping method was developed to induce compressive forces on
critical sections in the gripping regions, yet not induce damage and greatly improve
consistency of the fracture tests.

FE modelling of fibre reinforced polymers (FRP’s) hinges on the failure model
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developed by Hashin [16] that encompasses of four failure modes, which are i) matrix
tension, ii) matrix compression, iii) fibre tension and iv) fibre compression failure.
Significant work has developed numerous other failure models including LaRC02 [17],
Max Strain, Max Stress, Tsai-Wu [18], Tsai-Hill [19], Christensen [20], Puck [21] and
a Multi-Continuum Theory (MCT) [22] failure criterion, which are described in Table
4.1.

The ABAQUS damage initiation model, based on Hashin’s failure criteria, requires
the 1) longitudinal tensile and compressive strength, ii) the transverse tensile and
compressive strength and iii) the longitudinal and transverse shear strength. It also
requires a variable alpha, which is the contribution of the shear strength to the fibre

tensile failure mode as modified in Hashin [3].
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Table 3.1: Failure models and criterion for FRP composites

Model Failure model modes
Fibre Tension (F.T.) (gﬁ) + a(fflg;ala) > 1.0
Fibre Compression (F.C. )" >1.0

Hashin P ( ) (S“) - 2 402
Matrix Tension (M.T.) (02(223323) + % 522?053 + 0125%;713 > 1.0
Matrix Compression [(222_223)2 — 1] (”22;[2‘733) + (02125333)2 + ...
(M.C.) . 023;(;222033 + 0%2;%;7%3 > 1.0

| iA{(I})Z’er A%L{ =1
MCT Fibre Il =0},

[A]j = (‘7{2)2 + (0{3)2
FAT(IM)? — £AD (L) + AR + ..
+ AL — £ATII =1

Matrix 1: ? Ugl m
13" = 035 + 033
Ij" = (033)° + (0%53)* + 2(0%3)?
7 = (o3 + ()"
F.T. Flp =9, e = %
F. C. with M. C. FIp = (%)% (%)
LaRC02 | F. C. with M. T. Flp = (o)
M. T. Fly = (;-;;)2 + (%5)2
M. C. Fhy = (%G4) + ()
M. Biaxial C. Fly = (Z55)" + (Z42)?
Fibre Tension # (61 + ”Ef—ﬁmg fJQ) =1
Fibre Kinking #(51 + Tgf meO'Q) =1 — (1079)?
Puck Inter-Fibre \/(%11)2 (-5 )
F '1 A.. (o4 ag
ailure +p5_|\) 3221 —1_ |01;}
Inter-Fibre Failure B. S%l(\/(rgl + (p(L_H)Jg) + pi”) 521) =1- |£—1D}
. . o1 \ 2 o \2\ RY, o
Inter-Fibre Failure C. m((s_m) 4 (R71:) )(Rté) B ‘E’

1 €11 €11 €22 €22 €12
Max Straln ( max+ 3y maxr— 3y max+ ) maxr— ) _maxr— ) Z 10
€11 ‘11 €22 €22 €12

A macro-mechanical approach treats the FRP as an equivalent homogeneous ma-

terial (EHM). In the past EHM models were not able to identify material constituents’
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damage nor fibre-matrix interactions however with Multi-Continuum Theory (MCT)
EHM model capabilities have increased. The composite stress state within the repre-
sentative volume element (RVE) are calculated and are critical to predict damage and
material failure versus a homogenized average stress and strain. LARCO2 identifies fi-
bre failure and matrix cracking in UD composites using six failure modes, which are i)
fibre failure in tension, ii) fibre compressive failure with matrix compression, iii) fibre
compression failure with matrix tension, iv) matrix tension, v) matrix compression
and vi) matrix experiencing biaxial compression. Most significant, once any of the six
failure indices are greater than 1.0, the fibre or matrix has failed. This facilitates ele-
ment deletion and model convergence in transverse loading conditions. Tsai-Wu and
Tsai-Hill are quadratic, stress-based criterion that do not distinguish between failure
modes; Tsai-Hill formulation gives more emphasis on the shear contribution. During
matrix dominated loading a small contribution of stress to the overall failure strength
can cause damage evolution convergence issues. The Christensen criterion utilizes the
six fundamental strengths of the composite material to identify two different failure
modes in the matrix and fibre. The Puck criterion identifies fibre failure and inter-
fibre failure in a unidirectional composite. The inter-fibre failure is the formulation
for the matrix damage depending on the plane of loading. In ABAQUS, to utilize
failure criteria alternative to the built-in Hashin method for FRP’s, a user-defined
material subroutine must be implemented. This can be accomplished using Helius
Progressive Failure Analysis (PFA) software.

In this study, repeatable, accurate experimental tensile testing is achieved via an
effectively redesigned fixture for FRP tensile tests. A thorough parametric study was

conducted to effectively model a CFRP composite using commercial finite element
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software ABAQUS. A sensitivity analysis regarding element type, mesh convergence,
scaling techniques, damage initiation and evolution methods were studied with limi-
tations described. Convergence of damage evolution dominated by transverse loading
was determined to be limited to specific failure models. The significance of modelling
multiple ply layups using cohesive surface interactions demonstrates the ability to
capture the nonlinear loading response of the sample when loaded in various fibre

orientations.

3.2 Experimental Work

The UD CFRP samples were machined from sheets made by ACP Composites
Inc. The manufacturer mechanical properties are described in Table 3.2. These are
produced using an Autoclave curing process at high temperature and pressure to
ensure a repeatable, high-quality panel with minimal voids, waves or buildups. The

CFRP is made from a pre-impregnated unidirectional layup with 60% fibre volume.

Table 3.2: Standard Modulus (SM) CFRP - material properties [23]

SM UD CFRP 0° 90°
Longitudinal Modulus (GPa) 135 | 10
Transverse Modulus (GPa) 10 135
In-plane Shear Modulus (GPa) 5 5
Major Poisson’s ratio 0.3 |03
Ultimate (Ult.) Tensile Strength (MPa) | 1500 | 50
Ult. Comp. Strength (MPa) 1200 | 250
Ult. In-plane Shear Strength (MPa) 70 70
Ult. Tensile Strain 1.05 | 0.5
Ult. Comp. Strain 0.85 | 2.5
Density (g/cm?) 1.6

All CFRP samples and the machining of the fixturing was completed in house on

a 3-axis HAAS CNC mill. The CFRP samples were machined with a Kennametal
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down-cut style, 6 flute, diamond coated endmill. Standard 2-flute, high-helix car-
bide endmills were used for machining aluminum. The UD CFRP was purchased in
12"x36" panels and machined further into repeatable 6"x6" sections. The sections
were aligned with the HAAS axis and then machined at 0°; 45° and 90° to minimize
any variability in sample fibre direction.

Preliminary tensile tests found inconsistencies with the failure location of the
standard tensile test geometry. Regardless of the carbon fibre orientation, the fracture
did not occur within the gauge area, as shown in Figure 3.2 a). Common serrated
wedge grips unfortunately induce concentrated compressive damage on the sample due
to the significant gripping force required when loading the CFRP samples to fracture.
ASTM-D3039 describes adding tabs as needed [10]. An exhaustive 74 page report
titled Tabbing Guide for Composite Test Specimens exists to provide information
regarding tab design and application [24]. Tab materials must be selected with great
consideration to adhesion and toughness versus stiffness that will lead to nonlinearity
in response [25]. Mehar et al. describes tab design as an art that affects coupon
strength [26]. Sadeghian et al. uses epoxy tabs to prevent premature failure near
coupon ends [27] although others note steel, aluminum, carbon fibre and epoxy as
possible options [28, 29]. UD fibre reinforced polymers (FRP) are susceptible to
notch sensitivity due to the great longitudinal strength, but comparatively low shear
strength. Extensive design work and experiments were preformed to improve the
fixturing and sample geometry to improve repeatability of the tensile tests while
avoiding tabs.

A NASA supported report by Worthem tested five geometries to reduce stresses

leading to unintended failure between the gauge section and the tab region [25]. To
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prevent this, a newly designed gripping method was developed to induce compressive
forces on critical sections in the gripping regions, yet not induce damage and greatly
improved consistency in fracture tests, shown in Figure 3.3 a) and b). The new
fixturing jig was designed to position the samples for a tensile test while inducing
compressive stress on the radius of curvature. The ratio of grip width to gauge width
was increased in the modified geometry from 3:2 to 4:1. The sample gauge width in
Geometry I was 12.5 mm. In Geometry II and III it is 4.76 mm with a grip width
four times that. The radius of curvature to gauge width ratio was increased from 1:1
to 4:1. The intention is to drastically reduce the effect of the grips on the failure of
the tensile specimen. This was accomplished by promoting failure in the gauge area,
at a decreased load, with a reduction in stress concentrations near the radius. Details
of Geometry III is shown in Figure 3.2 c).

The new jig design is made of Aluminum and positions the sample parallel to
the loading direction. Rather than using common serrated wedge grips that induce
significant concentrated compressive damage on the sample, the sample naturally
sits in the jig and is subject to a progressive compressive force on the arced region
as it is loaded in tension. UD fibre reinforced polymers (FRP) are susceptible to
notch sensitivity due to the great longitudinal strength, but comparatively low shear
strength. Most revolutionary, the new jig helps prevent premature failure due to the
notch sensitivity by subjecting this region to compressive forces in the arced regions.

The geometry III specimens, with use of the new jig, demonstrated improved con-
sistency in fracture, shown in Figure 3.3 ¢). The sample geometry and new fixturing
allowed for the Aramis camera to capture strain to failure and the force-displacement

results were repeatable. Inspired by improvements of the modified geometry and
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Figure 3.2: a) Standard tensile test failure inconsistencies b) Geometry II comparison
c¢) Geometry III schematic
notched tensile tests described in literature [3] a specific notch radius was machined
into new samples in the gauge region. The geometry was modified to promote a more
specific failure location by including a notched region in the gauge section. This di-
rectly focused failure in the desired locations and improved consistency of the material
results further.

The 0°, 45°and 90° samples were tested five times to ensure repeatability and
the results were averaged. These tests were previously completed for the original

wishbone ASTM geometry and the initial modified geometry is shown in Figure 3.2
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4ed load

nodes

Figure 3.3: a) New tensile jig setup b) CAD - CFRP positioned in grips ¢) Geometry
III: 0°, 45°, 90° fractures d) Full FE model e¢) 1/4 FE model used with cohesive
surface modelling

b), prior to Geometry II1 as detailed in Figure 3.2 ¢). The tensile tests were loaded
into the Instron Dual Column Universal Testing system and loaded at a separation
of 0.25 mm/min. Displacement accuracy is the greater of + 0.02 mm or 0.15% of
displacement. Load accuracy is £ 0.5% of reading down to 1/200 of load cell capacity,
+ 1.0% of reading from 1,/200 to 1/500 of the load cell capacity [30]. The 90° samples
average failure was recorded at 155N which is between the 1/200 to 1/500 of the
load capacity range and therefore the latter of the accuracies applies. Strain was
measured using digital image correlation (DIC), a technique that uses a high speed
camera to trace particular points on the samples surface; points randomly distributed
by spraying the sample with a white speckled paint. Using the commercial digital
correlation software, produced by Aramis, the strain is calculated. The two cameras
- offering 3D surface imaging - record surface strain at 6 megapixel and 25 Hz with a

minimum measurement area or 10x8 mm [31].
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3.3 FE modelling considerations

To represent a fibre reinforced polymer in FEA using ABAQUS requires density,

elastic properties and damage modelled by Hashin’s four failure criteria. Furthermore

a VUMAT module was used to model other failure criteria. For anisotropic fibre rein-

forced composites, ABAQUS models damage by an initiation and evolution criteria.

Generally, CFRP materials exhibit elastic-brittle behaviour and four failures are con-

sidered with Hashin’s damage mode, which are i) fibre rupture in tension, ii) fibre

buckling and kinking in compression, iii) matrix cracking and transverse tensions and

shearing, and iv) matrix crushing under transverse compression and shear.

Table 3.3: Comprehensive FEA modelling analysis

Study

Parameter /Cases

Phase I - Through
thickness

Number of elements through thickness of sample
1,2,3,4,5,6

Phase IT - Scaling

Mass scaling - Modifying minimum time step increment
le-2, 1e-3, le-4, 1e-5, 1e-6, none

Time sclaing - Modifying analysis duration and loading rate
1x, 10x, 100x, 100x*

Phase III - Failure
models

ABAQUS-Hashin

0°, 45°& 90°

VUMAT (Puck, MCT, LaRC02, Chris., Max Strain, Hashin)
0°, 45°& 90°

Phase IV - Cohesive

MAXS damage init. & displacement damage evol.

surfaces 0°, 45°& 90°
Variables Phase I ~ Phase II-A  Phase II-B  Phase III Phase IV
Through thickness In Study 4 4 Failure model Cohesive model
Mass scaling 1.0e-4 In Study 5.e-5
Time scaling 10x 10x In Study

Initial model settings

MCT failure criterion with damage evolution based on instantaneous
degradation using 10% time delay. All other model parameters
described earlier are maintained throughout study unless identified.
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The model utilizes ABAQUS’ Explicit solver with boundary conditions applied
to the arced surfaces of the tensile geometry, as shown in Figure 3.3 d). At one
end, the pair of arced surfaces are pinned (dashed line) and cannot translate. At the
other end the velocity constraint replicating the tensile test extension of 0.25 mm /min
longitudinally is applied. In the quarter symmetry model, which is used later with
cohesive surface modelling for computational benefit, symmetric boundary conditions
are applied in the XY and YZ planes, as shown in Figure 3.3 e).

The velocity is applied to the reference node (RP) and a tied equation constraint
is used to transfer the velocity and thereby displacement of the reference node to the
arced regions, which was similar to the experimental loading condition with the new
fixtures shown in Figure 3.3 a). This avoids any contact interactions between rigid
body members representing the fixturing and the tensile geometry, which allows for
more efficient output of resulting forces and displacements via the one reference node.
The analysis used continuum shell elements (SC8R), which are 8-node quadrilateral
in-plane general purpose elements, with reduced integration and enhanced hourglass
control. The plane stress assumption is accurately made with use of fibre-reinforced
composites. The planar geometry is thin with stress acting along its plane and the
ply layup amplifies this, dividing the planar geometry into ten thinner planar sec-
tions. Material failure is assumed to be dominated by longitudinal (fibre), transverse
(matrix) and in-plane shear strengths and not in the tertiary (thickness) axis. To
achieve accurate material representation regarding the through thickness geometry,
solid or continuum shell elements should be used and not conventional shell elements.

The reduced integration promotes computational efficiency by reducing the number
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of Gaussian co-ordinates when solving the numerical integration to calculate the stiff-
ness matrix. With reduced integration, the stiffness of an element is reduced. To
avoid distorted elements, hourglass control is used however this control adds addi-
tional artificial energy to the analysis and should be kept less than ten percent, in
order to maintain realistic stiffness [32].

Failure models and progressive damage techniques were studied to determine the
most effective with respect to accuracy of prediction, convergence and efficiency.
Without convergence, FE models render useless for machining simulations as damage
evolution and element deletion is a necessity. To develop an efficient base model before
investigating the damage initiation and evolution capabilities of CFRP FE modelling,
a parametric study isolated key modelling inputs individually, while all other model
inputs were fixed. Table 4.3 describes the parameters investigated during each phase
of analysis including i) number of through thickness elements, ii) mass scaling and
time scaling iii) the study of the various failure models and iv) the incorporation of
cohesive surface interactions between instances. Prior to carrying out Phase I, a mesh
refinement analysis was carried out optimizing computational time in comparison to

failure force prediction.

3.3.0.1 Phase I - Through thickness

To accurately model the ply interaction and progressive failure of the CFRP, cer-
tain considerations must be made including the number of through thickness elements
used. In Figure 3.4, a mesh with 1 element and a mesh with six elements through the
thickness of the sample is illustrated. The resulting computational expense of adding
elements through the thickness of the geometry ranging from one to six was studied

as shown in Table 4.3. By applying four elements in the through thickness region, a
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deviation of only 0.51% exists for the ultimate force prediction with a computational
savings of 12 hours or 33% versus six elements being modelled through the thickness
of the sample. Considering the experimental variation, a deviation in prediction of

0.51% is deemed acceptable.

3.3.0.2 Phase II - Scaling techniques

In ABAQUS, the minimum stable time increment for an explicit dynamic analysis

is expressed in Equation 3.1.

E
At=1Lcy, and cqg= > (3.1)

L¢ is the characteristic length element and ¢, is the dilatational wave speed of the
material. F is the Young’s modulus of the material and p is the density of the material
[33]. To improve computational efficiency explicit dynamic models can utilize time
scaling and mass scaling techniques. The dynamic effects induced by changing the
loading time, or inertial effects resulting from increased density to increase the time
increment, must remain insignificant. The benefit of employing mass scaling is the
time step limit applies to the smallest elements first until satisfied and therefore

if appropriately used will not have significant impact the results, just reduce the

Figure 3.4: Through thickness: 1 versus 6 elements
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computation time.

The loading response for the various mass scaling cases controlled by increasing
the minimum time step (T.S.) in the explicit analysis. The ultimate failure force
prediction was within 2.8% when using the 5.0e-4s minimum time step versus a 1.0e-
4s minimum time step. Model computation time was 6.43 hours for the 5.0e-4s time
step versus 24.98 hours for the 1.0e-4s time step. It is recommended to reduce the
minimum time step to 1.0e-4s for final model evaluations to ensure the prediction
accuracy, however for the continuation of the model parameters sensitivity study
5.0e-4s will suffice.

The effect of time scaling was studied involving an accelerated loading rate versus
the 1 mm/min rate of the experiment. Figure 3.5 shows the effect of time scaling
on the force-displacement response. The FEM tensile test time period was decreased
from two minutes (120 s) to 1.2 s, which is a reduction of 100x. The velocity was
manipulated to ensure an equivalent magnitude of displacement.

By reducing the loading time through time scaling, while maintaining an equiv-
alent load displacement, a reduction in computation time from 47.29 hours to 0.52
hours can be achieved. The 1.2 s scaled model is greatly impacted by this time scaling,
resulting in a difference in prediction by 9.06%, which was reduced to 3.62% for the
12.0 s setup. Shown in Figure 3.5, when time scaling is too significant as seen in the
1.2 second model, a harmonic wave propagates through the loading response. Simi-
larly, when mass scaling was applied too aggressively a harmonic response developed.
The mass scaling should be reduced to negate this response and can be achieved by
reducing the mass scaling time step by half an order of magnitude (5.0e-4s to 1.0e-4s).

The increased loading rate can cause damage to propagate through the sample and
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Figure 3.5: Time scaling load response

evolve prematurely.

Tensile and bending tests are regularly studied at low strain rates (0.001-0.0001
s71), however machining operations generally involve strain rates above 100s~!. Kwon
et al. demonstrated the 0° tests having no sensitivity to strain rate [34]. The
90° samples demonstrate an increase of 53% in modulus and 80% in failure strength.
For the 45° tests, a 50% increase in elastic modulus and 75% increase in failure
strength. Further more, an increase in non-linearity was noticed. In this study,
the CFRP material is modelled as linear-elastic, strain rate insensitive with material
degradation. Viscoelsasticity is not considered as no experimental data was attained
to verify this at this stage. The application of time scaling is investigated to utilize
computational advantage with consideration to avoid altering the material response

induced by strain rate dependency.
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3.3.0.3 Phase III - Failure models

Using the criteria described regarding mesh refinement, through-thickness-elements,
mass scaling and time scaling, an investigation was carried out to understand the ef-
fect of different damage initiation criteria. The initial response of a fibre reinforced
composite material in ABAQUS is modelled as linear-elastic until the onset of dam-
age. The effective stress tensor is used to evaluate the initiation of damage is shown

in Equation 3.2.

1
(1—dy) 0 0
o= Mo, and M = 0 (171dm) 0 (3.2)
0 0 —(1—145)

where ¢ is the true stress and M is the damage operator. The internal damage
variables for the fibre (dy), the matrix (d,,) and shear (d;) are determined from the
damage variables outlined, depending on the specific failure criteria used. The failure
models evaluated fit in two categories. The first, is built into the ABAQUS solver that
uses Hashin’s four failure modes: matrix tension, matrix compression, fibre tension,
fibre compression. The second category requires a customized VUMAT subroutine
utilizing Helius PFA and was used to model MCT, Hashin, Max Stress, Max Strain,
Puck, Christensen and LaRC02. The initial loading responses up to 0.2 mm are quite
similar to the experiment shown in Figure 3.6. The ABAQUS Hashin model illustrates
an instantaneous failure resulting from a different set damage evolution parameters
used in Abaqus. The Max Strain criteria is based on a ratio of current strain in
relation to a critical strain and reaches the material limit prematurely. LaRC02,

Tsai-Wu Tsai-Hill, Christensen, and MCT are all dependent on the stress in the
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fibre direction reaching the failure strength and therefore resemble one another. The
Puck model involves the strain in the fibre direction, but also a contribution of the
transverse stress and a transverse stress coefficient, resulting in a delayed progression
of failure resulting in the most accurate prediction of the experiment. Failure models
for unidirectional composites loaded parallel to fibres are efficient, as they control the
material failure and element deletion. The differences and limitations of these models
will be more clearly made when loaded in the shear and transverse directions when

failure is controlled by the matrix damage progression.
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Figure 3.6: 0° failure model analysis

3.3.1 Phase IV - Cohesive surface modelling

To capture the nonlinear loading response of the CFRP, the tensile geometry
is divided into multiple instances representing the plies of the CFRP. Between the

instances cohesive surface interactions are created as shown in Figure 3.7. The tensile
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sample has a thickness of 1.1 mm and was divided into 10 sections to represent the
ply thickness. In addition, node sets are created on the top and bottom surfaces to be
used as cohesive interactions. Highlighted in Figure 3.7 is the ply 1 bottom surface
and ply 2 top surface cohesive interaction. A General Contact explicit interaction
must be created with included pairs set to All* with self [33]. To alleviate some
of the computational expense brought on by the inclusion of cohesive surfaces, a
quarter model utilizing symmetry in the YZ and YX planes was developed. After the
symmetric boundary conditions were applied, a velocity condition was applied to a

reference point, which was tied to a set of loading nodes as done with the full model.

Figure 3.7: 1/4 tensile model with cohesive surfaces

To model the cohesive surfaces, a contact property must be created and include
three main properties, which are normal behaviour, cohesive behaviour and damage.
Normal behaviour determines the contact behaviour in the normal direction and is
controlled by the “hard" contact pressure overclosure relationship. The cohesive be-
haviour allows for any slave nodes that experience contact, whether initially or after
some loading, to be controlled by a traction-separation behaviour. The most com-

putationally efficient method in ABAQUS is to have an uncoupled behaviour using
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stiffness in the normal, secondary and tertiary axis (K,,, Kss and K) and the sep-
arations in the normal, first shear and secondary shear are denoted by ¢,, ds and
0; respectively. Therefore, the elastic behaviour of the contact stress, ¢, is shown in

Equation 3.3 [33].

tn Knn Kns Knt 571
b= ts = K5 = Kns Kss Kst 65 (33)
tt Knt Kst Ktt 5t

The damage modelling parameters are the most influential of the cohesive surface
modelling factors. It involves identifying a damage initiation point and controlling
the damage evolution. After much investigation, the damage initiation criteria used

is a maximum stress (MAXS) criteria and is expressed as follows in Equation 3.4.

MAXS = max{ () te 2} (3.4)

to 7 to’ 12

The peak values when using MAXS criteria of the contact stress in the normal,
first shear and secondary shear are denoted by t9, t2 and t7. Damage is initiated
when the ratio of the current contact stress in the normal, secondary and tertiary
axis reach one. When this occurs, the damage evolution will be initiated whereby the
stiffness of the cohesive surface will be degraded. To control the damage evolution a
damage variable, D, evolves from zero to one. There are two methods used to model
the damage evolution, specifying a failure separation or an energy-based separation.
To gain understanding on the effect of cohesive surface damage evolution modelled
by failure energies or an effective separation, extensive FE work learned that cohesive

failure controlled by an effective separation to be more computationally stable [17,
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35, 33|. The stiffness is represented by Equation 3.5.

Kpn = Ko = Ky = aBLEY /H71Y (3.5)

where « is a parameter with a suggested value of 50, %Y is the thickness of the
bonded plies and ELFY is the normal Modulus of the CFRP; this suggests that the
stiffness is 5.0x10N/mm? [36]. The stiffness is purely a guideline that is stiff enough
to provide load transfer, but not too stiff that unauthentic fluctuations occur in the
output [35]. The initial strength estimate should represent the normal strength of the

ply, shown in Equation 3.6.

PLY | QPLY
Sia” + 53

. =S, =5,=70MPa (3.6)

The damage evolution was set to a displacement of 0.01 mm with a linear softening.
The cohesive interaction significantly increases the ability to capture the nonlinear

loading response frequently overlooked in FEA analysis.

3.4 Results & Discussion

The strain data captured by the 3D Aramis camera and force-displacement data
from the Instron were analyzed providing force, stress and strain results for the 0°,

90° and 45° fibre layup direction tensile tests.
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3.4.1 0° fibre layup orientation

Figure 3.8 shows the experimental results for the 0° layup direction tensile tests.
On the primary axes the stress-strain relationship is plotted and on the secondary
axes the force-displacement is plotted. The load peaked at 3379.9 N at a displacement
of 0.3912 mm. The standard deviation error is shown in Figure 3.8, with an average
error throughout the load response of 46.64 N (max 207.53 N) for the 0° tests. The
new grips’ design required time to allow the samples to seat into the arcs via the
tensile loading, generating a nonlinear initial force response. This nonlinear period
can vary slightly, depending on the initial positioning of the samples in the grips, but
is easily overcome by adjusting the displacement by an offset to synthesize the tests.
Strain measurement from the Aramis system outputs a time stamp and global strain

value with respect to an averaged area in the gauge region.
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Figure 3.8: 0° experimental results: stress-strain & force-displacement
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The Instron outputs a similar timestamp, displacement and the corresponding force.
Strain outputs were adjusted for position, averaged and a third order polynomial was
fit to the curve with a correlation coefficient of 0.9973, to disregard variation in the
recording.

Figure 3.9 illustrates the damage state variable progression. SDV2 designates the
progression of damage in the matrix. In Figure 3.9 a) the SDV2 output is describing
the matrix damage progression where in the focused area (red) complete matrix dam-
age has occurred. Subsequently in Figure 3.9 b) at the same time step the initiation
of fibre damage has begun (SDV1). Figure 3.9 ¢) illustrates the damage progression
one step prior to gross rupture and finally the sample rupture with element deletion
in Figure 3.9 d).

Figure 3.10 compares the experimental force-displacement plot compared with the
VUMAT-Puck fibre reinforced polymer FE model. The new grips described earlier
induce compression to the arc region, which prevents premature failure. The nonlin-
ear section of the experimental curve, shown as the “nonlinear grip-effect” region, is a
result of the sample compressing into the redesigned grips. The displacement is then
shifted to approximate what would otherwise be an initial linear load response. Al-

though Figure 3.10 demonstrates an agreeable response to the experimental loading,
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Figure 3.9: Damage variable progression for 0° FEM sample [a) SDV2=1.0 b) SDV1
initiation ¢) SDV2 prior to element deletion d) SDV1 at element deletion
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an error within 8.33% in displacement and 6.66% with respect to peak load, greater
than 0.2 mm (40%) of the loading expires before the FEM prediction begins to re-
semble the experimental loading response. Specifically, only the nonlinearity towards
failure is well represented.
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Figure 3.10: 0° force-displacement response versus FEA

Figure 3.11 shows the VUMAT model output of matrix failure (SDV2), strain
and stress field respectively one step prior to failure. Figure 3.12 a) and b) shows
the experimental strain field on the sample prior to failure and failure respectively
for comparison. The failure location predicted by the FE model is similar to that
observed by the Aramis camera as shown in Figure 3.12 ¢). The FE predicted Young’s
Modulus was 133.353 GPa, which was similar to that acquired experimentally, which
was 132.934 GPa.

Figure 3.11 ¢) shows the stress distribution one step prior to failure and a con-
centrated stress magnitude of 1486 MPa, which was similar to that measured by the

manufacturer of 1500 MPa [23|. The simulated stress magnitude for the sample was
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946.4 MPa, which agrees well with the stress acquired experimentally of 945.5 MPa.
The experimental stress was calculated by dividing the maximum load by the gauge
area. The failure location prediction in comparison to the rupture caught by the
Aramis camera, initiate at the notch and grow in the same manner. The experimen-
tal strain at the last frame prior to failure shows a strain in the gauge (notch) region
of 0.00681, shown in Figure 3.12 a). In Figure 3.11 b) the simulated gauge region
strain is 0.007099 and is in good agreement with the global strain data output from

the experimental results.
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Figure 3.11: a) SDV2 b) Strain prior to failure c) Stress prior to failure
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0. 0080
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Figure 3.12: Aramis strain: a) frame 430 b) frame 431 c¢) frame 431

3.4.2 0° Multi-instance, 1/4 model with cohesive surfaces

Cohesive modelling considerations between plies is studied, accomplished by cohe-
sive zones or cohesive surfaces. Published papers neglecting the cohesive interactions
due to the computational expense [1, 37, 38| or unrealized benefits [39] is common.
Giliol et al. reported that no delaminating occurred and results replicated a model
using a perfect TIE constraint between plies, that only output cohesive failure after
the CFRP had failed [39]. This outcome was a result of incorrect cohesive interaction
property assignment, specifically the damage initiation state of the cohesive traction
was too high. Marzi et al. [40], has shown cohesive modelling to have significant effect
on the realistic loading response of the UD CFRP sample even at higher velocities.

The inclusion of a cohesive surface between the instances greatly improved the
loading response of the FEM is shown in Figure 3.13. The response is within 6.34% in

displacement failure and 3.69% with respect to peak load. Most significantly, the load
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response resembles the curve as early as 0.07 mm (20%) into loading with the inclusion
of interface modelling, diminishing the nonlinear grip-effect. The model without
cohesive surfaces using the VUMAT and Puck failure criteria, dashed line shown in
Figure 3.10, does not represent the experimental loading well with an inflated loading
response. In comparison, the simulation with the inclusion of cohesive interfaces

accurately predicts the experimental data.
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Figure 3.13: 0° FEM response with cohesive surface interaction

3.4.3 90° fibre layup orientation

Figure 3.14 shows the linear elastic loading response of Puck, Hashin, MCT,
LaRC02, Christensen and Max Strain for 90° tensile simulations nearly replicating
one another. This is a result of the matrix material response during damage evolution
using the same elastic theory, only differing when considering damage evolution for

the matrix. The critical factor is the ability for the model to converge towards failure
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during the damage evolution stage. This was only accomplished when modelling with

a maximum strain criterion and partially by LaRC02 but solver diverged.
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Figure 3.14: 90° failure model analysis

The inability to converge is controlled by the failure mode and involves deleting
failed elements. Convergence issues will occur as the sample will never fail, supporting
zero load or element deletion. Instead a post-failure stiffness continues infinitely
preventing the element deletion. Once the stress on an element is large enough to
cause matrix damage, the stiffness of this element reduces to a post-failure stiffness.
The material will follow a degradation of stiffness process, based on a time-period
or energy release. Once the degradation of stiffness of the element has occurred, the
element cannot bear load (at least no more than the post-failure stiffness allows) and
therefore the stress in the element will never increase enough to cause failure based
in the fibre direction. This convergence issue occurs at any significantly off-angle

loading, especially between 45° to 90°.
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The Maximum Strain failure criteria uses the maximum absolute value of the

following individual failure indices shown in Equation 3.7.

€11 €11 €29 €22 €12
max+’ maxr—' max+’ mar—’' maxr— Z 1 (37)
€11 €11 €29 €99 €12

A ratio of the current increment strain in a principle vector direction
(longitudinal €11, transverse €, shear €j3) and the maximum strain at failure for
that vector direction, is evaluated. The maximum values are determined from the
provided strengths (failure stresses), material moduli and Poisson’s ratio and therefore

is an efficient failure criterion, especially when geometry and loading are not complex.

3.4.4 90° Multi-instance, 1/4 model with cohesive surfaces

The cohesive modelling setup described in the 0°, quarter model, was implemented
with a rotation of the ply layup so the fibres would be perpendicular to the loading
for the 90° setup. Despite the successful modelling of the nonlinearity for the 0 deg
tensile simulations, a result largely due to the use of multiple ply layups, nonlinearity
was not initially captured with the 90° FE models. With matrix-fibre composites, the
matrix damage initiation and evolution lead to fracture. When the fibres are parallel
to loading the fibres withstand significant load as the matrix damage evolves. The
outer instance will damage prior to the middle of the specimen. These contributions
lead to the successful modelling of the nonlinear response of the 0° tests and was
shown in Figure 3.13. The 90° tests are not controlled by the fibre damage. The
coupon experiences fracture because of a failure in the matrix. Due to the computa-
tional benefit, the matrix is modelled as an isotropic linear-elastic material, generally

preceding fibre damage. The inclusion of cohesive modelling between instances with
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damage allows the model to capture non-linearity in the loading response as the
matrix damages.

It was discovered the initial stiffness and failure strength of the cohesive interface
was too high in this orientation, as the failure in the interface only occurred after
matrix failure. To induce any nonlinearity into the load response for the 90° samples
the damage initiation of the interface must precede the matrix damage. Shown in
Figure 3.15, is an improved simulated material response with the inclusion of cohesive
surfaces. Without the cohesive surfaces a linear response predicted does not represent
the experimental response recorded. The Young’s modulus prediction compared to
the experimentally determined modulus is improved from a 17.7% difference without
cohesive surfaces to a 3.6% difference with the inclusion of cohesive surfaces.

40
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» With coh. surf.

0 0.001 0.002 0.003 0.004 0.005 0.006
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Figure 3.15: 90° stress-strain
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3.4.5 45° fibre layup orientation

The FE model shows good correlation to the results captured by the Instron tensile
machine and Aramis camera. In Figure 3.16 a) the Max In-plane Stress output in
the gauge region one frame prior to failure is 70.42 MPa, compared to 66.15 MPa
determined experimentally. The sample failure captured with the Aramis camera
shown in Figure 3.16 b) and the Figure 3.16 c¢) illustrating the predicted sample

failure with element deletion (SDV1) resemble one another well.
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Figure 3.16: a) FEM In-plane stress b) Aramis Strain ¢) FEM SDV1 failure

Figure 3.17 shows the 45° fibre layup simulated loading response representing the
experiment well. The ability to converge to failure was achieved by Max Strain and
the LaRC02 model. Maximum Strain over predicted rupture due to the inability to
capture mixed-mode failure contributions in loading. This is captured when using

the LaRC02 failure model.

The LaRC02 model defines the matrix damage in tension as shown in Equation 3.8.
0222 T12\2

Flu = (37) + (1) (3.8)

where Y7 is the transverse tensile failure strength, S* is the longitudinal shear failure

strength and F'Ij; is the failure index for the matrix. Failure is based on a combination
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of the matrix loading in the transverse and shear directions. The LaRC02 failure
model accurately represents the 45° fibre layup direction tensile test most accurately

with damage evolution and element deletion.
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Figure 3.17: 45° failure models & alternative modulus

The loading response was studied as the shear modulus was manipulated between
5 and 10 GPa. The manufacturer magnitude is 5 GPa and the modulus from the
45° tensile test is 10.38 GPa. Figure 3.17 shows the improved loading response in
the FEA prediction with an increased shear modulus. The 10 GPa modulus most
closely predicts the initial loading however the nonlinear response is not captured.
This cannot be modelled without the inclusion of cohesive surfaces with damage

inclusion.
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3.4.6 45° Multi-instance, 1/4 model with cohesive surfaces

The initial cohesive interaction was created and applied to surfaces between the ten
individual instances. The stiffness was created based on the epoxy modulus divided
by the thickness of the interaction layer multiplied by an alpha coefficient set to fifty
as recommended by ABAQUS literature [33]. The damage initiation was set to the
epoxy failure strength and the evolution was set to 0.01 mm displacement controlled
by an exponential softening [36.

To capture nonlinearity the cohesive interaction damage must be initiated prior
to the matrix damage progression, which controls the failure of non-parallel fibre to
loading setups. The damage initiation was set to a failure stress of 70 MPa determined
by Equation 3.6, however cohesive damage was not preceding matrix failure in the
45° simulations.

By reducing the cohesive failure stress that controls the damage initiation, the
model better resembled the experiments and cohesive damage was initiated prior to
the matrix. The result of the damage initiation and evolution preceding the matrix
damage has greatly improved the material response prediction, specifically the ability
to capture the nonlinearity in the loading response shown in Figure 3.18.

The initial loading response and cohesive damage initiation improved the model
prediction, however damage evolution parameters were not fully optimized. Shown
in Figure 3.18, the cohesive damage initiated at a lower stress, the damage evolution
progresses earlier leading to premature failure prediction. These parameters require

more sensitivity analysis to fully predict the failure.
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Figure 3.18: 45° force-displacement with cohesive surfaces
3.5 Nonlinear grip-effect verification

Validation of the nonlinear gripping region is achieved by the inclusion of rigid
body surfaces used to represent the arced fixturing setup described. These rigid
body surfaces, shown in Figure 3.19, require time to compress on the arced regions
of the CFRP sample, causing a nonlinear response as the sample settles into the
fixturing. This was first observed during the 0° fibre layup tensile experiments force-
displacement output and hypothesized as the cause.

Geometry and FE modelling parameters including cohesive surface interaction
between instances was maintained from section 3.4.2 0° - Multi-ply with cohesive
surfaces. Friction has been noted by Russell et al. to be insensitive between 0.1-
0.3 and was set with a penalty contact regime using a coefficient of friction of 0.3
[41]. The CFRP should not penetrate into the rigid surfaces. A "Hard" pressure

over-closure contact minimizes the penetration of the slave surface (CFRP) into the
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Figure 3.19: Tensile setup incorporating fixturing represented by rigid surfaces

master surface (Rigid surfaces) [33]. A summary of the model parameters used is
shown in Table 3.4.

Without the inclusion of the rigid surfaces the initial nonlinear twenty percent of
the loading observed from experiments was not captured, shown in Figure 3.13. In
Figure 3.20, the FEA reaction force prediction accurately represents the experiment
results including the sample settling into the fixture. Future work should verify
contact interactions between the CFRP and fixturing in this area. Observing the
FEM stress profile in the region could lead to new insights and further improve
fixturing setup.

Figure 3.21 details the effect of fibre layup orientation on force-displacement re-
sponse. The force magnitude and displacement were the highest when the fibre ori-
entation was at 0°. As the fibre orientation increases to 90°, both force magnitude
and displacement decreases. Similar trend was observed by Srbova et.al. [42] when

experimentally investigating the effect of fibre orientation on uniaxial tensile loading
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Table 3.4: Non-linear grip verification model parameters

Parameters

Cohesive surfaces Yes

Number of plies 10

Symmetry No

Fixturing tool Rigid surfaces with contact properties
Contact between plies Cohesive with damage
Contact with tool Hard with friction
Mesh size (mm) 0.250

Mass scaling (T.S. seconds) | 1.0e-04

Time scaling 1x (120.0 s)

Bulk viscosity Default

Failure Model LaRC02

Matrix post stiffness failure | 0.1 (Default)

Fibre post stiffness failure | 1.0e-06 (Default)

configuration to fracture.

Figure 3.22 shows the effect of fibre layup orientation on simulated failure force
between 0° to 90°. Also shown in the secondary axis of Figure 3.22 is the failure
force normalized to the 0° fibre orientation. This was calculated by taking the
magnitude of the respective failure force, in its respective fibre orientation, divided
by the failure force of the 0° fibre orientation. A ~50% reduction in failure force
for the 5° layup compared to 0° fibre orientation (parallel to the loading direction)
is observed. This shows that the 0° fibre orientation has a substantial effect on the
failure force. However, when the fibre orientation was between 45° to 90°, the failure
force simulated was insensitive to fibre orientation. This was because the matrix
material dominated the response. Figure 3.22 also detailed results on failure force
relative from 0° fibre orientation performed by Sadeghian et.al. [27] whom studied
the nonlinear behavior of CFRP laminates of varying orientation. The experimental

and numerical results also showed that the substantial reduction in failure force was
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Figure 3.20: 0° experimental results: stress-strain & force-displacement

observed when the fibre layup orientation increased from 0° to 30°. Beyond 30°, the
failure force plateaued.

To further test the effectiveness and versatility of the model developed in this
research, the thickness of the laminate was modelled and compared with experimental
results published by [26, 27, 43]. Figure 3.23 shows a bi-linear output for 0° UD-
CFRP for three laminate thicknesses from the model developed in this research and
those acquired experimentally by Sadeghian et.al. [27]. The normalized force per
unit thickness, relative to the maximum force per unit thickness, was calculated by
dividing the fracture force by the laminate thickness, then by the maximum force per
unit thickness. Both the simulated results and those published by Sadeghian et.al.
showed a bi-linear relationship, which highlights the strength of the laminate is not a
unilinear relationship to thickness. When the thickness of the laminate was less than
~2 mm, a reduction in force per unit thickness is developed. The change in force per

unit thickness plateaus when compared to laminate thickness greater than 2 mm. This
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Figure 3.21: Effect of fibre layup orientation on force-displacement response

demonstrates a bi-linear relationship and the capability of the FE model to predict this
trend. Inannucci et.al. [43] also found a bi-linear relationship on the effect of laminate
thickness on force per unit thickness. Inannucci et.al. experimentally investigate the
thickness of the laminate at 3 mm, 6 mm and 10 mm. When the thickness was
increased from 3 mm to 6 mm, the force per unit thickness increased proportionally.
However, beyond 6 mm, the increase was not proportional. This further shows that
the FE model with inclusion of cohesive surface interfaces is capable of predicting

varying fibre orientation loading responses and the strength to thickness relationship.
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3.6 Conclusions

The development of an effective tensile test fixture combined with the use of a
modified planar wishbone geometry greatly improved the repeatability and accuracy
of the force-displacement and strain data recorded experimentally. This also greatly
improved the control of the failure location which is most critical when using the
ARAMIS 3D scanning camera to capture strain with a particularly small range of
view.

When CFRP samples are subject to loading in a primary directions (fibre, matrix
and shear), element size in the mesh was less sensitive than anticipated. Accurate,
computationally efficient models can be achieved with element lengths of 0.375-0.5
mm for planar tensile tests. Loading a CFRP sample in a tension focuses loading in
the ply and shows minimal dependence on the number of elements through the thick-

ness of the geometry. Computational expense is reduced when the through thickness
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Figure 3.23: Effect on UD-CFRP laminate thickness for 0° fibre orientation normal-
ized to maximum force per unit thickness.
element count is four or less, while maintaining accuracy. Mass scaling is the most
critical factor regarding a models computational efficiency versus accuracy relation-
ship. Variable mass scaling to a desired time step can reduce the computation time
from years to minutes, but will have a drastic negative effect on the loading response
accuracy. Consideration must be made to minimize the inertial effects caused by
the increased density of the elements when implementing mass scaling. Utilizing the
CFRP’s insensitivity to strain rate allows for time scaling to be implemented resulting
in more computational savings. Further, when loading non-parallel to the fibre orien-
tation, the matrix material dominates the material response. Only Maximum Strain
and LaRCO02 failure effectively capture damage evolution in these off-fibre loading
orientations.

With the inclusion of multi ply instances laminated by cohesive interactions capa-
ble of damage evolution, the nonlinear loading response recorded from the experiments
was predicted with strong resemblance. The 45° and 90° fibre layup samples’ failure

is controlled by matrix damage evolution. The inclusion of cohesive surface modelling
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improved the ability to develop nonlinearity in the loading response once damage ini-
tiation strengths were optimized. The facilitation for the contribution of damage
between instances derived a nonlinear response that is commonly not captured or
assumed linear-elastic.

The enhancements made experimentally, in combination with the effective mod-
elling techniques employed, significantly improved the effectiveness of the tests and
the material representation in FEA. Work modelling the arced fixturing device using
rigid surfaces verified the non-linear gripping region described. To further develop
the cohesive surface modelling a three-point bending analysis should be studied at
various fibre orientations to aid in accurately modelling the break-in and break-out
delamination damage when drilling CFRP the cohesive interaction prediction is criti-
cal. With accurate representation of the CFRP material and its interlaminar cohesive
nature effective machining simulations can be developed. The model was also capable
of predicting the effects of fibre orientation and laminate thickness on fracture force,

which was similar to published experimental results.
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3.7 Nomenclature

€ Strain

o11 Longitudinal stress (MPa)

099 = 033 Transverse stress (MPa)

E Young’sModulus (GPa)

019 = 013 Longitudinal shear stress (MPa)

023 Trasverse shear stress (MPa)

v Poisson’s ratio

S11, So9 Long. & Trans. material strengths (MPa)
S12, Sa3 Shear material strengths (MPa)

f,m,c Fibre, Matrix, Composite

a Contribution of shear variable (0 < a < 1)
L® Characteristic Length Element

Cd Dilatational Wave Speed

Er Flexural Modulus (MPa)

L Support Span (mm)

b Width of sample

h Height of sample

m Slope of the linear portion of the load-displacement curve (N, mm)
1 Moment of Inertia

" Trans-isotropic matrix invariants

7 =1,2,3,4 Matrix average stress state

P Slope of fracture envelope

Iif Trans-isotropic fibre invariants

1=1,4 Fibre average stress state

A, Alf Adjustable coefficients

F;, F; Failure coefficients defined by strengths
Yr, Yo Tensile and compressive strength (MPa)
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Three-point bending analysis with cohesive surface interac-
tion for improved delamination prediction and application of

CFRP composites

This chapter is a copy of the paper published in Modelling and Simulation in Mate-
rials Science and Engineering journal. This paper evaluates modelling considerations
for accuracy, regarding material characterization of CFRP specifically focusing on
the cohesive interactions between plies. The paper describes consideration for larger
radius punch to promote failure on the bottom-tension side of the bending setup; this
so the Aramis strain camera could accurately record laminate failure. Small span-to-
thickness considerations provided a failure dominated by interlaminar shear failure
causing delamination, versus large span-to-thickness configurations where failure is
dominated by normal stresses. This unique observation is significant to predicting
delamination in other loading conditions such as drilling. Finally, the model capa-
bility is evaluated versus material responses described in literature for multi-fiber

orientation setups and cross-ply layup configurations.

Authors: Patrick Hale, Eu-gene Ng
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Abstract

Carbon fibre reinforced plastic laminates were loaded through to fracture in a three-
point bending configuration, to gain understanding of the cohesive interaction be-
tween plies and validate mechanical properties and predictive capability of the FE
model. The effect of mesh refinement, scaling techniques, failure models and cohe-
sive surfaces were investigated. Fibre orientations investigated were parallel, 45° and
perpendicular to the loading. Experimental results showed a larger radius punch
promoted failure on the intended bottom side, tensile stresses region, allowing for
the Aramis strain camera to record the failure. When the fibre orientation was per-
pendicular to the punch load, all failure models show similar rate of force increment
with respect to displacement. No difference in failure prediction is observed for the
different 0° models, except for a 4.18% under prediction by LaRC02 compared to
the experiment. With fibre orientations at 45° and 90°, the Maximum Strain and
LaRCO2 failure models were more suitable in terms of accuracy and convergence.
Incorporating cohesive surfaces between instances improve nonlinearity prediction of
45° and 90° layups. Small span-to-thickness ratio analysis predicts interlaminar shear
failure, delamination, versus large span-to-thickness ratio determine normal stresses
to dominate failure in laminate. Multi-fibre orientation and cross-ply layups success-

fully predict material response described in literature.
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4.1 Introduction

Carbon fibre reinforced plastics’ (CFRP) high strength, stiffness and customiza-
tion has great appeal for many applications ranging from aerospace, automotive and
sport. Critical for component design and manufacturing process optimization, is the
ability to model the effect of fibre orientation on the mechanical behavior of CFRP.
The many failure modes involved with CFRP, most specifically delamination, adds
to the complexity of the material response prediction. To effectively utilize these
materials in components in automotive and aerospace applications, thorough under-
standing of the material loading response, through failure, must be well understood.
To optimize production of these materials, specifically when machining, the fracture
mechanics of the CFRP including damage initiation and evolution must be accurately
represented. CFRP material loading response research will promote the machining
models’ effectiveness.

In a CFRP part, the matrix material is used to protect the component from
environment and transfer load between the fibers [1]. Many related factors make
accurately representing the stiffness response of a CFRP coupon difficult from pro-
cessing techniques, dispersion and layout of the fibre and matrix, to the interfacial
structure between the two constituents [2]. Bending tests provide useful mechanical
properties for the CFRP including the flexural modulus, the shear loading and a
greater understanding and ability to represent the cohesive interactions between the
plies. All are useful properties for characterizing a CFRP material, specifically when
studying more complex machining environments. Drilling setups can utilize these
insights in an attempt to capture and reduce break-in and break-out damage of the

CFRP sample.
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Described in a British Standards document “Plastics-Determination of flexural
properties" [3], tensile tests are quite cumbersome for brittle materials. Three-point
bending tests are preferred due to advantages in sample production, testing repeata-
bility, negated notch sensitivity and predictable failure location. Further, with rec-
ommendations made by Mujika [4], the flexural modulus is corrected regardless of the
three or four-point bending test and is therefore determined with confidence.

Experimentally, when a unidirectional (UD) CFRP coupon is loaded in tension a
non-linear response is observed resulting from damage in the matrix and the interface
between the matrix and fibres or plies. This nonlinearity increases as the angle
between fibre orientation and the loading direction in the UD-CFRP is increased.
Frequently in literature [5, 6, 7], a CFRP has a linear, elastic material response
followed by damage initiation and evolution based on time, displacement, or energy;
omitting the non-linear response observed experimentally. This representation is not
sufficient as it neglects the inter-ply interactions and the prefailure damage in the
matrix that contributes to a nonlinear response. To accurately capture the non-
linear response of the CFRP coupon, the inclusion of multiple ply layups and most
importantly the cohesive interaction between the plies must be modelled.

Finite element (FE) modelling of fibre reinforced polymers (FRP) hinges on the
failure model developed by Hashin [8] that encompasses four failure modes, which are
i) matrix tension, ii) matrix compression, iii) fibre tension and iv) fibre compression
failure. Significant work has developed numerous other failure models. C. Davilla,
working at NASA, developed a six-mode failure criteria denoted LaRC02 [9], Max
Strain, Max Stress, Tsai-Wu [10], Tsai-Hill [11], Christensen [12], Puck [13| and a

Multi-Continuum Theory (MCT) [14] failure criterion, which are described in Table
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4.1.

The ABAQUS damage initiation model, based on Hashin’s failure criteria, requires
the 1) longitudinal tensile and compressive strength, ii) the transverse tensile and
compressive strength and iii) the longitudinal and transverse shear strength. It also
requires a variable alpha, which is the contribution of the shear strength to the fibre
tensile failure mode as modified in Hashin [8].

A macro-mechanical approach treats the FRP as an equivalent homogeneous ma-
terial (EHM). In the past EHM models were not able to identify material constituents’
damage nor fibre-matrix interactions however with Multi-Continuum Theory (MCT)
EHM model capabilities have increased. The composite stress state within the rep-
resentative volume element (RVE) are calculated and are critical to predict damage
and material failure versus a homogenized average stress and strain [15].

Expanding from Hashin’s four failure modes, LaRC02 identifies fibre failure and
matrix cracking in UD composites using six failure modes, which are i) fibre failure in
tension, ii) fibre compressive failure with matrix compression, iii) fibre compression
failure with matrix tension, iv) matrix tension, v) matrix compression and vi) matrix
experiencing biaxial compression. Once any of the six failure indices are greater
than 1.0, the fibre or matrix has failed. Significantly, rather than the matrix failure
preceding the fibre failure with the Hashin setup, these independent failure indices
facilitate element deletion and model convergence in transverse loading conditions.

Tsai-Wu and Tsai-Hill are quadratic, stress-based criterion that do not distinguish
between failure modes. Tsai-Hill formulation gives more emphasis on the shear con-

tribution. During matrix dominated loading, a small contribution of stress relative
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to the overall ply failure strength is created, preventing damage evolution and ele-
ment deletion. This limits the effectiveness of the model. The Christensen criterion
utilizes the six fundamental strengths of the composite material to identify two dif-
ferent failure modes in the matrix and fibre. The Puck criterion identifies fiber failure
and inter-fiber failure in a unidirectional composite. The inter-fiber failure is the
formulation for the matrix damage depending on the plane of loading.

In Abaqus, to utilize alternative failure criteria other than the built-in Hashin
model, a user-defined material subroutine must be implemented. This can be accom-

plished using Helius Progressive Failure Analysis (PFA) software.
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Table 4.1:  Failure models and criterion for FRP composites [16]
Model Failure model modes
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Research by Huang et al. [17] used cohesive elements but were not validated by
experiments. Ullah et al. studied dynamic bending tests of woven CFRPs using cohe-
sive elements, described sensitivity to the size of cohesive zone elements that needs to
be optimized in the interface region [18]. Ullah et al. studied woven composites under
large-deflection and compared experimental results to a 2D FE model highlighting
the interface zone cohesive elements were highly sensitive to mesh and stiffness mag-
nitudes [19]. Petrescu et al. determined the flexural modulus of UD-CFRP samples
using various span lengths, noting bending tests should be used preferentially for brit-
tle materials for which tensile tests are difficult |2, 3]. Naresh et al. study the effect
of fibre orientation in bending on CFRP and glass-fibre-reinforced-polymers (GFRP).
Naresh et al. described fibre-matrix debonding for the 0°, 45° and 90°, setups and
increased flexural strain due to delamination hindering crack propagation for cross-
ply layups [20]. Niezgoda and Derewonko create a macro-micro scale FE model using
beam elements to represent the fibre constituent reducing the computational cost by
60% versus the micro-scale model [21].

This research investigates the improved FEM representation of three-point bend-
ing tests when modelled with multi-ply layups and the cohesive interaction with
damage between them. In this study, repeatable, accurate experimental three-point
bending testing is achieved by use of an increased sized punch. This ensures fracture
initiates on the bottom surface in tension so the Aramis strain camera can record the
fracture. A thorough study was conducted to effectively model a CFRP composite
using commercial finite element software ABAQUS. A sensitivity analysis regarding
element type, mesh convergence, scaling techniques, damage initiation and evolution

methods were studied with limitations described. Convergence of damage evolution
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dominated by transverse loading was determined to be limited to specific failure mod-
els and was discussed in detail in section Phase V - Experimental versus alternative
FE failure criteria. The significance of modelling multiple ply layups using cohesive
surface interactions demonstrates the ability to capture the nonlinear loading response
of the sample when loaded in various fibre orientations and the samples’ sensitivity

to delamination between plies.

4.2 Experimental work

The UD-CFRP samples were machined from sheets made by ACP Composites
Inc. The manufacturer estimated technical properties are described in Table 4.2 [22].
These samples are produced using an Autoclave curing process at high temperature
and pressure to ensure a repeatable, high-quality, panel with minimal voids, waves or
buildups. The CFRP is made from a pre-impregnated unidirectional layup with 60%
fibre volume.

All CFRP samples and the production of the punch was created in house on
a 3-axis mill. The CFRP samples were machined with a 6 flute, diamond coated
endmill. The UD-CFRP was purchased in 12"x36" panels and machined further into
repeatable 6"x6" sections. The sections were aligned with the machine axis and then
machined at 0°, 45°, and 90°, to minimize any variability in sample fibre direction.

The initial bending setup shown in Figure 4.1 a) involves two supports with a
diameter of 8.5 mm and a circular punch with a 6.5 mm diameter with the supports
span held at 29.6 mm. Preliminary tests showed that the samples’ fracture for the

0°, experiments were failing in compression on the top side of the surface due to the
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concentrated load. The strain and force-displacement data correlated well, but to
capture the strain at fracture with the Aramis camera, failure would need to occur
on the bottom surface. A modified bending setup was created with a newly designed
punch with a greater diameter of 12.5 mm as shown in Figure 4.1 b). This reduced
the loading concentration in the sample caused by the loading of the small diameter

punch, leading to failure in tension on the underside of the CFRP test sample.

Modified
punch

Figure 4.1: a) Initial 3-point bending b) Modified punch 3-point bending experimental
setups

Table 4.2: Standard Modulus (SM) CFRP - material properties [22]

SM UD-CFRP 0° 90°
Longitudinal Modulus (GPa) 135 10
Transverse Modulus (GPa) 10 135
In-plane Shear Modulus (GPa) 5 5
Major Poisson’s ratio 0.3 03
Ultimate (Ult.) Tensile Strength (MPa) 1500 50
Ult. Comp. Strength (MPa) 1200 250
Ult. In-plane Shear Strength (MPa) 70 70
Ult. Tensile Strain 1.05 0.5
Ult. Comp. Strain 0.85 2.5
Density (g/cm?) 1.6
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The Aramis camera was used to measure the strain of the bottom-outer surface
and the load and displacement output was recorded simultaneously. To facilitate the
strain measurement, the camera was positioned in line with a mirror at 45°, reflecting
onto the bottom surface of the coupon. Several test samples were used to verify the
camera and machine calibration. Following this, samples at 0°, 45°, and 90°, fibre
orientation, with respect to the punch, were loaded through failure.

The Instron Dual Column Universal Testing system was used to facilitate the
three-point bending experimental setup shown in Figure 4.2 a). The modified punch
punch shown in Figure 4.2 b) was loaded at 1 mm/min. Displacement accuracy is
stated by manufacturer as the greater of +/- 0.02 mm or 0.15% of displacement.
Load accuracy is +/- 0.5 % of reading down to 1/200 of load cell capacity, +/-
1.0 % of reading from 1/200 to 1/500 of the load cell capacity [23]. The 90°, samples
average failure was recorded at 155 N which is between the 1/200 to 1/500 of the
load capacity range and therefore, the latter of the accuracies applies. The Aramis
3D camera records surface strain at 6MP and 25 Hz with a minimum measurement

area or 10x8 mm [24].

Loading direction

L. " 14.8 mm

Figure 4.2: a) Three-point bending setup b) Modified punch
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Difficulties controlling the fracture location of the fibre reinforced polymers (FRP)
described in tensile experiments [16] are not encountered with bending tests. The
fracture occurred in the gauge region below the punch and experimental data was
efficiently captured, shown in Figure 4.3. The force of the sample is plotted against
the displacement of the punch. The average of these tests was then compared to the
FE model. The stress is then determined via bending theory and plotted versus the

measured strain.

Figure 4.3: Experimental samples (0°, 45°, 90°))

4.3 FEA Modelling

The three-point bending FE model represents the experimental setup using two
rigid support surfaces and one rigid indenter surface used to provide the loading into

the workpiece, as shown in Figure 4.4. The rigid members are three-dimensional
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surfaces, while the workpiece sample is modelled as one 3D deformable member,
subdivided with 10 plies using a composite layup manager and a thickness of 0.11
mm per ply. Material properties for the CFRP were determined through the tensile
experiments and FE models, results are detailed in [16]. Symmetry in the YZ plane
was utilized to reduce the computation time by splitting the workpiece in half, thereby
assuming only one support and half an indenter.

Referring to Figure 4.4, the x-axis shown would be parallel to the fibres for the
0° tests. When the fibres are parallel to the y-axis (into page) the 90 degree setup is
achieved and at 45° to the x-axis, in the x-y plane, for the 45 degree tests. To control
the loading in the model, two reference points were created, one for the indenter (RP)
and the other for the support (R Ps,pport). Using an equation constraint, the indenter
nodes will be controlled by the reference point (RP). Similarly, the support nodes
are controlled by the reference point (R Psypport). The equation constraint maps a set
of nodes to a specific node (usually a reference point), via a coefficient. When the
coefficient is equal to -1, the node set moves identical to the reference point based on
the set degrees of freedom.

When this setup is used, the load constraints become more efficiently applied. A
fixed encastre constraint (Ul = U2 = U3 = UR1 = UR2 = UR3 = 0) is applied
to the support reference point. There is symmetry applied to the model via the YZ
plane and to the newly created edge at the bottom of the indenter (XSYMMU1 =
UR1 = UR3 = 0) as shown in Figure 4.4. The loading velocity in the negative z-axis
direction at the 1 mm/min rate is applied to the indenter reference point (RP).

Elements progress through damage evolution and fail, were allowed to be removed.

To allow the indenter and the newly exposed elements to contact one another an
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Rigid indenter

RP Workpiece

sample

Load I

U2=0 constraint

SYMM
RP support

Rigid indenter

Figure 4.4: Bending FEA setup

interior node set must be created. This is done by creating an element set based on
the CFRP sample node set and adding the parameter interior. The contact regime
must be expanded to include the new surfaces created and is accomplished using a
Global property assignment that is generally programmed as frictionless. The Global
property assignment is required for the internal surface creation. The frictionless
assignment is used to reduce computational time for the rest of the model. The specific
property assignment is applied to the surface interactions between the support and
CFRP and the indenter and CFRP, which used friction and a hard contact property
to prevent penetration of the master and slave surfaces. This allows the internal newly
formed surfaces to interact with the associated friction forces programmed with the

contact property.
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Failure models and progressive damage techniques have been studied to deter-
mine the most effective in terms of accuracy, convergence and efficiency. Without
convergence, FE models render useless as damage evolution and element deletion is
a necessity in this research. Furthermore, cohesive modelling considerations between
plies is studied accomplished by cohesive zones or cohesive surfaces. Marzi et al.
[25], has shown cohesive modelling to have significant effect on the realistic loading

response of the UD-CFRP sample.

4.3.1 Cohesive surface modelling

To capture the nonlinear loading response of the CFRP resulting from matrix
and delamination damage, the geometry is divided into plies with cohesive surface
interactions considered. The bending sample has a thickness of 1.1 mm and was
divided into 10 sections to represent the ply thickness. Node sets are created on
the top and bottom surfaces to be used for cohesive interactions. Highlighted in
Figure 4.5, is the ply n bottom surface and ply n + 1 top surface cohesive interaction
for the 10 plies. A General Contact-Explicit interaction must be created [26]. A
global property assignment must be applied in addition to the individual property
assignments between the two plies to facilitate the interior node set creation for
eroding elements.

To alleviate some computational time brought on by the inclusion of cohesive
surfaces, symmetry is applied. First, the YZ symmetry halves the model as described
in the base model. Rather than using the original specimen width of 12.7 mm a 1
mm wide unit width specimen was modelled. Further applying symmetry in the ZX
plane, the 1 mm specimen is reduced to a 1/3 mm wide sample symmetric in the

ZX plane on both sides. After the symmetric boundary conditions were applied, a
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velocity condition was applied to a reference point, which was tied to a set of loading

nodes as done with the base model.

]
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Figure 4.5: Symmetric (1/3) unit thickness model

To model the cohesive surfaces, a contact property is created including three main
properties: normal behaviour, cohesive behaviour and damage. Normal behaviour
determines the contact behaviour in the normal direction and is controlled by the
“hard" contact pressure overclosure relationship. The cohesive behaviour allows for
any slave nodes that experience contact, whether initially or after some loading, to
be controlled by a traction-separation behaviour. The most computationally efficient
method in ABAQUS is to have an uncoupled behaviour using stiffness in the normal,
secondary and tertiary axis (K,,, K and Kj) and the separation displacements in
the normal, first shear and secondary shear directions are denoted by 9, 6, and &;
respectively. Therefore, the elastic behaviour of the contact stress, ¢, is shown in

Equation 4.1 [26].

t=Ko (4.1)
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The damage modelling parameters are the most influential of the cohesive surface
modelling factors. It involves identifying a damage initiation point and controlling
the damage evolution. After much investigation, the damage initiation criteria used

is a maximum stress (MAXS) criteria and is expressed as follows in Equation 4.2.

MAXS = maa:{ () 1 E} (4.2)

t, 0t

When using MAXS criteria, the peak values of the contact stress are the normal,
and two shear tractions along the local 1- and 2-directions, denoted by ¢, t2 and t?
respectively. Once the ratio of the current contact stress in the normal, secondary and
tertiary axis reach one, the damage has been initiated. The () symbol is the Macaulay
bracket allowing for integration over a discontinuous curve [26]. The discontinuous
curve occurs because a purely compressive state causes no stress that would separate
the cohesive surface and therefore no damage.

Once damage is initiated, the damage evolution will be initiated whereby the
stiffness of the cohesive surface will be degraded. To control the damage evolution a
damage variable, D, evolves from zero to one. There are two methods used to model
the damage evolution, specifying a failure separation or an energy-based separation.
After extensive work, and affirming common difficulties highlighted by researchers
for developing failure energies values, the failure will be controlled by an effective
separation at complete failure, relative to the initiation of damage [9, 15, 26]. The

stiffness is represented by Equation 4.3.

Ky = K, = Ky = aBLY /7Y (4.3)

where « is a parameter with a suggested value of 50, XY is the thickness of the
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bonded plies and EEFY is the normal Modulus of the CFRP; this suggests that the
stiffness is 1.76e6 MPa. Described by Helius PFA, the stiffness is of magnitude stiff
enough to provide load transfer, but not too stiff that unauthentic fluctuations occur
in the output. The initial strength estimate should represent the normal strength of

the ply, shown in Equation 4.4.

The damage evolution was set to a displacement of 0.001 mm with a linear soft-
ening. The cohesive interaction significantly increases the ability to capture the non-
linear response frequently overlooked in FE analysis.

To develop an efficient base model before investigating the damage initiation and
evolution capabilities of CFRP modelling, a parametric study isolated key modelling
inputs individually, while all other model inputs were fixed. Table 4.3 describes the
parameters investigated during each phase of analysis including: Phase I - mesh
refinement, Phase IT - number of through thickness elements, Phase III - mass scaling
and Phase IV - time scaling. This work precedes the study of the various failure

models and the incorporation of cohesive surface interactions between plies, which

are discussed in Phase V and Phase VI.
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Table 4.3: Comprehensive FEA modelling analysis

Study Parameter /Cases
Phase I - Mesh Minimum element size in gauge region
refinement 0.1 mm - 0.5 mm (5 cases)
Phase II - Through Number of elements through thickness of sample
thickness 1,2,3,5 6
Phase III - Mass Modifying minimum time step increment
scaling 1-1073,1-107%,1-107°,5-107%,1-107% NONE
Phase IV - Time Modifying analysis duration and loading rate
scaling 1x, 10x, 100x, 100x*
Phase V - Failure ABAQUS-Hashin
models 0, 45 & 90 degree
VUMAT (Puck, MCT, LaRC02, Max Strain, Hashin)
0°, 45°,& 90°,
Phase VI - Cohesive MAXS damage init. & Displacement damage evol.
surfaces 0°, 45°.& 90°,

4.3.2 Phase I - Mesh refinement

Edge pairs were created to apply seeding and modify element size in the model,
illustrated in Figure 4.6. Through five separate analysis, the edge seeds were refined.
In the critical gauge section of the bending test edge A, the most refined seeding was
0.1 mm with a bias expanding to 0.15 mm away from the centre. For the fifth setup,
the most coarse mesh, edge A was seeded with 0.5 mm spreading to 0.75 mm away
from centre. A similar method of refinement was applied to the other edge pairs and
is tabulated in Table 4.4.

The 0° , bending test loading response for the five meshed models is shown in
Figure 4.7. The coarsest model investigated included 2470 elements and completed in
8.34 hours. The most refined model involved 62080 elements and would take 124.36

hours however the model was stopped after 63.2 hours at the initiation of failure.
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Table 4.4: Three-point bending mesh convergence; seed size (mm)

Edge ‘ Bias Mesh I | Mesh IT | Mesh IIT | Mesh IV | Mesh V
Total number of elements | 62080 15360 11578 3840 2470
Computation time (Hours) | 124.36 | 63.83 31.83 20.37 8.34
Force (N) 372.21 | 377.00 | 375.18 285.11* | 358.84
A Single 0.1-0.15 | 0.2-0.3 | 0.3-0.45 | 0.4-0.6 0.5-0.75
B None 0.1 0.2 0.3 0.4 0.5

B2 None 0.1 0.2 0.3 0.4 0.5

B3 None 0.25 0.5 0.75 1.0 1.25

C Single 0.15-0.5 | 0.3-1.0 | 0.45-1.5 | 0.6-2.0 0.75-2.5
D Single 0.5-1.0 | 1.0-2.0 | 1.5-3.0 2.0-4.0 2.5-5.0
E None # of elements is 5

Figure 4.6: Mesh refinement edge seeding

N

Mesh IIT balances computational expense and model accuracy referencing the con-

vergence of failure prediction through mesh refinement. Mesh III has 11578 elements

and a CPU time of 31.83 hours. With one additional iteration of mesh refinement

there is an increase to 15360 elements and a computation time of 63.83 hours, which

was an increase in computation time by 100.5%. The model prediction of maximum

reaction force prior to failure is within 0.48% or 1.8N for these two models. This dif-

ference is smaller than the variance in sample geometry and is therefore not significant

versus the computational savings.

142



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

400
—Mesh |
350
--------- Mesh Il
300 Mesh Il
g 250 Mesh IV
g 200 Mesh V
Y 150
100
50
0
0 0.2 0.4 0.6 0.8 1 1.2

Displacement (mm)

Figure 4.7: Effect of mesh refinement on displacement versus force response

4.3.3 Phase II - Through thickness element count

When the fibre-reinforced composites are subject to loading, the stress induced in
the specimen is focused in the plane rather than through the thickness. This is due
to the stacked ply structure with CFRPs, shown in Figure 4.5 dividing the planar
geometry into ten thinner planar sections, the planar geometry is thin compared to
the width and length of the specimen. Material failure is dominated by longitudinal
(fibre), transverse (matrix) and in-plane shear strengths and not by stress in the
tertiary (thickness) axis. To achieve accurate material representation regarding the
through thickness geometry, solid or continuum shell elements should be used and not
conventional shell elements. To accurately model the ply interaction and progressive
failure of those plies, the appropriate number of elements through the thickness should

be determined.
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In Figure 4.8, the resulting convergence on failure prediction by adding elements
through the thickness of the geometry is illustrated. With one element modelled
through the thickness of the geometry the failure force is 367.4 N versus a failure
force prediction of 378.9 N when six elements are modelled. This is a difference in
prediction of 3.03%. The fracture prediction with five elements through the thickness
is within 0.99% of the prediction with six elements through the thickness. This
is an acceptable difference as the variation in the geometry of the samples for the

experiments was greater and results in a reduction in computation.
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Figure 4.8: Effect of through thickness element count on displacement versus force
response

4.3.4 Phase III - Mass scaling

Scaling an analysis is a necessary technique with failure prediction in explicit mod-

els, especially involving models with refined mesh creation and numerous damage state
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variables. Scaling techniques can be applied though time scaling and mass scaling.
In ABAQUS, the minimum stable time increment for an explicit dynamic analysis is

expressed in Equation 4.5. The dilatational wave speed is given in Equation 4.6.

At = Le/Cd (45)
cy— % (4.6)

With a characteristic element length based on the model mesh refinement and the
dilatational wave speed based on material properties of the CFRP, the stable time
increment is approximately 1.0-107%s. This would result in a model requiring years
to complete the computation. This is not economical and therefore motivation to
validate the use of scaling in the FE model. The benefit of employing mass scaling,
is the time step limit, applies to the smallest elements first until satisfied. Therefore,
if appropriately used will not have significant impact the results, just reduce the
computation time. In quasi-static analysis where strain rate is low, the kinetic energy
of the model is low compared to the internal energy of the model. Accuracy can be
maintained by mass scaling while keeping the kinetic energy of the model to less than
10% of the internal energy [26].

[lustrated in Figure 4.9, adding mass scaling based on a target time increment size
of 1.0-107%s, an unwanted harmonic response is produced in the force-displacement
plot resulting in an over prediction of failure by 4.40% and a model computation time
of 20.42 hours.

Due to the increased mass the load output of the CFRP is altered in response

to the changes in the models mass and inertia. When modelling with a target time
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Figure 4.9: Effect of mass scaling on displacement versus force response

increment step (T.S) of 1.0-107%s the commutation time increases by nearly seven
times to 142.7 hours, but reduces the unwanted harmonic response. To find an ap-
propriate material response and computational expense, the ideal T.S. is suggested
at 5.0-107%s. This magnitude balances accuracy versus computation expense and
ensures the artificially increased density does not alter the loading response. The
outcome is a computational time of 37.4 hours and a deviation of only 1.01% in the
overall fracture force prediction. Notice the significant reduction in the harmonic
response of the loading with this target increment shown in Figure 4.9. Without the

use of mass scaling the identical model would take 2.82 years to complete.
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4.3.5 Phase-1V - Time scaling

Time scaling provides computational benefits by increasing the loading rate rather
than using the natural time of the experiment, a loading rate of 1 mm/min. In
Figure 4.10, the simulated time decreases from 120.0seconds (s) to 1.2 s, a reduction
of 100 times. The velocity constraint was manipulated to ensure an equivalent amount
of displacement. By reducing the loading time and maintaining an equivalent load

displacement, a reduction of computation time from 172.5 hours to 35.6 hours is

achieved.
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Figure 4.10: Effect of time scaling on displacement versus force response
To ensure an accurate comparison of the effect of time scaling, the mass scaling
factor must be reduced accordingly. In Figure 4.11, notice the unwanted harmonic

response during loading for the 1.2 s setup which used mass scaling set to a target

time step (T.S.) increment of 1.0-10™*s. When the mass scaling is reduced, the time
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scaling has very little effect on the loading response. Notice the improved response
in the alternative setup using the same loading time of 1.2 s, however reduced mass
scaling to a target time increment of 1.0-107%s. Overall, a 1.68% difference in failure
force prediction is observed between the 120 s and 12 s setups and a 0.13% difference
between the 120 s and 1.2 s setups when effectively time and mass scaled (1.2s T.S. =
1.0-107%s, 12.0s T.S. = 1.0-107%s, 120.0s T.S. = 1.0-10~*s). A combination of time
scale by an order of ten and mass scaling to a minimum T.S. of 1.0-1075s is used in
models studied moving forward.

400
——1.25 (T.S. 1.0E-4)

350
—1.25 (T.S. 1.0E-6)

0 0.2 0.4 0.6 0.8 1 1.2
Displacement (mm)

Figure 4.11: Effect of time scaling on displacement versus force response with adjusted
mass scaling

By completing the investigation of the mesh convergence, through thickness el-
ement count, mass scaling and time scaling techniques a highly accurate, efficient
three-point bending model has been developed. Following on from here, a compari-

son of various failure models were studied to determine their effectiveness in predicting
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failure.

4.4 Results & Discussion

4.4.1 Phase V - Experimental versus alternative FE failure

criteria

In Figure 4.12, the 0° fibre layup three-point bending test simulations using var-
ious FRP failure criteria, described in Table 4.1, are plotted. For a particular failure
criterion shown in Table 4.1, damage initiation is satisfied based on the response to
the loading configuration in the FE model. To avoid any model tuning and facili-
tate model convergence, damage evolution was controlled by default instantaneous
degradation settings (matrix post-failure stiffness 0.1 and fibre post-failure stiffness
0.01). The instantaneous degradation, a misnomer, reduces the strength of the ele-
ments to the post-stiffness values over a time period; this was consistent throughout
an investigation based on the loading rate. The loading in this orientation, with the
bending punch perpendicular to the fibres, demonstrates the anisotropic nature of
the UD-CFRP, with great strength and failure controlled by the elastic-brittle fibre;
minimal matrix effect. With a fibre dominated loading, the material responses are
similar as the various FRP models use the same linear-elastic fibre response prior to
damage. The difference is the failure prediction modelled by damage initiation and
damage evolution. The failure models from Table 4.1, determines the point at which
damage is predicted to initiate and continues until the criteria has been satisfied for

the given failure index. The loading response prior to damage is purely elastic and
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identical between modes. The evolution parameters determine how the model con-
verges towards failure. The damage evolution parameters were the same for each
model in this investigation.

In Figure 4.12, the force-displacement prediction from the FE models, versus the
0° fibre orientation experiment, demonstrates good agreement. There is no difference
between the failure prediction of the MCT, Hashin and Puck models, as illustrated
in Figure 4.12 and differ from the fracture force of the experiment by 3.13%. The
LaRC02 model under predicts the failure by 4.18% and the Max Strain prediction is
5.71% greater. The harmonic loading response prevalent in Figure 4.12, is due to the

assertive scaling techniques used and is minimized for final model creation.

450 —Exp LaRC02
400 - Puck Hashin
— Max Strain —MCT

350
300
Z 250
2 200
150
100
50

0 0.2 0.4 0.6 0.8 1 1.2
Displacement (mm)

Figure 4.12: Comparison between failure models and experimental on displacement
versus force response with 0° fibre orientation

Figure 4.13 shows the displacement-force diagram for 45° fibre orientation under

a bending configuration. The loading response demonstrates good agreement in the
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loading versus displacement rate. The Max Strain failure model drastically under-
estimates the failure prediction, however, effectively models the fracture event fully
with element deletion. MCT, Hashin and Puck failed to model the fracture event and
continue to load indefinitely. The inability to converge on a loading response with the
deletion of failed elements, is controlled by the failure mode. If the damage evolution
is initiated by the matrix failing, followed by the fibre failure, convergence will not
occur for shear and transverse loading situations. This is shown in Figure 4.14 Set I:
iii, iv, v with no element deletion even when extreme displacements of greater than
2.0 mm are reached. An infinite symbol is marked on Figure 4.13 to illustrate the
inability to predict failed elements and trigger element deletion for the MCT, Hashin

and Puck failure models.
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Figure 4.13: Comparison between failure models and experimental on displacement
versus force response with 45° fibre orientation

When the stress on an element is large enough to cause matrix damage, the
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stiffness of this element reduces to a post-failure matrix stiffness. The material will
follow a degradation of stiffness process, based on a time-period or energy release.
Once the degradation of stiffness of the element has occurred, the element cannot
bear load, at least no more than the post-failure stiffness allows. Therefore, the
stress in the element will never increase enough to cause failure in the fibre and
hence no deletion will occur. This convergence issue occurs at any significantly off-
angle loading (45° to 90°) and no element deletion will be initiated. The LaRC02
successfully predicted material response and progressed through failure with element
deletion; model timed out but did not suffer convergence issues.

Analogous to the 45° bending models, the loading response of the 90° fibre layup
bending experiments are well represented as shown in Figure 4.15. The inability to
capture the fracture with the MCT, Hashin and Puck models is experienced again.
This is shown in Figure 4.14 Set II: iii, iv, v with no element deletion even when
extreme displacements of greater than 2.0 mm are reached. The Max Strain model
under predicts failure unacceptably, whereas the LaRC02 failure model accomplishes
failure prediction well with respect to displacement and failure load. A 15.1% dif-
ference in displacement and a 0.3% difference in failure force was observed with the
LaRC02 model. The larger difference in the failure displacement prediction was a
result of the harmonic loading response. While the experiment was reaching critical
load for the 90° configuration, the FE response was in the trough portion of the
wave response, experiencing a reduced load, thereby delaying the onset of damage.
To negate this effect, mass scaling techniques will be reduced while concurrently in-

corporating symmetry simplifications in the model to reduce computational expense.
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Figure 4.14: Set I: 45° SDV1 element deletion: i) Max Strain, ii) LaRC02, iii) Set II:
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FE modelling of matrix-fibre composites damage theory initiates with matrix dam-

age initiation and evolution preceding fibre breakage. When the fibres are parallel

to loading, 0°

the fibres withstand significant load as the matrix damage evolves.

The outer plies will damage prior to the middle of the specimen. These contribu-

tions lead to the successful modelling of the nonlinear response of the CFRP sample.

The 45° and 90° tests are not controlled by the fibre damage. The coupon experi-

ences fracture because of a failure in the matrix in the transverse loading direction.

Due to the computational benefit, the matrix is commonly modelled as an isotropic

linear-elastic material, negating the ability to capture nonlinearity in the prediction,

although observed in experiment. By incorporating cohesive modelling between plies,

with the inclusion of damage, the non-linear response in the matrix could be predicted.
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Figure 4.15: Comparison between failure models and experimental on displacement
versus force response with 90° fibre orientation

4.4.2 Phase VI - Results of cohesive modelling utilizing unit

thickness

In prior research, the inclusion of cohesive surfaces between the CFRP plies in
FE modelling had significant effect on the accuracy of the tensile loading prediction
[16]. The break-in and break-out damage when drilling fibre reinforced composites
can only be predicted if the cohesive surface interaction is accurately modelled. The
three-point bending test is an ideal load configuration to validate these modelling
parameters. The cohesive material properties are shown in Table 4.5.

Friction has been noted by Russell et al. to be insensitive between 0.1-0.3 [27]. A

"Hard" pressure over-closure contact minimizes the penetration of the slave surface
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Table 4.5: Cohesive modelling parameters |27, 26]

Friction 0.3

Pressure Over-closure Hard

Damage initiation = MAXS 70, 70, 70 (MPa)
Damage evolution = Displacement 0.001

Damage stabilization 0.002

into the master surface; the CFRP should not penetrate into the supports or inden-
ter [26]. The Maximum Stress criteria and displacement damage evolution control
described earlier was selected. The modulus of elasticity (Er) is calculated using the

tangent from the load displacement plot following Equation 4.7 [2, 28|.

L3 m _m~L3

Ee — —
F= 4 p.n3 48.7°

(4.7)

where L is the span length, m is the linear slope of the load-displacement relationship,
b is the width, h is the thickness and I is the second moment of area. Based on the
experimental setup and the relationship shown in Equation 4.7 a flexural modulus of
elasticity of 128.275 GPa is determined. In comparison, the tensile modulus deter-
mined by experiments in [16] was 132.934 GPa and a manufacturer reported modulus
of 135 GPa [22].

In Figure 4.16, the Aramis strain output is illustrated in comparison to the strain
output from the FEA. The maximum strain based on the International Organization
for Standardization (ISO) standard bending theory is 0.00890. The FEA output
strain (LE11) is 0.008307. This resulted in a difference of 6.66%. The computational
efficiency gained by utilizing the symmetric unit thickness approach allows for the
mass scaling to be reduced. The LaRC02 model response without incorporating

cohesive surface interactions between plies is effected by this harmonic output; it is
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LE, LE11

(Avg: 75%)
0.00831
0.00793
0.00756
0.00718
0.00680
0.00643
0.00605
0.00568
0.00530
0.00493
0.00455
0.00418
0.00380
-0.00956

Max: 0.00831

Figure 4.16: 0° with unit thickness versus Aramis strain capture

plotted in Figure 4.17 as FEM without cohesive surface. Figure 4.17 illustrates the
LaRC02 FE model with cohesive surfaces predicting the CFRP material response
very well in addition to reducing the unwanted harmonic response. Reaffirmed by

Figure 4.18, highlighting the similarities of stress-strain prediction between FEA and

experiments.
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Figure 4.17: Force-displacement response with 0° fibre orientation unit thickness
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Figure 4.18: Stress-strain response with 0° fibre orientation unit thickness

Figure 4.19 shows the force-displacement material response for the 45° fibre layup
three-point bending FE model with the inclusion of cohesive surfaces. The prediction
does slightly underestimate the final failure which is a result of a number of correlated
factors. The strengths of the CFRP and the damage initiation and evolution of the
cohesive surfaces may be too low contributing to a slight underestimation of failure
prediction. However, the loading response is well represented.

The sensitivity of the damage initiation variable of the cohesive interaction is less
sensitive for the 0° fibre layups. The contact stress was varied from 1 to 75 MPa,
however the cohesive damage initiated after the laminate damage. The 90° response
shown in Figure 4.20 is relatively linear up to failure in comparison to the response
of the 45° layup, shown in Figure 4.19. Figure 4.20 shows the 90° LaRCO?2 failure

model with cohesive surfaces, which agrees well with the 90° three-point bending

157



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

70 —EXP
60 FEM without coh. surf.
- - FEM with coh. surf.
50
Z 40
Q
e
5 30 /
7,
20 T, /I
/
10 A
/
%14{ -
0 -=
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Displacement (mm)

Figure 4.19: Force-displacement response with 45° fibre orientation unit thickness

experiments. By incorporating a unit thickness model and reducing the mass scaling
applied, the loading response avoids underestimating the force approaching failure (1.0
to 1.6 mm displacement). This caused a delay in loading for the LaRCO2 (without
cohesive surfaces) model resulting in an exaggerated displacement at failure. With
the computational savings and reduced mass scaling, the LaRCO2 symmetrical unit
thickness model with cohesive surfaces predicts the material response well with respect
to failure load and displacement significantly reducing the harmonic variation.

The 0, 45 and 90° multi-instance bending predictions with the incorporation
of cohesive surfaces improved the predicted material response of the CFRP. The
response for the 45° fibre layup three-point bending test is sensitive to both the
matrix damage and a contribution of fibre strength. Therefore, the cohesion between
the two interfaces is more critical. This in contrast to loading dominated by the fibre

(0°) or the matrix (90°).
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Figure 4.20: Force-displacement response with 90° fibre orientation unit thickness

4.4.3 Phase VII - Extension of model capabilities

Prediction of a material response and failure to a matrix dominated loading of
unidirectional fibre reinforced polymers is difficult. The cause of this difficulty is a
result of the matrix damage being only a precursor to fibre damage. The fibre damage
controls the overall laminate failure. In Figure 4.21 a), b) and c¢) shows the bending
loading of the 90° fibre orientation prior to matrix failure, matrix failure without the
auxiliary (AUX) file and matrix failure with the AUX file respectively; the AUX file
is an additional User Material file that can overwrite or add additional material prop-
erties and is specifically useful for material response prediction of transverse loading
conditions, facilitating element deletion and therefore convergence with matrix failure

otherwise not possible. Figure 4.21 b) showed the solution dependent state variable
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SDV2 SDV2
(Avg: 75%) (Avg: 75%)
+1.000e+00 +6.372e-01
+9.167e-01 +5.841e-01
+8.333e-01 +5.310e-01
+7.500e-01 +4.77%-01
+6.667e-01 +4.248e-01
+5.833e-01 +3.717e-01
+5.000e-01 +3.186e-01
+4.167e-01 +2.655e-01
+3.333e-01 +2.124e-01
+2.500e-01 +1.593e-01
+1.667e-01 +1.062e-01
+8.333e-02 +5.310e-02
42.142e-10 +7.167e-09
Max: +1.000e+00 | Max: +6.372e-01
Elem: CFRP-8.1 Elem: CFRP-4.198
Node: 112 Node: 1148 Deleted elements
Min: +2.142e-10 Min: +7.167e-09
Elem: CFRP-2.395 Elem: CFRP-6.331 C) Max: +6.372e-001
Node: 11 Node: 10

Max: +1.000e+000 No deletion

Figure 4.21: 90° a) Prior to matrix failure b) Matrix failure without AUX file, c)
Matrix failure with AUX file

for the matrix failure, SDV2) has reached unity, elements should be deleted. Unfor-
tunately, element deletion has not initiated yet. In bending, the matrix post-failure
stiffness does not allow for the fibre to be loaded to a critical magnitude and therefore
no element deletion occurs. A UD-CFRP loaded at a 45° orientation does predict
element deletion, however closer investigation showed element deletion was not due to
matrix failure, but instead fibre failure in compression on the top-side of the laminate.
To improve the limited modelling capabilities of most failure criteria when domi-
nated by matrix loading, an additional material sub-file can be written to specifically
control the element deletion based on the matrix damage response. To implement
this, the auxiliary file (AUX) must be used with an element deletion set described.

The SPILT criteria flags deletion based on the relationship shown in Equation 4.8:

() (5 + (5= .
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a= \/wim (4.9)

where 9™ is the matrix failure criterion and € is the element deletion threshold of
magnitude 0 < # < 1. Together, used in the relationship shown in Equation 4.9,
the o parameter is determined. The Split criterion only considers o$,, of, and of;
which contribute to longitudinal Splitting. Lastly, the Macaulay brackets ensure the
05, contributes to Splitting only when subject to tensile stresses; compressive stresses
would not facilitate Splitting [15].

The AUX file has been implemented into an otherwise identical model as the one
created for Figure 4.21 a). Figure 4.21 b) illustrates one increment prior to matrix
failure (SDV2 = 8.178:10!) before elements are deleted. Figure 4.21 ¢) one increment
later, illustrates the elements successfully deleted from the model, identified by critical
matrix damage and controlled using the Split criteria and element threshold deletion
magnitude of 0.05.

Accurate material response prediction of a UD-CFRP coupon subject to three-
point bending at 0°, 45°, and 90° can be achieved. However, a single damage initiation
model still has great difficulty transitioning between fibre dominated loading, through
shear dominated loading into matrix dominated loading.

Classical Beam Theory (CBM) describes the maximum normal stress and the
maximum shear strength by the relationship shown in Equation 4.10 and 4.11 re-

spectively:

3P L

S (4.10)

Omaz =
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3Pmam
4wt

(4.11)

Tmaz =

where w and t are the width and thickness of the sample. A critical span-to-thickness
relationship exists by dividing the normal stress by the interlaminar shear strength

shown in Equation 4.12 |29, 30]:

max 2L
Tmaz _ = (4.12)

Tmaz

Span-to-thickness ratios on the range (L/t =5 — 10) will fail due to interlaminar
shear (delamination) versus span-to-thickness ratios on the range (L/t = 15 — 25)
will fail due to the normal stress applied [29]. With a ratio L/t = 27 the FE model
failure is dominated by the normal stress, however the cohesive surfaces contribute
to the material response.

Table 4.6 outlines the effect of span length in three-point bending on the material
response of a UD-CFRP laminate. As [29] outlines, when L/t = 15 — 25, failure will
be due to the normal stress applied. Column 3 (L/t = 18.18) describes a normal stress
failure of 1196.98 MPa (1200 MPa by manufacturer) and a strain of 0.98% (1.05%
by manufacturer). When the L/t =5 — 10 [29] describes failure to be dominated by
interlaminar shear. Column 1 & 2 (L/t = 4.55 & 9.09) determine an average shear
strength of 68.13 MPa (manufacturer 70 MPa) and an average shear modulus of 4.11
GPa (manufacturer 5 GPa). Larger span versus thickness ratios shown in column 4
& 5 (L/t =26.91 & 36.36) demonstrate the reduction in shear stress and dominance
of normal stress. The FE model successfully identifies cohesive damage between
instances for small spans when failure is dominated by interlaminar shear, prior to

any element failure from normal stresses. This is in contrast to element failure being
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identified by material strengths, without any cohesive damage identified, for larger
span setups. The results are quite agreeable with [29] descriptions that modifying the
span-to-thickness ratio will facilitate an interlaminar shear failure or normal stress
failure in the laminate. This reiterates the high value of a three-point bending test
to be used for UD-CFRP laminate characterization. The span-to-thickness analysis

should be extended to 45 and 90° UD-CFRP laminates.

Table 4.6: Material characterization versus span-to-thickness ratio (0 °)

L (mm) 5 10 20 206 |40
L/t 4.55 9.09 18.18 26.91 36.36
d (mm) 7.99-1072 | 2.00-107! | 5.93-107! | 1.19 2.08
P (N) 1390.58 1147.38 613.13 407.68 | 316.98
oy (MPa) 678.68 1119.98 | 1196.98 | 1177.91 | 1237.64
€f 0.0211 0.0132 0.0098 0.0090 | 0.0086
7 (MPa) 74.66 61.60 32.92 21.89 17.02
E; (GPa) 32.16 84.87 122.33 131.40 | 143.97
Shear Modulus (GPa) | 3.54 4.67 3.36 2.44 1.98

t (mm) 1.1

w (mm) 12.7

Figure 4.22 shows the effect of fibre orientation on force to induce failure and
failure force normalized with 0° fibre orientation. The AUX file was incorporated
into the model. Fibre orientations included 0°, 5°, 15°, 30°, 45°, 60°, 75°,and 90°,.
Model parameters from the prior unit thickness analysis were implemented including
LaRC02 damage initiation and evolution criteria, cohesive surface interactions, in
addition to the AUX file incorporating Split criteria. Figure 4.22 also shows similar
experimental results determined by Sideridis et al. who studied various UD-CFRP
layup orientations [30]. The 0° to 15° range of [30] and the FEM model from 0° to
5° show a minor insensitivity to fibre orientation on failure force. A characteristic not

observed when a UD-CFRP laminate is loaded in tension, which suffers significant
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immediate reduction [16].
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Figure 4.22: Failure force versus orientation: Three-point bending versus Sideridis et
al. [30]

By incorporating the AUX file all models, including those dominated by matrix
failure, were able to successfully predict failure with element deletion. A 66.4% re-
duction in failure force is predicted for the 15° layup versus the 0° layup, which
highlights the significance of layup orientation with respect to part function. When
a CFRP coupon is subject to load with a fibre orientation between 60° to 90° the
failure force is insensitive due to the matrix material dominating the response. This
trend was shown by the model and experimental results carried out by Sideridis et
al..

Naresh et al. studies five layups in bending including 0°, 45°, 90° and two
cross-ply setups with stacking sequences (45°,-45°), and (45°, 0°, 90°, -45°)s. The

unidirectional layups (0°, 45°, 90°) fracture from a fibre-matrix debonding and matrix
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cracking. The cross-ply layups fracture resulting from delamination [20]. Caminero
et al. investigates these layups in addition to a (0°, 90°), layup [29]. An increase
in toughness and strain at peak load is observed for the cross ply layups [20, 29].
Figure 4.23 shows the peak force at failure relative to the 0° layup for [20, 29] versus
the FE model. The FE model predicted a similar load response trend for the 0°,
45°, and 90° agreeing quite well with Caminero et al. and Naresh et al. The FE
models with (45°, -45°)s and (45°, 0°, 90°, -45°) layups predicted the increasing force
trend, however are underestimated. The increased strain at failure is observed but
not to the relative magnitude of |20, 29]. The thin laminate in the FE model does not
facilitate the ability to absorb energy and suffer damage before final rupture, as the
thick laminate in [20, 29| does. Determining an effective laminate thickness to capture
the increased toughness of cross-ply layups should be investigated; [31] determined
this to be as thick as 7 mm. The cohesive surface interaction of the cross-ply layups

can then be better understood.

4.5 Conclusion

When CFRP samples are subject to loading in primary directions (fibre, matrix
and shear), element size in the mesh was less sensitive than anticipated. Accurate,
computationally efficient models can be achieved with element lengths of 0.2 mm
nearest to the expected failure region and increasingly more coarse away from the
failure. Failure when loading a CFRP sample in a three-point bending test is still

dominated by failure in the plane of the plies and show minimal dependence on the
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Figure 4.23: Force-displacement of various orientation and cross layups versus |20,
29]

number of elements through the thickness of the geometry. Computational expense
is reduced when the through thickness element count is five or less, while maintaining
accuracy. Mass scaling is the most critical factor regarding a models’ computational
efficiency versus accuracy. Variable mass scaling to a desired time step can reduce
the computation time from years to minutes, but will have a drastic negative effect
on the loading response accuracy. Consideration must be made to minimize the
inertial effects caused by the increased density of the elements when implementing
mass scaling. For the mesh refinement used in the FE model a mass scaling of less
than 5.0-107%s can be used without time scaling. Utilizing the CFRP insensitivity to
strain rate allows for time scaling to be implemented resulting in more computational

savings, however the mass scaling should be reduced accordingly as described.
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With the inclusion of multi ply instances laminated by cohesive interactions ca-
pable of damage evolution, the nonlinear loading response recorded from the experi-
ments was predicted with strong resemblance. The 45° and 90° fibre layup samples’
failure is controlled by matrix damage evolution. The inclusion of cohesive surface
modelling improved the ability to develop nonlinearity in the loading response once
damage initiation strengths were optimized. The facilitation for the contribution of
damage between plies derived a nonlinear response that is commonly not captured or
assumed linear-elastic in other literature.

With appropriate punch design, in combination with the effective modelling tech-
niques employed, significant improvements to the effectiveness of the tests and the
material representation in FE models was made. This facilitated the ability to model
multi-orientation and cross-ply layups successfully, which provides a tool to deter-
mine a layup for a particular strength and toughness requirement. With small span-
to-thickness ratio the cohesive surface modelling successfully captured interlaminar
shear damage (delamination) between plies. With large span-to-thickness ratio the
FE model successfully predicted the experiments and was extended to predict var-
ious fibre orientations and cross-ply layups from literature. The cohesive surface
modelling of three-point bending analyses should investigate the effect of laminate
thickness further. This will further validate the material representation regarding
laminate toughness, interlaminar shear strength and cohesive surface representation.
The cross-ply layups’ strength was underestimated versus literature due to the thin
laminate geometry resulting in immediate laminate failure, versus a prolonged dam-
age capable of absorbing energy during fracture. This cohesive interaction prediction

is critical and directly relates to the break-in and break-out delamination damage
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when drilling CFRP. With accurate representation of the CFRP material and its in-

terlaminar cohesive nature, effective machining simulations can be developed based

on these findings.
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4.6 Nomenclature

€ Strain
o1l Longitudinal stress (MPa)
O99 = 033 Transverse stress (MPa)
E Young’s Modulus (GPa)
019 = 013 Longitudinal shear stress (MPa)
093 Trasverse shear stress (MPa)
v Poisson’s ratio
S11, Sa9 Long. & Trans. material strengths (MPa)
S12, 523 Shear material strengths (MPa)
, M, C Fibre, Matrix, Composite
a Contribution of shear variable (0 < o <'1)
Le Characteristic Length Element
Cd Dilatational Wave Speed
Er Flexural Modulus (MPa)

L Support Span (mm)

b Width of sample

h Height of sample

m Slope of the linear portion of the load-displacement curve (N, mm)

1 Moment of Inertia

(e Matrix Failure Criterion (AUX)

0 Element Deletion Threshold (AUX)

b Trans-isotropic matrix invariants

7 =1,2,3,4 Matrix average stress state

P Slope of fracture envelope

I/ Trans-isotropic fibre invariants

1=1,4 Fibre average stress state

Am AT Adjustable coefficients

F,, F; Failure coefficients defined by strengths
Yr, Yo Tensile and compressive strength (MPa)
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Abstract

When drilling Carbon Fibre Reinforced Plastic (CFRP) material achieving acceptable
hole quality is challenging, while balancing productivity and tool wear. Numerical
models are important tools for optimization of drilling CFRP material in terms of
material removal rate and hole quality. In this research a macro-Finite Element (FE)
model was developed to accurately predict the effect of drill tip geometry on hole
entry and exit quality. The macro-mechanical material model was developed treating
the Fiber Reinforced Plastic (FRP) as an Equivalent Homogeneous Material (EHM).
To reduce computational time, numerical analysis was performed to investigate the
influence of mass scaling, bulk viscosity, friction, strain rate strengthening and cohe-
sive surface modelling. Consideration must be made to minimize the dynamic effects
in the FE prediction. Experimental work was carried out to investigate the effect of
drill tip geometry on drilling forces, hole quality and to validate the FE results. The
geometry of the drills used were either double-point angle or a “candle-stick” profile.
The 3D drilling model accurately predicts the thrust force and hole quality generated
by the two different drills. Results highlight the improvement in predicted results with
the inclusion of cohesive surface modelling. The force signature profile between the
simulated and experimental results were similar. Furthermore, the difference between
the predicted thrust force and those measured were less than 9%. When drilling with
double angle drill tip, the inter-ply damage was reduced. This trend was observed in

FE prediction.
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5.1 Introduction

In aerospace and automotive industries, the interaction of different material com-
ponents during assembly may require drilling holes to facilitate bolting sections to-
gether. Annually, 250 million twist drill bits are used in the US aerospace industry
[1]. On the Airbus A350 it is estimated that 55000 holes are drilled to facilitate
the assembly of one unit [2]. Composite plates with holes that have been moulded
or drilled are susceptible to damage. Zitoune et al. demonstrated by loading parts
under tension, that parts with drilled holes results in a 30% decrease in fracture
strength [3]. Moulded holes are not always feasible and attaining positional and size
tolerances becomes more cumbersome versus drilling, thereby creating motivation to
improve the drilling process.

Contrary to the shear based cutting mechanism in ductile metals, CFRPs are
dominated by a brittle crack propagation [4, 5|. In CFRPs the high thrust force
resulting from the drill can cause peel-up and push-out effect on the workpiece, re-
sulting in delamination of the ply. As drilling initiates, the work material is resisting
the thrust force induced by the chisel edge of the tool. As the drill approaches the exit
surface, there is little material to withstand this thrust force. Therefore, significant
thrust force is transferred to the interface between the plies causing delamination un-
der pure bending. By identifying the critical thrust force causing delamination, with
respect to uncut thickness of the laminate, the feed rate should be modified through-
out the progression of the drilling. Mainly, an aggressive feed at hole entrance to
promote Material Removal Rate (MRR) and a reduced feed to mitigate delamination

near the exit of the cut [6]. Adding to these considerations, tool wear increases the
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dynamic nature of the drilling process. Ismail et al. describes the unavoidable phe-
nomenon which requires coolants, tool life monitoring and prediction, effective drill
design geometry and optimal process parameters |7].

Vijayaraghvan outlines numerous considerations in modelling multilayer mate-
rial machining which includes material modelling, contact, fracture criteria, adaptive
meshing, element types, tool modelling [8]. Significant work has been done to inves-
tigate the drilling of CFRP materials, including reviews completed by Panchagnula
et al. [9] and Lissek et al. [10] outlining the significance of process monitoring to
ensure hole quality. Kahwash et al. highlighted the current practice of modelling the
cutting process of CFRPs and the use of 2D orthogonal cutting due to its simplicity
and computational advantage [11]. Liu et al. from experimental results on drilling of
composite laminates concluded that the variation between materials’ elastic modulus,
affected the drilled hole diameters [12]. Computationally, Mahdi et al. studied mesh
sensitivity, plane stress versus strain and rake angle. This research concluded that the
rake angle had minimum effect. The effect of fibre angle when machining FRPs was
successfully demonstrated [13]. Shyha et al. studied the effect of machining process
parameters when drilling CFRP and determined drill geometry and feed rate were
most critical [14|. Faraz et al. studied the effect of cutting edge rounding to predict
and prevent increase drill loads and maintain hole quality [2].

Arola and Ramulu produced preliminary 2D orthogonal cutting models of graphite
epoxy material and attained good correlation between predicted and experimental
cutting force. However, poor agreement was found with thrust force [15]. An orthog-
onal 3D cutting model of CFRP was published by He et al. [16]. Strong variance in

predicted cutting forces was described when using different failure criteria including
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Hashin and Max Stress. Max Stress predicted cutting force reasonably where Hashin
underestimated significantly. Predicted thrust force was significantly under-predicted
by 75% difference when compared to experiments. He et al. described the thrust force
predictions as an order of magnitude less than experiments as found in literature [17,
18]. No element removal or chip formation was captured. Lasri et al. describes the
magnitude difference between experimental and modelled thrust force, captures dam-
age, however does not show the removal of elements and chip formation progression;
only the initiation [18§].

Phadnis et al. compared drilling experiments to FEM model. Using X-ray micro-
tomography drill entry and exit delamination damage was investigated [19]. Although
exaggerated, the outer region of the delamination damage predicted in the FEA re-
sembled experiments. The concern is the significant element removal of the failed
cohesive elements at exit. Jain et al. [20], Lissek et al [10] and Won et al. [21]
investigated the relationship between thrust force on hole quality with respect to
delamination damage. Jain et al. discovered reduced thrust force along with delam-
ination damage when the chisel width edge of the drill was decreased. Won el. al.
noticed reduced thrust force measurements by pre-drilling the holes first. The results
concluded that the magnitude of the thrust force critically affects the delamination
damage of the CFRP.

The progression of damage experienced by an element is influenced by the cutting
speed. The stable time increment in a FE analysis is governed by element size, bulk
modulus and material density. The fine mesh and high stiffness of CFRP develops
rigid elements that propagate a stress front through the CFRP creating premature

damage. The bulk viscosity parameter can more accurately represent the material
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response by facilitating dampening, otherwise not well represented in the model.
Garekani describes a FE model convergence sensitivity due to excessively distorted
elements at certain cutting speeds. At high cutting speeds, models progress further
before encountering convergence issues. When the cutting speed is reduced, a limited
region exists where elements’ material properties have been successfully degraded but
the damage is not fully saturated and therefore elements cannot be removed [22].
For damage to be fully saturated the longitudinal damage must be satisfied, which is
not always possible depending on the loading. Garekani suggests a max degradation
parameter control less than unity to prevent this convergence issue. This facilitates
convergence but does improve the material representation. Bulk viscosity parameters
are frequently stated [23], with little description to why and how linear and quadratic
viscosity parameters are determined or their influence on the model.

Conventional drilling experiments investigating cutting speed and CFRP con-
stituents outlining significant importance of the matrix on the material response due
to strain rate and thermal effects were studied by Merino-Perez et al. [24]. Merino-
Perez et al. described a decline in the matrix ability to properly transfer load between
fibres at high strain rates. Lasri et al. describes minimal strain rate dependence and
a bouncing back effect reducing the overall depth of cut, with respect to the fibre
material [18]. Using the split Hopkins bar technique, Lifshitz experimentally studied
the interlaminar failure of CFRP at strain rates of 100-250 s~! versus at static test
conditions. The results showed an increase in strength by an average of 36% and
modulus by 30% at the higher strain rate [25].

Giasin et al. created a 3D drilling model of a hybrid material made of stacked

glass fibre/epoxy prepreg with aluminum sheets. The model predicted torque within
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0.83-17.9% and thrust force within 3.2-53.2%. However, no delamination was iden-
tified and deemed negligible [26]. The effect of including cohesive surface in finite
element modelling on the cutting of CFRP has been investigated by Dandekar et.al.
[27], Abena et al. [28] and Lasri et al. [18] among others. Lasri et al. used a progres-
sive failure stiffness degradation scheme when modelling orthogonal cutting to gain
understanding on subsurface damage and its contribution on chip formation [18]. The
inclusion of an interface zone between the constituents proved to have significant ef-
fect on delamination magnitude and fibre/matrix failure. 3D orthogonal and drilling
model produced by Usui et al. captured delamination in various fibre orientations by
using cohesive zone elements mapped to fracture planes defined by the Miller indices
[29]. Zenia et al. developed similar research with an elasto-plastic damage model
VUMAT that predicts interply damage and chip formation [30]. Isbilir et al. mod-
elled the drilling process, including the inter-laminar damage, comparing a standard
twist drill and step drill geometries [31]. Ply damage was modelled using Hashin’s
theory and delamination was based on a cohesive contact relationship. Isbilir et
al. describes better model prediction capabilities with the inclusion of inter-laminar
cohesive modelling.

The objective of this work was to progress the development of a macro FE drilling
model, to be used as a tool to accurately test various drill geometries with reasonable
computation time. To substantially reduce computational time, numerical analysis
was preformed to investigate the influence of mass scaling, bulk viscosity, friction,
strain rate strengthening and cohesive surface modelling, building on intra-ply and
inter-ply progressive failure modelling techniques developed in [32, 33]. Experimental

work was carried out to investigate the effect of of drill tip geometries on drilling
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forces, hole quality and to validate FE model prediction capabilities.

5.2 Experimental work

The pre-impregnated unidirectional CFRP panels were procured from ACP Com-
posites Inc. using an autoclave curing process. The mechanical properties described

by ACP Composites Inc. Acp24 are tabulated in Table 1.

Table 5.1: Standard Modulus (SM) CFRP - material properties [34]

SM UD-CFRP 0° 90°
Longitudinal Modulus (GPa) 135 10
Transverse Modulus (GPa) 10 135
In-plane Shear Modulus (GPa) 5 5
Major Poisson’s ratio 0.3 0.3
Ultimate (Ult.) Tensile Strength (MPa) 1500 50
Ult. Comp. Strength (MPa) 1200 250
Ult. In-plane Shear Strength (MPa) 70 70
Ult. Tensile Strain 1.05 0.5
Ult. Comp. Strain 0.85 2.5
Density (g/cm?) 1.6

Two drill geometries were tested experimentally, named the CoroDrill (CD) CD854
and CD856, are shown in Figure 5.1 (a) and (b) respectively, after the drilling ex-
periments were completed (Sandvik, Gimo, Sweden). The CD856 has a double-point
angle, carbide geometry with diamond coating (N,OC) that is designed to reduce
delamination and splintering. The diamond coated (NoOC) CD854 has a point ge-
ometry with additional spur edges on the circumference, designed to minimize burr
formation when drilling Aluminum, detailed in Figure 5.1 (a). Both CD drills have a
diameter of 4.7625 mm, incorporate small point angles (CD854 - 130°, CD856 - 120°)
and high rake angles to reduce axial forces, critical for drilling thin walled structures

[35]. Drill geometries were inspected with digital microscope, measuring key features

182



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

from output frames. The CD854 drill incorporates additional spurs on the perimeter
of the tool that score the circumference of the hole as detailed in Figure 5.1 a). This
design is inspired by a Brad-Point drill commonly used in wood working to prevent

fibre pull and tearing of the wood.

i w—
- | Double-point
“'(angle

S00pm

Figure 5.1: Drill geometries (a) CD854 and (b) CD856.

The drilling tests were carried out on a Fanuc controlled Matsuura LX-1, 3-axis
vertical CNC machine (Matsuura Machinery Corporation, Fukui, Japan). Cutting
forces were measured using a Kistler three component stationary piezoelectric dy-
namometer (type 9272, calibrated range: Fx = 0 - 3000 N, Fy = 0 - 3000 N, and
Fz = 0 - 6000 N), connected to a series of charge amplifiers (type 5011A) (Kistler
Group, Winterthur, Switzerland). Data acquisition was accomplished using an ana-
logue to digital converter card connected to a high performance computer, which was
capable of sampling at 200K samples per second per channel. Recordings were mea-
sured at 10kHz per channel. The drilling process was repeated five times to ensure
repeatability. The machining parameters employed were 0.05 mm /rev and 60 m/min

as recommended by the tool manufacturer.
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5.3 Finite Element modelling considerations

A macro-mechanical approach treating the FRP as an Equivalent Homogeneous
Material (EHM) was developed. The EHM model is based on Multi-Continuum
Theory (MCT) which used a Representative Volume Element (RVE) to express the

composite stress state as shown in Equation 5.1 [36],

1
o= —/ o(z,y,z)dV (5.1)
VJp
where V is the total RVE and D is the fibre-matrix domain. The fibre and matrix

average stress state is shown in Equation 5.2 and 5.3 respectively [36],

1

of = — o(x,y,z)dV (5.2)
Vf Dy
1

o = — o(x,y,z)dV (5.3)
Vi I,

where V; if the fibre RVE and V,, is the matrix RVE. The constituent average stress
and strain for the fibre and matrix (o7, 0™, €/, €™) are critical to predict damage and
material failure versus a homogenized average stress and strain (o¢, €®) [36]. When a
FRP is subject to non-parallel loading with respect to the fibre orientation, failure
is dominated by the matrix constituent. Damage should not be controlled by the
fibre, nor should the matrix damage act only as a contribution to the homogenized
composite material failure. This is a significant limitation of prior EHM modelling
versus the MCT-EHM formulation. If a failure criterion is independent and based
only on a matrix parameter, it can initiate element deletion.

FE modelling of Fibre Reinforced Polymers (FRPs) forms its basis on the failure
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model developed by Hashin [37] that encompasses four failure modes, which are i)
matrix tension, ii) matrix compression, iii) fibre tension and iv) fibre compression
failure. Significant work has developed numerous additional failure models including
LaRC02 [38, 39|, Max Strain, Max Stress, Tsai-Wu [40], Tsai-Hill [41], Christensen
[42], Puck et al. [43] and a Multi-Continuum Theory (MCT) [44] failure criterion. The
formulation and advantages of these failure models are described in previous literature
[32, 33]. In this research a user-defined material subroutine was implemented into
ABAQUS, to utilize failure criteria alternative to the built-in Hashin method for
FRPs.

When damage is initiated, controlled by the failure model implemented, an in-
stantaneous degradation method reduces the stiffness of the matrix and fibre from
its original undamaged state to a user-defined value between zero and one. This
degradation scheme is implemented instantaneously, or can be defined for a time pe-
riod to improve the response prediction of fracture. This is an efficient degradation
method, however can be sensitive to mesh size resulting in increased failure loads for
coarse meshes and premature failure for refined mesh models. To avoid premature
failure prediction of the CFRP loading response, techniques including damping ap-
plied through bulk viscosity, softening in contact interactions and enhanced element

controls reducing stiffness, can be applied.

5.3.1 Finite Element Geometry and Boundary Conditions

The drilling FE model was designed to replicate the experimental setup using
a rigid drill bit. Drill bits were designed in Siemens NX CAD, exported as step
(.stp) files and imported into ABAQUS. The complex drill geometries require the use
of tetrahedral 3D stress elements (C3D10M). The C3D10M are explicit, quadratic,
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modified elements with the deformation along the edge following a bi-linear interpola-
tion versus a quadratic function. This modification creates an additional node in the
middle of the edge of the element. The modified term refers to a unique formulation
using a bi-linear interpolation. These elements cannot represent curved surfaces as
well as the true second order elements, however gain computational efficiency [45].
Cyclic symmetry is not possible in ABAQUS Explicit models. As the tool revolves
about the z-axis the interaction between the tool and workpiece would be cyclically
symmetric except for the changing interaction between the tool face and fibre ori-
entation. Symmetry in the XZ and YZ plane was utilized to reduce the workpiece
to one quarter and thereby reduce the computation time, however still capturing a
tool-fibre interaction ranging from 0° to 90 °.

The body elements and nodes for the drill are mapped to the reference point;
load constraints are most efficiently applied with this setup. When drilling CFRP
the loading velocity in the z-axis direction is 3.342 mm/s (feed = 0.05 mm/rev)
and rotation is 420.0 rad/s (4010 RPM, 60 m/min cutting speed). Model boundary
conditions are shown in Figure 5.2. The feed rate and cutting speed magnitudes are
recommended by the tool manufacturer for the CoroDrill CD854 and CD856 drills

146].
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Encastre surfaces

L.

Symmetry surfaces

Figure 5.2: Model boundary conditions illustration.

A discrete rigid body converts the solid geometry to a shell body. The tip of the
drill bit as shown in Figure 5.3. This negates the requirement of meshing the internal
volume and focuses on the outer surface using a 4-node bi-linear rigid quadrilateral
element (R3D4). This setup requires additional property assignment including the
geometries’ weight and rotational inertia. The approach reduced the number of ele-

ments from 67672 to only 6568 elements using the discrete rigid geometry.
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Figure 5.3: Discrete rigid (shell) body (a) CD854 (b) CD856.

The CFRP laminate workpiece was modelled as one 3D deformable member. The
sample is subdivided with 10 plies to facilitate cohesive surface interactions. Material
properties for the CFRP were determined and validated through tensile and three-
point bending experiments and FE models at various fibre orientations 32, 33|.

In the explicit analysis, the stable time increment decreases as Young’s Modulus
increases [45]. The tool in a machining simulation that is generally quite stiff and
rigid compared to a workpiece can negatively effect the stable time increment. A
discrete rigid body does not affect the global time increment, thereby can increase
computational efficiency without significantly affecting the overall accuracy of the
solution. Comparing identical models except for the described differences in the drill
bit representation, the explicit time step for a deformable body with a rigid body
constraint is 1.22x107% s, versus a discrete rigid body is 3.43x107? s. An increase
in stable time increment of three times and reduction in computation time. The

estimated memory required for the otherwise equivalent analyses reduces from 1.9

188



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

GB to 1.1 GB due to the reduced elements required for meshing the tool. The
resultant force prediction is subjected to noise. The noise was generated by the high
modulus of CFRP under high strain rate deformation together with element deletion
leading to intermittent contact, and small modelling volume which provide minimal

damping. Therefore, the resultant force is filtered with a Chebyshev type II filter.

5.3.2 Mass Scaling

The minimum stable time increment for an explicit dynamic analysis is expressed

E
At=1Lcy, and cq= ,/; (5.4)

where L¢ is the characteristic length element and ¢, is the dilatational wave speed

in Equation 5.4 [45],

of the material. The dilatational wave speed requires Young’s modulus (E) and the
density (p) of the material [45].

With a characteristic element length of 10 - 100 pm the stable time increment is
approximately 1.0x107% s to 1.0x107? s resulting in an extremely long model compu-
tation time involving 1.0x10° s to 10x107 s solution increments. To improve compu-
tational efficiency with explicit dynamic models, scaling techniques can be employed
via time scaling or mass scaling. The dynamic effects induced by changing the loading
time, or inertial effects resulting from increased density to increase the time incre-
ment, must remain insignificant. Mass scaling is achieved by increasing the density
of the smallest elements, which modifies the wave speed and the resulting time step.

Table 5.2 compares mass scaled models controlled with a time step increment

ranging from 2.5x107% s to no scaling. Without scaling the model would compute
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in 175 days. The mass in the system without scaling is 0.169 kg and increases to ~
6 kg at the most extreme scaling studied. Figure 5.4 compares the resulting thrust
force with mass scaling controlled by the time step, on the range from 2.5x1077 s to
7.5x1078 5. A large oscillation response is generated by the increased mass in the
model when heavily scaled, resulting in exaggerating the thrust force impact in the

CFRP workpiece. The range bar in Figure 5.4 illustrates the oscillation magnitude.

This produces a shock wave into the workpiece, with an exaggerated damage front.

Table 5.2: Effect of mass scaling.

Time step CPU time | Complete | Mass change | Net weight
(sec.) (days) | (%) (%) (ke)
2.5x107° s 0.748 100 3.419E3 5.950172
1.0x107% s 0.962 100 5.469E2 1.093824
7.5x1077 s 2.076 100 3.076E2 0.689199
5.0x107" s 3.086 100 1.366E2 0.400060
2.5x107" s 5.897 100 3.403E1 0.226627
1.0x107" s 13.128%* 93.3 5.303 0.178053
7.5x107% s 19.615%* 39.4 2.910 0.174007
1.096x107% s | 174.669* | 0.1 No Scaling | 0.169087
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Figure 5.4: Effect of mass scaling on thrust force.

The 7.5x10~% s time step resulted in a mass scaling of 2.91% and develops a smooth
progression through the loading profile. However, this time step requires significant
computational resources. The 1.0x10~7 s time step involving a 5.30% scaling reduces
the computational burden by 3 days while avoiding a harmonically induced thrust
force loading response. The time step of 2.5x1077 s was used to investigate the effect
of model input parameters on model response, seen in sections 3.3 to 3.6. For the 3D

drilling model, a time step of 1.0x10~7 s was used.

5.3.3 Bulk Viscosity

When modelling high rate, dynamic situations, bulk viscosity applies damping
with respect to the volumetric straining [45]. In an explicit analysis, the bulk viscosity
is applied in a linear and quadratic form. The linear bulk viscosity is used to dampen

the resonant in the highest element frequency and is expressed in Equation 5.5 [45],
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p1 = bipcaLleyol (5.5)

where b; is the damping coefficient that defaults to 0.06 and €., is the volumetric
strain rate. The quadratic bulk viscosity is used to distribute the shock front from
a compressive load and prevent elements collapsing from the high velocity gradient

and takes the form as shown in Equation 5.6 [45],

p2 = p(baL€s0r)? (5.6)

where by is the quadratic bulk viscosity coefficient with a default variable of 1.2 [45].
To understand and optimize the effect of linear and quadratic bulk viscosity have
on the drilling simulation, a parametric study was carried out to investigate the effect

of these parameters at two magnitudes and is tabulated in Table 5.3.

Table 5.3: Parametric study on bulk viscosity.

Phase I

Bulk Viscosity Input | Change in mass scaling (%) | Thrust Force (N)
by, by

0.1, 2.5 8.22 42.43

04, 2.5 93.1 56.01

0.7, 2.5 227 83.14

1.1, 2.5 492 139.62

Phase II

Bulk Viscosity Input | Change in mass scaling (%) | Thrust Force (N)
by, by

0.04, 0.8 23.95 31.12

*0.06, 1.2 0.00 34.42

0.08, 1.6 3.95 36.61

0.10, 2.0 8.22 36.14

* Default parameters

Phase I outlines the significant impact the bulk viscosity parameters have on
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the drilling simulation. In comparison to the default magnitudes (0.06, 1.2), the
predicted thrust force when the linear and quadratic viscosity parameters are set
to 1.1, 2.5, is four times greater. The mass scaling for the model increases by a
factor of 4.92 to maintain the time step of the analysis, affecting the load response of
the tool. Figure 5.5 illustrates pre and post bulk viscosity damage induced into the
workpiece. This is a unrealistic response demonstrating poor prediction capabilities
due to incorrect, excessive bulk viscosity parameters. Shown in Figure 5.5 (b), the
majority of material beneath the tool fractures causing a spike in the load output not

observed with experiments.

SDWV1

(AvVg: 75%)
+2.000e+00 ‘
+1.875e¢+00
+1.750e+00
+1.625e+00 1
+1.500&+00

+1.125e+00
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+B8.750e-01
+7.500e-01
+6.250e-01
+5.000e-01

(a)

Figure 5.5: (a) Pre and (b) Post bulk viscosity induced damage when b; = 1.1 and
by = 2.5.

In Phase II, the bulk viscosity parameters were modified more closely with respect
to the default parameters of 0.06 (linear), 1.2 (quadratic). Figure 5.6 illustrates the
thrust force for the Phase II viscosity parameters studied. Case ‘0.04, 0.8 did not
provide enough dampening to mitigate the oscillating response present in the loading
profile. The default parameters develop a profile inclusive of a loading region with
a constant tool engagement region and followed by a decrease in loading as the tool
exits, as observed by experiments. An increase from the default parameters to ‘0.08,
1.6” predicts a similar response while reducing the oscillation output. The ‘0.1, 2.0’

most effectively develops the loading response observed experimentally with the least
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oscillation in the predicted thrust force.
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Figure 5.6: Effect of linear and quadratic bulk viscosity on simulated thrust force.

5.3.4 Friction

Friction opposes motion between surfaces in contact. As failed elements are re-
moved from the modelled workpiece while drilling, new elements are exposed. An
interior node set creation facilitates the contact between the tool and the newly ex-
posed elements. Contact in an explicit FE model involves a general contact regime
that can be enhanced identifying surface pairs.

Normal behaviour between the surfaces applies a “Hard" contact to prevent pressure-
overclosure. The tangential behaviour applies a penalty friction formulation isotrop-
ically. Chardon et al. highlights the large variety in literature regarding the friction
coefficient when machining CFRP, noting researchers using values ranging from 0.09
to 0.9 [47]. The penalty formulation uses Coulomb’s friction relationship that deter-
mines the maximum allowable shear stress across an interface as a function of the

contact pressure. Once the magnitude of the shear stress surpasses the stick/slip
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point, the contacting surfaces slide [45]. Coulomb’s friction relationship is given in

Equation 5.7,

where p is the coefficient of friction and Fly is the normal force. Different coefficients
of friction for static and kinetic contact exist, resulting in different static and kinetic
friction forces. Neither static or kinetic frictions demonstrate high dependence on
contact area between surfaces or roughness, but rather the pairing of materials [48].

Figure 5.7 (a) illustrates common damage experienced when drilling UD-CFRP
including fuzzing and spalling [49]. Fuzzing refers to uncut fibres around the hole
that develops when the angle between the fibre and the cutting velocity are acute.
Spalling damage is a form of delamination resulting from the chisel-edge of the drill
and develops further as a result of the cutting edges on the side of the drill [49].
Figure 5.7 illustrates the fibre damage (SDV1) output comparing friction coefficients
(b) 0.35 and (c) 0.05. The damage observed in the model increased when a greater
coefficient of friction was used. Shown in Figure 5.7 (b) and (c), using an identical
arc for reference, the increased damage in addition to areas of fuzzing and spalling is

noticeable in (b) when the greater friction coefficient is used.
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Figure 5.7: (a) Illustration of drilling induced damage by fuzzing and spalling [49]
and SDV1 damage distribution at (b) 0.35 and (c) 0.05 coefficient of friction.

The effect of the friction coefficient on the FE drilling model thrust force and
in-plane force is tabulated in Table 5.4. The magnitude of the predicted thrust force
is not significantly influenced by the friction coefficient. Notable differences in the in-
plane force-displacement profile are observed, shown in Figure 5.8, despite minimal
change in magnitude as shown in Table 5.4. When the friction coefficient is 0.55,
an unsteady oscillating load response develops and an increased in-plane force was
observed. The 0.05 friction coefficient does not suffer an oscillating response, however
a load spike is observed at the drilling exit. Modifying the friction coefficient changes

the interaction between the tool and UD-CFRP. This influences the damage and
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force prediction, however no discernible, quantifiable relationship was determined.
Prakash et al. studied friction coefficients from 0 to 1, noting the magnitude that most
closely represents the experiments [50]. Rather than fitting the model, Chardon et al.
performs experiments to capture the tribological conditions when machining CFRP
and describes an apparent friction coefficient of 0.06 to 0.08 [47|. The drilling models
in this research demonstrate improved prediction with low magnitude coefficients of
friction agreeing well with [47]. Therefore, a friction coefficient of 0.1 was used in the

drilling models.

Table 5.4: Friction coefficient study.

Friction coefficient | Thrust Force (N) | In-plane Force (N)
0.05 34.76 2.32
0.15 34.65 2.43
0.35 38.61 2.29
0.55 35.81 2.62
35
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Figure 5.8: Effect of coefficient of friction on in-plane force displacement profile.
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5.3.5 Strain Rate Strengthening

In drilling operations, the strain rate can be 1000 s~ and therefore consideration
should be made for the strain rate hardening experienced by the epoxy in a CFRP
laminate. This is accomplished by invoking two additional user material variables in

the VUMAT and are based on the relationship in Equation 5.8 [36],

0

A sensitivity analysis regarding the matrix strain rate strengthening parameter
was investigated. A model without matrix strain rate strengthening was compared
against models setting the strengthening parameters to 0.01, 0.3, 0.5 and 0.99. Fig-
ure 5.9 shows the thrust force magnitude with and without strain rate strengthening
of the matrix are plotted. The strain rate hardening parameter increases the loading
response by 10.87%. The load-displacement response was insensitive to the magnitude
of the strain hardening parameter (0.01 to 0.99) despite the relationship described in
Equation 6.12. All models studied with the inclusion of the strengthening relation-
ship output the same response. Although the sensitivity analysis was not conclusive,
the 10.87% increase in thrust force prediction is in line with the experimental find-
ings described by Lifshitz et al. [25]. Lifshitz et al. described a sensitivity of 1-3
times increase in modulus depending on the loading arrangement with respect to fi-
bre orientation. Although many authors describe the fibre materials’ insensitivity to
strain rate [15, 17, 18|, the matrix and inter-ply interaction demonstrates strain rate
sensitivity and directly influence the transfer of load between the fibre and matrix

[24].
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Figure 5.9: Matrix strain rate hardening

5.3.6 Cohesive surface modelling

When a UD-CFRP laminate is loaded in a principal direction such as tension,
compression or bending, cohesive surface modelling is a useful mechanism that can
facilitate more accurate prediction of the non-linearity in the CFRP material response.
A linear-elastic fibre material that follows a damage degradation process cannot suf-
ficiently capture this, reiterating the vitality of cohesive surfaces [32]. Incorporating
non-linear material response prediction capabilities is seldom attempted in research
due to the added modelling complexity and computational expense, despite experi-
mental testing demonstrating its effect [51, 52].

To model the delamination damage when drilling a CFRP laminate, the geometry
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was divided into individual instances with cohesive surface interactions applied be-
tween them. The CFRP workpiece has a thickness of 1.1 mm and was divided into 10
sections to represent the ply thickness. Node sets are created for the top and bottom
surfaces to be used with the cohesive interactions. Individual property assignments
are created for the cohesive surface interactions based on prior experiments; details
described in [32, 33].

A cohesive contact is modelled using normal behaviour, cohesive behaviour and
damage behaviour properties. The damage modelling parameters are the most in-
fluential regarding the response of the cohesive surface interaction. This involves
identifying a damage initiation point and controlling the damage evolution. Dam-
age evolution will be initiated whereby the stiffness of the cohesive surface will be
degraded. Failure separation criteria was controlled by an effective separation at
complete failure, relative to the initiation of damage as discovered by [38, 36, 45].
Damage stabilization was applied.

Cohesive modelling between plies is an additional consideration that was imple-
mented to predict the peel-up and break-out damage when drilling UD-CFRP lami-
nates with various drill geometries. This damage has been shown to be most critical
to determine a parts functionality [49, 53]. Figure 5.10 (a) and (b) details cohe-
sive surface modelling that has damage initiation values based on the in-plane shear
strength of 70 MPa and the transverse (90°) compressive strength of the CFRP of
250 MPa respectively. The damage initiation variable ranges from 0 representing no
damage, to 1 representing that damage initiation is complete and damage evolution
is initiated. If damage is initiated in the cohesive surface at an inaccurate, lesser

strength, the damage will propagate too drastically between the plies, as shown in
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Figure 5.10 (c). As the cohesive damage increases the laminate will become multiple,
un-bonded plies that are substantially weaker than the original laminate, leading to
laminate failure at a lesser strength. The damage initiation and evolution parameters
must accurately predict the cohesive relationship. Otherwise unrealistic damage will
result in poor model prediction capabilities, which was also concluded by [19]. Shown
in Figure 5.10 (b) and (d), the 250 MPa cohesive surface damage initiation strength
accurately predicts the damage induced by the thrust and rotation of the drill. Made
clear in the figure is the importance of the cohesive bond between the stacking of the
plies, which must resist the compressive, bending load induced by the drill and the

shearing of the cohesive bond due to the rotation and therefore cutting of the tool.

5.4 Results & Discussion

Figure 5.11 shows thrust force with respect to the drill displacement measured
experimentally when drilling CFRP with CD854 and CD856 drill bits. There is an
increased thrust force of 22.3% experienced for the CD854, but a more immediate
exit of the workpiece in comparison to the CD856. The immediate exit was observed
as the thrust force signature came to zero at a drill displacement of 1.75 mm, due to
the shallower axial drill tip geometry. The more immediate exit of CD854 drill from
the CFRP laminate is due to the spur features that are positioned at the forefront
of the drill axially and located at the periphery of the tool, radially. As these spurs
exit the laminate in the axial direction, the majority of the hole has been cut radially.
In contrast, the CD856 double-point angle results in a delayed, reducing load as it

completes the drilling through the CFRP. The tool must travel deeper axially to allow
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Figure 5.10: Cohesive damage when using MAXS Damage initiation at (a) 70 MPa
and (b) 250 MPa. Cohesive damage between plies 9 and 10 (c¢) 70 MPa and (d) 250
MPa.

for the remainder of the diameter to be machined. This results in the CD856 double-
point angle design experiences lower thrust force and agrees well with thrust profiles
determined in research done by Li et al. who determined lower thrust and improved
hole quality in comparison to standard twist drill geometries [54].

Figure 5.12 (a) and (b) shows the hole entry quality with CD854 and CD856 drills
respectively. When drilling with CD854, the amount of fraying at the hole entry was
noticeably minimized in comparison to the CD856. Geometrically, a more circular
hole was generated with the CD854 versus the CD856. This is evident when the

identical white-dashed reference circles were superimposed to the top of the drilled
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Figure 5.11: Experimentally measured thrust force signature of CD854 and CD856
versus drill displacement.

holes in Figures 5.12 (a) and (b).

Figure 5.12: Hole entry quality when drilling with (a) CD854 and (b) CD856.

Figure 5.13 details a visual description of the hole entry drilled with CD854 and
for the CD856 respectively. Significant fraying was observed at the hole entry when
drilling with the CD856 as observed in Figure 5.13 (c¢). Xu et al. studied double-

point angle drill geometries and described similar fraying and tearing defects as shown
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in Figure 5.13 (b) [55]. Figure 5.13 (a) details the depth profile of the holes. It
was observed when drilling with CD856, undesired under-cutting of the hole wall
is reduced when compared to the CD854 drill. Qui et al. also described increased
fraying and burrs with the double-point angle drill versus the improved hole quality

with the candle-stick geometry [56].
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Figure 5.13: (a) Depth profile of the hole drilled with CD854 and CD856 drills, (b)
visual of hole entry quality when drilling with CD854 drill, (c) visual of hole entry
quality when drilling with CD856 drill.

Figure 5.14 (a) and (b) details the thrust force signature with respect to depth
drilled with CD854 and CD856 drills respectively. The difference between the pre-
dicted and simulated maximum thrust force for CD854 and CD856 were 6.58% and
0.39% respectively. The modelled thrust force signature for CD854 was unable to
predict the rapid decrease when the drill exits the CFRP. Instead a slower rate of
decrease was shown. On the other hand, the predicted thrust force signature for the
CD856 is similar to those acquired experimentally in both the drilling initiation and

exit of the holes as shown in Figure 5.14 (b).
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Figure 5.14: Experimental and predicted thrust force, (a) CD854, (b) CD856.

The thrust force signature prediction excluding and incorporating cohesive surface
modelling together with experimental results are shown in Figure 5.15 (a) and (b)
when drilling with CD854 and CD856 respectively. Shown in Figure 5.15 (a) and
(b), the cohesive surfaces provide additional strength and dampening, preventing the
compressive shock-wave to prematurely cause elements to fail in the FE model. As a
result, the thrust output predicted a more realistic steady cutting zone, before more
realistically exiting the CFRP laminate. When the cohesive surface modelling was
not considered in the simulation this was not observed, reiterating the significance of
incorporating the cohesive interaction in FE models. Effective cohesive surface mod-
elling makes possible the observation of damage between plies and develops a more
realistic material representation. The thrust profile prediction with cohesive sur-
face interactions demonstrates better prediction in comparison to the experiments.
Karprat et al. who studied various double-point angle drill geometries described sim-
ilar observations [57, 58]. The cohesive surfaces develop a load profile that extends
over a greater drilling displacement, reducing the amount of prematurely failed ele-

ments and more accurately predicts the experimental results. In comparison to the
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drilling experiments, the maximum thrust force predicted by the FE model is within
1.991% for the CD854 and 8.976% for the CD856 drill. However, one must consider
the entire load profile prediction and understand there is room for improvement in

the FE prediction.
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Figure 5.15: Experimental and predicted thrust force signature with cohesive (COH)
surface modelling, (a) CD854, (b) CD856.

Figure 5.16 (a) and (b) details the damage initiation (CSMAXSCRT) of the cohe-
sive surface when drilling with CD854 and CD856 respectively. The maximum stress
criteria output magnitude ranges from 0 to 1. Zero signifying undamaged cohesive
surfaces and one identifying damage evolution initiated. When drilling with CD854,
more cohesive damage is observed when compared to CD856. The reduced cohesive
damage is a result of the smaller double point angles feature found in the CD856
geometry. The smaller point angles reduce the thrust force induced into the CFRP,
which lessens the bending and resulting delamination between the plies. This was
observed experimentally by Ahmet et al. experimentally studied the relationship be-

tween point angle and delamination, and point angle and thrust force, through an
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analysis varying spindle speed and feed rate [59]. Most critical, the small point angle
of 90° versus the 118° or 130° demonstrated the least delamination. The narrow
point angle transforms the axial thrust force into radial compression. This transforms
a portion of the axial, mode I - opening failure, to mode II - in-plane shear. More
specifically, the axial thrust causing bending and delamination between the plies is
reduced. This observation agrees with Su et al. who demonstrated by modifying
the spur edge from axial to a double-point angle inspired spur edge, the thrust force
included a radial component causing compression on the laminate hole-wall, thereby

reducing delamination damage [60].
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Figure 5.16: Damage initiation (CSMAXSCRT) of the cohesive surface when drilling
with (a) CD854 and (b) CD856.

Implementing the cohesive interaction in the FEM model facilitates the ability to
capture the delamination damage in the composite. This occurs at the entry and exit
of the drilling in the UD-CFRP laminate and must be minimized to maintain the
composites’ integrity near the hole. This is especially true for thin walled composites.

Thick composites have significant material, resulting in a greater second moment of
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inertia and a higher resistance to bending. However, the thick wall composite is still
susceptible to delamination due to the mode I - opening, which is between plies as
the tool exits the composite. Thin walled composites are prone to mode I - opening
delamination near the entry and exit due to the decreased second moment of inertia.

The FE model developed in this research also predicts hole quality with respect
to geometry. Figure 5.17 (a) and (b) details the total damage variable (SDV1) that
controls element deletion. The CD854 with the candlestick geometry shown in Fig-
ure 5.17 (a), demonstrated a more precisely cut hole and parallel wall. The CD856 as
shown in Figure 5.17 (b), demonstrated a less precisely cut wall with some damage
resulting in element deletion radially into the laminate. This supports the hole qual-
ity results from experiments shown in Figure 5.12 (a) and (b). A precise hole being
cut with the CD854 in Figure 5.17 (a) and more spaling and fraying observed by the
CD856 hole shown in Figure 5.17 (b). The FEA results and observations experimen-
tally validate the functionality of the spur cutting edge of the CD854, which creates

a more precise cutting path resulting in a more accurate drilled hole geometry.
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Figure 5.17: Hole quality when drilling with (a) CD854 and (b) CD856.

5.5 Conclusion

A macro 3D FE drilling model was presented that could be used as an accurate
simulation tool to model the effects of drill geometries with reasonable computational
time. Additionally, a numerical analysis was performed to investigate the influence of
mass scaling, bulk viscosity, friction, strain rate strengthening and cohesive surface
modelling. The following conclusions were made based on the definite boundaries and

magnitude that was used in this investigation:

e Mass scaling has a substantial effect on computational time reduction. Consid-
eration must be made to minimize the dynamic effects caused by the increased

density of the elements when implementing mass scaling.

e Linear and quadratic bulk viscosity parameters can mitigate the noise generated
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during the simulation of CFRP laminate drilling. Effective selection of the
bulk viscosity parameters can improve thrust force prediction with a marginal

increase in computational time.

e Modelling the tool as a 3D surface, versus the rigid 3D body tool commonly used
in literature, demonstrated computational advantage and accuracy in model

prediction.

e When cohesive surface modelling was incorporated into the 3D drilling model,
the predicted thrust force signature agrees better in terms of magnitude and

profile when compared with those acquired experimentally.

e The 3D drilling model could accurately predict the thrust force and hole quality
generated by two different drills. Simulated results show that with a double
angle drill tip geometry, inter-ply damage was reduced. With the “candle-stick”

drill tip, the hole quality was improved.

e In comparison to the drilling experiments, the maximum thrust force predicted
by the FE model is within 1.991% for the CD854 and 8.976% for the CD856
drill.

e The CD854 "spur-edges" drills a higher quality hole, however the CD856 double-
angle reduces delamination. Further investigation continues into the modifica-
tion of the spur-edge to reduce inter-ply damage by promoting axial compres-

sion.
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Chapter 6

Extending the Finite Element Drilling
Model

FEM "Stack-Up" drilling study of fibre reinforced composite material laminated by

Aluminum, validated with experiments.
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6.1 Introduction

Stack-Ups are laminated carbon fibre reinforced polymers (CFRP) generally by
aluminum and/or titanium sections. One step drilling operation requirements have
led to the development of pneumatic, electric and robotic advanced drilling units to

improve cutting efficiency and quality.

a) Peel-up delamination b) Fiber plies
Fiber plies
Z I
: I
d |
|
\ ° |
L e |
< AW
Matrix bonding Push-out delamination

Matrix bonding

Figure 6.1: a) Peel-up effect b) Push-out effect [20]

With delamination, the drill movement of a distance d.X is associated with the
work done by the thrust force, Fl4. This deflects the ply while promoting the inter-

laminar crack. The energy related to this is represented by Equation 6.1:

GiodA = FudX — dU (6.1)

where dU is the strain energy, dA is the increase in delamination crack area and
Gc is the mode I crack propagation energy per unit area. The drilling induced
delamination is a function of the applied thrust force. Exceeding a critical amount,
F4, which the uncut thickness of the laminate cannot withstand causes delamination.

Figure 6.2 illustrates the mechanism outlined by Equation 6.2:

8GcEh371/2
FA = T/ 32G[CM =T [ﬁ] (62)

219



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

where F is the Young’s Modulus, v is the Poisson’s ratio and M is the stiffness per
unit width of the fibre-reinforced polymer (FRP). The relationship for M is given by

Equation 6.3:

EhR?

M=——"_
12(1 — v?)

(6.3)

A result of the thrust force, is the pure bending of the laminate causing delamination.
The change in area, dA, is calculated in Equation 6.4 depending on the radius of

delamination, a:

dA = 7(a + da)(a + da) — ma® = 27rada (6.4)

Delamination
l X

Figure 6.2: Delamination cause by twist drill [24]

By identifying the critical thrust force causing delamination, with respect to uncut
thickness of the laminate, the feed rate should be modified throughout the progression

of the cut. Mainly, an aggressive feed at initiation to promote material removal rate
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(MRR) and a reduced feed to mitigate delamination near the exit of the cut.

When machining Stack-ups additional problems can be experienced such as: metal-
lic chips causing damage on the drilled CFRP surface during chip evacuation, sepa-
ration of plies allowing for the accumulation of metal chips and CFRP dust in the
interface between materials, and hole size variation due to cutting efficiency and
varying thermal expansion coefficients between materials. Simulating the machining
process is an important endevour to predict damage or wear in the CFRP and tools, to
maintain quality and cost expectations for part manufacture and to promote greater
understanding of the cutting process, therefore contributing to advancements in tool
design.

CFRP has been effectively modelled in tensile and bending setups to accurately
and efficiently predict material response and failure in common modes [151, 152],
however Finite Element Modelling (FEM) on Stack-Ups involves higher strain rates,
complex tool design and various material interactions, therefore requiring specific
modelling considerations. Vijayaraghvan described many of these considerations when
modelling multi-layer-material machining, including material modelling, contact, frac-
ture criteria, adaptive meshing, element types, tool modelling, etc. [104].

3D orthogonal and drilling model produced by Usui et al. captured delamination
in various fibre orientations by using cohesive zone elements mapped to fracture planes
defined by the Miller indices [46]. Giasin et al. developed a 3D drilling model of a
hybrid material made of stacked glass fibre/epoxy prepreg with aluminum sheets [49].
The FE model provided torque measurement within 18% and thrust force within 52%.
Xu and Mansori preformed experiments outlining machining quality when trimming

CFRP/Ti stacks relies highly on fibre orientaiton and tool wear [119]. Zitoune et al.

221



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

preformed experimental tests on drilling stacks and determined thrust force of alu-
minum and titanium to be 2-3 times higher than CFRP and high feed rates increase
circularity [120]. Phadnis et al. experimentally drilled Aluminum with CFRP stacks
and compared with an FEA model. Results showed that a low feed rate, high cutting
speeds reduced thrust force and torque [48|. Karpat et al. compared drill designs
experimentally and highlighted that double point drill angles with long primary edge
length show lower thrust force at exit however experience increased wear and confirms
better tool performance at lower feeds [113]. Shyha et al. investigated hole quality uti-
lizing one drill geometry with various coatings, coolant environments, cutting speeds
and feed settings in addition to a dual level speed program, doubling the speed for
Aluminum and CFRP versus the Titanium. Studying wet coolant versus spray mist
coolant, Shyha et al. determined wet, high pressure coolant undersized holes 14-20
um versus up to 120 pm with spray mist coolant [122|. Park et al. concluded that
polycrystalline diamond (PCD) drills were superior to tungsten carbide (WC) drill.
However, major chipping was noticed at the cutting edges when drilling titanium due
to brittle nature of PCD. CFRP abraded the cutting edge, and titanium extended the
flank wear due to carbide grain pullout when the titanium adhesion was removed [16].
Wang et al. studied the effect of tool wear in drilling CFRP, describes rapid dulling
due to brittle nature of CFRP can be significantly reduced with ultra-hard diamond
coating, however aluminum titanium nitride (AITiN) did not, due to its oxidation
during drilling. Insignificant change in torque was observed after 80 holes, however
3.5 times the thrust force with wear on uncoated and AITiN coated [114]. Drilling
Titanium, CFRP and Aluminum Shyha et al. demonstrated low cutting speed and

feed under wet conditions were most ideal (less than 20/40 m/min & 0.05 mm/rev)
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[123]. This feed is recommended for drilling stacks by multiple drill manufacturers
including Sandvik [109], however this cutting speed is 1.5-3 times less than commonly
recommended. Although tool life demonstrated 310 drilled holes, material removal
has decreased and therefore productivity. Brinksmeier et al. experimentally studied
the drilling of multi-layer composites consisting of CFRP, Titanium and Aluminum
alloys and concluded that improved drill geometries, coatings and minimum quantity
lubrication is critical [121].

Jain et al. preformed experiments regarding the reduced feed that support Hocheng
et al. work. Jain et al. found 40-60% of the thrust force is created by the chisel edge
and demonstrated by reducing the chisel width edge thrust force and thereby delam-
ination was greatly reduced [118|. Further improvements focused on reducing the
effect of the chisel edge of the drill to minimize thrust force were preformed by Won
who studied the effect on forces with and without pre-drilled holes [116]. The pilot
hole was shown to reduce thrust force significantly allowing for use of much higher
feed force. Lissek et al. describes delamination is the most critical damage when
drilling CFRP [106].

Won demonstrated that as the feed rate increased from 0.1 to 0.7 mm/rev for a
1/4" twist drill the thrust force increased nearly 5 times in magnitude; a feed rate
greater than 0.1 mm/rev resulted in a thrust force greater than the critical force
causing delamination damage. However, with the pre-drill thrust force increased only
marginally and remained well under the critical thrust force value even at feeds of
0.7 mm/rev. Tsao and Hocheng continued this investigation identifying a process
window for pre-drilled holes relating the ratio of the chisel edge length to pre-drilled

hole diameter. As a result the critical thrust is reduced with a pre-drilled hole,
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therefore allowing for more assertive feed rates to be used [117].

The objective of this work is to develop an efficient, effective FE model validated by
experimental work, which then provides the foreground reasoning to test alternative
cutting speeds and feeds, tool geometries incorporating predrill, alternate frictions
representing coatings and coolants, stacking sequences and other parameters that

can improve the machining process of various CFRPs and Stack-ups.

6.2 FE modelling theory & considerations

6.2.1 UD-CFRP Material Behavior Model

A macro-mechanical approach treated the FRP as an equivalent homogeneous
material (EHM). The EHM model based on Multi-Continuum Theory (MCT) uses a
representative volume element (RVE) to express the composite stress state as shown

in Equation 6.5:

1
o= —/ o(x,y,z)dV (6.5)
Vb
where V is the total RVE and D is the fibre-matrix domain. The fibre and matrix

average stress state is shown in Equation 6.6 and 6.7:

of = — o(x,y,z)dV (6.6)
Vf Df
1

o= — o(z,y,z)dV (6.7)
Vi Jp,,

The constituent average stress and strain (of, 0™, €/, ™) are critical to predict
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damage and material failure versus a homogenized average stress and strain (o, €)
[153]. When a FRP is subject to loading non-parallel to the fibre orientation, failure
is dominated by the matrix constituent. Damage should not be controlled by the
fibre, nor should the matrix damage act only as a contribution to the homogenized
composite material failure. This is a significant limitation of prior EHM modelling
versus the MCT-EHM formulation. If a failure criterion is independent, based only
on a matrix parameter, it can be evaluated and trigger element deletion.

When damage is initiated, controlled by the failure model implemented, an in-
stantaneous degradation method reduces the stiffness of the matrix and fibre from
its original undamaged state to a user-defined value between zero and one. This
degradation scheme is implemented instantaneously, or can be defined for a time pe-
riod to improve the response prediction of fracture. This is an efficient degradation
method, however can be sensitive to mesh size resulting in increased failure loads for
coarse meshes and premature failure for refined mesh models. To avoid premature
failure prediction of the CFRP loading response, techniques including damping ap-
plied through bulk viscosity, softening in contact interactions and enhanced element
controls reducing stiffness, can be applied.

To model the delamination damage when drilling a CFRP laminate, the geome-
try was divided into individual instances with cohesive surface interactions applied
between them. The CFRP workpiece has a thickness of 1.1 mm and was divided into
10 sections to represent the ply thickness. Node sets are created for the top and bot-
tom surfaces to be used with the cohesive interactions. Figure 6.3, the ply 1 bottom
surface and ply 2 top surface of the cohesive interaction is shown.

A General Contact (Explicit) interaction was created with a Global Property
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Cohesive surface interaction

Instance 2

Figure 6.3: Cohesive surface interaction setup

assignment applied to the model. Individual property assignments between each pair
of instances are defined. Symmetry is utilized in the geometry to reduce the CFRP
laminate to one quarter helping to alleviate the computational expense brought on
by the inclusion of cohesive surfaces.

To model the cohesive surfaces, a contact property is created including three main
properties: normal behaviour, cohesive behaviour and damage behaviour. Normal
behaviour determines the contact behaviour in the normal direction and is controlled
by the “hard" contact pressure overclosure relationship. The cohesive behaviour allows
for any slave nodes that experience contact, whether initially or after some loading, to
be controlled by a traction-separation behaviour. The most computationally efficient
method in ABAQUS is to have an uncoupled behaviour using stiffness in the normal,
secondary and tertiary axis (K,,, K, and K;) and the separations in the normal,
first shear and secondary shear are denoted by 6,, d, and d;. The elastic behaviour

of the contact stress, ¢, is shown in Equation 6.8 [39]:
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t= K (6.8)

The stiffness is represented by Equation 6.9:

Kpn = Ky = Ky = aBLEY /t71Y (6.9)

where « is a parameter with a suggested value of 50, XY is the thickness of the
bonded plies and ELLY is the normal Modulus of the CFRP; this relationship suggests
the stiffness is 1.76EE6 MPa. The stiffness magnitude is non-physical and must be stiff
enough to provide load transfer, but not too stiff that unauthentic fluctuations occur
in the output [153]. The initial strength estimate should represent the normal strength

of the ply based on Equation 6.10:

GPLY | gPLY
iz T M2 5 2386, =05, (6.10)

The damage modelling parameters are the most influential regarding the response
of the cohesive surface interaction. This involves identifying a damage initiation

point and controlling the damage evolution. The damage initiation criteria used is a

maximum stress (MAXS) criteria and is expressed as follows in Equation 6.11:

MAXS:max{<tn> L E} (6.11)

to 1274
The peak values of the contact stress using MAXS are denoted by ¢9, t¢ and ¢7. Once
the ratio of the current contact stress in the normal, secondary and tertiary axis

reach one, the damage has been initiated. At this point, the damage evolution will

be initiated whereby the stiffness of the cohesive surface will be degraded. Failure
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separation criteria will be controlled by an effective separation at complete failure,
relative to the initiation of damage [154, 153, 39]. Damage stabilization was applied
with a viscosity coefficient of 0.001.

In drilling operations, the strain rate can be 1000 s~ and therefore consideration
should be made for the strain rate hardening experienced by the epoxy in a CFRP
laminate. This is accomplished by invoking two additional user material variables in

the VUMAT and are based on the relationship in Equation 6.12:

€0
where S; is the strength at a strain rate of € = 0.001s7!, (,, is the user material
magnitude for matrix strain hardening. For reference, a matrix strength of 50 M Pa
and a (,, = 0.1 results in a strength of 75 M Pa when the strain rate (¢) is 100s™'.
When the strain rate is increased to 1000s~! the matrix strength becomes 80 M Pa
based on this relationship. An identical relationship to Equation 6.12 is formulated
for the fibre material strain hardening effect, however this was not implemented due

to insensitivity noted in literature |95, 140, 155].

6.2.2 Aluminium 6061 Material Behavior Model

The Johnson-Cook (JC) plasticity model can effectively predict the deformation
of ductile metals at high strain rates experienced when machining [139]. To represent
the ductile Aluminum material used in the drilling experiments the JC material model

was implemented, shown by Equation 6.13:

S R ]| [ Ty e
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where & is the equivalent stress, € is the equivalent plastic strain, ¢, is the reference

1

strain rate at 1.0 s~! and € is the plastic strain rate. The JC damage model is a

cumulative damage law where the increment of equivalent plastic strain, A€ is divided

by the equivalent strain at failure, €; shown in Equation 6.14 [39]:

D=Y" (f—;) (6.14)

The equivalent strain at failure takes the form of the following Equation 6.15:

p :
€ = [Dl + Doexp (Dgg)] 1+ D4ln( . )

where D — Dy are described in Table 6.1.

B

T - Troom
1+ Dy ——— 6.15
i ° (Tmelt - Troom >] ( )

)l
o

Table 6.1: Aluminum 6061 - Johnson Cook Model Parameters [156, 157, 158, 13§]

Initial yield stress, A (MPa) 324
Hardening modulus, B (MPa) 114
Strain hardening exponent, n 0.42
Strain rate coefficient, C 0.002
Reference strain rate 1.0 s7!

Aluminum 6061 - Johnson Cook Damage Parameters

Initial failure strain, D1 -0.77
Exponential factor, D2 1.45
Triaxiality factor, D3 -0.47
Strain rate factor, D4 0.0
Temperature factor, D5 0.0
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6.2.3 Drilling Tool Consideration

These drill geometries use advanced design to provide specifically improved drilling
function. Representing a tool as a discrete rigid body is an accurate model simplifica-
tion, specially if the main focus is not modelling the deformation or stress distribution
throughout the tool body. The drill was modelled as a discrete rigid body as the main
focus is on modelling the deformation and stress distribution in the UD-CFRP and
Al6061 “Stack-up” material. A discrete rigid body converts the solid geometry to
a shell body. This negates the requirement of meshing the internal volume and fo-
cuses on the outer surface using a 4-node bi-linear rigid quadrilateral element (R3D4).
This setup requires additional property assignment including the geometries’ weight
and rotational inertia. A reduction from 67672 elements with the deformable rigid
geometry to only 6568 elements using the discrete rigid geometry is created.

To attain greater computational efficiency the drill geometry is considered rigid.
Abaqus models rigid bodies using one of three techniques. These drill geometries
cannot be represented by primitives, therefore analytical rigid is not an option. The
second method uses a 3D deformable body with a rigid body constraint applied. The
disadvantage of this method is the dramatic increase in elements due to the meshing
of the interior of the drill with 3D modelling. The focus should be on the outer surface
representation, not the interior volume.

There are three contrasting methods when creating rigid bodies in Abaqus. Ana-
lytically rigid requires the geometry to be modelled by the use of lines, arcs or other
primitive CAD geometries. This body cannot be generated from primitives, therefore
the analytically rigid representation is not possible.

A deformable body requires a 3D geometry to be created. In the interaction
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module, a rigid body constraint is made to a portion of an assembly, whereby the
nodes and respective elements are controlled by one reference point. An advantage
of this method is once the geometry is meshed and material properties are provided,
the mass and inertia of the geometry can be determined within the model.

The disadvantage is the dramatic increase in elements due to the 3D modelling;
unnecessary as the geometry is rigid, the focus should be on the outer surface repre-
sentation, not the interior volume.

A deformable body controlled by a rigid constraint maps the nodes and elements
of the instance to a reference point.

The discrete rigid body uses a reference node, generally assumed to be the centre
of mass and requires the input of the mass and inertia of the instance. The moment
of inertia is a measure of the resistance to angular acceleration and is defined as the
integral of the “second moment" about an axis of all the elements of mass, dm, which
compose the body [159]. The moment of inertia of a body of mass with a density and

volume can be expressed as:

I= p/ r2dV (6.16)
v
where p is the density and r is the radius relative to the instantaneous axis. The
moment of inertia magnitudes for the drill geometries were estimated based on a
cylinder of equal diameter and mass of the drill bit. The exact moment of inertia was
determined via the FE software utilizing the volume and mass properties of the solid
deformable body, prior to converting the body to discrete rigid.

The principal advantage to representing portions of a model with rigid bodies
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rather than deformable finite elements is computational efficiency. Element-level cal-
culations are not performed for elements that are part of a rigid body. Although some
computational effort is required to update the motion of the nodes of the rigid body
and to assemble concentrated and distributed loads, the motion of the rigid body is
determined completely by a maximum of six degrees of freedom at the rigid body
reference node [39]. Figure 6.4 compares the 3D tri mesh versus the rigid body quad

mesh that was used in the current research.

Figure 6.4: 3D tri mesh vs Rigid body quad mesh

In the explicit analysis, the stable time increment decreases as Young’s Modulus
increase. The tool in a machining simulation that is generally quite stiff and rigid
compared to a workpiece can negatively effect the stable time increment. A discrete
rigid body does not affect the global time increment, thereby can increase computa-
tional efficiency without significantly affecting the overall accuracy of the solution.
Comparing identical models except for the described differences in the drill bit repre-
sentation, the explicit time step for a deformable body with a rigid body constraint is
1.22E-9 seconds, versus a discrete rigid body is 3.43E-9 seconds. An increase in sta-
ble time increment of three times and reduction in computation time. The estimated

memory required for the otherwise equivalent analyses reduces from 1.9GB to 1.1GB
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due to the reduced elements required meshing the tool.

6.2.4 Simulation Boundary Condition

To alleviate computational expense with preliminary models the CFRP workpiece
was modified with a cut revolve operation to reduce the drilling time; the model
simulates the drilling process engaged into the workpiece partially. This modification
was present when studying mesh sensitivity, scaling techniques, bulk viscosity and
strain rate hardening effect. Utilizing this cut revolve reduces the translation during
the simulation and makes more immediate the interaction between the bulk of tool
and the workpiece creating a reduction in computation by 40%. To capture the entry
and exit of the tool with the workpiece and attain the full loading profile, the revolve
cut will be abandoned.

With this modified geometry, a sweep meshing technique with an assigned stack
direction and sweep paths most be selected. Figure 6.5 illustrates the importance
of mesh controls. In Figure 6.5 b), the failure to apply the sweep path through the
CFRP thickness results in thousands of additional elements, generally 1 um in length.
Avoiding mapped meshing is important, a subset of structured meshing, which leads
to distorted elements with poor aspect ratio and a large, unnecessary number of
elements created [39]. Worse still, the stable increment from equation 5.4, will be
reduced by 50 times, thereby increasing the required computation time of the model.

The drilling FE model was designed to replicate the experimental setup using a
rigid drill bits as described in the previous chapter.

Cyclic symmetry would reduce a model to a smaller rotational range with respect
to the z-axis, the axis of cyclic symmetry. In Figure 6.5 a), one sixth of a model is

highlighted with respect to the axis of symmetry. Unfortunately cyclic symmetry is
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Figure 6.5: a) Properly defined Sweep Path through thickness b) Sweep Path through
plane

not possible in Abaqus Explicit models. Shown in Figure 6.6, symmetry in the XZ
and YZ plane can be utilized to reduce the workpiece to one quarter and thereby
reduce the computation expense. Referring to Figure 6.6 b), the x-axis shown would
be parallel to the fibres for the 0-degree reference.

A circular, planar workpiece geometry with cyclic symmetry controlled by the
number of flutes on the drill could have great computational savings; half symmetry
could be utilized for two flute drills, only one-third of the model is required for three
flute drills and one-quarter for four flute drills, etc.

de axis of
A) cyclic symmetry B)
original part intended

to be analyzed possessing
cyclic symmetry

J- N
actually modeled

Figure 6.6: A) Cyclic symmetry example [39], B) FEA Drilling setup
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The body elements and nodes for the drill are mapped to the reference point;
load constraints are most efficiently applied with this setup. When drilling CFRP
the loading velocity in the z-axis direction is 3.342 mm/s (feed = 0.05 mm/rev) and
rotation is 420.0 rad/s (4010 RPM, 60 m/min cutting speed). The feed rate and
cutting speed magnitudes are recommended by the tool manufacturer Sandvik for
the CoroDrill (CD) 854 and CD856 drills [160].

The model input file model generated must be edited to consider the internal
volume. As elements progress through damage evolution and fail the elements are
removed. To allow the drilling tool and the newly exposed elements to contact one
another, an interior node set must be created. This allows the internal newly formed
surfaces to interact with the associated friction forces, including failing elements that
have separated, representing chip fragments. This is achieved by duplicating the el-
ement set for the CFRP workpiece and adding the parameter interior. The contact
regime must be expanded to include the new surfaces created and is accomplished us-
ing a mocked Global property assignment and the identification of initial surface con-
tact interactions; see Appendix A for details. This allows the internal newly formed
surfaces to interact with the associated friction forces, including failing elements that

have separated, representing chip fragments.

6.2.5 Experimental Work

The UD-CFRP and Al 6061 “Stack-Up” material drilling drilling experiments were
carried out on a Fanuc controlled Matsuura LX-1, 3-axis vertical CNC machine.
Cutting forces were measured using a Kistler three component stationary piezoelectric
dynamometer (type 9272, calibrated range: Fx = 0- 3,000 N, Fy = 0- 3,000 N, and Fz

= 0-6,000 N), connected to a series of charge amplifiers (type 5011A, with a frequency
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limit of 200 kHz). Data acquisition was accomplished using an analogue to digital
converter card connected to a high performance computer, which was capable of
sampling at 200 KS/sec per channel. Recordings were measured at 10kHz per channel.

The drills were tested five times per stack-up arrangement to ensure repeatability.

Table 6.2: Standard Modulus (SM) CFRP - material properties [33]

SM UD CFRP 0 90°
Longitudinal Modulus (GPa) 135 |10
Transverse Modulus (GPa) 10 135
In-plane Shear Modulus (GPa) 5 5
Major Poisson’s ratio 0.3 |03
Ultimate (Ult.) Tensile Strength (MPa) | 1500 | 50
Ult. Comp. Strength (MPa) 1200 | 250
Ult. In-plane Shear Strength (MPa) 70 70
Ult. Tensile Strain 1.05 | 0.5
Ult. Comp. Strain 0.85 | 2.5
Density (g/cm?) 1.6

Drill geometries investigated were Sandvik (CoroDrill) CD854 & CD856, which
were designed to reduce delamination and splintering. The diamond coated (N,OC)
CD854 has a point geometry with additional spur edges on the circumference, de-
signed to minimize burr formation when drilling Aluminum. The CD856 has a dou-
ble angle, carbide geometry with diamond coating (NoOC) that is designed to reduce
delamination and splintering. Both CD drills incorporate small point angles (CD854
- 130°, CD856 - 120°) and high rake angles to reduce axial forces, critical for thin
walled surfaces [109]. The CD854 drill incorporates additional spurs on the perimeter
of the tool that score the circumference of the hole. A design inspired by a Brad-Point
drill commonly used in wood working to prevent fibre pull and tearing of the wood.
Figure 6.7 illustrates the additional spur cutting edges created with the CD854 on

the circumference of the drill geometry.
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Figure 6.7: Sandvik CoroDrill geometries a) CD845 b) CD856
6.3 Results & Discussion

Figure 6.8 details the thrust force signatures for CD854 and CD856 when drilling
through the top layers of UD-CFRP followed by Al 6061 beneath in a “Stack-Up”
configuration. When drilling UD-CFRP only up to an initial depth of 1.1 mm, the
CD854 load profile was approximately 20% higher than those generated by the CD856.
This was because CD856 has a double-point angle design which experienced a lowered
thrust force. Li et al. experimentally found similar trend when drilling UD-CFRP
with standard twist drill geometries and compared with those double-point angles
[161]. When drilling the Al 6061 portion of the ‘Stack-Up’ material higher thrust
force was observed. However, CD856 with a double-point angle generated higher
thrust force when compared with CD854, which trend was not similar when drilling
UD-CFRP alone. At the hole exit, the CD856 thrust force signature showed a spike

trend, which was not observed with CD854.
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Figure 6.8: Experimentally measured thrust force signature when drilling UD-CFRP
and Aluminium “Stack-Up” with CD854 and CD856 drills.

Figure 6.9 details a visual description of the hole entry surface of the Al 6061
drilled with CD854 and CD856. This surface was located at the interface between
UD-CFRP and Al 6061. When drilling with CD856, there was a bulge deformation
and sharp edge at the profile start and end regions respectively. Larger burr was
observed when drilling with CD856. The hole entry burr profiles were like those
observed by Hassan et al. [162] when drilling CFRP and A12024 “Stack-Up” material.
The spike in thrust force was associated with the larger burr as observed when drilling
with CD856. CD854 did not generate a spike in the force signature, resulting in no
burr or bulge deformation during hole entry to the aluminium. Banon et. al. also
found similar trend on the effect of thrust force and interface burr height when drilling
CFRP/TiAl4V stacks with a double point angle drill [163]. When drilling with high

trust force, the workpiece material near the hole exit deflects more when compared
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to lower thrust force. This deflection would reduce the undeformed chip thickness
results in larger burr height. Bonhin et.al [164] also made similar observation when

drilling Stack-up combination of Al 2023 and glass fiber reinforced epoxy.
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Figure 6.9: Aluminium hole entry profile at the interface of the UD-CFRP and alu-
minium when drilling with CD854 and CD856

Figure 6.10 shows the Lagrangian drilling model for the aluminium material. El-
ements exceeding the critical strain experience a damage evolution procedure leading

to element deletions.
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Increment 426337: Step Time = 0.4081
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Figure 6.10: Principal strain distributions of the aluminium section when drilling
UD-CFRP /aluminium “Stack-up” material with element deletion.

Figure 6.11 and 6.12 shows the simulated and measured force signature when
drilling UD-CFRP and Al 6061 ‘Stack-Up’ material with CD854 and CD856 respec-
tively. The thickness of the Al 6061 section in the finite element model was halved to
reduce computational time. This did not affect the results as the forces have reached
quasi-steady state when drilling the Al 6061 section of the “Stack-Up” material. The
predicted maximum thrust force for both CD854 and CD856 agreed well with those
acquired experimentally. The model was also capable of capturing the thrust force
trend when drilling on the CFRP and Al 60601 with CD854 and CD856. When
drilling the Al 6061 portion of the “Stack-Up” material, the predicted trust force was
higher with CD856 - approximately 180 N - versus the CD854, 150 N. This demon-
strates good alignment with the experimental measurements, especially towards the
exit of the Aluminum layer. In both Figure 6.11 and 6.12 a over prediction of the
thrust force response thru the CFRP section is observed. This would be due to the

support of the Aluminum backing layer.
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Figure 6.11: Simulated and measured force signature when drilling “Stack-Up” with
CD854
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Figure 6.12: Simulated and measured force signature when drilling “Stack-Up” with
CD856
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6.4 Conclusion

A 3D finite element model was developed and presented for drilling “stack-up” ma-
terial. Two different drill geometries were simulated and validated with experimental
results. The following conclusions were made based on drilling of “Stack-up” material
with two different drill geometries and bounded by the associated process parameters
used.

The “Stack-up" drilling model predicted thrust force response well versus exper-
iments. Specifically the spike in load created when transitioning between the UD-
CFRP and Aluminum layer. Additionally, a reduction in thrust force was captured
when drilling Aluminum with the CD854 versus the CD856. The CD856 double-angle
geometry transforms the thrust from the drill more effectively into radial compression
on the drilled wall of the laminate, reducing delamination damage in the UD-CFRP.
When machining Aluminum, the double-angle geometry reduces the effective shear-
ing action of the metal machining process. A greater thrust force is required for the
CD856 versus CD854, resulting in a less effective tool when drilling “Stack-ups". This

reaffirming the CD854 as an ideal tool for drilling FRPs and “Stack-ups".
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Chapter 7

Conclusions & Future Work

There is no good idea that cannot be
improved on.

Michael Eisner
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The advantages for material characterization and customization of CFRP com-
posites can serve to create a design less constrained by conventional guidelines and
leading to an effective part creation. Due to the great quantity of design choices -
fibre types, epoxy types, layup and weave options - significant considerations must
be made by the engineer. To promote the utilization of CFRP composites numerical
modelling, these models should be capable of successfully predicting the interaction
and damage mechanics for a given scenario. In the future, destructive experimental
characterization should only be required for verification of these models. Creating
capable models is a very challenging task that researchers have studied for decades.
There is an immense body of work available ranging from experimental to numeri-
cal modelling at the micro, meso and macro scale. Despite this work, engineers in
practice are not fully utilizing these models due to their complexity or computational
expense. The main endeavour of this research was to develop more effective ma-
terial characterization techniques and to develop effective modelling tools that can
accurately predict the damage mechanics of a CFRP laminate under various loading
configurations. Moreover, modelling tools that can then be extended for use study-
ing alternative material testing configurations, various machining processes and input
parameters.

With increased computational power researchers have worked to model different
loading configurations in three dimensions. Transitioning from micro-models focusing
on constituent interactions and fracture mechanics, to macro-models focusing on pro-
cess modelling and optimization. The orthotropic CFRP composite has many modes
of failure, in the most basic sense including matrix cracking, fibre-matrix debonding

and fibre breakage. To accomplish a 3D model, the fundamental modelling technique
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used in finite element modelling is the continuum damage mechanics (CDM) method.
The numerically efficient method quantifies the evolution of the load, strain and effect
on stiffness to determine strength, which is used to detect damage initiation and evolu-
tion. The CDM approach has been effectively applied to many macro-scale scenarios.
In many situations a representative laminate level model can suffice including: normal
loading configurations of UD-CFRP, symmetric-balanced cross-ply layups, symmetric
weave composites represented as transversely isotropic. However, the inter-ply dam-
age resulting from the decohesion of lamina’s has detectable effect on the CFRP load
response in many loading scenarios. The main focus of the modelling work was to
effectively represent the CFRP composite in a meso-scale representation accounting
for the inter-ply cohesive response, while maintaining an effective, computationally
efficient FE tool to be utilized across many setups.

The following conclusions were made based on simulating the mechanical proper-
ties of CFRP to fracture and designing a tensile test rig that could induce fracture

at the specimen gauge section consistently from Chapter 3:

e An effective tensile test fixture was developed with the use of a modified planar
wishbone geometry. This design improved the repeatability and accuracy of the
force-displacement and strain data substantially. With the implementation of
such design, the position of the fracture region in the test samples were very
consistent and repeatable. This is most critical when using the ARAMIS 3D

scanning camera to capture strain with small spot size.

e Element size in the mesh was less sensitive then anticipated when CFRP samples
were subjected to tensile loading in the plane strain deformation state. Accu-

rate, computationally efficient models for planar tensile tests, element lengths
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of 0.375-0.5 mm can be utilized. When loading a CFRP sample in tension, the
loading primarily affects the ply and showed minimal reliance on the number
of elements across the thickness of the material. Computational costs can be
reduced by limiting the number of elements through the thickness to four or

fewer while maintaining accuracy.

e The most crucial factor affecting the computational efficiency-accuracy balance
of models was mass scaling. Adapting the mass scaling to a desired time step
can significantly decrease computation time from years to minutes, but it has
a considerable negative impact on the accuracy of the loading response. To
implement mass scaling effectively, measures must be taken to minimize the

inertial effects caused by the increased density of elements.

e Exploiting the CFRP’s insensitivity to strain rate enables time scaling to be
implemented, resulting in further computational savings. Moreover, when load-
ing the material in orientations non-parallel to the fiber direction, the matrix
material becomes dominant in determining the material’s response. Only the
Maximum Strain and LaRC02 failure criteria effectively capture the evolution

of damage in these off-fiber loading orientations.

e With the inclusion of multi-ply instances laminated by cohesive interactions
capable of damage evolution, the experiments’ nonlinear loading response was
accurately predicted. The failure of samples with 45 and 90-degree fiber layups
was primarily influenced by the evolution of matrix damage. The introduction
of cohesive surface modeling enhanced the capacity to generate nonlinearity in

the loading response, particularly after optimizing the initiation strengths of
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damage. This enabled the propagation of damage between instances, resulting
in a nonlinear response that is typically overlooked or assumed to be linear-

elastic.

Through the implementation of experimental improvements and effective modeling
techniques, notable advancements were achieved in the efficiency of experimental tests
and the accurate representation of materials in finite element analysis (FEA). The
modeling of the arced fixturing device using rigid surfaces was successfully validated,
confirming the presence of a non-linear gripping region as described.

To further enhance the cohesive surface modeling three-point bending analysis
with varying fiber orientations was investigated to gain understanding regarding the
initiation and propagation of delamination damage. By accurately representing the
cohesive nature of interlaminar regions in CFRP materials, effective simulations for
machining processes could be developed.

To gain understanding of the cohesive interaction between plies and validate me-
chanical properties and predictive capability of the FE model, CFRP laminates were
loaded through to fracture in a three-point bending configuration. The following

conclusions were drawn Chapter 4 of the current research:

e When subjecting CFRP samples to loading along the primary directions (fiber,
matrix, and shear), the sensitivity of the mesh’s element size was found to be
lower than expected. Achieving accurate and computationally efficient models
can be accomplished by utilizing element lengths of 0.2 mm in the proximity
of the anticipated failure region, gradually transitioning to coarser elements

further away from the failure zone.
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e In a three-point bending test, failure of CFRP samples remains primarily gov-
erned by failure within the ply plane and demonstrates minimal dependence on
the number of elements across the material’s thickness. Computational costs
can be reduced while maintaining accuracy by limiting the number of elements

through the thickness to five or fewer.

e Among factors impacting the computational efficiency-accuracy trade-off, mass
scaling plays a critical role. Employing variable mass scaling to achieve a de-
sired time step can significantly decrease computation time from years to min-
utes. However, it has a notable negative impact on the accuracy of the loading
response. Careful consideration is necessary to minimize the inertial effects

resulting from the increased element density when implementing mass scaling.

e For the mesh refinement employed in the finite element (FE) model, a mass
scaling of less than 5.0-107%s can be utilized without time scaling. By leveraging
CFRP’s insensitivity to strain rate, time scaling can be implemented to achieve

further computational savings.

e By incorporating multi-ply instances laminated through cohesive interactions
capable of evolving damage, a remarkably similar nonlinear loading response to
the experimental results was accurately predicted. The failure of samples with
45° and 90° fiber layups is predominantly influenced by the evolution of matrix
damage. The utilization of cohesive surface modeling significantly enhanced
the capacity to introduce nonlinearity in the loading response, especially after
optimizing the strength of damage initiation. This facilitated the propagation of

damage between plies, resulting in a nonlinear response that is often overlooked
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or assumed to be linear-elastic in existing literature.

e By employing appropriate punch design and implementing effective modeling
techniques, significant enhancements were achieved in the effectiveness of tests
and the accurate representation of materials in finite element (FE) models.
This advancement enabled successful modeling of multi-orientation and cross-
ply layups, providing a valuable tool for determining the optimal layup config-

uration based on specific strength and toughness requirements.

e For small span-to-thickness ratios, cohesive surface modeling proved successful
in capturing interlaminar shear damage (delamination) occurring between plies.
On the other hand, for large span-to-thickness ratios, the FE model accurately
predicted experimental results and was further extended to predict various fiber

orientations and cross-ply layups described in existing literature.

e [t should be noted that the strength of cross-ply layups was underestimated
compared to the literature due to the thin laminate geometry, which led to
immediate laminate failure rather than prolonged damage capable of energy

absorption during fracture.

Accurate prediction of cohesive interactions is crucial, particularly in relation to
break-in and break-out delamination damage observed during CFRP drilling. With
an accurate representation of CFRP material properties and interlaminar cohesive
behavior, these findings pave the way for the development of effective machining
simulations based on these insights.

An advanced macro 3D finite element (FE) drilling model was introduced, provid-

ing a reliable simulation tool capable of accurately capturing the impacts of various
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drill geometries while maintaining reasonable computational efficiency. Furthermore,
a comprehensive numerical analysis was conducted to examine the effects of mass scal-
ing, bulk viscosity, friction, strain rate strengthening, and cohesive surface modeling.
The findings drawn from this investigation are based on well-defined parameters and

their corresponding magnitudes, leading to the following conclusions:

e The implementation of mass scaling significantly reduces computational time,
providing a notable reduction in overall processing duration. However, it is
crucial to carefully manage and mitigate the dynamic effects stemming from

the increased density of elements when applying mass scaling techniques.

e The inclusion of linear and quadratic bulk viscosity parameters proves effec-
tive in reducing noise generated during CFRP laminate drilling simulations.
By carefully selecting appropriate bulk viscosity parameters, the prediction of

thrust force can be improved with only a minor increase in computational time.

e By representing the tool as a 3D surface instead of the conventional rigid 3D
body tool typically employed in simulations, exhibited notable computational

benefits and enhanced accuracy in the prediction of model outcomes.

e When cohesive surface modelling was incorporated into the 3D drilling model,
the predicted thrust force signature agrees better in terms of magnitude and

profile when compared with those acquired experimentally.

e The 3D drilling model could accurately predict the thrust force and hole quality
generated by two different drills. Simulated results show that with a double
angle drill tip geometry, inter-ply damage was reduced. With the “candle-stick”

drill tip, the hole quality was improved.
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e In comparison to the drilling experiments, the maximum thrust force predicted
by the FE model is within 1.991% for the CD854 and 8.976% for the CD856
drill.

e The CD854 "spur-edges" drills a higher quality hole, however the CD856 double-
angle reduces delamination. Further investigation continues into the modifica-
tion of the spur-edge to reduce inter-ply damage by promoting axial compres-

sion.

A meso-scale 3D drilling FE model was developed in this research to evaluate the
effects of various drill geometries and process inputs, together with a reasonable com-
putational time, was presented in Chapter 6. Additionally, a comprehensive resource
was created outlining the magnitude of effect FE model considerations create, when
developing a complex 3D drilling model for UD-CFRP laminates and “Stack-ups". In
final, a quiver of tools were studied demonstrating the advantages of specific geometry
features over a standard twist drill.

Numerous FE techniques and the associated advantages and costs were presented.
The element removal of failed elements creates periodic voids between the tool and
laminate resulting in intermittent contact and load profile. This, in addition to the
inability of Coupled Eulerian Lagrangian models to complete without element deletion
criteria - thereby negating the advantage of the CEL model - affirm the vitality
of the mesh development. Although cyclic symmetry could not be implemented in
an explicit analysis, symmetry was successfully applied reducing the model to one
quarter. The computational advantage of discrete rigid tools, versus the common
deformable body with rigid constraint, was outlined. The magnitude of effect of

mass scaling was presented. Consideration must be made to minimize the inertial
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effects caused by the increased density of the elements when implementing mass
scaling. The CFRP laminate is light in weight, stiff and small. The drilling operations
is dynamic and at high speed. By effectively applying viscosity, with a marginal
computational expense, an improved loading prediction can be achieved. Strain rate
strengthening was applied utilizing an auxiliary material file, increasing the load
profile by 10.9%. However, determining the sensitivity to the matrix strain rate
strengthening parameter was not achieved. Friction in the CFRP drilling model is
not a dominant consideration unless modelling “Stack-ups".

The FE model accurately predicted the increased thrust force developed by the
CD854 versus the CD856 observed experimentally. When the laminate included mul-
tiple plies with cohesive interactions, 10 plies were modelled with 3 elements through
the thickness. With the inclusion of multi-ply instances laminated by cohesive in-
teractions capable of damage evolution, the loading response recorded from the ex-
periments was predicted with strong resemblance and improved drill exit prediction.
A reduction in inter-ply damage was predicted with the CD856, reaffirming the ad-
vantage of double-angle drill geometry function. The CD856 double-angle geometry
transforms the thrust from the drill more effectively into radial compression on the
drilled wall of the laminate, reducing delamination damage in the UD-CFRP. The
“spur" cutting edge geometry of the CD854 demonstrated improved hole quality.
Mesh refinement was limited to 60 — 75umm, therefore the FE model could not pre-
dict surface roughness and was limited to damage propagation prediction.

The “Stack-up" drilling model predicted thrust force response well versus exper-
iments. Specifically the spike in load created when transitioning between the UD-

CFRP and Aluminum layer. A reduction in thrust force was predicted when drilling
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Aluminum with the CD854 versus the CD856, as observed experimentally. When
machining Aluminum, the double-angle geometry of the CD856 reduces the effective
shearing action of the metal machining process. A greater thrust force is required for
the CD856 versus CD854, resulting in a less effective tool when drilling “Stack-ups".
This reaffirming the CD854 as an ideal tool for drilling FRPs and “Stack-ups" as
stated by the tool manufacturer Sandvik.

An accurate representation of the UD-CFRP material was achieved by facilitating
the contribution of damage between plies. Effective FE material testing setups and
3D drilling models has been developed. The effective modelling techniques employed
improve the material response prediction and can be applied to all material testing

and machining configurations.
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7.0.1 Future Work

To enhance the model’s versatility and enable its effective application across a
broader spectrum of loading scenarios and machining configurations, a few aspects

warrant further investigation. These include:
e Strain-rate sensitivity of transverse and shear loading, and inter-ply cohesion
e Thermal sensitivity
e Alternative model considerations - smooth particle hydrodynamics (SPH)

UD-CFRP becomes strain rate sensitive when loading is focused in shear and
transverse directions. In these instances the response is dominated by the matrix
properties and the fibre-matrix interface response. Consideration was taken to inves-
tigating this material property, but proved insensitive via the VUMAT. A user-defined
material file representing a piece-wise linear relationship between strain rate and ma-
trix strengthening can be tabulated in the transverse, in-plane and out-of-plane shear
directions. Accurate cohesive interaction prediction is critical as it directly relates
to delamination damage. When drilling FRPs this results in pull-up and break-out
damage at the entry and exit of the drill. A sensitivity analysis for matrix material
strain rate strengthening is required.

Thermo-mechanical considerations of the drilling process would more accurately
represent the machining process. When machining thick CFRP laminates and “Stack-
ups" the frictional forces result in significant thermal loads. The matrix material
is subject to thermal softening. The poor thermal conductivity of titanium layers
results in thermal conductivity that can cause burning of the matrix and fuzzing on

the drilled hole surface [165]. The high thermal conductivity of aluminum allows for

254



Ph. D. Thesis - Patrick William Hale McMaster - Mechanical Engineering

the heat to diffuse quickly, thereby avoiding any softening of the CFRP [166]. The
thermal stability to be dependent on the matrix functionality, cure temperature and
fibre volume fraction, determining resins to degrade at temperature of 250°C [167].

Meshless numerical methods such as smoothed particle hydrodynamics (SPH)
modelling shows promise overcoming well-known problems of FEM. The fixed rela-
tions between nodes and limitations to degrees of freedom creates challenges avoiding
mesh distortion and solver error. This is combated using chip-separation criteria or
element deletion techniques leading to intermittent workpiece-tool contact. SPH is
based on a local interpolation between nodes where a continuum is discretized by
a cloud of numerical integration points forming the basis of kernel functions [168].
SPH has been used to model the machining of homogeneous material [168, 169] and
metal-metal composites [145]. Abena et al. develops a 3D orthogonal micro-macro
cutting model first with FEM, implementing element deletion and describes the poor
force prediction resulting from the intermittent contact. Then uses SPH to model
the individual matrix and fibre constituents in the cutting area of focus and an EHM
elsewhere. The model does not include any fibre-matrix interface, but an improved
chip formation is described [125].

In terms of exploring the utilization of the developed 3D model, key areas of

interest for further research encompass:

e Variable stepped/reduced feed rate strategy
e Vibration assisted drilling
e Pre-drill geometry & pre-drill diameter effect

e Pre-etched exit surface geometry & diameter
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Delamination created by the thrust force of the drill results in the most detrimental
damage when drilling CFRP [106]. The drill geometry and feed rate are the decisive
factors relating to tool life and the resulting thrust force when drilling. Various
stepped geometries have been studied experimentally and modelled, demonstrating
a reduction in thrust force attributed to the reduced chisel edge [112]. Significant
reduction in thrust force can be achieved by reducing the chisel width edge thereby
reducing delamination [118]. Revolutionary drill geometries created by Debnath et
al. [148] and modified in this research, demonstrate great promise to reduce thrust
force when machining FRP laminates.

Additional improvement can be achieved by controlling the feed rate throughout
the progression of the drilling. Variable feed rates when drilling composites demon-
strates promising attributes including reduced thrust force, reduced fibre pull-out and
improved hole surface quality [170, 171]. These improvements, generally thought to
diminish productivity, are incorrect as more assertive feed rates can be used at the
initiation of the drilling while the laminate has significant thickness, thereby main-
taining MRR overall.

Incorporating vibration assisted drilling (VAD) has achieved high quality holes
while reducing thrust force significantly [74, 150, 172|. VAD creates an intermittent
cutting mechanism in the feed direction of the drill. Research has demonstrated
the greater the cutting speed the larger the reduction found in thrust force utilizing
ultrasonically assisted drilling (UAD)[150]. A parametric study determining the effect
of frequency and amplitude of the VAD versus cutting speed and feed rate should be
investigated using the FE model developed.

In an attempt to reduce the effect of the chisel edge of the drill to minimize thrust
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force the effect on cutting forces with and without pre-drilled holes has been studied
[116]. The pilot hole was shown to reduce thrust force significantly allowing for use of
much higher feed rates. By relating the ratio of the chisel edge length to pre-drilled
hole diameter the thrust force was reduced with a pre-drilled hole, therefore allowing
for more assertive feed rates to be used [117]. A parametric study determining the
effect of various pre-drill geometries and diameters versus cutting speed and feed rate
should be investigated using the FE model developed.

The pre-etched exit surface of a FRP laminate demonstrates promise, mitigating
the expansion of damage at the exit of drilling !. This research needs to be extended
in two streams. First, a tangibility study to determine if a drill geometry can be
physically created and if so what limitations may exist within manufacturing such
a drill. Second, an analysis to determine the ideal diameter and geometry of the
etching.

Overall, an effective FE drilling model has been developed. There are many
aspects that can be improved and there are many more areas it can be applied.

What is now proved was only once
magined.

William Blake

1See Appendix A Extending the Finite Element Drilling Model: Part II. The predrill-hypothesized
drill reduced exit surface damage propagation. The notch creates a change in geometry that focuses
the stress in the bottom surface ply, negating the radial expansion of the stress. This focuses
the applied load from the drill, reducing thrust force and improving hole quality. The Debnath
et al. redesigned geometry demonstrates reduced thrust force and improved hole quality, thereby
enhancing a drill geometry already proven in experiments to be advantageous over a standard twist
drill. The cutting edges on the periphery facilitate a hollow drill structure. The hollow drill structure
facilitates future added functionality. Internal air/coolant channels can be incorporated to assist with
chip evacuation. Alternatively, a predrill geometry could be more easily accommodated.
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Appendix A

Extending the Finite Element Drilling
Model: Part 11

Innovative tools comparison: FEM drill geometry study: pre-drill; literature; im-

proved.
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A.1 Introduction

Utilizing the FE model developed in prior work, innovative drills were studied to
gain understanding of the effect of various drill geometries. The first tool shown in
Figure A.1 a) incorporates a predrill geometry, which is based off the CD854. The
predill replicates the CD854, but is scaled down to a 50% diameter (3/32" or 2.38125
mm). The innovative geometry created by Debnath et al. [148] (b) and the revised
Debnath et al. (c) were setup identically to the CD854 and CD856 models as discrete

rigid bodies.

Figure A.1: a) Predrill geometry b) Innovative geometry [148] ¢) Revised Debnath et
al.

A.1.1 Predrill Geometry Discussion

Due to the length of the predrill geometry (a) the analysis was divided into two

stages for computational advantage. Figure A.2 a) shows Stage I positioning the
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predrill geometry at the top of the CFRP laminate surface. Stage II translates the
tool in the axial direction, positioning it prior to the engagement of the secondary

diameter, shown in Figure A.2 b).

Figure A.2: a) Predrill Stage I b) Predrill Stage II side view c¢) Predrill Stage II
bottom view

In Stage II a revolved cut is incorporated in the CFRP laminate to account for
the deleted elements from the predrill of Stage 1. There is an additional 10 um gap
to prevent pressure over-closure contact errors between the predrill and the CFRP
material, shown in Figure A.2 c).

Adding to the function of the CD854 spur feature that scores the top surface of
the CFRP laminate, a scored bottom-side CFRP laminate was additionally studied.
The etching refers to a V-notched groove that is cut into the bottom surface via a
hypothesized tool shown in Figure A.3 ¢). The V-notch is 0.11 mm (1 ply) in depth
with a 45°angle. A revolve cut at 95% of the tool diameter (4.524 mm) is suggested.
The V-notch geometry is shown in Figure A.3 a). The V-notch FE model setup and
hypothesized tool are shown in Figure A.3 b) and c¢). The hypothesized tool acts as
the predrill tool does. Initially, the wall of the drilled CFRP laminate would apply

pressure keeping the cutting arm upright in a closed position. Once it drills through
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the CFRP laminate, the cutting arm, now free of the wall, would swing out due to
the circumferential force. A retract movement of the drill in the axial direction would
etch the bottom surface; similar to a pecking operation. Finally, the axial movement

would reverse and the remainder of the hole could be drilled.

Etched groove

|

Drilling

a) b) c)

Figure A.3: a) V-notch geometry, b) V-notch FE setup, ¢) Hypothesized drill

Figure A.4 illustrates the thrust force for Stage I and II of the predrill model. The
maximum thrust force from experiments with the 4.7625 mm CD854 drill was 58.22
N versus 50.68 N for the predrill setup (Stage I), a reduction of 12.95%. The average
thrust force with respect to the bulk of the tool tip engaged in the laminate, was
54.87 N for the CD854 and 41.87 N for the predrill setup, resulting in a reduction
of 23.69%. Stage II compares two models, with and without the etching of the exit
surface. An 8.94% reduction in thrust force is predicted when the etching of the
bottom surface is incorporated. This modification to the geometry facilitates the
failure of the CFRP laminate controlling the damage propagation radially in the

ply. The control is achieved by the geometry change of the etching, dampening the
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expansion of the stress when implemented.

60.00
—EXP
50.00 ----Predrill
- —-- Without etching
——With etching
= 40.00
S
£ 30.00 s
@ AN
£ 20.00 (I, .
. Mt e
o
\
10.00 A
Stage Il ‘\"\--’
0.00 AN

00 03 06 09 1.2 15 1.8 21 24 2.7 3.0 3.3 3.6
Displacement (mm)

Figure A.4: Thrust force versus displacement: Stage I Pre-drill, Stage II with and
without etching

Figure A.5 a) layers the etched matrix damage output (SDV2 = 1.0 grey) on top
of the output without etching (SDV2 = 1.0 red). The red elements illustrate the
increased damage propagation if etching is not applied. Figure A.5 b) illustrates the
reduction in overall laminate damage (SDV1) at exit from drilling in Stage II. The
reduction in thrust force at exit will reduce the spread of delamination damage at drill
exit. Figure A.5 b) illustrates the complete laminate damage with etching (SDV1 =
2.0 black) and without (SDV1 = 2.0 red). Without etching, a significant increase in
damaged elements (SDV1 > 1.0) illustrated in green, is predicted. A display group
including the predrill tool and failed elements was created. The volume of damaged
elements without etching is 1.36 mm? versus the reduced volume of 1.22 mm? with

etching.
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Figure A.5: With and without etching on exit surface a) Matrix damage (SDV2) b)
Laminate damage (SDV1)

A.1.2 Innovative Geometry & Revised Debnath et al. Geom-
etry

Debnath et al. created an innovative tool geometry, illustrated in Figure A.6,
and determined an 80% and 82% reduction in thrust force when drilling through two
different natural fibre-epoxy laminates versus a standard twist drill; one laminate was
unidirectional, the other woven [148]. Debnath et al. noted improved hole quality
with negligible defects such as fibre twisting, fibre pull-out and protruded fibres as
found with the twist drill. The drill geometry demonstrates great improvements in
quality and force reduction and was therefore created in CAD and simulated in the

FE model for further investigation.
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d, =10 mm
a)

Section A-A’

=15°

Section B-B’ vy = 10°

Figure A.6: a) Schematic innovative tool [148|, b) CAD

Building on the advantages of the Debnath et al. drill geometry, a redesigned
geometry was created that modified ¢, from 15°to -15°. The redesign is inspired
to incorporate the benefits demonstrated by the CD856 drill. The Debnath et el
al. geometry machines the periphery of the hole first. When the drill is engaged in
the laminate, the thrust from the leading edge of the drill results in an axial and
radial component. The radial force component has a vector towards the centre of the
hole. This force component will induce tensile stress on the wall of the hole in the
laminate. Tensile stress facilitates the growth of damage in a brittle FRP. When the
¢ is -15°the force component radially will create compressive forces on the laminate
hole reducing the damage when drilling.

Figure A.7 i) illustrates the increased damage (red) with ¢, = 15°, in comparison
to the stable drilling response with ¢, = —15° shown in ii). The accelerated damage

of the top surface damage is illustrated in Figure A.7 iii) versus iv); SDV1 entry
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surface damage for redesigned (compressive) drill is superimposed on top the entry
surface damage for Debnath et al. drill at 2.0e-02 s. Figure A.8 illustrates the reduced
damage on the exit surface for the redesigned drill (black) in comparison to the failed

elements (red) from the Debnath et al. model.

. SDv1
Debnath et al. D. et al. redesign (Avg: 75%)
1 . +2.000e+00
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Figure A.7: Debnath et al. versus D. et al. redesign - SDV1 damage plot on entry
surface
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Debnath et al.

Figure A.8: Debnath et al. versus D. et al. redesign - SDV1 damage plot: a) bottom
surface b) section view

Figure A.9 plots the predicted thrust force of the two drill geometries. The re-
design requires similar thrust force with a marginal increase of 2.97% to drill through
the UD-CFRP laminate. Integrating the thrust force-displacement curve, a reduction
in cumulative energy required to drill is found with the redesign. One can appropri-

ately hypothesize an increased tool life would result.
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Figure A.9: Dednath et al. versus D. et al. redesign - thrust force (N) versus
displacement (mm)
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A.2 Conclusion

The objective of this work was to develop a macro FE model that could be used
as a tool to accurately test various drill geometries, requiring a reasonable computa-
tion time. A quiver of tools were studied demonstrating the advantages of specific
geometry features over a standard twist drill.

The predrill-hypothesized drill reduced exit surface damage propagation. The
notch creates a change in geometry that focuses the stress in the bottom surface ply,
negating the radial expansion of the stress. This focuses the applied load from the
drill, reducing thrust force and improving hole quality.

The Debnath et al. redesigned geometry demonstrates reduced thrust force and
improved hole quality, thereby enhancing a drill geometry already proven in exper-
iments to be advantageous over a standard twist drill. The cutting edges on the
periphery facilitate a hollow drill structure. The hollow drill structure promotes nu-
merous added function. Internal air/coolant channel can be incorporated to assist
with chip evacuation. A predrill geometry could be more easily accommodated.

An accurate representation of the UD-CFRP material was achieved by facilitating
the contribution of damage between plies. An effective FE 3D drilling tool has been
developed. The effective modelling techniques employed improve the effectiveness
of the material response prediction from the drilling operation. UD-CFRP becomes
strain rate sensitive when loading is focused in shear, or matrix directions. In these
instances the response is dominated by the epoxy properties, which are strain rate

dependent. Consideration was taken to investigating this material property, but can
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be studied further. Developing a sensitivity analysis for matrix material strain rate
strengthening is required. Accurate cohesive interaction prediction is critical as it

directly relates to the break-in and break-out delamination damage when drilling

FRPs.
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Appendix B

Internal surface creation

B.1 Without internal node creation

** INTERACTIONS

** Interaction: Int-2

*Contact, OP=New

*Contact Inclusions, ALL EXTERIOR
*Contact Property Assignment

, , IntProp-1

B.2 With internal node creation

*SURFACE, NAME=SURF1, TYPE=ELEMENT

I

WP1-1.WP1, INTERIOR

*end assembly

* INTERACTIONS

** Interaction: Int-2
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*Contact, OP=New

*Contact Inclusions

SURFI,

*Contact Property Assignment

, , IntProp-1
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