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Abstract

Novel AZ91 magnesium syntactic foams are a potential choice for temporary
biomedical implants. In many cases, holes of various sizes need to be machined on the
biomedical implants using the drilling process to facilitate placement of implants inside
the human body. In this study, the drilling performance of AZ91-magnesium foam is
investigated under different lubrication methods such as dry, wet (Almag® mineral
Oil), and cryogenic cooling. Drilling experiments were carried out using titanium
aluminium nitride (TiAIN) physical vapor deposition (PVD) coated and uncoated twist
drills on varying volume fractions of AZ91 magnesium syntactic foams (5%, 10%, and
15%) reinforced with hollow alumina microspheres. Test results showed a 30%-60%
higher thrust forces generated with cryogenic machining compared to dry and wet
machining while cutting AZ91-15% hollow alumina foam. This phenomenon shows
the influence of alumina hollow microspheres on controlling the plastic deformation of
the AZ91 magnesium matrix through effective work hardening and characteristic load
transfer. Scanning electron microscope (SEM) investigation of cryogenic machined
bore surfaces showed minimal drilling-induced surface defects. Based on the analysis
carried out, cryogenic machining is recommended as a sustainable drilling process for
AZ91-magnesium syntactic foams. A three-dimensional, thermo-mechanical finite
element-based model for drilling magnesium syntactic foam using AdvantEdge™ is
presented for different lubrication conditions. Metal cutting tests are performed and
comparison with predicted data is provided. The predicted machining induced stress
from the finite element model showed a compressive stress in case of cryogenic cooling
compared to dry machining which will give a better surface integrity and quality to the
machined surface and will reduce the danger of crack propagation and crack growth.
Based on the analysis carried out, cryogenic machining is recommended as a
sustainable drilling process for AZ91-magnesium syntactic foams

Keywords: Hole making; Surface integrity; Machining forces; AZ91 magnesium;
Metal foam; AdvantEdge ™.
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Chapter 1. Introduction

1.1 Overview

A composite material is a system of materials composed of two or more
materials, which are not soluble to each other on a standard scale. Take the example for
concrete, which has a combination of cement, sand, stones, and water. If microscopic
composition (molecular level) happens, then the material is known as an alloy for
metals. Normally, composite materials consist of two phases.[1] One phase is called
the matrix phase and the other is the reinforcement phase. The matrix holds the
reinforcement to obtain the desired mechanical properties of the new material. In fact,
composite material shows an improved strength which is superior to that of matrix and

reinforcement alone.

Composites are light in weight in comparison to wood and steel. Their lightness is
crucial for increasing fuel efficiency involved automobiles and aeroplanes. Composites
can be manufactured to be stronger compared to Aluminum or steel. When a metal is
having uniform strength in all directions, composites can be stronger in one direction.
Some materials may be strong and heavy, whereas others can be weak and light.
Composites can be tailored to both strong as well as light. This particular property is
the reason behind this material to be used in the aeroplane. In today’s world, we can
see that among all the structures, the one made up of composite has a high strength to
weight ratio [2]. Composites resist corrosion which occurs from weather and
particularly harsh chemicals that consume other materials. They are an excellent choice
for storage of chemicals. In outdoor conditions, they can withstand harsh climate and
wide changes in temperature. Composites can absorb high impulse energy like the force
of a bullet, or the blasts coming from explosions. Because of this reason, it is used in
making bulletproof vests and panels. Because of composite’s design flexibility,
designers have the freedom to create any shape like whether it is simple or complex.
The surface of the composites can also be designed to any finish or texture, from smooth
to rough. Composites can obtain a near-net shape. Thus, less amount of finishing work
is needed. Composites last longer compared to other materials. So, they require very
little maintenance. They also have low thermal conductivity. Based on the matrix phase,
composites can be classified into three types: (a) Polymer Matrix Composites (PMCs),

(b) Metal Matrix Composites (MMCs) and (c) Ceramic Matrix Composites (CMCs).[1]
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Among these composites, metal matrix composites are commonly used in many
applications in the industry due to their amazing strength and wear resistance. A notable
example is the cylinder liners used in internal combustion engines. The excellent wear
resistance in MMC materials is due to the reinforcements of hard abrasive ceramics

present in the matrix.[3]

Two of the most notable metal matrix composites used in certain industries are
aluminum matrix composites and magnesium matrix composites. Magnesium matrix
composite is another potential composite which is used in aerospace and defense
applications. This is owing to their low density in addition to good mechanical and
physical properties [4]. When compared to SiC reinforced Al MMCs, the magnesium
MMC reinforced with SiC gives better creep and wear resistance. Al203 reinforcement
helps to improve wettability and bonding strength of aluminum metal matrix
composites. If we increase the percentage composition of reinforcements, we can

increase the density, hardness, and ultimate tensile strength [5].

Syntactic foam is a binary material which basically consists of preformed
hollow microspheres and a matrix, which binds them, to get the required strength and
stiffness at a reduced weight when compared to monolithic materials . The
characteristics of microspheres and the matrices will directly affect the thermal,
electrical as well as mechanical characteristics of syntactic foams. Studies show that
65% is the highest volume percentage of microspheres that can be attained in MMSF.
Due to hollow microspheres, the foam has 50% porosity, which helps to save weight

compared to conventional materials.

Use of syntactic foams benefits from lower fuel consumption and increase in
payload capacity. Syntactic foams can be used to tailor the composition based on our
interests. Syntactic foams are used in marine applications due to low moisture
absorption and buoyancy. They can also be used in insulation of deep-water pipes, hulls

of the boat and soccer halls.

Based on the cellular structure, syntactic foams can be classified into two types: (a)
open-cell and (b) closed cell [6]. In this thesis, focus will be on closed-cell syntactic
foam [7]. In normal cases, closed-cell foams will have more density and strength in

comparison to open-cell foams.
11



1.2 Thesis Objectives:

1.

Investigate the performance of sustainable cooling methods during hole drilling
of AZ91 magnesium metal syntactic foams reinforced with hollow alumina
microspheres.
Study the effect of microsphere size, cutting parameters and tool coating during
drilling process of AZ91 syntactic foams.
To develop three-dimensional Finite element model to simulate thrust force
generated during machining AZ91 magnesium reinforced with hollow alumina
microspheres.
Study the influence of hollow alumina reinforcement on chip formation during
drilling process.

Identify the various failure mechanisms contributing to chip formation.
Study machining induced stress variation with coolant method as well as
microsphere size and thickness effects on drilling thrust force.
Investigate Damage model of the hollow microsphere using unit cell model and
predict machining forces and average interfacial stresses via FEM.

12



Chapter 2. Background to Metal Syntactic Foams

2.1 Introduction

This chapter will provide a brief explanation of the literature with regards to metal
matrix syntactic foams, its physical and mechanical properties, the constitutive models,
and force models for the syntactic foams. As there are closed cell and open cell types
of syntactic foams.

2.2 Metal Matrix Syntactic Foams

Metal syntactic foams have a higher stiffness to weight ratio and a reversible
seemingly elastic region. Due to this, they are applicable for use in light structures.
However, when compared to the base metal, other mechanical properties of the metal
foams are quite inferior. So, they are limited to applications where strength is not the
primary design criteria. To overcome this difficulty, a novel method of adding porosity
was developed. This method is the usage of hollow microspheres as fillers. The
surrounding porosity inside these stiff and strong microspheres, which are inside a
metal matrix, leads to a material where we can achieve higher modulus and strength
than that of the homogenous metals. This new material or composite is called metal
matrix syntactic foam. In addition to weight reduction, control of the size porosity of
the spherical shape of the microspheres helps in attaining high energy absorption under

compression.

Rohatgi et al. [8] defined metal matrix syntactic foams as a unique type of
composite which includes void microspheres present inside a matrix, such that the
encircling porous zone, which is inside the thin shell of the microsphere leads to low
density without a huge dip in mechanical properties. When compressing these syntactic
foams, a large plateau region appears in the stress-strain graph. The size of this plateau
can be adjusted by controlling thickness of the wall of the microsphere, volume fraction
and average size of the microspheres and the total energy of microspheres that can be

absorbed from compression.

2.3 Literature Review

2.3.1 Machining of syntactic foams. AZ91 magnesium-based closed-cell alumina
syntactic foams are found to be potential materials to be used on key components used
in aerospace, biomedical, automotive, and marine applications [9][10][11]. Magnesium
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based metal composites are classified as difficult-to-cut due to their heterogeneous
microstructure and inherent brittleness of the reinforcing ceramic phase [12][13][14].
Key challenges faced during machining of magnesium-based syntactic foams are
dimensional accuracy due to edge delamination and surface disintegration [12, 13].
Besides, the formation of built-up-edge, machining induced defects primarily due to
fracture of hollow ceramic microsphere poses severe surface integrity issues [13]. Past
studies have shown a strong correlation between machined surface integrity and its
influence on corrosion performance during machining magnesium alloys [15][16][17].
Machining with large radii cutting tools under liquid nitrogen cooling medium shows a
positive impact on the sub-surface integrity of magnesium alloys [18][19][20].
Experimental studies on an AZ31B-O magnesium alloy using a cryogenic cooling
method reported higher sub-surface compressive machining induced stress with
reduced thickness of the deformed layer [9]. In another cutting test on AZ31
magnesium alloy using a dipped cryogenic drilling method, Ugur et al. [21] reported an
increase in thrust force compared to dry machining. However, cryogenic machining is

shown to produce smaller chips with lower adhesion.

During machining magnesium composite (AZ91D/5%Gr), the presence of
graphite reinforcement has been cited as a useful medium to provide lubrication that
reduces the surface roughness [22]. Drilling feed rate is found to be a dominant factor
in controlling machined surface roughness. The higher the feed rate, the more severe is
the surface anomalies with grooves and cracks caused due to strain hardening of the
magnesium matrix material [23]. During micro-drilling of magnesium-silica
nanocomposites, the chip morphology changed from short spiral type to powder type
[24]. Surface quality reduced with higher values of volume fraction, feed rate with
larger burrs formed [24]. In a study on machining magnesium-based metal composites,

the chip morphology is found to be more dependent on the machining speed [14].

Sustainable machining processes such as dry machining, minimum quantity
lubrication, and cryogenic cooling are key technologies worthwhile investigating for
magnesium composite foams. During cryogenic drilling of AZ31B magnesium alloy,
an increase in machined surface hardness is noted [25][26]. On the other hand, the

minimum quantity lubrication (MQL) is shown to produce stable thrust force during
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cutting AM60 Mg alloy. MQL method generates acceptable surface quality with the
formation of discontinuous chips [27]. Berzosa et al. [28] developed a model to predict
the machined surface roughness during the MQL drilling of magnesium UNSM11917
material. A point angle of 118°is reported to produce better surface finish at high cutting
speed under MQL conditions. During end milling of AZ91D magnesium alloy Ireneusz
and Jarostaw [29] investigated the roughness parameters to describe the effect of dry
milling on the lateral and end face of these alloys. The Ra values recorded were between
0.58 to 0.75 pm in the lateral surface while on the end surface the values did not exceed

0.4 um as shown in the Figure 2.1.

HRa - end face wRa - lateral face

0.6 -+ 4+ % ,ﬁIk, —
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—
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Figure 2.1 Effect of cutting speed on Ra Values [29]

Dry machining of magnesium alloys leads to poor surface finish, and material
adhesion to the cutting tool results in surface smearing and reduction in tool life [30].
This is particularly important during drilling operations, which could lead to the poor
evacuation of chips from the drilled hole. On the other hand, dry machining can also be
beneficial from the environment perspective, provided the process parameters are
optimized. There is a need to limit the cutting speed to prevent adhesion of soft
magnesium on the tool flank face [31][32]. During dry drilling of AZ91 magnesium
alloy, Wang et al. [33] developed wear mechanisms map in which they identified five
different zones of tool wear mechanism. Bhowmick et al. [27] conducted drilling
experiments on as-cast AZ91 magnesium alloy under dry and (H20-MQL) conditions
using non-hydrogenated diamond-like carbon (NH-DLC) coated HSS drills. Rapid tool
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wear due to adhesion of soft magnesium resulted during dry drilling. On the other hand,
drilling under (H20-MQL) conditions improved tool life with decreased torque and
cutting temperature to levels comparable to the flood cooling method. Drilling tests
conducted on AM60 magnesium alloy using (H20-MQL) and a fatty acid-based MQL

showed a reduction of thrust forces, cutting temperature, and better surface finish [34].

Chen et al.[35] investigated the tool properties, tool geometry and machining
parameters on the porous tungsten surface porosity. Another study by schoop et al. [36]
obtained a suitable porous surface by controlling tungsten brittle microfracture. Heidari
etal. [37] showed nanometer-level surface flatness possibility with open pores. Pusavec
[38] used a multi-objective optimization mode via generic algorithm for cryogenic
machining of cutting porous titanium to achieve the best machining performance by

predicting the optimal input cutting parameters.

2.3.2 Machining induced stress. The processing and manufacturing of metallic
component is often followed by an inhomogeneous thermal heat input which leads to
machining induced stress formation. The magnitude and distribution of machining
induced stresses play an important role for the proper design of the part and its
manufacturing processes, as machining induced stress can have either positive or
negative impact on the load bearing capabilities [39]. There are various methods to
measure machining induced stress, some of them are destructive while others are non-
destructive [40]. For destructive method, they are based on measuring the workpiece
surface deformation after material removal. While for the later method, the amount of
machining induced stress is estimated via the distortion of the crystal structure using
diffraction methods. Recent work by Shan et al. [41] predicted machining induced
stress in orthogonal cutting of Ti-6Al4V.Recent (2019) work by Wang et al. [42] and
Yang and Zhou [43] in milling of complex surfaces and flank milling, respectively. A
3D analytical model of machining induced stresses has been developed. Numerical
methodologies have become dominant over the last two decades, throughout the
international community of modeling and machining operations, this includes the
modeling of surface integrity [44][45]. FEA offers the ability to monitor complex
surface integrity phenomena, such as phase transformations and dynamic

recrystallization, makes them particularly good choice for the study of such complex
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phenomena. However, FEM models are highly sensitive to the input data, most notably
flow stress and friction, which are often not known with sufficient certainty. For
instance, Umbrello et al. [46] studied the prediction of machining induced stress in AISI
316L using FEM to investigate the influence of constitutive model parameters on the
results, noting that outputs were highly sensitive to material model parameters. To date,
most modern FEM models focus primarily on cutting and thrust forces prediction as
well as chip formation, without relatively little regard to the integrity of the machined
surface [22][47]. Peron et al. [48] studied the residual stress generated in drilling AZ31
alloy using cryogenic cooling, they investigated the axial residual stress generated from
the machined surface and concluded that totally compressive stresses were generated
in case of cryogenic machining while for dry machining tensile stresses were found.
The recorder values were 270 MPa “Tensile” and 143 MPa “compressive” in case of

dry and cryogenic conditions respectively as shown in Figure 2.2.
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Figure 2.2 Axial Residual stress measured from the machined surface [48]

In this research FEM was implemented to predict the machining induced stress in
the radial, axial, and hoop directions respectively, to investigate the process parameters
and model parameters effect on the machined surface of the workpiece in order to have
a clear vision of surface quality and integrity produced under various conditions and

cooling methods.

17



A review of the literature shows a dearth of information on cryogenic drilling
characteristics of magnesium-based metal matrix composites and their foams. The
development of sustainable cooling methods for machining magnesium-based
composites is critical from the perspective of mass production. This research
investigates the performance of sustainable cooling methods during hole drilling of
AZ91 magnesium metal syntactic foams reinforced with hollow alumina microspheres.
The literature available till today concentrated mostly on statistical analysis and
experimental investigation of various parameters during foam drilling operation. In this
research, an attempt has been made to develop a three-dimensional, thermomechanical
finite element simulation for modelling the drilling forces generated and stress

generated in the surface during machining AZ91-hollow alumina syntactic foam.
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Chapter 3. Experiment and Finite Element Modelling Methodology

AZ91 magnesium syntactic foams reinforced with varying volume fractions
of hollow alumina microspheres were manufactured via the stir-squeeze casting
method. The melt was stirred at 500 rpm for 10 mins while the alumina microspheres
were added. The melt temperature was set at 750°C with the mold preheated to 300°C
under inert ultra-high purity argon gas at 3 liters per minute. The electromagnetic
vibrator was used at 300 Hz to disperse the ceramic reinforcements, which were
preheated to 200° C into the melt. The squeezing pressure was 117 MPa, which
produced a billet of 50 mm diameter and 200 mm long. Cylindrical billets were
manufactured by SWAM Equip Ltd, Chennai, India. The chemical composition of
hollow alumina was obtained from the supplier (Pacific Rundum Co., Ltd, Tokyo,

Japan).
Table 3. 1 Chemical composition of the hollow alumina reinforcement (supplier
data)
Avg .
microsphere  AI203  Fe203  CaO  SiO2 Na2o  Bulkdensity
i (9/cm3)
size (mm)
0-3mm, 99.7 0006 0013 0026 027 1.700
0.6mm
3.1. Twist Drills

Two grades of carbide twist drills were used in this study. A multilayer titanium
aluminium nitride (TiAIN) coated carbide drill, and uncoated K10 carbide drills were
procured from Kennametal™. The twist drills were coated with TiAIN for superior
wear and heat resistance using the physical vapor deposition method. Both the twist
drills were @5 mm in diameter. Properties of the twist drills used in this study are shown
in Table 3.2.

L

L] S

S5mm

Figure 3. 1 Kennametal™ twist drills a.) TIAIN PVD coated b.) K10 uncoated carbide

Sy
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Table 3. 2 Properties of Kennametal™ drill tools (manufacturer data)

Property TiAIN-PVD Coated Uncoated

Flutes 3 3

Shank type Straight Straight

Drill diameter (mm) 5 5

Shank diameter (mm) 6 6

Grade TiAIN Multilayer fine Solid carbide K10
grain grade: KC7325

Point angle 140¢ 140¢

Helix angle 30¢ 30°

Flute length (mm) 20 35

3.2. Drilling and Lubrication Conditions

Drilling experiments were carried out using a Doosan DNM-4500 3-axis milling
machine as indicated in Figure 3.2. To investigate the effect of the lubrication method,
three types of sustainable cooling methods were employed. Machining induced surface
defects were characterized while cutting under dry, liquid nitrogen cryogenic and
mineral oil-based coolant plunge drilling conditions. Machining conditions
experimented under the range of machining speeds and feed rates are shown in Table
3.3. 5mm deep holes were drilled on magnesium syntactic foam samples reinforced
with 5%, 10%, and 15% volume fraction of hollow aluminium oxide microspheres.
Average values of machining force, surface roughness, and burr heights were recorded
based on three holes drilled. Chip morphology was investigated under a Tescan
scanning electron microscope. The functional performance of biodegradable AZ91
magnesium foams considered for advanced engineering applications requires
exceptional surface quality and integrity requirements. The condition of the machined
surface also controls the corrosion performance of the manufactured products [18]. This
demands the need to employ favorable lubrication conditions to meet this requirement.

As part of sustainable manufacturing, dry machining helps to reduce environmental
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pollution and production costs. In this study, the benefits of dry machining were
explored. Compressed air was used during dry cutting to clear of machined loose chips
adhering to the hole surface, which helps to prevent the ignition of magnesium chips.
Mineral oil-based cutting fluid (Almag®) was selected for the test due to its low
viscosity and is a preferred choice for machining of magnesium alloys. The absence of
water in this product prevents the formation of heat and explosive hydrogen while
cutting magnesium foams. It has been shown that cryogenic machining is more suitable
for producing favorable surface machining induced stresses during machining AZ31-O
magnesium alloys [18]. In this study, liquid nitrogen-based cryogenic cooling
(pressure- 3 bar) was applied through a delivery hose (Figure 3.2)

3.3. Machining Force, Surface Roughness, Burr Formation, and Chip
Morphology

A KISTLER™ 9129AA three-channel dynamometer was used along with a
multichannel charge amplifier type 5080 to measure the drilling forces (uncertainty
+20N). It is well known that the in-service functional performance of a machined
syntactic foam product depends on its surface quality and integrity. A Zeiss Smart proof
™ confocal surface analyzer was employed to investigate the bore surface roughness
(Ra) on different locations of the hole. Average values were noted for each test
condition. The machining induced surface defects were characterized using a Tescan
SEM for different cooling conditions. During machining magnesium-based foams,
enhanced plastic deformation of the matrix causes material side flow that leads to the
formation of burrs [12,13]. In this study, the effect of the cooling method and volume
fraction of alumina reinforcements in the foam on the type of burr formed was

investigated.

Table 3. 3 Test factors

Experiment Conditions

Microsphere (Volume Fraction %) 5%, 10%, 15%
Cutting Speed m/min 40-120
Feed/tooth Mm/tooth 0.075,0.2,0.4,0.6,0.8
Cutting Insert Kennametal™ TiAIN PVD coated

K10 Uncoated Carbide
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Figure 3. 2 a) Machine tool, b) drilling process and c) measured drilling force trace.
3.4 Finite Element Simulation
To understand the metal removal mechanism of magnesium syntactic foams, the
material deformation in the cutting area was simulated by using AdvantEdge™, a finite

element (FE) machining simulation program developed by Third Wave Systems USA.

AdvantEdge™ is a powerful tool for designing, setting up, improving, and
optimizing machining processes. It enables users for determining machining parameters
and tooling configurations that can reduce cutting forces, temperatures, and part
distortion which are all done off-line. This reduces the need for experimental testing,
which costs money and valuable production time. Direct benefits of
AdvantEdge™ include:

* Reduces expensive cutting tests

* Prolongs tool life and reduces tool breakage
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* Improves tool geometry and chip control
* Enable faster machining processes
» Have more efficient productivity
* Reduces part distortion due to heat generation, cutting forces, machining induced
stress, etc.
* Increases material removal rates
* Increases machine utilization

AdvantEdge™ combines advanced finite element technology with a user-friendly
graphic interface geared specifically for metal cutting simulations. 3D graphical user
interface will be used. The cutting conditions and tool geometry used in the simulations
were the same as those used in the experiments (Table 3.2 and Table 3.3). In this study,
the Johnson-Cook constitutive material model is used to describe the effect of strain,
strain rate and temperature on the flow stress of the AZ91-magnesium matrix and data
as shown in Table 3.4 [5]. To simulate the drilling forces, the workpiece was developed
as a homogenous isotropic material using 3 node triangle elements. The minimum and
maximum element size for the cutting tool were 0.03mm and 0.3mm. For the
workpiece, the minimum and maximum element size were 0.022 and 1.5mm. The
workpiece thickness was 5mm. Friction model is based on Coulomb friction model.

The friction coefficient employed in this study was in the range of 0.7.

3.4.1 Material model. The metallic material relationships between stress and strain
can be described by the Johnson-Cook model under the conditions of large deformation,
high strain rate and elevated temperatures. Being in a simple form and as it requires less
effort to estimate the material constants, it has been widely employed by many
researchers to predict the flow behavior of materials. The flow stress model is expressed

as follows:

o= (A +Be")(1+C Ing*)(1 — T*m).

where ¢ is the equivalent stress, and € is the equivalent plastic strain. The material
constants are A, B, n, C, and m. A is the yield stress of the material under reference
conditions, B is the strain hardening constant, n is the strain hardening coefficient, C is
the strengthening coefficient of strain rate, and m is the thermal softening coefficient.

The three parenthesis components in this equation represent, from left to right, the strain
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hardening effect, the strain rate strengthening effect and the temperature effect, which

influences the flow stress values. In the flow stress model, ¢ * and T* are:

v _ €
T grefe
T = T — Tref
" Tm- Tref

where €*is the dimensionless strain rate, T* is the homologous temperature, Tm is the
melting temperature of the material, and T is the deformation temperature. & ref and
Tref are the reference strain rate and the reference deformation temperature,
respectively [45].

Table 3. 4 Johnson cook Parameters [19]

A B C n m Strain Rateref | Tref | Tm
140 605 0.03 0.52 0.32 1 20 | 533

In order to model the magnesium matrix behavior, the Johnson cook material
model which is available through AdvantEdge™ software. To provide more flexibility
with constitutive models. The yield surface determines when a material model will
switch from elastic to plastic and calculates stress for a given strain; therefore, only
experienced users should define these parameters. The user can define up to 100 state
variables; however, only the first five will be displayed. This will allow users to
describe more advanced UDYS constitutive models. These state variables can be
updated at each time step, enabling implementation of damage models. The material

model for this research is based on Johnson and Cook model.

3.4.2 Friction model. The friction coefficient between the tool and workpiece
can have significant effects on simulation results. AdvantEdge™ uses a friction
coefficient as defined by Coulomb friction. The Friction Coefficient window will
appear, and the user can activate either the Default or User Defined radio button.
Selecting the User Defined radio button allows the user to manually enter the friction
coefficient. The friction coefficient is constrained by AdvantEdge™ to be between 0
and 1.

3.4.3 Boundary conditions. The regions of the workpiece where the tool is not

in contact will be constraint in horizontal and vertical directions. Also, the right side
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and the topmost side of the tool are constrained in the X, Y & Z directions. The

maximum number of nodes used in the simulation is 24000.

3.4.4 Simulation methods. The thrust force results of the simulation analysis are
validated through comparison with the experimental values. Moreover, the model gives
a better understanding of how the foam behaves under machining, which includes the
interactions between tool and particles, tool and the matrix, and particles and the matrix.
The analysis also gives a clear explanation about closed foams and its effects. More
importantly, the results help understanding which parameters (i.e., microsphere size and
volume fraction of the microspheres) are affecting the thrust force. Lastly, comparison
of the surface of the chip from the simulation with that obtained from the experiment
was conducted.
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5 (10 - = R A

[ (man) Workpiece height  [h) {mm} s

Workpiece length  [L] {mm} 12

Maximum Element Size 1.5 (mm)

Minimum Element Size 0.02293  |(mm)
*Mesh Grading 0.2
*Curvature-safety 2.5

*Segments per Edge

*Minimum Edge Length 0 (mm)

xa mm)

Resolution Factor 3

Figure 3. 3 Tool and workpiece mesh settings

3.5 Machining Induced Stress Measurements

The following figure shows the setup for machining induced stress measurements
in radial, axial, and hoop directions accordingly. It is important to acknowledge the
values for these stresses to avoid crack growth and propagation in the machined surface
and to analysis the effect of drilling parameters and coolant type on the stress
generation. The hoop stress was calculated along the circumference of the workpiece
hole, the axial stress was measured through the hole depth as the tool go inside while
the radial stress was calculated in the thickness of the hole towards the bulk of the
material. All stresses were measured at 10 um from the tool tip in the bore region where

highest values of stress were generated.
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Figure 3.4 Machining induced stresses along radial, axial, and hoop directions,
respectively.

3.6 Damage Mechanism

A unit cell model was developed to investigate the damage mechanics of ceramic
microsphere, A custom workpiece with one hollow microsphere was designed for this
study. The goal was to have a better understanding how the microsphere will collapse
at different diameters and wall thicknesses. The next graph highlights the mesh settings
for the unit cell model in AdvantEdge™. Figure 3.5 shows the orientation and positions
of tool, magnesium matrix and hollow microsphere, respectively. The distance between
the tool tip and the microsphere was set to be twice the diameter of the microsphere. In
this model, three different diameters were investigated, and three wall thicknesses were
also studied to highlight the damage model and the influence of these parameters on the

thrust forces and the machining induced stresses.

,Hollow
" microsphere

X
Matrix

Figure 3.5 Unit cell model, tool, AZ91 matrix and Alumina hollow microsphere
orientation

Finite element meshing parameters are shown in Figure 3.6. as for the minimum visible
diameter in the software “2 mm”; the parameters for meshing were selected carefully.

The maximum and minimum size of element were 0.5 and 0.02 mm, respectively. For
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boundary conditions the top surface of the tool was selected as its boundary condition,
while for the workpiece the bottom surface was selected.

{Meshing Parameters:
Maximum Element Size 0.5 (mm}
Maximum Element Size
Minimum Element Size 0,02 (mm) -
*Mesh Grading 0.2
*Curvature-safety 4 Minimum Element Size
*Segments per Edge 3
*Minimum Edge Length 0 (mm)
Resolution Factor 3

Figure 3. 6 Meshing parameters for Unit Cell model
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Chapter 4. Results and Discussion

4.1. Drilling Thrust Force

Figure 4.1 (a) shows the variation in thrust forces generated during drilling AZ91-
magnesium syntactic foams reinforced with 15% alumina ceramic microspheres. The
cutting test was carried out using TIAIN PVD coated twist drills under cryogenic
cooling conditions. Thrust forces increased by 64% from 110N to 180N as the cutting
speed decreased from 100 m/min to 25 m/min. Through mechanical testing, AZ91-
magnesium foam is shown to undergo brittle fracture [13]. At higher cutting speed, a
higher rate of shear loading acts on the material. This induces the thermal softening of
the magnesium matrix and ceramic hollow microspheres to be fractured. A preferential
propagation of brittle cracks along the shear zone could result. A reduction in shear
plane length, chip-tool contact area, and friction force are expected at higher cutting
speeds. This could be the possible reason for the reduction of thrust force. Figure 4.1
(b) shows the thrust force generated while cutting AZ91 magnesium foam at a range of
feed/rev values and at 40m/min cutting speed. Machining using a TiAIN PVD coated
drill under liquid nitrogen cooling conditions showed an increase in thrust force values
by 175N when the feed was increased from 0.075 mm/rev to 0.6 mm/rev. This is an
almost 233% increase in the magnitude of thrust forces, which was recorded as 75N
and 250N at lower and higher feed values. This is primarily attributed to an increase in
the chip-tool contact area and eventually chip load leading to higher values of thrust
force. The role played by hollow ceramic microspheres in controlling the work
hardening behavior of the magnesium matrix is primarily shown as the reason for higher
force values. However, as the cutting feed is increased to 0.8 mm/rev, a drop in thrust
force values is observed. A reduction of thrust force by 15% is noticed as the feed/rev
value is increased from 0.6 mm/rev to 0.8 mm/rev. It is shown in the literature that the
stress-strain behavior of AZ91 magnesium material is dependent on the temperature
[35]. At temperatures lower than 150 °C, high material work hardening with high flow
stress due to increased dislocation storage has been reported. With further increasing
temperature, the stress-strain curve shows almost zero work hardening rate associated
with reduced flow stress [35]. This interrelationship between work hardening and
thermal softening could explain for the observed trend of cutting forces recorded during
drilling AZ91 magnesium syntactic foams.

28



E’ 250 Vi=15% J B Measured = FE Prediction L
8 225 feed = 0.2 mm/rev
s 200 | TIAINPVD tool
I.; 175 LN; cryo machining ]
£ 150 | —
:E 125 7 —
g 100 —
= 75 —
50
E 120 75 25
Cutting Speed (m/min)

V =120 m/min V=25 m/min

Z 700 ——
E 600 ig;_”:é\%m& #Measured O FE Prediction
E 500 LN; cryo machining O
> 400
:E 300 Q
R v ¢
s 100 Q

0

0.075 0.4 0.6 0.8

u Feed (mm/rev)

f=0.075 mm/rev f=0.8 mm/rev

Mises Stress (MPa) — D)
ises Stress a

Figure 4. 1 Effect of process parameters during machining AZ91-15% magnesium
foam; (a) effect of cutting speed, and (b) effect of feed in mm/rev.
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The influence of volume fraction of hollow alumina microsphere reinforcements on the
thrust forces generated during cutting AZ91 magnesium foam is shown in Figure 4.2.
An increase in volume fraction increases the number of microspheres in the magnesium
matrix. Along with the second phase precipitates of Al and Zn, the role played by the
ceramic alumina reinforcements in enhancing the work hardening behavior of the
magnesium matrix is significant [12]. The presence of these reinforcements affects the
extent of plastic deformation of these foams through a characteristic load transfer that
enables them to improve their peak strength. It is reported that the higher the number
of ceramic hollow alumina in the magnesium matrix, the lower the plasticity of the
foam [12]. A reduced ductility and strain to fracture are reported with a higher volume
fraction of hollow microspheres, indicating an increase in its brittleness [12,13]. While
cutting AZ91 magnesium foam under the cryogenic cooling method, an increase in
thrust force by 50% while cutting with increasing volume fraction (15%) is observed.
At a lower volume fraction of hollow alumina (5%) the drilling thrust forces were in
the range of 135N, which increased to around 200N while cutting magnesium foam
with 15% vol of alumina. This increase in thrust force is primarily attributed to the
increase in peak compressive strength of the magnesium foam with the increasing
volume fraction of ceramic alumina reinforcements. However, during dry machining,
the increase in thrust forces recorded was almost 200% when the volume fraction of
hollow alumina was increased from 5% to 15%. In general, it is observed that the thrust
forces generated during dry machining were lower than the cryogenic machining for all
volume fraction magnesium foams considered in this study. For 5% volume fraction
AZ91 foams, the thrust forces generated during cryogenic machining were 170% higher
than the dry machining. However, as the volume fraction of hollow alumina increased
to 15%, the force margin reduced to 35%. This phenomenon indicates the increasing
brittleness of the magnesium foam with increasing ceramic alumina microspheres and
their effect on the plastic deformation of the AZ91 magnesium matrix.

It is observed from the experiment results that the method of cooling/lubrication plays
an important role in the generation of thrust forces during drilling AZ91-magnesium
foams. Figure 5a shows the measured thrust forces during cutting AZ91-15% hollow
alumina syntactic foams under three different cooling methods as shown in Figure 4.2
(a). As expected, cryogenic machining using liquid nitrogen generated the highest thrust
forces (200N), which were 33% higher than the dry machining (150N). In general, of
all cutting conditions, wet machining using the Almag® mineral oil generated the
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lowest thrust force (120N), which was 40% and 20% lower than cryogenic machining
(200N) and dry machining (150N), respectively.

g 300 +LN2 Cryo machining
AD hini
g 250 p FéyPn:::ict?or;g(Cryo)
1
S 200 i é
.? 150 ; *
£ 100 4
'
1) ; f=0.3 mm/rev
& S50 ; Vc = 30 m/min
= K10 uncoated drill
0
E 5% 10% 15%
Microsphere volume fraction

Vol%= 5% microsphere Vol%= 15% microsphere

Figure 4. 2 Effect of alumina volume fraction on thrust force during machining AZ91-
magnesium foam.
The application of liquid nitrogen increases the hardening behavior of the AZ91
magnesium matrix. The brittle material behavior is promoted due to subzero
temperatures in the cutting zone. Through mechanical testing under cryogenic
conditions, it is shown that the yield compressive strength and peak compressive
strength are increased while the ductility and strain to fracture of the magnesium foam
are reduced [12,13]. This transition in deformation behavior to brittle type and a
resultant increase in material hardness could be the possible reason for the higher
magnitude of recorded thrust forces under cryogenic machining conditions and agrees
well with the reported literature [39]. Under cryogenic cutting conditions, initiation and
propagation of reinforcement/matrix interface longitudinal crack and transverse matrix
cracks favor the formation of discontinuous chips. A transformation in the plastic
deformation behavior of the material is indicated through measured thrust forces with
variation in cooling methods. The thrust forces measured during dry machining
conditions were 25% higher than cutting using Almag® Oil. The presence of mineral
31



oil in the cutting zone helps to minimize adhesion of the magnesium matrix and reduce
the generation of thrust force. The lubrication effect is maximized with the application
of Almag® Oil, which helps to reduce BUE and friction [40]. Thus, it is a more
preferred coolant for light machining of magnesium alloys. Whereas during dry
machining, the heat generated during the shearing process is dissipated into the cutting
zone leading to the thermal softening of the magnesium matrix. This phenomenon
promotes adhesion of soft magnesium with increasing BUE formation and friction.
Under these conditions, a highly plastic magnesium matrix is encouraged to yield much
earlier than the alumina microsphere. This causes the load to be transferred through the
interface leading to longitudinal cracks and reinforcement debonding [13]. This
phenomenon explains the effect of the cooling/lubrication method on the magnitude of
thrust force generated during machining AZ91 magnesium reinforced with 15% hollow
alumina metallic foam.

Figure.4.3 (b) shows the effect of tool coating on experiment thrust force. As
seen from the results, during cryogenic cooling conditions, drills with TiAIN PVD
coated tools generated 25% lower thrust forces than the uncoated K10 carbide drills.
As discussed earlier, the use of liquid nitrogen tends to increase the hardness and peak
compressive strength of the metallic magnesium foam. Subzero cooling conditions
enhance the brittle behavior of the magnesium foam. Cutting tool wear is shown to
accelerate under cryogenic conditions [21]. The contribution to tool abrasion arises due
to the rubbing of hollow ceramic microspheres in tandem with hardened magnesium
matrix. The presence of the tool coating reduces the tool abrasion and helps to extend
the tool life. The cutting edge is expected to wear rapidly due to high friction, the
formation of BUE, and due to diffusion at higher temperatures. However, TiAIN PVD
coated tool possesses a good nano hardness of 35 GPa, reduced coefficient of friction,
and high-temperature operation (700°C) [41]. This helps in the reduction of generated
thrust forces while cutting with TiAIN PVD coated cutting tools.

Table 4.1 shows the different parameters used in experimental and simulation. The first
column indicates machining parameters such as cuttings speed and feed rates. It
includes the volume fraction of the hollow microspheres, tool coating, coolant method,
and different inserts. Total number of samples were fourteen as shown in Table 4.1.
three samples for different cutting speeds, four for different feed rates and three for
different hollow microsphere volume fraction. Seven experiment and simulations
conducted for Tool 1 and seven tests for tool 2. The last column indicates the error
percentage between the experimental data and simulation data.
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machining of AZ91-15% magnesium foam.
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Table 4. 1 AZ91 with hollow alumina drilling parameters

AZ91-Alumina-Cryogenic Drlling
Cutting Feed per Feed Measured
Bubble Volume Speed ev Rate hrust Predicted Error
size mm Fraction Tool RPM | (m/min) | (mm/rev) | mm/min Force N FE Force %
Cryo- 0.3 15 Tool 1 | 7643 120 0.2 1528.6 110 111 1%
Cutting 0.3 15 Tool 1 | 4777 75 0.2 955.4 140 154 9%
d

spee 03 15 Tool 1| 1592 | 25 02 3184 180 185 3%
0.3 15 Tool 1 | 2547 40 0.075 191 75 85 12%
Cryo-Feed 0.3 15 Tool 1 | 2547 40 0.4 1018 185 208 11%
rate 0.3 15 Tool 1 | 2547 40 0.6 1528 250 259 3%
0.3 15 Tool 1 | 2547 40 0.8 2037 210 490 57%
. 0.3 5 Tool 2 | 1910 30 0.3 573 135 156 13%
\?1000 0.3 10 Tool 2 | 1910 30 03 573 165 191 14%
0.3 15 Tool 2 | 1910 30 0.3 573 200 187 1%

Cryo-Tool
Coating 0.3 5 Tool 2 | 2547 40 04 1018 230 225 2%
Cryogenic 0.3 15 Tool 2 | 1910 30 0.3 573 200 187 1%
Coolant 0.3 5 Tool 2 | 1910 30 03 573 120 141 15%
Dry 0.3 15 Tool 2 | 1910 30 03 573 150 176 15%

4.2 Surface Quality and Integrity

Figures 4.4 (a) and 4.4 (b) show the effect of process parameters on achievable
surface quality during cutting AZ91-magnesium metallic foam. As can be seen from
the graphs, an increase in cutting speed from 25 m/min to 100 m/min results in an
increase in average surface roughness Ra values by 52%. Best surface quality with a
Ra value of 0.48 um was achieved at lower cutting speed under cryogenic cooling
conditions. On the other hand, the average surface roughness (Ra) increased by 364%
as the feed value increases from 0.075 mm/rev (0.39 um) to 0.8 mm/rev (1.81 pum)
during cryogenic cutting using TiAIN coated drill. Larger the feed, the higher the
volume of metal removed, wider and deeper the feed marks, resulting in higher average
surface roughness values.

The influence of different cooling methods on achievable surface quality during drilling
AZ91-magnesium metallic foam using uncoated K10 drill is shown in Figure 4.5a. The
experiment results show that surface roughness values during cryogenic machining
(0.73 um) reduced by approximately 55% and 43% compared to wet machining (1.6
pm) and dry machining (1.3 pum), respectively.

Thrust forces recorded during cryogenic machining were generally higher by 30% to
40% compared to dry and wet machining. This is primarily due to the hardening
behavior of the magnesium foam due to a drop in cutting temperature.
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Figure 4. 4 Effect of process parameters a) cutting speed and b) feed on machined
bore surface roughness (Ra) during machining of AZ91-15% syntactic foam.
SEM investigation of the bore surface shows smaller feed marks, less machining
induced surface defects, and lower matrix plasticity in the form of material side flow
(Figure 4.5 b). Under these cooling conditions, the brittle nature of the material helps
to produce smaller discontinuous chips resulting in good surface quality (Ra between
0.3 to 0.5 um). During wet machining using mineral oil, the effects of 2-body tool
abrasion and adhesion of the magnesium matrix to the cutting tool are reduced to a
certain extent. However, the SEM investigation of the drilled bore surface shows certain
areas comprising of bore pits and voids. This is primarily attributed to flushing away of
the loose, brittle particles that form on the top layer of the machined surface by the
viscous mineral oil, which was applied under pressure (Figure 4.5 c). During dry
machining, the plastic deformation of the magnesium matrix is found to be the key
deformation mechanism that affects the surface quality. The average surface roughness
values measured on holes drilled under dry machining were 20% lesser than wet
machining conditions. Hole samples investigated using SEM showed slightly wider and
deeper feed marks primarily due to material side flow. Rewelding of finer chips and
smearing of the machined surface were some of the surface defects observed. An
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increase in shear zone temperature during dry cutting causes adhesion of finer pieces
of chips resulting in deterioration of surface quality (Figure 4.5d).

Figure.4.6 shows some of the commonly observed machining induced defects
during drilling AZ91-magnesium reinforced with hollow alumina microspheres under
different cooling conditions. Overall, the surfaces produced by cryogenic machining
were of good quality. However, few of the edges along the hole exit side were subjected
to delamination due to the disintegration of the burr roots (Figure 4.6a). This indicates
the brittle nature of the material machined due to exposure to subzero cutting
temperatures. On the other hand, wet machining using a viscous mineral oil produced
surfaces that comprised of flushed away particles leading to unexpected pits at certain
locations on the bore section of the drilled hole (Figure 4.6c, 4.6d). This shows the
significance of the application of mineral oil under pressure, which could affect the
attainable surface quality and integrity by washing away the disintegrated particles on
the drilled surfaces leading to empty spaces in the matrix. In addition to this, some
locations on the hole exit side had delaminated edges and thin material push off. During
dry machining, the shear zone temperature allows the plastic flow of the magnesium
matrix around the ceramic microsphere, initiating interface debonding and preferential
cracking (Figure 4.6d). VVoids created by microsphere pull out from the matrix is closed
at a faster rate due to accelerated densification of the magnesium matrix. [13]. The
extent of plastic deformation undergone by the magnesium matrix is greater under dry
machining compared to wet and cryogenic machining. This damage mechanism is
visible in the form of smearing of side flow material along the tool feed tracks (Figure
4.6 b).

Figure. 4.7 a show the effect of volume fraction of hollow alumina microspheres on the
achievable surface quality during drilling AZ91-magnesium foams. Under cryogenic
machining conditions using uncoated K10 drill, the average surface roughness value
(Ra) increases by almost 92% as the volume fraction increases from Vf = 5% (0.38 um)
to Vf = 15% (0.73 pum) similar as observed in [29] . On the other hand, during dry
machining with the same tool, the average surface roughness value (Ra) increases by
72% as the volume fraction increases from Vf =5% (0.76 pum) to Vf = 15% (1.3 um).

The percentage of ceramic microspheres present in the magnesium matrix greatly
affects the plastic deformation characteristics of the AZ91 foam. In this work, within
the range of foam volume fractions tested, it is seen that an increase in the number of
hollow ceramic microspheres in the matrix results in a foam that behaves like a brittle
foam.
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Figure 4. 5 Effect of coolant on machined bore surface roughness (Ra) during
machining of AZ91-15% alumina syntactic foam.

The number of defect initiation points increases with volume fraction. Hence
the average surface roughness measured under both cryogenic and dry machining
conditions correlates well with the SEM observation. Figure. 4.7b shows the bore
surface roughness values (Ra) during cryogenic cutting of AZ91 magnesium-15%
alumina foam. It is observed that the TiAIN PVD coated tool (Ra: 0.91 um) produces
a surface with roughness values, which are 40% lower than the uncoated tool (Ra: 1.5
pm). This result shows the significance of tool coating in reducing friction due to the
abrasion of ceramic microspheres and adhesion of magnesium chips. The selected
TiAIN PVD coating is effectively shown to minimize the BUE and produce a

comparatively good surface quality and integrity.
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Figure 4. 6 Some of the commonly found drilling induced defects during machining
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4.3 Machining Induced Stress

Machining induced stress is the stress generated in the workpiece material during
the machining process and stayed inside the material after the load is released. For

medical applications, this phenomenon is very dangerous, because the implant is inside
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the body and any crack propagation resulted from internal machining induced stress

might cause crack for the piece.

For this study as shown in the following figures, machining induced stresses were
measured to investigate the influence of process parameters on the generation of this
stress and to have a better vision of how the stress value will be after the force has been

released, either negative “compression” or positive value which is “tensile”.

4.3.1 Effect of cutting speed.
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Figure 4. 8 Effect of cutting speed on the machining induced stress.
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Figure 4.8 shows the effect of cutting speed on the machining induced stress
during drilling AZ91-magnesium foams. Under cryogenic machining conditions using
TiAIN PVD coated tool. The results show a tensile behavior when the speed is high and
oppositely a compression one in the lower speed, this is due to heat generation in high
speeds as compared to low cutting speed. The stress distribution along the radial
direction is shown in Figure 4.8 a, while hoop and axial directions are shown in Figure
4.8 b and c, respectively. The graph trend shows a tensile stress in the first 3 microns
from the tool tip followed by a compression stress until the force is released from the
workpiece. A higher value of stress of 20 MPa tensile value in the machined surface at
120 m/min cutting speed compared to 60 MPa and 105 MPa compression value in case

of 75 and 50 m/min cutting speed, respectively as shown in Figure 4.8 a.

4.3.2 Effect of feed rate.
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Figure 4. 9 Effect of feed rate on the machining induced stress.

Figure. 4.9 shows the effect of feed rate on the machining induced stress during
drilling AZ91-magnesium foams. Under cryogenic machining conditions using TiAIN
PVD coated tool. At low feed rate the machining induced stress tends to behave tensile
and the opposite at high feed rate where the stress values are negative which are
compression values. Drilling metallic syntactic foams at lower feed rates will cause
rubbing to the surface and heat generation, this is the main reason of tensile induced
stresses at 0.075 mm/rev feed rate. As shown in Figure 4.9 the value of stress is 10 MPa
“positive” in case of low feed and 100, 145 and 170 MPa “negative” for the lower feeds
in order from 0.4,0.6 and 0.8. A maximum tensile stress of 20 MPa in hoop direction
was measured at 0.075 mm/rev feed rate, while compression stress of 50 MPa at 0.8
mm/rev feed rate was calculated in the circumference direction of the drilled hole as

indicated in Figure 4.9 c.

4.3.3 Effect of microsphere volume fraction.
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Figure 4. 10 Effect of Volume fraction on the machining induced stress

Hollow microsphere volume fraction from the total volume of matrix workpiece

is one of the major parameters in this study. In Figure 4.10 the stress distribution in

the machined surface was measured and how it was affected by the percentage of

hollow microsphere volume fraction. As shown in the figure higher tensile stress

generated at lower volume fraction in the radial, axial, and hoop directions,

respectively. This due to the increase in microspheres number at lower percentage.
Fig 4.10 b shows the stress distribution in the axial direction, a value of 60 MPa

was measured for 5% volume fraction, on the other hand, values of 40 MPa and 38
MPa in case of 10% and 15% respectively. There is 2.8% decrease in radial stress

values for 10% and 15% volume fraction compared to 5% volume fraction.

4.3.4 Effect of tool coating

Tool coting is a significant parameter in machining of syntactic foams. Figure

4.11 shows the effect of tool coating on the machining induced stress during drilling

AZ91-magnesium foams
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Figure 4. 11 Effect of tool coating on the machining induced stress

Under cryogenic machining conditions at fixed cutting speed and feed rate. It is
indicated from the figure that there is clear compression behavior in drilling AZ91
magnesium foams using the coated tool. Fig 4.11 a shows the radial stress values, for
the uncoated tool the value was 49 MPa in tensile sign. While for carbide coated tool,

the value is more compression 328 MPa. For the axial stress, the uncoated tool recorded

stress value was twice the value of TiAIN coated tool.
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4.3.5 Effect of coolant type
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Figure 4. 12 Effect of lubrication method on the machining induced stress

Lubrication method effect on the machining forces and machining induced
stresses is one of the key objectives of this thesis. The machining induced stresses were
measured for cryogenic, wet, and dry conditions. At sub-zero degrees in case of

cryogenic machining, the values of the machining induced stress tend to be more
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negative “compression” compared to lubricant and dry conditions. Figure 4.12 shows
the trend of the machining induced stress for different cooling techniques. Cryogenic
cooling recorded compression value of 38 MPa in radial stress graph (Figure 4.12 a)
while the wet machining value was 30 MPa tensile stress. The dry machining scored
the highest value, which is almost the double in case of cryogenic, of 79 MPa tensile
stress. For the axial stress as shown in Figure 4.12 b the recorded values were 48,90,115

MPa tensile stress for cryogenic, wet, and dry drilling, respectively as observed in [50].

4.4 Drilling Burr Formation

Burrs during plunge drilling are primarily formed due to thermo-mechanical loads
that act on the material resulting in their push out as the tool exits the hole. Figure 4.13
shows the effect of the cooling method on the burr formation while cutting AZ91-
magnesium reinforced with 15% hollow alumina syntactic foams. Burr height was
measured at the entry and exit side of the hole using a Zeiss™ Smart proof confocal
microscope, and the average value was recorded. It is observed that the burr height at
the entry and exit side during cryogenic machining was 20 pum and 70 pum, respectively.
These values are approximately 60% (entry) and 30% (exit) lower than the burr heights
formed during dry machining. On the other hand, wet machining produced burrs, which
were almost 95% (entry) and 22% (exit) higher than cryogenic machining and 13%-
20% reduction compared to dry machining. In general, dry machining conditions
produced higher values of burr height both at the entry (49 um) and exit sides (96 pm)
of the hole. During dry drilling, the heat generated in the cutting zone promotes the
plastic deformation of the magnesium matrix that initiates material side flow. This is
more pronounced during dry machining compared to wet and cryogenic machining
conditions.
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Figure 4. 13 Effect of coolant on burr height during machining AZ91-magnesium
syntactic foam.
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Figure 4. 14 Different types of edges produced at the hole exit side of the AZ91-
15%magnesium foam a) Cryogenic b) Wet c) Dry. (V¢ = 30m/min, feed = 0.3mm/rev,
uncoated tool).

Investigations were carried out on the drilled burr forms produced using a VEGA
3 Tescan SEM (Fig. 4.14). It is noted that cryogenic machining using liquid nitrogen
produces edges that are approximately sinusoidal in form. Due to a sudden drop in
cutting temperature, the magnesium foam hardness is increased. This change in
temperature conditions makes the magnesium matrix material behave more brittle than
ductile. These conditions produce powdery chips that are caused due to the brittleness
of the material. It is favorable to produce discontinuous chips, however, due to
increased brittleness causes areas of hole edges to disintegrate. These machining
induced defects caused due to cryogenic machining also develops as a subsurface crack
as it propagates underneath the drilled surface. Small areas of magnesium matrix that
still show some signs of plastic deformation form small scale burrs in some areas of the
hole edge. However, most of the magnesium matrix being exposed to subzero
temperature conditions, brittle behavior, is more dominant. This material behavior
causes the burr root to disintegrate instantly and cause delamination of the edge.
Mechanical testing carried out at under cryogenic conditions on AZ91-magnesium
reinforced with 15% hollow alumina microspheres showed a similar trend with reduced
strain to fracture and decreased ductility at subzero test conditions [13]. This

phenomenon is observed during cryogenic machining as reported in literature [42]. Wet
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machining (AlmagTM oil) provides effective lubrication to reduce tool abrasion and
minimize adhesion of magnesium chips. However, a major drawback in wet machining
that is observed in this case is that the pressure coolant could cause flushing away of
the brittle surface layer. This surface layer is comprised of the deboned and fractured
hollow spheres and brittle magnesium surface, as shown in Fig. 4.14 b. Although the
majority of the machined surface falls within an average roughness value of 0.5 pum,
the flushing effect causes satellite sites of large craters and microsphere pulled out pits
on the bore surface of the drilled hole. This aggravates the risk of subsurface damage
to propagate beneath the drilled surface. In dry machining, the plasticity of the
magnesium matrix is promoted due to heat generated during the shearing process. This
allows the magnesium to flow around the hollow ceramic microspheres causing the
material to yield under the applied shear load. This weakens the boundary interface
between the metal and the ceramic reinforcement. The longitudinal cracks initiate and
propagate to cause several locations of defect generation (Fig. 4.14 c). This allows the
longitudinal cracks to coalescence with the transverse matrix cracks to constitute the
shearing process. The material side due to the plastic flow of the matrix is also
enhanced. This causes the material to push out due to the combined effect of thermal
and shear load factors acting on the foam material during the drilling process. Thus, the
height of burr formation during dry machining is comparably larger than the wet and
cryogenic machining.

Fig. 4.15a and 4.15b show the effect of hollow microsphere reinforcement on
the entry and exit burr height during dry cutting of AZ91 magnesium syntactic foam.
The test results show a decrease in burr height with increasing volume fraction. As the
volume fraction rose from 5% to 15%, the entry burr height and exit burr height
decreased by 46% and 17%, respectively. Low volume fraction foams recorded an
average entry and exit burr height of 63 um and115 pm, respectively. On the other
hand, higher volume fraction foams with 15% vol of hollow alumina recorded average
entry and exit burr height of 34 um and 96 um, respectively. A decrease in burr height
with increasing volume fraction points towards a reduction in ductility of the syntactic
foam. This is primarily attributed to an increase in the number of hollow microspheres
in the matrix due to an increase in volume fraction for a given average size. The number
of defect generation sites is increased. The strain hardening behavior of the magnesium
matrix is enhanced due to the Hall-Petch effect of grain boundary pinning by the
precipitates and the ceramic hollow spheres. This causes a constraint in the plastic
movement of the matrix resulting in the higher hardness of the foam material. The yield
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strength of the material is enhanced. The magnesium matrix carries the applied load
effectively with lower plastic deformation. Hence the material pushes out phenomenon
is reduced in the case of 15% vol foams. With an increasing number of ceramic
microspheres, the number of defect generation sites also increases. The rapid
coalescence of transverse matrix cracks with longitudinal interfacial cracks promotes
the acceleration of crack propagation along a preferential direction and constrains the
magnesium material side flow. There is a higher tendency of the brittle cracks to
propagate and disintegrate the burr root. This causes delamination of the hole edge at a
lower strain value compared to the more ductile low volume fraction foams. This
phenomenon is attributed to cause a reduction in burr formation in higher volume
fraction magnesium metallic foams.
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Figure 4. 15 Effect of alumina volume fraction on burr height during machining
AZ91-magnesium syntactic foam under dry conditions; (a) Entry burr height and (b)
exit burr height.

4.5 Chip Morphology

The effect of the lubrication method on the chip morphology during cutting AZ91-
15% magnesium syntactic foam is investigated through SEM micrographs (Fig.4.16).
The significance of cooling method on the achievable surface integrity during drilling
magnesium syntactic foam has been already discussed in the previous section.

Application of these novel magnesium syntactic foams in temporary biomedical stents
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and implants require excellent surface quality and integrity. The study of chip formation
plays an important role in optimizing the drilling process design to achieve the required
surface roughness. It has been shown that the surface roughness of the machined
implant affects their corrosion behavior [20]. SEM investigation of chip forms shows
that the type of chips formed during drilling magnesium foams were primarily
discontinuous chips. Chip morphologies during wet and dry cutting of AZ91-15%
magnesium foam are shown in Fig.4.16a and 4.16b. As can be seen from the
micrographs, the extent of brittle crack initiation and propagation is evident clearly on
the tool contact surface of the chips. Chip serrations can be noticed clearly on the chip
surface. The spacing between the serrations is approximately between 5-15 um. After
every 3 to 5 small serrations, a brittle matrix crack is evident that splits the chip, causing
discontinuity. Past research has shown that the cutting tools used for cutting AZ91
magnesium foams are subjected to both 2-body and 3-body abrasion [12,13]. Wet
machining using mineral oil is expected to provide lubrication and reduce the intensity
of the abrasion of tool surface by the ceramic microspheres and work-hardened matrix.
The generation of high friction is expected to be lower while cutting with wet
machining. Adhesion of the magnesium matrix is also expected to be reduced with the
usage of mineral oil. With its heat carrying ability induces localized brittle cracking of
the matrix with the minimization of heat generation in the cutting zone. It has been
discussed in the previous section that the application of mineral oil under pressure is
detrimental to surface roughness. Loose, brittle layers get disintegrated, causing a
higher percentage of machining induced defects. The coalescence of surface defects is
accelerated due to the application of pressure coolant. The cracks run almost along the
full length of the chip along the transverse to feed direction. The transverse crack
initiation, coalescence, and movement are supported by the presence of voids, pores,
and pits present in the matrix in large numbers. Also, micro defects along the boundary
region between the matrix and ceramic microspheres promote the longitudinal crack

initiation and propagation.

During dry machining, the magnesium plasticity plays an important role in the
type of chip formed. The rate of heat dissipation because of the shearing process into
the workpiece material is higher during dry cutting. SEM micrographs of chips
collected from the dry cutting show a semi-continuous type of chip. A small degree of
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edge serrations is noticed. The spacing between these small serrations is approximately
the same size as the dry cutting. The transverse crack initiation and propagation to a
certain distance is visible. Micrographs show regions of coalescence of transverse and
longitudinal cracks. However, there are junctions where the discontinuity in crack
coalescence and propagation happens. It is observed that the termination of these cracks
has occurred due to the ductility of the magnesium material ahead of the crack leading
to the closure of the crack. More matrix ductility has caused material side flow and
push out. This results in higher friction and cutting force due to the adhesion of the
magnesium matrix in the form of a built-up-edge. A similar chip formation mechanism

has been reported in the literature for metal matrix composites [14,43,44].
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Figure 4. 16 Chip morphology of AZ91-15% magnesium foam a) wet machining b)
dry machining c) representative tool wear.
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Characteristic tool wear during drilling AZ91 magnesium-15% alumina microsphere
syntactic foam is shown in Fig.4.16 ¢ under cryogenic cooling. It is known that the
hardness and brittleness of the magnesium foam are increased under cryogenic
machining. Investigation of the tool surface shows areas of abrasive wear. Work
hardened matrix along with fractured hollow ceramic microspheres engage in both 2-
body and 3-body abrasion. Abrasion wear tracks along with chipped edges indicate the
brittle behavior of the magnesium syntactic foam while cutting under subzero cooling
conditions. As the next step, further tool wear studies will be carried out to characterize
the acceleration of tool wear and optimize the tool life during machining AZ91-

magnesium syntactic foams.

4.6 Damage Mechanics

4.6.1 Unit cell damage model. To study the force generated from this novel
material through finite element modelling, a unit cell model was investigated to
showcase the force relation with one microsphere in the workpiece as shown in Figure

4.17. Table 4.2 shows the parameters for unit cell model.

4.6.2 Effect of microsphere size and microsphere wall thickness
Table 4. 2 Unit cell damage model parameters

Microsphere | Thick | Volume | Feed perrev | Feed Rate | FE Prediction
size mm -ness | Fraction | (mm/rev) mm/min Thrust Force N
2 0.1 15 0.2 1528.6 65
2 0.2 15 0.2 1528.6 79
2 0.3 15 0.2 1528.6 92
2.5 0.2 15 0.2 1528.6 36
3 0.2 15 0.2 1528.6 30.6

Matrix \,
e Z S X

Wall

thickness

TAVAVAVAVAV- <13
LR

Figure 4. 17 microsphere of 2 mm diameter and 0.1 mm wall thickness
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Figure 4. 18 Thrust force variation with a) microsphere diameter and b) microsphere
wall thickness.

Microsphere wall thickness and microsphere diameter plays and important role
in the investigation of unit cell damage model. Fig 4.18 shows the variation in
machining forces generated during drilling AZ91-magnesium syntactic foams
reinforced with ceramic microspheres. The cutting test was carried out using TiAIN
PVD coated twist drills under cryogenic cooling conditions. The thrust force values
show a decrease in values when the diameter of the microsphere increase. A thrust force
of 79 N for 2 mm diameter compared to 30 N in case of 3 mm diameter. The
microsphere wall thickness effect on the generated thrust forces were addressed in fig.
4.18 b, almost 1.5% increase in thrust force value when the wall thickness is increased
from 0.1 mm to 0.3 mm.
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Chapter 5. Conclusions

Machinability studies were carried out on AZ91-magnesium syntactic foams dispersed
with hollow aluminum oxide under different lubrication methods. The attainable
surface quality & integrity, machining forces, chip morphology, and burr formation

were investigated. The following observations were made from this study:

1.

During machining AZ91-15% syntactic foams with K10 carbide drill, higher
machining forces were generated while cutting under liquid nitrogen cryogenic
machining, which was 30%-60% higher than wet and dry machining.

During dry machining, higher volume fraction syntactic foams recorded higher
machining forces, which increased by almost 200% as the volume fraction
increased from 5% to 15%. However, this increase dropped to 50% during
cryogenic machining with the increasing volume fraction of hollow alumina.
TiAIN PVD coated drills recorded a 20% reduction in machining forces
compared to uncoated K10 drills under cryogenic machining AZ91-15%
syntactic foam.

Under cryogenic drilling with the TiAIN PVD tool, an increasing trend in thrust
forces by 233% was recorded from 0.075 mm/rev to 0.6mm/rev. With a further
increase in feed rate, the thrust forces showed a decline in magnitude. This is
primarily attributed to the onset of thermal softening during drilling AZ91-15%
foam.

SEM analysis showed that the percentage of drilling-induced sub-surface
damages could be minimized through cryogenic machining. Surface finish (Ra)
showed a 45%-55% improvement compared to dry and wet machining.
Surface roughness (Ra) worsened by 70%-90% while cutting higher volume
fraction (15%) syntactic foams under both cryogenic and dry machining
conditions.

. Cryogenic machining showed compression stress behavior compared to wet and

dry machining in case of machining induced stresses.

Damage model indicated that microsphere diameter increase will decrease the
drilling thrust force by 50%, while microsphere wall thickness will increase its
value by 40%.

In conclusion, cryogenic machining is recommended for drilling AZ91
magnesium syntactic foams using the TiAIN PVD tool.
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