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Summary

Polymers have found widespread use as engineering materials, due to their low density,
ease of processing, and corrosion resistance. While traditional polymer processing
techniques are capable of making a wide range of part geometries, there are some
applications where polymers do not deliver the required dimensional accuracy or surface
finish, requiring a machining operation to be carried out as a finishing step. One
example of this is in Ultra High Molecular Weight Polyethylene (UHMWPE) inserts
in orthopaedic implants, where the polymer component is functionally replacing the
cartilage of the joint. In order to minimise wear it is necessary to have as smooth of a
finish as possible. For the biomechanics of the joint replacement to match the original
joint the part must mate perfectly with the opposing part. These parts are machined in
order to achieve the required finish and dimensional accuracy. There is a significant gap
in the literature on the topic of UHMWPE machining, thus requiring operators to use
trial and error to choose tooling and machining parameters. These decisions are often
made with little understanding of the machining characteristics of the material, leading
to delays in production and waste of raw material used in trial machining operations.

This work experimentally investigates the machining of UHMWPE. The viscoelastic
properties of the material as a function of temperature, the location of the material
in the stock, and strain rate are first established. Machining tests are carried out to
acquire experimental data on the effect of changes to the raw material, in the form
of antioxidant additives and crosslinking, on the machinability of UHWMPE. Other
parameters varied include tool rake angle and cutting edge radius, along with cutting
speed and depth of cut in orthogonal machining experiments. This is followed by a
study on the effect of workpiece pre-cooling to cryogenic temperatures on machining, in
light of the earlier findings on the effect of temperature on the viscoelastic properties
of the material. Finally, a study is carried out on the occurrence of material relaxation
after unloading in machining, both as a result of workpiece clamping forces, and as a
result of machining forces.

During machining operations the cutting forces and tool temperature were recorded,
along with high speed video of the cutting zone. Chips were collected from each cutting
operation. In addition, the surface roughness of the machined surface was measured,



with select surfaces being analysed using a Scanning Electron Microscope (SEM). The
quantitative data was then analysed using statistical analysis software to evaluate
which of the workpiece, tooling, and machining parameters were causing variation in
the responses.

It was found that the addition of antioxidant or crosslinking of the material did not
fundamentally change the machinability of the material. The major factor determining
the quality of the machined surface was the ratio of the cutting edge radius to the
depth of cut, along with the rake angle of the tool. Machining with positive rake angles
and depths of cut greater than the cutting edge radius led to smooth machined surfaces
with low surface roughness.

In the study of workpiece cooling to cryogenic temperatures, higher cutting forces and
temperature generation were observed, but with an improvement in surface roughness.
The choice of tooling and machining parameters remained important in order to achieve
a good surface finish. It was identified that certain chip formation mechanisms caused
pitting or ridges on the machined surface perpendicular to the direction of the cut.

It was observed that stress relaxation will occur after removal of a static force, with
a timescale of 200 to 2000 minutes required before reaching a steady state. Machining
with positive rake angles, sharp tools and a range of depths of cut did not cause a
detectable level of stress relaxation.

From the work carried out it can be concluded that in order to achieve low surface
roughness and a smooth finish in UHMWPE, it is necessary to machine using a tool
with a positive rake angle, and with a cutting edge radius greater than the depth of cut.
In cases where an even finer finish is desired, consideration should be given to cryogenic
cooling of the workpiece, potentially using an in-process cooling system. Finally, care
should be taken when clamping UHMWPE to avoid undue force, which could cause
stress relaxation after unloading.
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Chapter 1
Introduction

1.1 Polymers as engineering materials

Polymers have found widespread applications as engineering materials, with total EU
demand for polymers reaching 46.3 million tonnes in 2013 [1]. Figure 1.1 shows EU
demand for polymers by sector. It can be seen that the biggest consumer of polymer
products is the packaging sector, accounting for nearly 40% of demand, ahead of
building and construction, which is the source of 20.3% of demand. The large size of
the “other applications” sector speaks to the versatility of polymers, and the wide range
of applications across which they are used.

39.6%

20.3%
8.5%

5.6%

4.3%

21.7% Packaging
Building and construction
Automotive
Electrical and electronics
Agriculture
Other applications

Figure 1.1: Plastics demand in the EU, by sector. Data from 2013. The “other applica-
tions” group includes sectors such as consumer and household appliances, furniture,
sport, and health and safety. Adapted from [1].

This demand for polymers is met and exceeded by the EU plastics production
industry, which produced 57 million tonnes of polymer products in 2013. The surplus
above the level of demand resulted in a positive trade balance of e18 billion [1]. Europe
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Introduction

is the second largest producer of polymers, behind China, with world production in
2013 of 299 million tonnes. Demand for polymers is likely to continue to grow, with
emerging nations such as China, India and Vietnam expected to see their demand for
polymers grow at a rate three times that of Europe and North America [2].

Eurostat [3] figures for the EU rubber and plastics products manufacturing sector
in 2013 show that the sector is a major employer and economic force within the EU,
with over 66 thousand enterprises employing over 16 million people. The industry has
a gross turnover of e327 billion, with total value added of approximately e80 million.
The plastics industry is also a major factor in innovation, contributing over 4% of
patents submitted in the EU from 2003 to 2012 [4].

29.6%

18.9%
10.4%

7.4%

7.1%

6.9%

19.7% PE
PP
PVC
PUR
PS
PET
Others

Figure 1.2: Plastics demand in the EU, by polymer type. Data from 2013. Adapted
from [1].

Figure 1.2 shows EU demand for polymers broken down by polymer type. The
choice of which polymer to use when designing a component depends upon the prop-
erties required, the manufacturing operations to be used, and the final application
of the polymer. In many applications polymers provide improved performance and
reliability when compared to alternative materials, often combined with lighter weight
and increased corrosion resistance.

It can be seen in figure Figure 1.2 that polyethylene accounts for nearly 30% of
the demand for plastics within the EU. The versatility of polyethylene sees it in use
for applications from plastic bags to conveyor belt guides and chopping boards. One
sector where polyethylene has found a niche application is in orthopaedic implants,
where a variety of polyethylene is used for bearing surfaces [5]. This variety is known as
Ultra High Molecular Weight Polyethylene (UHMWPE), and it is used in orthopaedic
implants due to having high resistance to mechanical wear, without causing wear of
the opposing material [6, 7]. This wear resistance is a result of the high molecular
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1.1. Polymers as engineering materials

weight of the material, which increases fracture toughness [8], which can be increased
further through additives and radiation crosslinking of the material [9]. UHMWPE
finds use in a wide variety of orthopaedic implants, including those used for hip, knee
and shoulder replacements, with approximately one million UHMWPE components
implanted worldwide per year [10].

For these applications it is necessary to create implants which functionally mimic
the original joint, often requiring complex freeform geometry on the finished part, to
replicate the joint being replaced. As the material is to be a wear surface, it is also
necessary to have a smooth surface finish. While many methods have been developed
to manufacture components from polymers using moulding and forming processes,
many of these do not deliver the required surface finish or dimensional accuracy, or are
incapable of achieving complex freeform geometries, which necessitate further finishing
operations. Alternatively, it may be desirable to manufacture small production runs
of parts, either for customisation purposes, lean manufacturing, or prototyping of a
design. Traditional polymer processing methods such as injection moulding, vacuum
forming, or extrusion are unsuitable for small production runs due to the high cost of
tooling, with machining providing a more economical approach.

The use of material removal operations such as turning, milling and drilling as
a finishing operation for polymers has not seen much research interest, with many
publications assuming that common metal cutting and woodworking tooling, and their
associated cutting parameters, are applicable to the machining of polymers. This often
leads to poor surface finish and a lack of dimensional accuracy, resulting in part rejection,
inefficiency and increased cost.
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Introduction

1.2 Research objectives

The goal of the present research is to characterise the machining of Ultra High Molecular
Weight Polyethylene (UHMWPE), a biomedical grade polymer commonly used in total
joint replacement applications. This will be achieved by:

• Implementing a process monitoring and data acquisition system to monitor
the cutting forces, cutting temperatures and chip formation mechanism during
machining of biomedical grade polymers for a variety of cutting, tooling and
workpiece parameters.

• Characterising the chemical, mechanical and thermal properties of the materials
under study within the operating parameters typically found while machining.

• Making use of appropriate statistical analysis techniques to analyse the data
collected.

This approach will be used to answer four research questions, which are as follows:

1. What are the machining and tooling factors influencing machining forces, tool
temperature, chip formation mechanisms, and surface quality?

2. Do modifications of the material, such as the addition of an anti-oxidant chemical
or crosslinking of the polymer chains, cause any fundamental change in the
machinability of the material?

3. What effect does the use of cryogenic cooling of the workpiece prior to machining
have on the machinability of the material and surface quality of the machined
surface?

4. What implications does viscoelastic stress relaxation have for machining of
UHMWPE?

4



1.3. Thesis overview

1.3 Thesis overview

This thesis is divided into eight chapters, including this introductory chapter.

• Chapter 2 provides an introduction to polymer materials, their use in biomedical
applications, and the state of the art in the machining of polymers. The statistical
analysis techniques and process monitoring systems to be used in later chapters
are also discussed.

• Chapter 3 describes the experimental methodology applied within this work,
including the types of analysis carried out, the process monitoring system used,
and the design of experiments for the following chapters.

• Chapter 4 details the testing of material properties carried out on the types of
UHMWPE used for machining tests in subsequent chapters. The results of this
testing informs the later analysis of experimental data.

• Chapter 5 is a study on the orthogonal cutting of three blends of UHMWPE,
when varying machining and tooling parameters. This provides a baseline on the
room temperature machining of UHMWPE.

• Chapter 6 expands upon the results shown in the preceding chapter by extending
the analysis to include cryogenically pre-cooled workpieces, highlighting the
influence of material temperature on the machinability of UHMWPE.

• Chapter 7 presents results on the viscoelastic stress relaxation of UHMWPE,
both under controlled loading conditions and after machining operations.

• Chapter 8 presents the main conclusions of the work carried out, outlining the
contributions to knowledge contained within this thesis, and provides some future
directions for work in the field.

The major types of analysis used within chapters 4 to 7 are shown in figure 1.3.
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Machining of polymers

Material characterisation
Chapter 4

Material Analysis

Machining investigations

Chapter 5
Fundamental investigation 
into orthogonal cutting of 

UHMWPE

Chapter 6
Cryogenic cooling of 

UHMWPE for machining 
operations

Characterisation of 
viscoelastic stress 
relaxation under 

compression loading

Chapter 7
Viscoelastic relaxation of 

UHMWPE following 
machining

Figure 1.3: Flowchart showing makeup of chapters.
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Chapter 2
Literature review

2.1 Introduction to polymer materials

Polymers are materials which consist of large molecules of repeating units1. Any material
with this structure is considered a polymer, which includes a wide variety of natural
and synthetic materials. Examples of naturally occurring polymers include wool, silk,
amber, rubber, and DNA. These materials have been in common use for centuries, but
it was not until the 19th century that attempts to create a synthetic polymer were
successful, with the synthesis of Parkesine2 [11]. Since then there has been an explosion
in polymer technology, with a wide variety of synthetic polymers being manufactured
and used for a vast array of applications. For engineering applications polymers can
broadly be grouped into two varieties: [12]

1. Thermoplastic materials.

2. Thermosetting materials.

Thermoplastic materials will soften and flow when heated, while thermosetting
materials typically undergo a crosslinking process which binds the polymer chains
together, preventing flow at high temperature [12]. As a result these materials do not
soften or flow when heated. This crosslinking process may be caused by the heating of
the material, by the addition of a catalyst (as in two part epoxies), or by irradiation or
chemical treatment of a polymer which is normally a thermoplastic [13]. Heating of
thermosetting materials after the crosslinking process has occurred will not soften the
material and cause it to flow. Excessive heating will lead to breakdown of the polymer
rather than any softening or melting.

1These units are named “mers”, from the Greek word meros, meaning part. Chains of multiple mers
are thus referred to as poly-mers.

2Named after its inventor, Alexander Parkes. While not widely adopted, it lead to the development
of Celluloid, a key element in photography and motion pictures.
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Literature review

2.1.1 Applications of polymers

Polymers have found many application areas, often due to their unique properties
and ease of manufacture. Some applications are as lightweight or easy to manufacture
replacements for parts previously manufactured from wood or metal. Examples of this
include car interior trim, some parts of firearms, household piping, and applications as
simple as paperclips. In 1975 polymers contributed 6% of the mass of an automobile,
whereas in 2005 this had risen to 13% [14].

An injection moulded paperclip, for example, can be produced in large batches using
a single step from raw material to finished part, using a machine which can be used
for multiple other applications. In comparison, a traditional metal paperclip requires
multiple drawing and annealing operations to obtain wire of the correct size, followed
by three bending steps per clip, performed using a specialised machine with limited
alternative applications.

Global demand for polymers is high, and continues to rise, from 196 million tonnes
in 2005, to 270 million tonnes in 2010, with projected demand of over 360 million
tonnes in 2015 [15]. Polymers can be found in many applications where other materials
would be unable to provide the required performance. An example of this is the use
of CFRP3 as light weight structural components in high performance automotive and
aerospace applications, and the use of polystyrene as an energy absorbing material in
bicycle helmets and packaging.

One area where polymers have had a large impact has been the biomedical sector [12].
Many polymers can be made to provide high levels of biocompatibility, which reduces
the chance of rejection by the immune system. Examples of this can be seen in the
cosmetic surgery industry, where prostheses such as breast implants must be made
to have a long lifespan inside the human body, while meeting criteria for aesthetics.
A growing aplication area for biomedical grade polymers is the creation of custom
orthopaedic implants for individuals, based upon their personal needs. An example of
this is orbital wall defect treatment, where a custom implant is created for the patient
using a CT scan of their skull [16]. Materials with a low coefficient of friction and high
wear resistance also find uses as structural components in total joint replacement [6],
as a replacement for a load bearing cartilage surface.

2.1.2 Polymer properties

Just as different metals have a variety of properties, different polymers can exhibit very
different behaviour to applied thermal or mechanical loads. Many of these properties

3Carbon Fibre Reinforced Polymer, a type of composite material
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2.1. Introduction to polymer materials

are a function of the exact molecular makeup of the material, the level of crystallinity
and crosslinking, the temperature of the material, the strain rate of applied loads,
and even on parameters such as the strain history of the material, or the geometry of
the polymer melt during polymerisation [17]. A comparison of the properties of some
typical polymers and other materials is shown in table 2.1. It can be seen that polymers
typically have far lower modulus of elasticity and ultimate stress, higher percentage
elongation to fracture, and lower thermal conductivity than metals.

Table 2.1: Comparison of the properties of polymers and other materials. Adapted
from [18].

Material Modulus of
elasticity

Poisson’s
ratio

Ultimate
stress

% elongation
to fracture

Thermal
conductivity

GPa MPa W/mK
Polyethylene 0.7 - 1.4 0.4 7 - 28 15 - 300 0.4
Nylon 2.1 - 3.4 0.4 40 - 80 20 - 100 0.3
Elastomers 0.0007 - 0.004 0.47 - 0.5 7 - 20 100 - 800 0.13 - 0.16
Aluminium 70 - 79 0.33 100 - 550 1 - 45 177 - 237
Steel, high
strength

190 - 210 0.27 - 0.3 550 - 1200 5 - 25 33 - 60

2.1.2.1 Viscoelastic behaviour

One of the key properties of polymers, which must be understood in order to allow any
analysis, is the viscoelastic nature of the response of the material to applied loads [19].
This viscoelasticity is best described as a response which has both elastic/instantaneous
and viscous/transient elements, with the elastic component proportional to the strain
and the viscous component proportional to the strain rate.

The exact nature of the response depends on many factors, including [17,19–27]:

1. The magnitude of the applied load

2. The temperature of the material

3. The strain rate or frequency of oscillation of the applied load

4. The strain history of the material

5. The crystallinity of the material

6. The level of crosslinking in the material

7. Any orientation of the polymer chains in the material or other anisotropy

9
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8. Any aging or degradation of the material

One of the features of viscoelasticity is that the changes in the nature of the response
to applied load due to time and temperature are similar, and can often be compared,
using a principle known as time-temperature superposition [28]. It is possible to think
of the behaviour of the material at high temperatures as being equivalent to that at
room temperature over a longer time period or lower strain rate. It is worthy of note
that this equivalence does not hold across the entire temperature range, as polymers
have what is known as a glass transition temperature (Tg) [29]. The change in material
stiffness at the glass transition temperature is shown in figure 2.1.
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Figure 2.1: Typical stiffness curve for polymers, with machinability regions [30].

Below the glass transition temperature the material will react in a stiff, elastic
manner, behaving as a glassy solid. Above the glass transition temperature the material
will react in a rubbery, viscous manner, as the local mobility of the polymer chains
increases. This is illustrated in figure 2.2, which shows stress-strain response of PMMA
at a variety of temperatures and strain rates, and in figure 2.3, which shows HDPE
samples after tensile testing across a range of strain rates. Amorphous polymers have a
steep reduction in modulus at Tg, while semicrystalline polymers have a more gradual
change, as the melting point of the crystals will be above Tg. Thus the crystallinity
of the polymer will influence the nature of the change of the mechanical properties
at the glass transition temperature, in addition to directly changing the mechanical
properties [12, 31].
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2.1. Introduction to polymer materials

Figure 2.2: Effect of temperature and strain rate on stress-strain response of PMMA,
with nominal Tg of 120 ◦C. Crosses denote fracture [32].
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Figure 2.3: Effect of strain rate on tensile strain to failure in HDPE [33].

Any isotropy in the material can also have a large effect on the properties of a
polymer, with extreme cases of isotropy causing an order of magnitude difference in
the tensile yield stress of the material parallel and perpendicular to the direction of
the isotropy [19]. This is caused by the orientation of polymer chains allowing easier
movement in one direction. The effects of viscoelasticity are easily demonstrated through
a creep test conducted on a sample which has been heated to above the glass transition
temperature of the polymer. Under constant applied stress the material will continue to
strain over time. If the load is removed before failure the material will display recovery
toward the original, undeformed shape. Similarly, applying a constant strain to the
material will lead to stress relaxation, and gradual recovery after the removal of the load.
This behaviour also leads to large hysteresis effects in cyclic loading conditions [34, 35],
as shown in figure 2.4.

There are many models which attempt to accurately represent viscoelasticity. Many
of these models make use of combinations of spring and damper systems, as shown in
figure 2.5. By using these elements it is possible to conduct relatively simple analysis
using well established techniques for control system analysis. The simplest models used
are the Maxwell model, as shown in figure 2.5a, and the Kelvin or Voigt model, as shown
in figure 2.5b. Both of these models are simple combinations of a spring and viscous
damper in series and parallel respectively. While these models each show some promise
in their representation of viscoelasticity [36], neither captures both creep/relaxation
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Figure 2.4: Hysteresis as a function of temperature and imposed strain in UHMWPE [34].
Colours indicate varying temperature, while shades within each colour show behaviour
after increasing number of cycles.

and recovery accurately. By combining the models in series, as shown in figure 2.5c, a
closer representation of these three features can be achieved [29, 37]. An alternative
approach is to combine the Maxwell and Voigt models in parallel, forming what is
known as the Standard Linear Solid model, as shown in figure 2.5d. This model displays
correct general behaviour, but is insufficient for numerical modelling.

By adding further spring-damper systems in parallel with the Standard Linear Solid
model it is possible to improve the accuracy of the model, forming what is known as
the Generalised Maxwell model. This approach of having a large number of elements
combined in series and parallel leads to the concept of representing the viscoelastic
response of a material to applied load as a series of exponential terms, known as a
Prony series [38,39], whereby the constants for a model are generated from experimental
data, with the accuracy of the model increasing with the number of terms used in the
series [20, 40].

x

(a) Maxwell model

x

(b) Kelvin or Voigt
model

x

(c) Maxwell and Kelvin
models in series

x

(d) The standard lin-
ear solid model

Figure 2.5: Models for viscoelastic behaviour
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2.1.2.2 Quantification of viscoelasticity

Experimental data for the viscoelastic behaviour of polymers is typically collected
through Dynamic Mechanical Analysis (DMA) [41,42], where a test sample is subjected
to cyclic loads over a range of frequencies and/or temperatures, to evaluate the nature
of the response. As the load is cyclic it is possible to break it down into an elastic
component which is in phase with the applied load, and a viscous component which is
90◦ out of phase with the applied load [43]. These components are referred to as the
storage modulus and loss modulus, respectively. Using this data it is possible to evaluate
which component dominates across the frequencies/temperatures used. This method
is most commonly used to evaluate the glass transition temperature of viscoelastic
materials, by monitoring for the change from elastic-dominated to viscous-dominated
behaviour.

Alternatively, Differential Scanning Calorimetry can be used to measure the glass
transition temperature from the variation in heat capacity at thermal transitions
during heating [44], though Greco and Maffezzoli [45] have shown that for polyethylene
this method is sensitive to the heating rate used, while Göschel and Ulrich [46] have
successfully used this technique to identify changes in mechanical properties due to
radiation-induced crosslinking.

Where concerns exist about variations in the chemical or molecular structure of a
material it is appropriate to use Fourier Transform Infrared Spectroscopy to compare
and analyse polymer samples [47]. This method measures the absorbance of a sample
to light across a range of wavelengths, which varies depending on the chemical makeup
and molecular structure of the material. Gulmine et al. [48] studied the effects of
scanning parameters and sample type on FTIR results in polyehylene, finding that it
was possible to distinguish between HDPE, LDPE and LLDPE from FTIR data. The
main absorptions of polyehylene and their chemical assignments are shown in table 2.2.

Table 2.2: Main absorptions of polyethylene in the IR region, and their assignment [48].

Wavenumber cm−1 Assignment Intensity
2919 CH2 asymmetric stretching Strong
2851 CH2 symmetric stretching Strong
1473 and 1463 Bending deformation Strong
1377 CH3 symmetric stretching Weak
1366 and 1351 Wagging deformation Medium
1306 Twisting deformation Weak
1176 Wagging deformation Very weak
731 - 720 Rocking deformation Medium
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2.1.3 Polyethylene

Polyethylene is one of the most widely used polymers, having been discovered acci-
dentally in 1931 due to an oxygen leak into a high pressure experiment involving
ethylene, leaving a waxy solid residue [49]. It is chemically one of the simplest polymers
available. Ethylene consists of two carbon and four hydrogen atoms, giving it a chemical
formula of C2H4, as shown in figure 2.6a. When polyethylene is formed the double bond
between the carbon atoms is opened out and used to create a long chain of repeating
units, as shown in figure 2.6b. The chemical formula for polyethylene is −(C2H4)n−,
where n is the degree of polymerisation, or the number of repeat units in an individual
polymer chain. This degree of polymerisation is an important factor in determining the
mechanical properties of the finished part [6].
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Figure 2.6: Chemical structure of a) ethylene and b) polyethylene.

Polyethylene powder is formed from ethylene gas, then compressed and baked in
proprietary conditions to form solid bars. The properties of polyethylene depend on the
density and molecular weight of the material, the crystallinity and level of crosslinking
in the material, and in some cases on any additives which may have been used in
the manufacture of the material. Typical additives included in the powder before
consolidation are calcium stearate [50], used to ease processing, and antioxidants such
as vitamin E [6, 51] and α-tocopherol [13, 52, 53], though many other additives are
available for a variety of purposes [54].

As mentioned earlier, the length of the polymer chains is an important factor in
the mechanical properties of the bulk material. The average length of these chains is
measured through the molecular weight of the material, in g/mol. Since it is known
that a single ethylene molecule has a molecular mass of 28.052 g/mol4, the average
chain length can easily be inferred. It is often also important to study the distribution
of molecular weight throughout the material to ensure homogeneity. The variation in
properties are shown in table 2.3 and figure 2.7.

44 hydrogen and 2 carbon atoms, with atomic weights of 1.008 and 12.01 g/mol respectively
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Factors involved in the characterisation of polyethylene include:

• Molecular weight

• Density

• Level of branching

• Level of crosslinking

For most industrial purposes polyethylene is separated into 2 grades: high density
(HDPE) and low density (LDPE) [12]. HDPE has greater stiffness and is more suitable
for structural applications such as blow-moulded bottles, fuel tanks, extruded pipes
and waste containers5, while LDPE is more suited for packaging applications, such as
plastic bags and shrink wrap.

For more specialist applications there is a need for a version of polyethylene with
material properties exceeding that of HDPE. This is achieved by increasing the molecular
weight of the material by a factor of 20 or more, thus forming a material known as
Ultra High Molecular Weight Polyethylene (UHMWPE). A comparison of the typical
properties of HDPE and UHMWPE is shown in table 2.3, while the effect of increasing
molecular weight on mechanical properties is illustrated in figure 2.7, and the effect
of strain rate on compressive stress-strain behaviour is shown in figure 2.8. However,
this increase in chain length prevents traditional melt processing of the material, as
upon heating the material will decompose before the viscosity drops sufficiently to
allow processing [54]. UHMWPE is generally processed in powder form due to this
limitation, though it is possible to create melt-processable UHMWPE through blending
with Ultra Low Molecular Weight Polyethylene (ULMWPE) [55].

UHMWPE displays improved mechanical properties compared to HDPE [57], and is
also more resistant to wear, which is important in biomedical applications [7,56,58–60].
This wear resistance can be further improved through the use of irradiation or chemical
treatment to crosslink the material [9, 13, 52, 61–63]. This process may also alter
the mechanical properties of the material [64, 65], and cause the formation of free
radicals [50,62], and thus oxidation [7,66] and associated degradation of mechanical
properties [67,68]. In extreme cases this degradation can cause failure of the part [69,70].
Annealing and remelting procedures can help to reduce the level of oxidation [31].
Advances in crosslinking processes are being developed with the aim of eliminating this
free radical formation, thus preventing oxidation of the material [71], while providing
improvements in wear rates over plain UHMWPE [5].

5More commonly known as “wheelie bins”
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Table 2.3: Typical properties of UHMWPE. Mechanical properties measured at 23
◦C [56].

Property Unit UHMWPE HDPE
Molecular weight 106 g/mol 2 - 6 0.05 - 0.25
Melting temperature ◦C 125 - 138 130 - 137
Poisson’s ratio 0.46 0.4
Specific gravity 0.932 - 0.945 0.952 - 0.965
Tensile modulus of elasticity GPa 0.8 - 1.6 0.4 - 4
Tensile yield strength MPa 21 - 28 26 - 33
Tensile ultimate elongation % 350 - 525 10 - 1200
Impact strength, Izod,
3.175mm thick specimen

J/m > 1070
(no break)

21 - 214

Degree of crystallinity % 39 - 75 60 - 80
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Figure 2.7: Effect of increasing molecular weight on mechanical properties of UHMWPE.
Data is from small punch tests performed at room temperature at a rate of 0.5 mm/min
[6], using punch with hemispherical head to penetrate 0.5 mm thick samples [72].

Viscoelasticity in polyethylene has been studied by Drozdov and Yuan [73,74], who
observed stress relaxation, creep, and nonlinear stress - strain behaviour in tensile tests
of LDPE. Similar research using compressive loads has been carried out by Lee and
Pienkowski, who have found that compressive creep under static loading is a significant
factor for UHMWPE [75]. It should be noted that creep under dynamic loading such
as that seen in total joint replacements is smaller in magnitude [76] than under static
loading, and that this creep reduces wear in service [77].

The viscoelastic behaviour of UHMWPE under compressive loading has been studied
by Brown et al. [78], who carried out DSC to characterise the thermal behaviour of the
material, along with DMA tests over a large range of strain rates and temperatures on
HDPE, UHMWPE, and crosslinked polyethylene. In this work it was observed that
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a large number of authors have attempted to evaluate a glass transition temperature
for polyethylene, with estimates ranging from −69 ◦C to 10 ◦C. The work concludes
that HDPE has a glass transition temperature of 3 ◦C, while Tg for UHMWPE and
crosslinked polyethylene was unable to be determined. This is in contrast to the
work of Beake, who with other authors [79] reported a Tg for LDPE of −126.8 ◦C,
and whose work has reported a Tg for UHMWPE of ∼ −122 ◦C [80], evaluated from
nanoindentation creep of samples. Kutz [6], in his book on the use of UHMWPE as a
biomaterial, reported a Tg of −120 ◦C, though the method by which this was evaluated
is unclear. Göschel and Ulrich [46] carried out DMA tests on UHMWPE with varying
levels of crosslinking, finding that the glass transition temperature of the material in
all cases was between −118◦ and −121 ◦C.

Figure 2.8: Stress - strain relations as a function of strain rates for UHMWPE [81].

It should be noted that in addition to the effects already discussed, the properties
of polyethylene change as the material ages [44, 82], and, in the case of biomedical
applications, post implantation [83, 84]. The effects of 6 years of aging at elevated
temperature and humidity are shown in table 2.4. Many specialised testing procedures
exist to evaluate changes in the properties of materials used in biomedical implants [72],
as degradation in the material properties can occur following implantation, due to
factors such as wear [83], changes in fatigue mechanisms at body temperature [85], and
oxidation due to cycling loading and wear [86, 87]. These changes could potentially
compromise the wear resistance of the material [88]. Hasenkamp et al. [89] have
conducted research on the integration of strain sensors into UHMWPE components
in total knee replacement orthopaedic implants in order to monitor the component
for material degradation, though there are significant regulatory obstacles to human
implantation of such a device.
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Table 2.4: Variation in properties of UHMWPE after 6 years of aging at 25 ± 3 ◦C and
80 ± 5% humidity for 6 years in air [44].

Property Unit Nonaged specimen Aged specimen
Young’s modulus MPa 1136 ± 30 790 ± 12

Yield stress MPa 20.4 ± 0.25 18.2 ± 0.33

Fracture stress MPa 25 ± 0.3 20.1 ± 0.4

Fracture strain 1157 ± 40 880 ± 30

Crystallinity % 55 67

Melting temperature ◦C 132.84 136.3

Lamellar thickness nm 23.5 32.6

In addition to biomedical applications, UHMWPE is also used to manufacture
Dyneema®, a competitor to Kevlar® [90–92].

2.1.4 Manufacture of polymers

Polymers are typically formed from a base powder or gas [6], using elevated temperature
and/or pressure, and sometimes with the addition of a catalyst6. The growth of the
polymer chains is influenced by many factors, such that it can be considered quasi-
random, and may or may not occur in an ordered fashion. When the structure is
disordered the resulting bulk material is amorphous, whereas when areas of ordered
structure occur the bulk is considered semi-crystalline [11]. The amount of the material
which shows an ordered structure is referred to as the crystallinity of the polymer. This,
along with the mean molecular weight and the molecular weight distribution, are of
interest in the study of the physical properties of the polymer. It is worthy of note that
some polymers will never align in a crystalline manner, and will remain completely
amorphous, while the crystallinity of other polymers will depend on the molecular
weight.

2.1.5 Traditional polymer processing

One of the great advantages of polymers is their ease of processing compared to metals.
Often it is possible to manufacture a finished part directly from a base powder material
in one operation [6]. The typically large % elongation to fracture for polymers allows
the easy manufacture of thin walled products such as drinks bottles and refuse sacks,
while the flow properties of thermoplastics at high temperatures facilitates flow based
techniques such as injection moulding.

6Often in commercial products the exact consolidation process for a polymer is proprietary
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Extrusion is an example of a continuous process where raw material in powder form
is used to produce a finished part of constant cross section [12]. Extrusion of polymers
differs from extrusion of metals in that it typically uses a screw extruder to mix the raw
material into a form suitable for extrusion. Extrusion can also be used to coat another
product through a process known as “extrusion covering”. An example of everyday use
of this process is adding a layer of plastic to a metal wire in order to provide electrical
insulation.

Polymers can also be processed through moulding, forging and casting, in a similar
manner to metals. Moulding operations performed at elevated temperature are known
as thermoforming operations. Injection moulding of polymers is similar in concept to
die casting of metals, but is capable of producing a much larger range of parts due to
the flow properties of polymers. Often injection moulding operations are performed
using a reciprocating screw extruder machine [93], which allows direct production from
raw materials, and produces a more homogeneous polymer melt, thus increasing the
quality of the finished products.

A processing operation unique to polymers is blow moulding, where an extruder
is used to produce a hollow tube of material called the parison, which is then placed
inside a mould and inflated. The increased pressure causes the material to expand to
fill the mould. After cooling the mould is opened and the part ejected, followed by
another parison being produced, and the process repeated. This process is used to
produce plastic drinks bottles, which can be identified by the presence of weld marks
on the bottle, where the halves of the mould meet.
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2.2 Polymers for biomedical applications

As noted in section 2.1.1, polymers find many applications in the biomedical industry.
The focus of this work is on polymers for total joint replacement applications.

2.2.1 Applications in total joint replacement

Some examples of total joint replacement technology are shown in figure 2.9. Of note
is that all examples shown include key components manufactured by machining of
polymers.

Implant types shown:

• Total shoulder replacement

• Total knee replacement

• Total ankle replacement

• Total hip replacement

• Cervical disc replacement

Figure 2.9: Typical total joint replacement solutions. All images copyright DePuy.

In total joint replacements the use of polymer as a bearing surface in conjunction with
metal components is popular [9,12]. In the case of a hip replacement the acetabular cup is
manufactured from polymer, while in a knee replacement the condyle surfaces of the tibia
are replaced by a polymer insert [50]. In these applications high dimensional accuracy
is required, as in vivo the joint replacement will be subject to boundary lubrication [6],
which typically requires the mating surfaces to have a gap of < 0.5µm [94], which
would require high levels of conformity between bearing surfaces.

Polymers also find use in other areas, such as replacement patellas, and in ankle,
shoulder and spinal disc replacement surgery. In these applications the component
is subject not only to the standard biomedical rigours of operating in the hostile
environment of the human body, but also to mechanical loads, and the inherent issues
of creep, fatigue and wear. Of importance in these applications is the surface finish
of the bearing surface, as a smooth finish will minimize the wear rate observed [95].
In manufacturing drawings and academic studies the average surface roughness value,
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Ra, is typically used [96], though the presence of any high points on the surface is also
relevant, as these will detach easily under load and become large wear particles [97,98].
Other surface roughness parameters such as the peak-to-peak height, Rz, should also
be considered as part of any analysis of surface quality.
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2.3 Machining of polymers

The machining of polymers has been a topic of interest for as long as polymers have been
used as an engineering material. While traditional polymer processing is sufficient for
many applications, there remain areas where machining is necessary, possibly due to low
production quantities, complex geometry, or surface finish or dimensional requirements.
Despite the fundamental differences between polymers and metals [99], it was not until
the 1960s that scientific investigations into the chip formation mechanisms which occur
in polymer machining began, with the works of Kobayashi, Rao et al. and Kazanskii.
Kobayashi [100,101] wrote what is considered to be the most comprehensive work on
machining of polymers, establishing the factors affecting the machining of polymers,
as shown in table 2.5, and identifying six chip formation mechanisms encountered
during machining operations, as shown in table 2.6. His work also identified the
significance of workpiece deformation during machining, and proposed the concept of
a critical rake angle, in addition to providing guidelines and advice on a variety of
machining operations for ten thermoplastics, including polyethylene, and two thermosets.
Kobayashi also noted in his work on the machining of PVC that cutting forces increase
when the edge radius of the cutting tool increases, and that when the edge radius
approaches the depth of cut that the tool tends to deform the material rather than cut
it. The work of Rao et al. [102] occurred contemporaneously with that of Kobayashi,
and concentrated on different materials, showing the sensitivity of chip formation
mechanisms to tool geometry and feed rates when cutting Delrin®. Kazanskii [103]
identified five chip formation mechanisms as opposed to Kobayashi’s six, merging two
related but distinct mechanisms from the nomenclature of Kobayashi, but with the
other mechanisms corresponding well. He also identified the need for specialised machine
tools for polymers, and the need for research into the machinability of polymers.

Work since has acknowledged that polymers are difficult to machine well [104], with
Shih et al. [18] investigating the effect of fixture design and milling tool geometry on
the machining of elastomers, finding that the design of the flutes of milling cutters can
cause the workpiece to be pulled out or pushed in to the workpiece fixturing, and that
cooling of the workpiece can improve stiffness and thus machinability. Rubenstein and
Storie [105] noted the effect of workpiece deformation ahead of the cutting edge on
analysis using the Merchant shear plane theory, while also observing the transition from
brittle to ductile cutting when machining perspex. As noted by Carr and Feger [106] in
their work on single point diamond milling, by Quadrini [41] in his work on drilling,
and by Song et al. [96] in their work on milling, achieving a smooth surface finish can
require care, along with understanding of the viscoelastic nature of the polymer. In
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Table 2.5: Factors affecting cutting action in plastics. Adapted from Kobayashi [101].

Factor Has major effect on
Tool design

Rake angle Chip formation
Relief angle Tool wear
Point radius Roughness of cut surface
Tool material Tool wear

Machining conditions
Depth of cut

Chip formation and roughness of cut surfaceCutting speed
Feeding speed
Ambient work temperature Heat generated and gumming and burningCooling system

biomedical applications a smooth surface finish with few high points is often key to
minimizing the wear rate in vivo, thus prolonging the useful life of the part.

Care must also be taken to ensure that the machining operation is not fundamen-
tally altering the crystallinity of the polymer, as has been shown to occur in sample
preparation by microtome in the work of Costa et al. [107]. Fundamental work into
the fracture mechanics behind polymer machining has been conducted by Wyeth, both
working independently [108] and in conjunction with Atkins [109], with a mixed-mode
fracture model appearing to explain the transition from shearing to cracking/spalling
ahead of the tool tip with increasing depth of cut in PMMA, with similar results
observed in polyurethane foam by Malak and Anderson [110].

Handbooks for machinists typically only feature machining parameters for specific
common polymer types [111], while handbooks produced by plastics manufacturers
tend to give broad ranges for cutting parameters and tool geometry, and general advice
on troubleshooting of common machining issues [112]. Publications specific to plastics
often provide more detailed information, but only for the most commonly used polymers,
with no guidance for when tools should be resharpened or how to achieve high levels of
surface quality [54].

2.3.1 Viscoelastic behaviour

As noted in section 2.1.2.1, the viscoelastic nature of polymers complicates analysis of
the reaction of the material to applied loads. This is particularly true when it comes
to machining [113]. While computer models exist for UHMWPE implants in service
conditions [114], and for crack propagation under simplified conditions [109,115], there
is no such model for machining. Any FEA models for machining of polymers tend to
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use simplified material behaviour, such as assuming hyperelasticity [116].

It is known that viscous deformation of the workpiece is a factor in polymer
machining [117]. The high dependency of the material response on strain rate and
temperature [118] means that proper selection of cutting conditions is essential to
achieve good surface finish and dimensional accuracy [106].

Due to the relatively large workpiece deformation encountered [101], the edge
radius of the cutting tool is a factor which is of increased importance. This effect has
been investigated in metal cutting, and it has been found that when the edge radius
approaches the depth of cut the effective rake angle presented to the workpiece becomes
negative [119], and the material will tend to deform under the cutting edge [120]. The
factor of importance thus becomes the ratio of the edge radius, r, and the depth of cut,
DOC, as shown in equation 2.1.

r

DOCNominal
(2.1)

This leads to the concept of a minimum cutting thickness or minimum depth of
cut [121] for a given edge radius, below which the material will be plowed, or compressed,
rather than cut [122]. This is often referred to as the size effect, and is illustrated in
figure 2.12. A similar effect can be achieved with an extremely negative rake angle [123],
even with a low edge radius. Conversely, situations where the edge radius approaches
the depth of cut have been shown to cause a situation where the rake angle experienced
by the workpiece is less than the nominal rake angle of the tool. The limiting value
of r

DOC
is shown in equation 2.2 [124], with the equation for the effective rake angle

shown in equation 2.3 [125,126]. The effect of edge radius and nominal rake angle on
the effective rake angle in cutting is shown in figure 2.10, with a three dimensional plot
shown in figure 2.11.

ht = r(1 + sinαNominal) (2.2)

αEffective =





sin−1(DOC
r

− 1) for DOC ≥ ht

αNominal for DOC < ht
(2.3)

While it would be expected that tool wear in polymer machining would be low due
to the lower modulus of elasticity compared to metals, the low thermal conductivity
of the material causes tool heating, which leads to tool wear [106,130]. Tool wear can
also occur as a result of tribo-chemical and tribo-electrical mechanisms [131].
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Figure 2.10: Graph of effect of ratio of edge radius to depth of cut on effective rake
angle in cutting, for a range of common rake angles. Adapted from [127,128].
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rake angle on effective rake angle in cutting. Adapted from [127,128].
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Figure 2.12: Cutting arrangement for increasing tool edge radius r. Adapted from
[122,129].

2.3.1.1 Chip formation

The types of chip formed in polymer machining are shown in table 2.6 [101]. These chip
formation mechanisms are distinct from those which apply in metal machining, and thus
it is not valid to assume that machining parameters which are considered optimum for
metal cutting can also be assumed to be optimum for polymers. In particular the lack
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of a shear plane in certain chip formation types means that many of the metal cutting
theories are not applicable. It has been shown that the chip formation mechanism can
change due to a relatively small change in machining conditions [101,105,109], meaning
that the chip formation mechanism must be quantified and understood for any analysis
of machining to be undertaken.

Table 2.6: Types of chip formed in polymer machining. Dashed lines show shear planes,
while zigzag lines show crack formation. Adapted from Kobayashi [101]

Type of chip Cause Chip
formation

Continuous -
Flow*

Produced by high elastic deformation

C
hi

p

ToolWork-
piece

Continuous -
Shear

Shear plane generated upwards from the point of
the cutting tool, shearing occurs along this plane.
Continuous because of small shear intervals

Discontinuous
- Simple shear

Shear plane generated upwards from the point of
the cutting tool, shearing occurs along this plane.
Larger shear intervals, therefore discontinuous
chips

Discontinuous
- Complex

Chips are produced by complex stress resulting
from the action of a large compressive stress
operating in combination with a shear stress

Discontinuous
- Crack

Chip formed by a type of brittle fracture.
Cracking around the point of tool

Discontinuous
- Complex
(shear with
crack)

Crack occurs at a downward angle from the
cutting point as well as separation of material
along usual shear plane. When the crack grows, a
new shear plane forms from the tip of the crack to
the free surface and the plastic deformation zone
is enlarged
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2.3.1.2 Cryogenic machining

One method of avoiding the problems associated with viscoelastic behaviour is to ma-
chine with the workpiece kept at or below the glass transition temperature, maintaining
it in a glassy solid state with a mostly elastic response to applied loads. This typically
alters the chip formation mechanism to allow more favourable cutting and improved
surface finish [30,132], though cooling does not always provide an improvement [133].
Depending on the glass transition temperature of the polymer in question, this can
be achieved simply by machining in a water bath, while in others it is necessary to
use cryogenic machining7 [134], typically using liquid nitrogen. It is often necessary
to implement a control system for cooling to ensure that the material is kept in the
optimum temperature range for machining [135], and to compensate for the thermal
contraction of the workpiece [136]. The work of Crabtree et al. [137] and Dhokia et
al. [138] has demonstrated the ability of cryogenic machining to allow for the machining
of materials which are typically difficult to machine at room temperature, such as neo-
prene and other elastomers , though care is required to maintain workpiece temperature
to avoid poor cut surface quality [139,140]. Work by Brunette et al. [141] has shown
higher drilling forces when using cryogenic cooling with recycled plastics, along with
complex behaviour because of the alloy nature of the recycled polymer, resulting in a
dependence of the chip formation mechanism on the feed rate used, which may be a
disadvantage when attempting to obtain high surface quality.

2.3.2 Cutting forces

The cutting forces experienced in polymers are typically lower than metals [101], and
dependent on the chip formation mechanism [109] and tool material [142]. Shear angle
relationships for cutting force prediction have been developed [101, 102], but are highly
specific to a particular polymer [143].

For analysis purposes orthogonal cutting provides a simple approach. Typically
forces are divided into components as shown in figure 2.13. Fc is the cutting force,
parallel to the axis of the cut, and Ft is the thrust force, normal to the surface of the
workpiece. These can also be analysed as the resultant Fr and angle θ.

The magnitude of Ft is of interest, as large forces normal to the surface are likely
to deform the material, possibly leading to relaxation over time, which can cause
problems with dimensional accuracy. Thus it is desirable to minimise the thrust force.
The dependency of the magnitude of the cutting forces on the rake angle leads to the
concept of a critical rake angle [101,144], which is the rake angle for a particular cutting

7Machining at a temperature less than 120 K [104]
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• Ft: Thrust force

• Fr: Resultant of Fc and Ft

• θ: Angle between Fc and Ft

Figure 2.13: Force components in orthogonal machining.

conditions where Ft = θ = 0 and Fc = Fr, so there is no thrust force deforming the
material.

2.3.3 Heat generation

The sources of heat generation are shown in figure 2.14a. Zone A represents heat
generation from workpiece deformation [145], while zones B and C represent heat
generation from chip - tool and tool - workpiece contact respectively. The distribution of
this heat is shown in figure 2.14b. The exact nature of this heat distribution will depend
upon the contact areas between the chip, tool and workpiece and upon the chip formation
mechanism, but due to the low thermal conductivity of polymers [113] it is anticipated
that a large fraction will enter the tool, and that the proper application of coolant to the
cutting zone during machining will greatly reduce the cutting temperatures [146,147].
Bahadur et al. carried out research in the 1970s into the sliding friction of polymers,
finding that it was sensitive to normal load, contact pressure, sliding velocity and
temperature [148, 149]. Wang et al. have recently shown that wear mechanisms and
coefficients of friction may change when transitioning from dry sliding to seawater
lubrication [150]. A metal cutting model adapted for polymers by Gubbels shows
expected temperature rise during polymer machining to be in the order of tens of
degrees, with the original model being modified to take into account storage of energy
through deformation [151].

2.3.4 Surface quality

The factors which effect surface roughness are shown in figure 2.15. The creation of a
good surface finish (Ra < 0.1µm [95]) in polymer machining is reliant upon achieving
favourable cutting conditions and chip formation [106,117], which for some polymers
can only be achieved using cryogenic machining [132]. Past work has focussed on the
effect of machining parameters [152], tool geometry and material properties on the
surface roughness of the machined surface, and on prediction using techniques such as
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Figure 2.14: Heat sources and heat distribution in the cutting process. Adapted
from [141].

neural networks [153,154] and genetic algorithms [155]. The achievement of as uniform
a surface as possible is crucial in minimising wear in the case of unlubricated metal on
polymer sliding, as is typically found in total joint replacements [6]. This is due to the
harder metal tending to deform the softer polymer, with any surface asperities causing
large contact pressures [156]. In a study on wear in UHMWPE components in total
joint replacement application, Benson et al. [98] used kinematic simulators for machined
and direct compression moulded UHMWPE, finding that moulded inserts show less
wear than machined samples, most likely as a result of the machined sample having
far higher initial surface roughness (Ra = 0.0698µm for moulded, Ra = 2.4818µm for
machined), thus showing the importance of surface quality in total joint replacement
applications.

2.3.5 Tool selection

It has been shown thus far that the chip formation, cutting forces, heat generation
and surface roughness of finished parts are all directly or indirectly influenced by tool
geometry. Despite this, the effect of tool geometry in polymer machining has largely
been ignored since the work of Kobayashi and his development of the concept of a critical
rake angle. Many works since then have simply used commercially available metal
cutting or woodworking tooling [113,141, 158], with parameters such as tool sharpness
only being addressed in very broad terms [107,159]. This is despite the knowledge that
tool geometry has a large effect on the part quality in finishing operations in metal
cutting [160], with cutting force, thrust force and temperature being extremely sensitive
to tool edge radius [161].
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Figure 2.15: Fishbone diagram with the parameters that affect surface roughness [157].

2.3.6 Past work on the machining of polyethylene

As previously detailed, Kobayashi [101] provided machining data for a variety of
polymers, including polyethylene. He noted that polyethylene has good machinability,
but that the effects of generated heat and workpiece deformation must be considered
while machining it. His work concentrated on machining using sharp tools only, with
only continuous chips observed. These consisted of the continuous - flow* type at low
cutting speeds and continuous - shear type at high cutting speeds. In his analysis of
cutting forces, he found Fc to be proportional to depth of cut, and inversely proportional
to rake angle, while the relationship between Ft and depth of cut was dependent on
rake angle, with positive rakes having an inversely proportional relationship with depth
of cut, negative rakes having a proportional relationship with depth of cut, and a rake
angle of 0◦ causing there to be no variation in thrust force due to depth of cut. The
critical rake angle values proposed by Kobayashi for a variety of cutting speeds and
depths of cut are shown in table 2.7. The critical rake angle decreases with increasing
depth of cut and increasing cutting speed, but this relationship is nonlinear, and thus
must be established experimentally. Kobayashi emphasised the importance of machining
using tooling with the critical rake angle for the machining parameters chosen when
machining polyethylene, to avoid thrust forces which would cause the material to “spring
back”, and lead to dimensional inaccuracy.
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Table 2.7: Critical rake angle as a function of cutting speed and depth of cut for
polyethylene [101].

Depth of
cut (mm)

0.05 0.1 0.15

Cutting
speed

(m/min)

0.8 41◦ 30◦ 24◦
50 35◦ 25◦ 20◦
100 26◦ 16◦ 13◦
200 18◦ 9◦ 8◦
400 10◦ 4◦ 3◦

Yong-hwan [162] studied oblique cutting of HDPE, finding that continuous chips
were usually formed when using positive rake angles, with negative rake angles on
occasion producing discontinuous chips. His work also included analysis of chips and
machined surfaces, observing some material flow and smearing effects under unfavourable
machining conditions. Salles and Gonçalves [152] also carried out oblique cutting
experiments, but on UHMWPE, investigating the effect of feed rate and cutting speed
on surface roughness, along with inspecting chips and machined surfaces using an
optical camera. Increases in feed rate were found to cause increases in Ra, with cutting
speed not having any clear effect on surface roughness. However, as the depth of cut
is not varied or even specified this data can not be considered representative of all
machining conditions.

Song et al. [96] conducted a study on the effects of machining parameters on the
coefficient of friction and wear factor of milled UHMWPE under dry reciprocating
sliding, finding that depth of cut and cutting speed did not appear to influence the
coefficient of friction. In addition, the wear factor varied depending on the combination
of cutting speed and feed rate, with wear factor decreasing with increasing cutting speed
if feed rate was kept constant, but increasing with increasing cutting speed if the ratio
of cutting speed to depth of cut was kept constant. Surface roughness results showed
that varying the depth of cut led to the discovery of an optimum depth of cut, above
or below which both the surface roughness and wear factor increased. The authors
concluded that plastic deformation and ploughing were the main wear mechanisms for
machined UHMWPE surfaces.

Drilling of polyethylene has seen some interest, with Brunette et al. [141] conduct-
ing experiments on the drilling of recycled plastic consisting of approximately 80%
polyethylene, across a range of workpiece temperatures, and finding that tangential
and thrust forces increased with increasing feed rate, while spindle speed did not have
a clear effect on either force. Workpiece temperature showed unusual behaviour, which

33



Literature review

the authors attributed to an interaction between the differing thermal properties of
the constituent plastics, and the formation of a built up edge on the tool at certain
temperatures. Altan and Altan [163] used multiple regression analysis to investigate
burr formation in drilling of UHMWPE using HSS drill bits with and without coatings,
but their regression model had a P value of P = 0.0769, with the model showing feed
rate having P = 0.0465 and tool type having P = 0.0739. The 90% level of statistical
significance was used by the authors, rather than the more generally accepted 95%
level. Campos Rubio et al. [164] conducted similar drilling experiments in UHMWPE,
POM, and PTFE, using a full factorial design of experiments to analyse the effects of
feed rate, spindle speed, and drill point angle on circularity error, surface roughness
and thrust force in drilling. They found that UHMWPE showed higher circularity error
and surface roughness than the other materials studied, but similar levels of thrust
force, with a particularly poor surface finish being observed when drilling at low feed
rate and spindle speed.

Costa et al. [107] studied the effect of microtomy on the material properties of
UHMWPE, using microtome knives of two differing sharpnesses. It was found that low
cutting depths caused substantial permanent deformation of the sample in the form of
shrinkage in direction of cutting. The use of a blunt knife was found to cause post-cut
crystallisation of the sample upon ageing in ambient conditions. It was also observed
that the blunt knife left a smeared surface when compared to that produced by the
sharp knife. In non-traditional machining, Caiazzo et al. [165] used a CO2 laser beam
to cut sheets of polyethylene of varying thicknesses, finding that it cut well at relatively
low power levels and provided surface roughness values of Ra ≈ 1µm, but with large
variations in kerf width and low quality of cut edges.

As can be seen, the machining of polyethylene is an area which has received relatively
little research interest, with no information available on the effects of tool wear, or
the magnitude of the deformation of workpieces after machining using a rake angle
other than the critical rake angle. There is also little information available on cryogenic
machining of polyethylene, with the only work published being on the topic of recycled
polymers in the form of a mixture of a variety of different types of polymer [141], which
makes it difficult to use the data presented for a single polymer.
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2.4 Process monitoring in the machining of polymers

In order to analyse machining operations it is necessary to implement a process
monitoring system. Typical “close to process” measurable phenomena in machining
include: [166]

• Force

• Torque

• Strain

• Vibration

• Temperature

• Acoustic emission

In addition, as noted in sections 2.3.1.1 and 2.3.2, it is necessary to monitor the
chip formation mechanism in order to characterise the machining process. Post-process
monitoring would include the measurement of dimensional accuracy and surface rough-
ness. In the machining of polymers there has been relatively little attention paid to
in-process sensors other than force and temperature [167].

The measurement of cutting temperature in the machining of polymers is a challenge,
with large temperature gradients in the tool likely [168] due to the low thermal
conductivity of the material, and dynamic thermocouple techniques unsuitable due to
most polymers being electrical insulators. This leaves embedded thermocouples and
pyrometry as the most viable techniques for temperature measurement, with both
having significant issues. Even the smallest thermocouples display issues with thermal
inertia and distance from the cutting edge which make them suitable only for steady
state cutting operations [169], while pyrometry relies on accurate values of emissivity
being known [170], and a clear line of sight from the pyrometer to the area being
measured. One possible area of future development is in the use of embedded thin film
thermocouples [171], though these are only suitable for coated tools.

35



Literature review

2.5 Statistical analysis of experimental data

The need to use a statistical approach for analysis of large amounts of data has been
recognised since the early 20th century [172]. By use of appropriate statistical tests and
methods it is possible to both simplify analysis and improve the certainty of conclusions,
and to easily compare data sets. In this work a statistical approach to experimental
design was taken, with analysis of variance (ANOVA) used to assist with and support
the making of conclusions from the data available. Chi-square analysis and multiple
linear regression are also used where appropriate.

2.5.1 Design of experiments

Design of experiments is concerned with the organisation of the conduct of experiments
in order to minimise undetected variation [173]. The independent variables are referred
to as factors, with the values that the factors are set to known as levels. The dependent
variable(s) under study are known as responses. By looking at the average value of the
response at each level for every factor it is possible to construct a main effects plot,
which consists of a graph for each factor showing the variation in the response at each
level. An extension of this is an interaction plot, which displays the variation of the
response due to two factors by the use of multiple curves per graph.

One factor which must be taken into account when designing an experiment is
the balance between the number of experiments to be undertaken and the number
of factors to be used [174]. In the case of a full factorial experiment, every possible
combination of levels across all factors is used. In the case of there being 3 factors,
each with 2 levels, the total number of experiments will be 23 = 8. When the number
of factors and levels grows the total number of experiments required for a full factorial
experiment quickly becomes infeasible, which leads to the concept of a fractional
factorial experiment, where some combinations are omitted, typically by assuming that
certain high-order8 interactions are insignificant compared to the main effects. Care
must be taken with these experimental designs, however, as if this assumption proves
incorrect it is impossible to distinguish the effect of the interaction from one of the
main effects, a state known as aliasing [173].

2.5.2 Analysis of Variance

Analysis of variance is used to analyse the statistical significance of the data means
shown in main effects and interactions plots. This is achieved by creating a regression

8Involving the majority of the factors
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model of the response as a function of the factors, and separating the variation down to
that which is due to the factors and the chance variation which is unexplained by the
factors. In order to assess the statistical significance of a factor the variation due to that
factor is compared to the unexplained variation using an F test. If the variation due to
that factor is large enough to reject the null hypothesis9 then the factor is judged to
be significant [174].

2.5.3 Chi-square analysis

Chi-square analysis is used for analysis of categorical data, generally in the form of a
table of counts of occurrences of two factors. The null hypothesis for the test is that the
data are evenly distributed through the table, and thus the two factors are unrelated.
Expected values for the data being evenly distributed are calculated using the row and
column totals, as shown in the following equation:

Eij =
Row Total× Column total

Overall total
(2.4)

The overall contribution of each cell, with observed value Oij and expected value
Eij to the deviation from being evenly distributed is calculated as:

χ2
ij =

(Oij − Eij)
2

Eij

(2.5)

The contributions of each cell are summed up to give the χ2 (Chi-square) statistic
for the table.

χ2 =
∑ (Oij − Eij)

2

Eij

(2.6)

This total is then used to calculate if the deviation of the table from an even
distribution is statistically significant, using critical values from the χ2 distribution
for the required level of statistical significance. It should be noted, however, that this
analysis is typically only valid for expected counts of not less than five in each cell [173].

2.5.4 Multiple linear regression

Multiple linear regression is used to fit a linear equation to allow prediction or analysis
of a continuous variable, referred to as the response, as a function of other variables,
known as predictors. Predictors may be continuous or categorical, with categorical
predictors often included as letters to prevent them from being inadvertently used as

9In this case the null hypothesis is that the long run variation due to the factor is small enough to
be explained by the chance variation, typically with a certainty of α = 0.05
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continuous predictors in error. Special cases of categorical variables known as indicator
variables, which are binary variables which correspond to some difference in the data
set, can be used to assess the statistical significance of this difference. For example, a
single linear regression would yield an equation of the form:

y = m× x+ c (2.7)

With y being the response, x being a continuous predictor, m being the slope of
the line and c being the intercept. If one element of the data is suspected to have a
different intercept but the same slope, this could be incorporated into the model using
an indicator variable i:

y = m× x+ c+ d× i (2.8)

The regression model will fit a value to the coefficient d which will correspond
to the change in slope for the data points where the indicator variable i is equal to
1. For data where the indicator variable is 0 the intercept will be c, while for data
where the indicator variable is 1 the intercept will be c + d. As detailed earlier, an
ANOVA accompanying the regression model will include T and F tests of the statistical
significance of the value of d, with the null hypothesis being that it is zero, and that
there is no difference in intercepts. In the case where it is suspected that there is a
difference in slope the following model would be used:

y = m× x+ c+ d× i× x (2.9)

By multiplying the indicator variable by the predictor the coefficient d will now
capture changes in slope due to the data where the indicator variable is 1. For cases
where the indicator variable is 0 the slope will be m, while for cases where the indicator
variable is 1 the slope will be m + d, with the same tests of statistical significance
possible as noted above. Regression models often include multiple indicator variables,
interacting with both slope and intercept. In cases where a predictor has a finite
number of discrete values it is often desirable to represent this as a number of indicator
variables, as this allows any non-linear effects to be easily captured using multiple
linear regression.
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2.6 Summary

The importance of polymers as an engineering material is clear from growing global
demand for their production, with close to 30% of EU annual polymer demand being
for blends of polyethylene [1]. With the wide variety of uses found for polymer products,
traditional machining operations are becoming more common in the production of
polymer components, with a resulting need for knowledge on machining and tooling
parameters for commonly used engineering polymers. This would allow for selection
of appropriate tooling, speeds and feeds to achieve the desired surface quality and
dimensional accuracy, with consideration taken for the viscoelastic properties of the
material. In the case of polyethylene this is particularly evident, due to the scarcity of
publications on the topic.

Several works in the past have suggested that the machining of polymers is fun-
damentally similar to the machining of metals or wood, and can be modelled using
similar shear plane assumptions [101,102,143]. This is despite the differences in the
physical properties of the materials, and the chip formation mechanisms which occur.
There exists a gap within the literature for fundamental knowledge of the machinability
of common polymers. This would take the form of experimental work assessing the
effect of tooling, workpiece and material parameters on machining, in light of the
viscoelastic material properties of the workpiece. This would require implementation of
an in-process measurement chain, followed by the extraction of relevant features from
the data collected, and use of appropriate statistical analysis on the extracted features
to analyse the effect of the parameters varied.
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Chapter 3
Experimental setup

3.1 Experimental methodology

The experimental methodology used is shown in figure 3.1. This methodology is used
to analyse the machining of polymers, by quantifying the viscoelastic properties of the
material pre-process, observing and recording the machining behaviour of the material
in-process, and analysing the resulting machined surface post-process. Pre-process
analysis consists of chemical, mechanical and thermal tests on material samples, in the
form of Fourier Transform Infrared Spectroscopy, Dynamic Mechanical Analysis and
Differential Scanning Calorimetry respectively. The aim of these tests is to establish if
any variation exists within or between the polymers being tested. In-process analysis
takes the form of process monitoring of force, temperature and chip formation during
machining, while post-process analysis concentrates on evaluating the resulting chip
and machined surface. The machined surface is evaluated by measuring the surface
roughness, and by using a Scanning Electron Microscope to obtain high magnification
images of the surface.

Analysis of polymer machining

Pre-process
Chapter 4

FTIR

DMA

DSC

In-process
Chapters 5-7

Force

Temperature

Video of chip 
formation

Post-process
Chapters 5-7

Surface 
roughness

SEM

Chip analysis

Figure 3.1: Experimental methodology, showing 3 phases of quantification.
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3.2 Material analysis

Three types of Ultra High Molecular Weight Polyethylene (UHMWPE) were studied:

1. Plain GUR 1020 (UHMWPE)

2. GUR 1020 with antioxidant material added (AOX)

3. Crosslinked GUR 1020 (XLK) 1

These varieties were chosen due to their common use in the manufacture of or-
thopaedic implants. Plain UHMWPE has been a popular material for these appli-
cations [7], with antioxidants typically included to prevent material degradation in
vivo [175], while crosslinking is used to increase wear resistance [51]. Typical properties
for extruded GUR 1020 are given in table 3.1. Of interest is the effect of antioxidant and
crosslinking on the machinability of the material. While it is known that crosslinking
improves the wear characteristics of UHMWPE, it can also degrade the mechanical
properties [176], depending on the process used to crosslink the material. In contrast,
the addition of typical antioxidants to UHMWPE has been shown to have little to
no effect on static mechanical properties, but may act as a plasticiser [6], which may
alter the chip formation mechanism in machining. The AOX and XLK materials were
manufactured from the same source of consolidated UHMWPE powder as used for the
plain UHMWPE.

Table 3.1: Properties of extruded GUR 1020. Values are means ± standard deviation [6].

Property Units Value
Density kg/m3 935 ± 1

Tensile yield MPa 22.3 ± 0.5

UTS MPa 53.7 ± 4.4

Elongation to failure % 452 ± 19

In order to assess the effect of the antioxidant additive and crosslinking on the
properties of UHMWPE it was decided to use three analysis techniques, as detailed in
table 3.2.

FTIR was carried out using a Perkin Elmer Spectrum One NTS with Attenuated
Total Reflection (ATR) Sampling Accessory, with software correction. The instrument
was cleaned down and calibrated with no sample in the ATR holder before each reading.
The amplitudes of the plots produced were calibrated using wavenumber 1368, which
corresponds to a carbon-hydrogen bond [47]. DMA was carried out in a Pyris Diamond

1Crosslinked through a 50 kGy radiation dose, followed by melting and annealing
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Table 3.2: Types of material analysis used to characterise viscoelastic behaviour of
UHMWPE.

Acronym Name Property quantified
FTIR Fourier Transform Infrared

Spectroscopy
Chemical composition

DMA Dynamic Mechanical Analysis Viscoelastic mechanical
properties

DSC Differential Scanning Calorimetry Thermal properties

DMA using liquid nitrogen cooling, in tension, at a frequency of 1Hz. Differential
Scanning Calorimetry was carried out using a TA 2010 differential scanning calorimeter,
with further detail on the experimental setup and calibration provided in appendix A.
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3.3 Workpiece design

Orthogonal cutting tests were performed without the use of coolant2. The workpiece
dimensions before machining tests were carried out are shown in figure 3.2a. Each
workpiece contained five discs of width 2.2mm, with a gap of 2.2mm between each
disc. This allowed for orthogonal cutting operations to be carried out, using single
edge cutting tools of width greater than the discs. The cutting operations were carried
out using an Okuma LT15-M, using high speed steel tooling. The constant surface
speed feature of the machine was used to provide a constant cutting velocity. The
lathe was programmed to carry out machining operations at a range of combinations of
cutting speed and depth of cut, with the depth of cut being the feed of the tool into the
workpiece disc, in mm/revolution. The levels used for these parameters are detailed in
section 3.9. It was found that chip buildup on the tool caused the corruption of force
data. In order to avoid this a slot was milled in the discs perpendicular to the direction
of the cut, as shown in figure 3.2b. This slot prevented a single continuous chip from
forming by causing a new cut to begin at the point where the tool passed the slot in
the disc.

2.2
47

75
 (o

r 6
6)

2.2

18

(a) (b)

Figure 3.2: Workpiece design, showing a) Dimensions (mm) and b) Slot cut in discs.

2While in a production environment coolant would be used in order to allow more aggressive
machining parameters to be used, this work includes only short duration cuts of 10 seconds or less,
with a concentration on the overall trends observable for each response being measured. The use of
coolant would cause lower tool temperatures than those observed in air, and likely lower cutting force
due to the lubrication effect of the coolant.
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3.4. Force measurement

3.4 Force measurement

Force was measured using a Kistler type 9602 force sensor mounted in a custom
toolholder. Sample force data is shown in figure 3.3a, with the direction of the axes
shown in figure 3.3b. It can be seen from figure 3.3b that the Z force corresponds to the
cutting force, while the Y force corresponds to the thrust force. In order to compensate
for any errors or misalignment during the mounting of the force sensor, the resultant
of the X and Y forces was used as the thrust force.
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Figure 3.3: Sample force data, and relationship with cutting forces. Cutting parameters
were 0◦ rake angle, sharp tool, 155m/min cutting speed, 0.06mm/revolution depth
of cut, material XLK.

The area of interest for extraction is highlighted in figure 3.3a. A 500 point average
of the steady state cutting force, corresponding to 0.31 s, was extracted in this area
for each axis. An average of 500 points was used as in some conditions the duration of
the machining operation was < 1 s, and thus it was decided to average over the same
number of points, with 500 being found to allow the extraction of steady state cutting
forces for the shorter machining operations.
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3.5 Temperature measurement

Temperature was measured using a K type thermocouple embedded within the tool.
Sample temperature data is shown in figure 3.4a, while the positioning of the thermo-
couple is shown in figure 3.4b. It is evident from the sample temperature data that
significant thermal inertia is present in this system.
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Figure 3.4: Sample temperature data, and dimensions of thermocouple hole in tools.
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3.6 Surface roughness measurement

Surface roughness measurements were made using a Mitutoyo Surftest SJ400 portable
surface roughness tester. In chapter 5 these measurements were made perpendicular
to the direction of cutting using the built in drive unit and software to give a Ra

result. In chapter 6 the surface profile parallel to the direction of machining was also
measured. This was achieved by disabling the profilometer drive unit via software,
and by mounting the workpiece in a modified 4th axis from a small milling machine.
This 4th axis setup consisting of a Röhm ZG �74 three jaw chuck mounted on a
spindle, driven via a toothed belt using a 2:1 gear ratio by an Animatics SmartMotor
SM23165D servo motor. This setup is shown in figure 3.5. The workpiece was rotated at
a 1mm/s surface speed, controlled by sending commands to the motor using MATLAB.
The acquisition of the profilometer data was via proprietary Mitutoyo software. The
controller in the servo motor was tuned using Animatics tuning software to ensure
smooth motion of the entire motor - belt - spindle - chuck system.

After acquisition this workpiece profile data was processed in MATLAB by using a
0.05 Hz 10th order Butterworth highpass filter to remove chuck/workpiece runout. A
window of relevant data was selected from each profile for further analysis, to allow
the removal of unusual peaks or areas. After adjusting each data set to have a mean
of zero the RMS of the signal was calculated, and used as a response in Analysis of
Variance (ANOVA) in Minitab 16. In addition, chips were collected after each machining
operation, and in the case of continuous chips the cut chip thickness was measured five
times for each chip, using a micrometer.

Figure 3.5: Profilometer and spindle setup for measuring surface roughness on round
parts. Not shown: Laptop used for control and data acquisition.
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3.7 Chip formation analysis

Chip formation was analysed using a PixeLINK PL-A782, mounted to the side of
the toolholder, as shown in figure 3.6. A Fostec fiber optic light source was used to
ensure sufficient light was available for the low exposure time required. The complete
experimental setup is shown in figure 3.7.

Camera
Lens Tool

Force 
sensor

• Camera: PixeLINK PL-A782, capa-
ble of 180 fps

• Force sensor: Kistler type 9602

• Tool material: High Speed Steel

Figure 3.6: Toolholder with force sensor and camera mounted.

Figure 3.7: Experimental setup. Not shown: Light source, thermocouple.
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3.8 Surface integrity analysis

Visual inspections of tools and machined surfaces were made using a toolmakers
microscope. Where further magnification was required a Scanning Electron Microscope
was used. In order to image non-conductive materials such as polyethylene in a SEM it
is necessary to plate the samples with a conductive material. For this work gold plating
was used.
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3.9 Design of experiments

3.9.1 Design of experiments applied to orthogonal cutting investigations

The factors used in the design of experiments for chapter 5 are detailed in table 3.3.
The edge radii corresponding to each sharpness are shown in table 3.4, along with the
maximum values of the ratio between edge radius and depth of cut for each sharpness
level. The resulting values of the effective rake angle, as described in section 2.3.1,
are shown in table 3.5. A full factorial experimental design was used. The rake angle,
cutting speed, and depth of cut levels were chosen to allow comparison to the work of
Kobayashi [101], while the levels for edge radius were chosen to give an appreciation of
the influence of the size effect during machining.

Table 3.3: Factors used in design of experiments for chapter 5.

Factor Number of levels Levels
Material 3 See section 3.2
Rake angle 4 −20◦, 0◦, 20◦, 40◦

Edge radius 3 Sharp, worn, highly worn - See table 3.4
Cutting speed 2 155, 300m/min

Depth of cut 2 0.06, 0.19mm/rev

Table 3.4: Sharpness levels.

Level Edge radius (µm) Maximum r
DOC

Sharp 10–15 0.25
Worn 40–60 1
Highly worn 80–120 2

Table 3.5: Effective rake angles for depths of cut and tool sharpness levels used. Values
calculated using equation 2.3.

Sharpness level Sharp Worn Highly worn
Depth of cut 0.06 0.19 0.06 0.19 0.06 0.19
Nominal rake angle
-20◦ -20◦ -20◦ -20◦ -20◦ -30◦ -20◦

0◦ 0◦ 0◦ 0◦ 0◦ -30◦ 0◦

20◦ 20◦ 20◦ 0◦ 20◦ -30◦ 20◦

40◦ 40◦ 40◦ 0◦ 40◦ -30◦ 35.7◦
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3.9.2 Design of experiments applied to cryogenic cutting investigations

The factors used in the design of experiments for chapter 6 are detailed in table 3.6. The
edge radii corresponding to each sharpness and corresponding values for effective rake
angle are as were described in section 3.9.1, for chapter 5. A full factorial experimental
design was used.

Table 3.6: Factors used in design of experiments for chapter 6.

Factor Number of
levels

Levels

Rake angle 4 −20◦, 0◦, 20◦, 40◦

Initial workpiece
temperature

2 Cold (100 - 150 K), Room (295 -
300 K)

Edge radius 3 Sharp, worn, highly worn - See
table 3.4

Cutting speed 2 155, 300m/min

Depth of cut 2 0.06, 0.19mm/rev

3.9.3 Design of experiments applied to workpiece relaxation investigations

For chapter 7 testing was conducted in two phases:

1. Static loading to simulate clamping forces

2. Machining operations using sharp tools

Each test was replicated three times, with the sample being measured using an
Insize® digital micrometer, with ±1µm accuracy. Five measurements were carried out
on each sample to reduce measurement error. Samples were measured at 10, 20, 50, 100,
200, 500, 1000, 2000 and 5000 minutes after unloading, as the response was expected
to be logarithmic in nature [75].

3.9.3.1 Static loading

For these tests UHMWPE samples of dimensions 20 × 10 × 8.8mm were compressed
under two loading schemes: constant stress and constant strain. Samples were loaded
to 2, 4 and 8MPa for the constant stress tests, as detailed in table 3.7, and 2.5%, 5%

and 10% strain for the constant strain tests, as detailed in table 3.8. The duration
of loading was 100 seconds for all tests, with unloaded samples measured and stored
with those which had been loaded to provide a baseline. These tests were carried out
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using samples which had been cooled with liquid nitrogen, as well as samples at room
temperature.

Table 3.7: Factors used in design of experiments for section 7.2.1.

Factor Number of
levels

Levels

Stress 4 0, 2, 4, 8MPa

Initial sample
temperature

2 Cold (100 - 150 K), Room (295 - 300
K)

Table 3.8: Factors used in design of experiments for section 7.2.2.

Factor Number of
levels

Levels

Strain 4 0, 2.5, 5, 10 %

Initial sample
temperature

2 Cold (100 - 150 K), Room (295 - 300
K)

3.9.3.2 Machining operations

Machining operations were carried out on workpieces as described in section 3.3, using
a cutting speed of 155m/min and a range of depths of cut from 0.05 to 0.25mm/rev,
using sharp tools with 20◦ and 40◦ rake angles, as detailed in table 3.9.

Table 3.9: Factors used in design of experiments for section 7.3.

Factor Number of levels Levels
Rake angle 2 20◦, 40◦

Depth of cut 5 0.05, 0.10, 0.15, 0.20, 0.25mm/rev

In order to have similar loading conditions for each machining operation it was
necessary to machine to different diameters, with an aim of maintaining constant
machining time, which corresponds to constant cutting length due to the constant
surface speed used. The final diameters used for each depth of cut are shown in table
3.10.

These values were calculated by assuming that the chip produced would be of uniform
thickness h (corresponding to the depth of cut), with a reduction in diameter from D1 to
D0, with the number of “layers” of thickness h being calculated using equation 3.1, and
the total length of the chip L being calculated using equation 3.2. From examination
of force data the resulting cutting times were approximately 3.5 ± 0.4 s.
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3.9. Design of experiments

Table 3.10: Nominal final diameters used to maintain constant machining times for
varying depth of cut.

Depth of cut Nominal final diameter
mm/rev mm
0.25 48
0.20 52.116
0.15 55.921
0.10 59.477
0.05 62.826

N =
D1 −D0

2h
(3.1)

L = πD0 + π(D0 + 2h) + π(D0 + 4h) + · · · + π(D0 + 2(N − 1)h)

= π(ND0 + 2h(1 + 2 + · · · + (N − 1)))

= π(ND0 + hN(N − 1)) (Gauss’s formula)

= πN(D0 + h(N − 1))

(3.2)
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3.10 Data processing

Data acquisition was carried out using a National Instruments CompactDAQ 9178
carrier, using NI LabVIEW SignalExpress software to record the data. A flowchart of the
DAQ system is shown in figure 3.8. Statistical analysis was carried out using Minitab 16.

Force sensor
Kistler 9602
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High speed 
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NI 9239:

• 4 channel, 24 bit voltage in-
put module

• Input range: ±5V

• Used to acquire voltage from
force sensor

• Sample rate used: 2 kHz per
channel

NI 9211:

• 4 channel thermocouple in-
put module

• Used to acquire tool tempera-
ture from embedded thermo-
couple

• Sample rate: 14Hz

Figure 3.8: Data acquisition flowchart.

The following responses were used for statistical analysis:

1. Cutting force, Fc

2. Thrust force, Ft

3. Peak temperature

4. Surface roughness, Ra

5. Cut chip thickness

6. RMS of profilometer output for surface profile parallel to direction of cut (Chapter
6 only)

In addition, visual data from the high speed camera and SEM were examined on a
qualitative basis.
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Chapter 4
Material analysis

This chapter establishes the viscoelastic nature of three varieties of UHMWPE through
specialised polymer testing techniques, with the aim of establishing the likely effects of
viscoelasticity on machining operations. The three varieties used are as follows:

1. Plain UHMWPE (UHMWPE)

2. UHMWPE with antioxidant material added (AOX)

3. UHMWPE which has been crosslinked (XLK)

UHMWPE and AOX were provided in bar form, with XLK coming in rod form.
Samples of each were taken from the core (indicated by the suffix -C) and surface
(indicated by the suffix -S) of the bar/rod form in which the material was supplied, as
shown in figure 4.1.

5

0.5 49

76

(a) Locations for UHMWPE and AOX
bars

5

0.5

Ø93

(b) Locations for XLK rod

Figure 4.1: Locations of samples machined from raw bar/rod stock for material analysis,
shown on cross section of bar/rod. Sample length was 20mm. (Not to scale.)
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4.1 Shore hardness testing

All varieties of UHMWPE used were found to have Shore Type D hardness values of 68-
70, with variation within this range caused by the method and speed of the application
of the hardness tester to the material. Samples of each material were measured five
times, with the results of these tests shown in table 4.1.

Table 4.1: Shore hardness values for each material, measured immediately after loading.

Material Measurement Average
UHMWPE 68, 68, 68, 69, 68 68.2
AOX 69, 69, 69, 70, 68 69
XLK 69, 68, 70, 68, 68 68.6

These results show that there is little variation in hardness between or within
materials, with all materials showing relatively high levels of hardness. The measured
values of 68 - 70 are higher than those typically found for LDPE (40 - 50), and are at
the upper bound of those typically found for HDPE (60 - 70) [12]. These results are also
higher than the 60 - 63 specified by the manufacturer [177], though those values are for
15 s after loading, and Shore D hardness values typically decrease with increasing time
under loading, due to viscoelastic stress relaxation.
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4.2 Fourier Transform Infrared Spectroscopy

FTIR results for UHMWPE, AOX and XLK are shown in figures 4.2, 4.3 and 4.4
respectively.
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Figure 4.2: FTIR results for UHMWPE.

The magnitude of the variations between materials are less than that seen in past
work on identifying the differences between other commercially available grades of
polyethylene [48], leading to the conclusion that those variations observed are due to
crosslinking and antioxidant additives. The peaks seen for all six samples correspond
to the strong intensities detailed in the literature review. Of note is that the peaks at
1473, 1463 and 731-720 are of much lower magnitude than that seen for LLDPE, LDPE
and HDPE in the work of Gulmine et al. [48]. These peaks correspond to bending and
rocking deformation modes, and may be lower in magnitude as a result of the higher
molecular weight of UHMWPE causing increased stiffness.
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Figure 4.3: FTIR results for AOX.

While there are variations between materials due to changes in crystallinity, crosslink-
ing and additives, there is no variation evident between samples from the same materials,
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other than for XLK, as shown in figure 4.4. The surface sample for XLK has peaks
which are consistently lower than those of the core sample, while the baseline levels
of absorbance remain approximately constant. This is likely a result of poor contact
between the sample and the Attenuated Total Reflection crystal used to analyse the
samples.
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Figure 4.4: FTIR results for XLK.

FTIR results show no major changes in chemical structure between materials beyond
that which would be expected as a result of crosslinking and the presence of antioxidant,
or within samples as a result of the location in the raw material from which the sample
was taken. The peaks observed matched those seen in past work, though the magnitudes
of some peaks were lower, possibly as a result of increased molecular weight causing
increased material stiffness.
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4.3 Dynamic Mechanical Analysis

4.3.1 Varying material

Results from the DMA tests to evaluate changes both between and within the materials
under investigation are shown in figures 4.5, 4.6 and 4.7. All samples show a melting
temperature of approximately 135 ◦C. These tests were not performed to a sufficiently
low temperature to assess the glass transition temperature, due to issues with samples
slipping when cooled below −100 ◦C.

It can be seen in figure 4.5 that storage modulus decreases as temperature increases,
indicating a softening of the material with increasing temperature, as would be expected
for a polymer with temperature dependent elastic properties. While there is variation
in the magnitude of the elastic component of the response, the shape of the curves is
similar, and thus the variation is likely a result of errors in the measurement of the
cross sectional area of the samples being used.
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Figure 4.5: Storage modulus for all samples.
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In figure 4.6 it can be seen that loss modulus has a peak at 55 ◦C. This peak is of a
lower magnitude for the XLK samples, indicating a reduction in the viscous component
of the viscoelastic response when the material is crosslinked. It can also be seen that
the AOX core sample appears to have higher values of loss modulus at temperatures
below approximately 5 ◦C. Above the peak at 55 ◦C the loss modulus decreases for all
samples, until it reaches the melting temperature at approximately 135 ◦C, where the
loss modulus levels out close to zero.

−100 −50 0 50 100 150 200 250 300
0

2

4

6

8

10

12

14

16

18
x 107

Temperature (°C)

Lo
ss

 m
od

ul
us

 (
Pa

)

UHMWPE−C
UHMWPE−S
AOX−C
AOX−S
XLK−C
XLK−S

Room 
temperature

Body 
temperature

Machining 
temperature

Figure 4.6: Loss modulus for all samples.

Tan Delta results are shown in figure 4.7. The higher loss modulus below 5 ◦C for
AOX-C also leads to a higher value of Tan Delta, implying more viscous behaviour
for this material at low temperatures. All other samples show very consistent Tan
Delta curves across all temperatures, indicating that the differences in storage and loss
modulus values are a result of errors in measurement of the sample cross section. Tan
Delta results show a sharp decrease from a peak at the melting temperature of 135 ◦C

for all samples, though the behaviour above the melting temperature shows variation
between but not within materials. The AOX samples show higher values of Tan Delta,
while XLK samples show very low values. This indicates more elastic behaviour for the
crosslinked material above the melting temperature, as would be expected due to the
crosslinking.
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Figure 4.7: Tan Delta for all samples.

When analysing the behaviour of samples from different locations in the raw material,
UHMWPE shows consistent behaviour in both samples, with the exception of a small
deviation in Tan Delta above the melt temperature which could be influenced by the
orientation of the sample, due to the high levels of crystallinity in UHMWPE. AOX
shows a large difference in storage and loss modulus below 5 ◦C, with a corresponding
effect on the value of Tan Delta. This may be a result of the antioxidant additive
concentration varying across samples, and having a freezing point below 5 ◦C, causing
variation in the viscoelastic response. This would be unlikely to cause variation at room
temperature and above, as seen from the consistency of response displayed by the Tan
Delta results for AOX.

It can be seen from all three graphs that while the material behaviour is largely
elastic at room and body temperatures. Viscoelastic effects are small below 0 ◦C, whereas
at machining temperatures viscoelasticity is a concern, with the peak of the Tan Delta
graph occurring at a temperature which will likely be exceeded when machining with
certain cutting conditions.
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4.3.2 Varying frequency of loading

The effect of varying the frequency of the cyclic loading on storage modulus in UHMWPE
is shown in figure 4.8, with examples of the effect of temperature and strain rate in
conventional tensile testing shown in appendix B. It can be seen that increased loading
frequencies have higher storage modulus values across the entire temperature range,
up to the melting temperature, thus indicating higher stiffness at higher strain rates.
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Figure 4.8: Storage modulus for varying strain rate.
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The loss modulus results, shown in figure 4.9, show that the loss modulus increases
significantly for lower frequencies, and that the peak value of loss modulus occurs at a
lower temperature for lower frequencies. Also of interest is that above approximately
100 ◦C the loss modulus shows little variation due to loading frequency, though the
trend seen would suggest that for loading frequencies above 10Hz there will be variation
in loss modulus above 100 ◦C.
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Figure 4.9: Loss modulus for varying strain rate.

Tan Delta results for varying loading frequency are shown in figure 4.10. Similar
trends hold as were observed for loss modulus, due to loading frequency causing increases
in the storage modulus and decreases in the loss modulus for increased frequency. The
melting temperature peak remains constant at approximately 135 ◦C, while lower
loading frequencies show increased peaks in Tan Delta. The temperature at which
Tan Delta begins to increase from the baseline level shifts to lower temperatures at
lower frequencies, from approximately 20◦, C for 10Hz loading to −10 ◦C for 0.5Hz

loading. This indicates that higher strain rates will cause more elastic behaviour at
all temperatures, and will also increase the temperature at which the onset of viscous
behaviour is observed.
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Figure 4.10: Tan Delta for varying strain rate.

DMA has shown that viscoelastic responses of the materials under study display
some variation between materials, but that behaviour is relatively consistent when
considering samples from the same material. Similar analysis across a range of loading
frequencies has shown that the viscous component of the viscoelastic response is highly
sensitive to changes in strain rate, while there is a small effect on the elastic component.
This is in line with typical viscoelastic material behaviour, as explained in general by
Menard [43] in his book on DMA, and as detailed for UHMWPE by Fouad [44]. The
melting temperature of each material was measured as approximately 135 ◦C, regardless
of material type, material location, or strain rate.

In terms of the machining of these materials, care will be required to avoid workpiece
heating above the melting temperature. Material cooling will cause the material
to respond in a more elastic manner, while also preventing heating to the melting
temperature. Strain rate results show that higher cutting speeds should lead to a more
elastic material response.
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4.4 Differential Scanning Calorimetry

The results from the DSC testing are shown in figure 4.11. There does not appear to be
any significant differences in heat capacity between or within materials. The melting
temperature result of approximately 135 ◦C from the DMA results is confirmed by
this data. Despite testing to −140 ◦C it was not possible to accurately identify a glass
transition temperature, though the small peak at approximately −125 ◦C could be
interpreted as a thermal transition, though it is not defined enough to be conclusive. It
can be seen that while the thermal properties of the material remain relatively constant
at room temperature and body temperature, it varies dramatically as typical machining
temperatures are encountered. This may affect heat distribution during machining as
the temperature in the material approaches the melting temperature. A full report on
the DSC results is included in appendix A.
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Figure 4.11: DSC results for all samples, from −150 to 250◦C.

The melting temperature result shown here confirms the result seen from DMA, and
agrees with the findings of Brown et al. [78], who measured a melting temperature of
133 ◦C, and Fouad [44], who measured a melting temperature of 132.84 ◦C for non-aged
and 136.3 ◦C for aged specimens of UHMWPE. The work of Greco and Maffezzoli [45]
showed that the measurement of the melting temperature of recycled HDPE from DSC
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results is sensitive to the DSC scanning rate, with melting temperatures of 130.15 ◦C to
136.35 ◦C measured using scanning rates from 10 to 50K/min. The lack of any change
in melting temperature for the crosslinked material indicates a relatively low level of
crosslinking in the material, as the work of Göschel and Ulrich [46] showed that the
level of crosslinking increases the melting temperature of the material.
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4.5 Discussion

This chapter established the viscoelastic behaviour of UHMWPE through specialised
polymer testing techniques. Shore hardness testing showed no major variations between
materials, while DMA, FTIR and DSC analyses show no variations in chemical or
thermal properties, and only minor variations in mechanical properties of the materials
at low temperatures. DMA analysis showed that strain rate can have major effects
on the viscoelastic response of the material to applied mechanical loads. It was not
possible to measure a glass transition temperature for any of the samples used, though
an upper bound of −140 ◦C was identified, thus meaning that all machining operations
at room temperature will be well within the viscous region of mechanical properties.
DMA and DSC analyses both showed a melting temperature of approximately 135 ◦C,
though this is likely to be sensitive to heating rate, with higher heating rates causing a
slight increase in melting temperature.

At the temperatures expected in typical non-cryogenic machining there appears to be
no variation in properties as a result of the original position of the material in an extruded
bar or rod. At temperatures below 0 ◦C the mechanical response characterised in the
DMA results shows that the material behaves in an elastic-dominated manner, with
the viscous component of the response being smaller. However, while the temperature
dependent viscoelastic properties of all three materials are reasonably constant at
room and body temperatures, they vary in typical machining temperature regions, and
thus the materials cannot be assumed to be equivalent for machining purposes. It can
be concluded that cooling of the workpiece would help in minimising the effects of
viscoelasticity during machining.
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Chapter 5
Fundamental investigation into orthogonal cutting of

UHMWPE

5.1 Background and methodology for characterisation of orthogonal cut-
ting of UHMWPE

The objective of this chapter is to gain knowledge of the machinability and surface
quality achievable in the orthogonal cutting of three varieties of UHMWPE at room
temperature, in light of the material behaviour and characteristics detailed in chapter 4.
This is achieved by gathering data using a monitoring and data acquisition system, as
detailed in chapter 3 and shown in figure 5.1. Machining forces and temperatures during
machining are monitored using this system, along with acquisition of high speed camera
images of the cutting zone. These data will be complimented with information gathered
post-process, in the form of analysis of chip thickness and form, and profilometer and
SEM inspection of the machined surface.
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Figure 5.1: Toolholder and data acquisition system.
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The factors which will be varied include material type, tooling parameters and
machining parameters. Rake angle and cutting edge radius will be varied on the tooling,
along with the machining parameters of cutting speed and depth of cut. Three varieties
of UHMWPE will be machined as part of these experiments. The varieties are:

1. Plain UHMWPE

2. UHMWPE which has had an antioxidant added to reduce material degradation
from oxidation in service (AOX)

3. UHMWPE which has been crosslinked to improve mechanical properties and
wear behaviour (XLK)

The effect of these factors will be analysed using a full factorial Design Of Experi-
ments (DOE), as detailed in table 5.1.

Table 5.1: Factors used in design of experiments for fundamental investigation into
orthogonal cutting of UHMWPE (Repeat of table 3.3).

Factor Number of levels Levels
Material 3 UHMWPE, AOX, XLK
Rake angle 4 −20◦, 0◦, 20◦, 40◦

Edge radius 3 Sharp, worn, highly worn - See table 3.4
Cutting speed 2 155, 300m/min

Depth of cut 2 0.06, 0.19mm/rev
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5.2. Machining forces

5.2 Machining forces

5.2.1 Cutting force

The main effects plot for cutting force is shown in figure 5.2. Cutting force increases
with depth of cut and tool wear, as expected, and decreases with rake angle, indicating
easier cutting at higher rake angles. Workpiece material has a small effect, with plain
UHMWPE showing higher forces than AOX or XLK. This may indicate that the
addition of antioxidant, or the crosslinking of the material, has an adverse effect on
the mechanical properties of the material. The variation for AOX workpieces may
indicate that the antioxidant additive is acting as a plasticiser. It is possible that the
relatively small effect of cutting speed is a result of the effects of increased strain rate
and softening of material due to frictional heating offsetting each other at the levels
used. Further testing at a wider range of cutting speeds would provide further insight
into the true effect of cutting speed.
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Figure 5.2: Main effects plot for cutting force. Numbers shown within each box are P
values from ANOVA, with P values for statistically significant main effects shown in
bold.

The two way interactions plot for cutting force is shown in figure 5.3. A full ANOVA
table for this analysis is shown in appendix D. 6 of the 10 two way interactions appear
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significant, with the material - depth of cut interaction being marginally significant
(P = 0.05). The interactions of rake angle with sharpness, depth of cut and material may
indicate a change in chip formation mechanism. These interactions may also indicate
the influence of the size effect on the transition from cutting to material deformation,
which occurs at low effective rake angle and/or large edge radius, as discussed in section
2.3.1.
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Figure 5.3: Interactions plot for cutting force.

In addition, the three way interactions of material - rake angle - sharpness and
rake angle - sharpness - depth of cut were significant, as was the four way interaction
of rake angle - sharpness - cutting speed - depth of cut. This complex dependency
of cutting force on the cutting parameters further indicates that transitions in chip
formation mechanism are occurring within the parameter levels studied. It is interesting
to note that cutting speed has the highest P value of the main effects. Cutting speed is
significant in only a single two way interaction and no three way interactions, but is
significant in the four way interaction. This indicates a relatively weak overall effect
from cutting speed compared to the other factors.

It was not possible to study the five way interaction response for cutting force or
thrust force, due to the lack of replication.
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5.2. Machining forces

5.2.2 Thrust force

The main effects plot for thrust force is shown in figure 5.4. The same overall trends hold
as for cutting force - with the exception of depth of cut - with thrust force decreasing
with increasing depth of cut. This is consistent with the analysis shown in section 2.3.1,
as for the large depth of cut the ratio of edge radius to depth of cut remained small for
all cutting operations.
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Figure 5.4: Main effects plot for thrust force.

The two way interactions plot for thrust force is shown in figure 5.5. A full ANOVA
table for this analysis is shown in appendix D. 7 of the 10 two way interactions appear
significant, with the material - cutting speed interaction being marginally significant
(P = 0.04), as the material - depth of cut interaction was for cutting force. Compared
to the two way interactions for cutting force, the interaction between sharpness and
depth of cut is highly significant, indicating the effect of the ratio of edge radius and
depth of cut, as defined in equation 2.1. This ratio remains small for large depths of
cut, but exceeds 1 for small depths of cut, leading to increased thrust force, and thus
the interaction between sharpness and depth of cut.
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Figure 5.5: Interactions plot for thrust force.

The three and four way interactions for thrust force show the same pattern as for
cutting force. The high R2 values for cutting force and thrust force (99.5% and 99.73%,
respectively) show that the model contains little unexplained variation, and thus can
be considered accurate for analysis purposes.
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5.3. Tool temperature

5.3 Tool temperature

The full statistical analysis of peak temperature is of limited utility, due to the thermal
inertia of the tool-thermocouple system. This thermal inertia causes a large dependence
of the tool temperature on the duration of the cut, which is a function of cutting speed
and depth of cut. Appendix C contains details of the full statistical analysis. However,
the response of peak temperature may still provide useful information for factors which
do not directly influence the duration of the cut. Figure 5.6 shows sample temperature
data for the range of sharpnesses, with other factors held constant. It can be seen that
the duration of the cut is constant between operations, with the size of the peak being
a result of transmission of larger amounts of heat to the tool from the cutting zone.
Simulations of tool temperature in orthogonal metal cutting such as those carried out
by Dogu et al. [146] have shown that the surface of the rake face of the tool will have
the highest temperature, with subsurface temperatures being lower. It is reasonable
to say, therefore, that in a machining operation the subsurface tool temperature in a
location such as that of the thermocouple in the current experimental setup can be
taken as a lower bound of the temperature at the cutting zone.
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Figure 5.6: Graph showing effect of tool sharpness on tool temperature during machining.
Machining operations carried out using UHWMPE workpiece, 0◦ rake angle, low cutting
speed, low depth of cut. Inset: Thermocouple location within cutting tool.
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The main effects plot for tool temperature is shown in figure 5.7. AOX and XLK
have lower average temperatures than UHMWPE, possibly indicating that crosslinking
and adding an antioxidant improve the heat capacity of the material, or have lower
coefficients of friction. Rake angle shows a strong effect on peak temperature, reducing
from 108 ◦C at −20◦ rake angle to 60 ◦C at 40◦ rake angle. This could be related to
the lower cutting and thrust forces at higher rake angles, indicating that there is a
correlation between temperature and cutting forces. The effect of sharpness shows
a counterintuitive effect, with worn tools having a higher peak temperature than
highly worn tools. This may be a result of machining with highly worn tools causing
deformation or smearing of the material rather than cutting, leading to a smaller contact
area, as shown in the literature review in section 2.3.1. The highest single temperature
measured was 186 ◦C (XLK, 0◦ rake angle, highly worn tool, 300m/min, 155mm/rev),
which far exceeds the melting temperature established in chapter 4. The thermal inertia
of the tool and distance from the cutting edge means that the peak temperature was
likely far higher, and that melting of the material is likely occurring.
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Figure 5.7: Main effects plot for temperature.
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5.3. Tool temperature

Due to the unusual relationship with sharpness, and the possibility that highly worn
results could be skewing the main effects, a main effects plot for peak tool temperature
excluding highly worn results, is shown in figure 5.8. It can be seen that the material
effect is far more uniform than before, indicating that this variation occurs only at the
highly worn level of sharpness. The rake angle data shows similar behaviour to before,
but with 0◦ and 20◦ rake angles having lower means. As before, the cutting speed and
depth of cut results are aliased with the duration of the cut, and thus cannot be relied
upon as main effects.
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Figure 5.8: Main effects plot for temperature, excluding highly worn tools.
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5.4 Surface roughness

The main effects plot for surface roughness is shown in figure 5.9. Due to the extremely
rough nature of the machined surfaces for some highly worn tools, as will be shown
in section 5.6.1, it was decided to restrict analysis to sharp and worn tools. It is
clear that the change in sharpness from sharp to worn has a large effect on surface
roughness. A higher depth of cut or smaller edge radius gives a better surface roughness.
This dependence may indicate that surface roughness is sensitive to the size effect,
as discussed in section 2.3.1. Material and cutting speed do not appear statistically
significant.
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Figure 5.9: Main effects plot for surface roughness.
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5.4. Surface roughness

The two way interactions plot for surface roughness is shown in figure 5.10. The
ANOVA table for the analysis is shown in appendix D. The P values from the ANOVA
indicate that rake angle-sharpness and sharpness-depth of cut are the only statistically
significant interactions. The interaction between sharpness and depth of cut is due to the
size effect, as the maximum r

DOC
for worn tools was 1, which would cause poor cutting

at low depths of cut with worn tools, thus giving poor surface finish. In addition, rake
angle appears to be exhibiting complex behaviour, with a strong interaction between
rake angle and sharpness. For both sharp and worn tools the surface roughness reading
at a rake angle of 20◦ is greater than that of 0◦ and 40◦. Similar increases at rake angles
between 5◦ and 10◦ have been reported in the past [106], as has complex behaviour
of surface roughness with varying machining parameters [96]. This could be an effect
associated with the critical rake angle. For the cutting conditions used in this case
the critical rake angle would be in the region of 5◦ to 20◦, as detailed in the literature
review, in section 2.3.6.
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Figure 5.10: Interactions plot for surface roughness.
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5.5 Chip formation

5.5.1 Chip examination

The effect of cutting speed and depth of cut on chip appearance is shown in figure 5.11.
It is clear that the radius of curvature is a function of the depth of cut, with a low
depth of cut delivering a smaller radius of curvature.

(a) Low cutting speed, low depth of cut (b) Low cutting speed, high depth of cut

(c) High cutting speed, low depth of cut (d) High cutting speed, high depth of cut

Figure 5.11: Sample of chips collected after machining operations.
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5.5. Chip formation

5.5.2 Chip thickness

The main effects plot for the difference between cut and uncut chip thicknesses is
shown in figure 5.12. Worn and highly worn tools did not produce a continuous chip
in all machining conditions, so the analysis was performed on data from experiments
performed with sharp tools. The low correlation between depth of cut and chip thickness
is expected, as the variation due to depth of cut has been removed. It is clear that the
−20◦ rake angle produces on average a chip which is significantly thicker than the uncut
chip thickness. This indicates that negative rake angle cutting is of the continuous -
shear type, as detailed in table 2.6. Cutting at neutral and positive rake angles produces
a difference close to zero, indicating that the cut is of the continuous - flow* type. The
ANOVA indicates that cutting speed is not statistically significant for chip thickness
(P = 0.172).
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Figure 5.12: Main effects plot for chip thickness.

The two way interactions plot for chip thickness is shown in figure 5.13. The
interactions involving cutting speed are all statistically insignificant (P > 0.131 in all
cases), while all other two way interactions are significant (P < 0.021 in all cases),
with the rake angle - depth of cut interaction having the most striking effect. It is
clear from the interactions that for all materials, cutting speeds, and depths of cut,
machining operations carried out using a tool with a negative rake angle produces much
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higher chip thickness than at neutral or positive rake angles. The plain UHMWPE
and crosslinked material (XLK) display similar behaviour, while the material with
added antioxidant (AOX) has a consistently lower chip thickness at all rake angles.
This indicates that the addition of antioxidant changes the chip formation mechanism
slightly. This is consistent with the surface roughness result, providing further evidence
to the plasticiser hypothesis.

40200-20 300155 0.190.06

0.08

0.04

0.00
0.08

0.04

0.00
0.08

0.04

0.00

Material

Rake angle

Cutting speed

Depth of cut

UHMWPE
AOX
XLK

Material

-20
0

20
40

angle
Rake

155
300

speed
Cutting

Interaction Plot for Corrected chip thickness
Data Means

Figure 5.13: Interactions plot for chip thickness.

One three way interaction is significant for chip thickness, the material - cutting
speed - depth of cut interaction. It is possible that this indicates that the plasticising
effect of the additive is sensitive to machining conditions. This is the only level at
which cutting speed appears significant for chip thickness, indicating an extremely weak
effect overall. It was not possible to study the four way interaction due to the lack of
replication.
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5.5. Chip formation

5.5.3 Video of chip formation

5.5.3.1 Varying tool sharpness

High speed video of chip formation for varying tool edge radius at low depths of cut is
shown in figure 5.14. An example of favourable cutting conditions is shown in figure
5.14a. There is a single cutting edge evident, with no contact on the clearance face
and little contact between the chip and the rake face. A smooth continuous chip is
being formed. The chip formation for a worn tool (shown in figure 5.14b) shows some
workpiece deformation around the cutting edge, and contact between the workpiece
and the clearance face of the tool, but there is still a continuous chip being formed.

This is in contrast to the highly worn situation (as shown in figure 5.14c) where
there is very large deformation of the workpiece occurring before the cutting point of
the tool, and contact between the workpiece and the clearance face of the tool. This
is an example of machining with a tool edge radius exceeding the depth of cut, as
detailed in section 2.3.1. The expansion of the workpiece after the tool has passed is
also evident.

(a) Sharp tool (b) Worn tool (c) Highly worn tool

Figure 5.14: High speed camera images showing effect of varying tool sharpness at low
depth of cut. (Workpiece moving left to right relative to the tool.)
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5.5.3.2 Varying tool rake angle

High speed video of chip formation for varying tool rake angle at low and high depths of
cut is shown in figure 5.15. All four rake angles studied show continuous chip formation
at both low and high depths of cut, with some workpiece deformation evident at the
negative rake angle. The negative rake angle shows that the chip is deflected at a large
angle from the rake face, while the positive rake angles show the chip clearing the
cutting zone at a smaller angle. The neutral rake angle, however, shows a variation in
chip clearance angle, with figure 5.15b showing a large clearance angle while figure 5.15f
shows a smaller clearance angle. This may indicate a small change in chip formation
mechanism as a function of depth of cut at the neutral rake angle, though the chip
thickness results did not indicate a change from continuous-flow* to continuous-shear,
and continuous chips were formed in both situations.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.15: High speed camera images showing effect of varying tool rake angle. Low
depth of cut shown in a - d, high depth of cut shown in e - h. (Workpiece moving left
to right relative to the tool.)
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5.5. Chip formation

5.5.4 Analysis of chip formation mechanisms

It is clear from the chip thickness main effects plot shown in figure 5.12 that the −20◦

rake angle produces a chip which is significantly thicker than the uncut chip thickness.
This indicates that negative rake angle cutting is of the continuous - shear type, as
detailed in table 2.6. Cutting at neutral and positive rake angles produces a difference
close to zero, indicating that the cut is of the continuous - flow* type.

The chip formation for a worn tool (shown in figure 5.14b) shows some workpiece
deformation around the cutting edge, and contact between the workpiece and the
clearance face of the tool, but there is still a continuous chip being formed, indicating
that the continuous - flow* chip formation mechanism is still occurring. The chip
formation for highly worn tools is shown in figure 5.14c. There is a discontinuous chip
of either the discontinuous - simple shear type, or the discontinuous - crack type, being
formed.

85



Fundamental investigation into orthogonal cutting of UHMWPE

5.6 Analysis of machined surface

5.6.1 Varying tool sharpness

The effect of varying tool sharpness on the surface finish is shown in figure 5.16. The
sharp tool (shown in figure 5.16a) delivers a smooth cut, with undulations on the
surface a result of the profile of the tool. The worn tool (shown in figure 5.16b) displays
some features associated with smearing rather than cutting, with the largest being
on the scale of 80µm. It is clear that there is a slight degradation in surface quality
when the tool is worn. This is supported by the surface roughness results. However,
transition to the highly worn state causes a marked decrease in the quality of the
machined surface. The surface shown in figure 5.16c displays an undulating machined
surface indicative of large amounts of smearing and surface deformation, unlikely to be
of use in any engineering application. It was not possible to measure Ra in a repeatable
manner on this surface due to the undulating surface. Though SEM imaging does not
provide any indication of the depth of the surface features shown, the gold coated
surface of this sample appears frosted to the naked eye, while samples where it was
possible to measure surface roughness showed Rz values of up to 20µm, indicating
an extremely rough surface. This deformation is potentially a result of the workpiece
being heated to above the melting temperature, as detailed in section 5.3, along with
high cutting forces. This combination of high temperature and high forces is likely to
lead to smearing of the surface rather than cutting.

100 μm

(a) Sharp. Ra = 0.68µm.

50 μm

(b) Worn. Ra = 0.804µm.

100 μm

(c) Highly worn. Ra unmeasur-
able.

Figure 5.16: SEM images showing effect of varying tool sharpness. Arrows show direction
of cut.
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5.6. Analysis of machined surface

5.6.2 Varying tool rake angle

SEM images of machined surfaces for each rake angle, using sharp tooling, are shown
in figure 5.17. For all four rake angles studied the SEM images for sharp tools show
a surface which appears free of major defects. It can be seen that the profile of the
neutral and positive rake angles reflects the profile of the cutting edge of the tool used
in machining. The variations in the edge are a result of the grinding process used to
manufacture these tools. The negative rake angle does not appear to have the same
sharpness of lines in the direction of cut, which is likely a feature of the continuous
- shear chip formation mechanism occurring for this cut, whereas for the other rake
angles the chip formation mechanism was continuous - flow*. The surface roughness
results for these surfaces do not show a clear trend, with all four having Ra < 1µm.
It appears likely that for smooth cuts where the continuous - flow* chip formation
mechanism is occurring that the Ra value measured perpendicular to the direction of
cut is a function of the profile of the tool rather than the machining parameters.

200 μm

(a) −20◦ rake angle. Ra = 0.718µm.

200 μm

(b) 0◦ rake angle. Ra = 0.546µm.

200 μm

(c) 20◦ rake angle. Ra = 0.68µm.

100 μm

(d) 40◦ rake angle. Ra = 0.962µm.

Figure 5.17: SEM images showing effect of varying tool rake angle. Arrows show
direction of cut.
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5.7 Discussion

In this chapter an investigation into the effect of tool sharpness, rake angle and
machining parameters on the machining of three varieties of UHMWPE was carried
out. A statistical analysis was then performed on the results. It was found that at low
depths of cut with worn tools the area of engagement between the tool and workpiece
will present a negative effective rake angle to the workpiece, as discussed in section 2.3.1.
Negative rake angles deliver higher forces, temperature, surface roughness and chip
thickness than neutral or positive rake angles. The chip thickness result for negative
rake angle tools indicates that chip formation is of the continuous - shear type, while the
continuous - flow* chip formation mechanism occurs at positive rake angles. This change
in chip formation mechanism may account for the increased forces, temperature and
surface roughness, since the material is undergoing different yield behaviour. Cutting
speed was found to be the least significant factor for all responses, out of the five factors
examined. This leads to the hypothesis that the stiffening effect of a higher strain rate
and the softening effect of higher frictional heating may offset eachother, within the
parameters used. Further investigation is warranted to ascertain the effect of cutting
speed. The models for cutting force, thrust force, surface roughness and chip thickness
displayed high R2 values, indicating that almost all of the variation in the responses is
explained by the factors used in the analysis.

The high thermal inertia displayed by the thermocouple-tool system does not
allow accurate measurement of cutting temperature outside of a steady-state cutting
condition, which is difficult to maintain. Despite these limitations, the temperature
results detailed in this chapter do provide a useful lower bound on cutting temperature,
and have demonstrated that in some extreme cutting situations the tool temperature
exceeds the melting temperature of UHMWPE.

With regard to surface roughness, there is a large two way interaction between tool
rake angle and edge radius. This can be important for tool life analyses, as a larger
rake angle will deliver acceptable surface roughness for longer. Conversely, using a
negative rake angle and/or allowing the tool to blunt excessively will lead to very poor
surface finish. This poor surface finish is a result of the effective rake angle of the part
being less than the nominal rake angle as edge radius increases. Inspection of machined
surfaces showed that highly worn tools produced very poor surface quality. The surface
quality achieved in favourable cutting conditions was comparable to that observed in
past work on HDPE [107,162], while worn tools showed some smearing. This is evident
from the surface roughness results.

Workpiece deformation around the cutting edge increases dramatically as edge
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5.7. Discussion

radius increases. This causes an increase in force on the tool, particularly the thrust
force. This increase in thrust force indicates that the tool is compressing the workpiece
as it cuts, which for a viscoelastic material such as polyethylene may lead to issues
with workpiece relaxation. This can cause problems with dimensional accuracy in a
manufacturing environment. Further work is required to completely characterise the
effect of compressive cutting forces on polymer relaxation.
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Chapter 6

Cryogenic cooling of UHMWPE for machining opera-

tions

6.1 Background and methodology for characterisation of cryogenic cooling
of UHMWPE for machining operations

This chapter investigates the effect of cooling the workpiece prior to machining using
liquid nitrogen (known as workpiece pre-cooling) on the machining of UHMWPE. It
was established in chapter 4 that lower temperatures will cause the material to appear
stiffer and less viscous, while chapter 5 has shown that it is possible to achieve good
machining at room temperature for certain tool and machining parameter combinations.
Therefore it should be possible to achieve improvements in machinability from those
seen at room temperature, through the pre-cooling of the workpiece. Plain UHMWPE
workpieces are to be cooled through submersion in liquid nitrogen before machining,
with the same experimental setup as used in chapter 5 used otherwise. The Design of
Experiments parameters to be used are shown in table 6.1.

Table 6.1: Factors used in design of experiments.

Factor Number of
levels

Levels

Rake angle 4 −20◦, 0◦, 20◦, 40◦

Initial workpiece
temperature

2 Cold (100 - 150 K), Room (295 -
300 K)

Edge radius 3 Sharp, worn, highly worn
Cutting speed 2 155, 300m/min

Depth of cut 2 0.06, 0.19mm/rev
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Cryogenic cooling of UHMWPE for machining operations

6.2 Machining forces

6.2.1 Cutting force

The main effects plot for cutting force is shown in figure 6.1. All main effects for other
than cutting speed appear to be statistically significant, with similar trends seen for
rake angle, sharpness, cutting speed and depth of cut as those observed in chapter
5. The lower level of workpiece temperature is shown to deliver higher cutting forces,
indicating that the material is stiffer when cooled.
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Figure 6.1: Main effects plot for cutting force for plain UHMWPE, including cryogeni-
cally cooled workpieces. Numbers shown within each box are P values from ANOVA,
with P values for statistically significant main effects shown in bold.

The interactions plot for cutting force is shown in figure 6.2. Of the two way
interactions, those between rake angle - sharpness, rake angle - temperature, rake angle -
depth of cut, sharpness - temperature and temperature - depth of cut appear statistically
significant. The rake angle - sharpness and rake angle - depth of cut interactions were
also observed for room temperature machining, in chapter 5, and are a result of the size
effect. The interactions involving temperature consistently show higher cutting force at
the lower workpiece temperature, again showing increased stiffness at low temperatures.

No two way or higher order interactions involving cutting speed appear significant,
which points to cutting speed having an overall weak effect on cutting force. This is
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Figure 6.2: Interactions plot for cutting force for plain UHMWPE, including cryogeni-
cally cooled workpieces.

consistent with the results shown in chapter 5. Amongst higher order interactions, only
rake angle - temperature - depth of cut appears significant (P = 0.017), showing that
the influence of the size effect upon cutting force is also dependent upon the workpiece
temperature.
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6.2.2 Thrust force

The main effects plot for thrust force is shown in figure 6.3. Rake angle, sharpness and
temperature appear statistically significant, whereas cutting speed and depth of cut do
not. This is in contrast to the results at room temperature only, where cutting speed
and depth of cut were statistically significant. The trends for rake angle and sharpness
show similar trends to those observed in chapter 5.
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Figure 6.3: Main effects plot for thrust force for plain UHMWPE, including cryogenically
cooled workpieces.

The interactions plot for thrust force is shown in figure 6.4. Of the two way
interactions, rake angle - sharpness, rake angle - temperature, rake angle - depth
of cut, sharpness - temperature, sharpness - cutting speed, sharpness - depth of cut
and temperature - depth of cut appear statistically significant. Of the higher order
interactions, rake angle - sharpness - temperature, rake angle - sharpness - cutting
speed, rake angle - sharpness - depth of cut, rake angle - temperature - depth of cut
and sharpness - temperature - cutting speed appear significant, while the four way
interaction of rake angle - sharpness - temperature - cutting speed is close to the
threshold for significance (P = 0.052).

All of the significant two way interactions which do not include workpiece tem-
perature were also significant in the same analysis in chapter 5. The interactions of
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Figure 6.4: Interactions plot for thrust force for plain UHMWPE, including cryogenically
cooled workpieces.

temperature with rake angle, sharpness and depth of cut can be seen in figure 6.4,
where it is evident that cryogenically pre-cooled workpieces have higher levels of thrust
force for negative rake angles and highly worn tools, while the temperature - depth
of cut interaction shows that at the higher depth of cut the lower value of workpiece
temperature will deliver slightly higher forces, in contrast to the room temperature
level where lower forces will occur. These offsetting trends are the likely cause of the
lack of significance of the cutting speed and depth of cut main effects, despite many of
the significant interactions including these terms.
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6.3 Tool temperature

The main effects plot for tool temperature is shown in figure 6.5. As before, due to
the thermal inertia of the tool-thermocouple system, there is a large dependence of
the tool temperature on the duration of the cut. The duration of the cut is a function
of cutting speed and depth of cut. Additionally, shorter duration cuts were taken for
cryogenically pre-cooled workpieces to minimise heating from machining. Therefore,
the full statistical analysis of peak temperature is of limited utility. Full details of the
statistical analysis can be found in appendix C. Despite this, the main effects plot can
provide useful information on factors which do not directly influence the duration of the
cut, in this case the tool rake angle and sharpness. It can be seen that tool temperature
decreases with increasing rake angle, and increases with tool sharpness. The drop in
temperature at highly worn compared to worn that was seen in chapter 5 is not seen
here, potentially indicating that AOX and XLK may have different behaviour when
using highly worn tools than UHMWPE.
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Figure 6.5: Main effects plot for peak temperature for plain UHMWPE, including
cryogenically cooled workpieces.

In order to ascertain the effect of workpiece temperature it is necessary to com-
pare experimental data directly. Sample temperature data for room temperature and
cryogenically pre-cooled workpieces for the same cutting and tooling parameters are
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6.3. Tool temperature

shown in figure 6.6. Approximately one second of lag due to thermal inertia is evident
in both signals, with the onset of machining being evaluated from force data recorded
using common timestamping. The longer duration of the room temperature cut causes
a higher peak temperature, but it is evident from the slope of the curve for the cryo-
genically pre-cooled sample that for similar cut durations the cryogenically pre-cooled
sample would have reached a higher peak temperature. This is likely a result of the
increased material stiffness when cooled, as was observed from DMA results in chapter
4. As will be shown in section 6.4.6, the same chip formation mechanism was observed
for both workpiece temperatures, so the difference in heat flux is purely a result of
changes in material properties due to temperature. Also of interest in this plot is the
slight dip in tool temperature for the cryogenically pre-cooled workpiece at the onset of
machining, caused by the tool being in proximity with the cooled workpiece, which was
cooling the surrounding air through natural convection, and thus cooling the tool. The
subsequent rise in tool temperature as machining occurs shows that heat generation
due to machining causes a thermal barrier which prevents any further cooling of the
tool by the workpiece.
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Figure 6.6: Difference in tool temperature data for machining of cryogenically pre-cooled
workpieces. Samples machined using 0◦ rake angle, sharp tool, low cutting speed, low
depth of cut. Cut commenced at 0 seconds for both data sets.
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6.4 Machined surface analysis

6.4.1 Microscopy

It was found that in many cases where a discontinuous chip was formed that the
material had flowed axially, to either side of the tool, forming “wings” on either side of
the machined surface. As the tool width exceeded the width of the discs being machined
(3.6mm and 2.2mm respectively) this phenomenon is a result of workpiece deformation
to the sides of the tool. This deformation is seen in cases where large thrust forces
have compressed the workpiece during the cut. Figure 6.7 shows a sectioned view of a
workpiece where this occurred. The operations in which this was observed are marked
by asterisked entries in table 6.2 on page 107.

Cutting Speed Depth of cut
1 Low Low
2 Low High
3 High Low
4 High High

Figure 6.7: Sectioned view of workpiece, showing material flow at low depths of cut due
to high thrust force. Tests performed with a cooled workpiece, 0◦ rake angle, worn tool.
Each disc is of width 2.2 mm, with the remaining material on 1 being approximately
0.45mm thickness, and on 3 being approximately 0.25 mm thickness.

Optical microscope images of two machined samples are shown in figure 6.8, with
the sharp tool showing good surface quality and no workpiece deformation from cutting
being evident. This is in contrast to the sharp tool, where a large amount of deformation
is evident in the form of “wings” which flowed to either side of the tool during machining,
indicating large levels of workpiece deformation. The sides of these deformed strips of
material show a textured surface, while the machined surface shows a regular pattern
of ridges or steps perpendicular to the direction of the cut. Due to the direction of
these features is it unlikely that a conventional surface roughness test carried out
perpendicular to the direction of cutting would detect their presence.
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(a) Sharp tool, showing smooth surface and
no deformation

(b) Highly worn tool, showing “wings” on ei-
ther side of the machined surface

Figure 6.8: Optical microscope images of machined surface, showing variation in the
appearance of the machined surface. Samples shown were machined using a 0◦ rake
angle tool, cooled workpiece, low cutting speed and low depth of cut. The direction of
cut is from right to left.

Scanning electron microscope images of the same surfaces are shown in figure 6.9.
Figure 6.9a shows a smooth surface, with the only major feature being the lines in the
direction of cut, reflecting the profile of the tool used to machine the surface. These
features are not present in figure 6.9b, which shows a major feature in the form of a
large ridge, on both sides of which there is significant smearing of the material. As
before, the surface machined with a highly worn tool has features which would not be
detected by a surface roughness profile measured perpendicular to the direction of the
cut.

50 µm

(a) Sharp tool

50 µm

(b) Highly worn tool

Figure 6.9: Scanning electron microscope images of machined surface, showing variation
in surface morphology. Samples shown correspond to those illustrated in figure 6.8.
Arrows show direction of cut.
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Profilometer data measured parallel to the direction of the cut are shown in figure
6.10. It can be seen that the ridges visible in figure 6.8b and shown in more detail
in figure 6.9b are reflected in the profilometer data shown in figure 6.10b, with a
profilometer RMS value of 35.6µm. In contrast, the smooth surface seen in figure 6.9a
only shows a small amount of runout in figure 6.10a, with a peak to peak runout value
of approximately 10µm, and a corresponding RMS value of approximately 1.6µm. It is
clear that profilometer data measured parallel to the direction of the cut is capable of
showing some surface features which would be otherwise difficult to detect. Machined
surface profiles which display this regular pattern of cracking, similar to figure 6.10b,
will be referred to as displaying “crack-type” features.
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Figure 6.10: Surface profile of machined surfaces, showing peaks and valleys in highly
worn example. Samples shown correspond to those illustrated in figure 6.8. Cutting
direction is left to right.
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6.4. Machined surface analysis

6.4.2 Chip thickness

The main effects plot for chip thickness is shown in figure 6.11. The effect of rake angle
is similar to that seen in chapter 5, with the negative rake angle having a far higher
value of chip thickness than the neutral and positive rake angles. In chapter 5 it was seen
that this difference in chip thickness pointed to a change in chip formation mechanism
at the negative rake angle. Cutting speed and depth of cut do not appear statistically
significant, as was the case for room temperature workpieces. Temperature has a large
effect, with pre-cooled workpieces showing a mean close to zero, potentially indicating
that the change in chip formation mechanism observed in room temperature workpieces
with negative rake angles may not occur for cryogenically pre-cooled workpieces.
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Figure 6.11: Main effects plot for cut chip thickness for plain UHMWPE, including
cryogenically cooled workpieces.
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The interactions plot for chip thickness is shown in figure 6.12. Only rake angle -
temperature appears statistically significant, with rake angle - depth of cut (P = 0.067)
and temperature - depth of cut (P = 0.055) being close to the threshold for statistical
significance. Inspection of the interaction plot for these factors shows that for pre-cooled
workpieces all rake angles show results close to zero, which is distinct from the room
temperature results seen previously, where the negative rake angle showed a larger
chip thickness value than the uncut chip thickness, which was caused by a change in
chip formation mechanism. Thus it can be concluded that the increase in cut chip
thickness seen for negative rake angles observed with room temperature workpieces,
corresponding to a change in continuous chip formation mechanism, does not occur
when using cryogenically pre-cooled workpieces.
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Figure 6.12: Interactions plot for cut chip thickness for plain UHMWPE, including
cryogenically cooled workpieces.
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6.4.3 Surface roughness

The main effects plot for surface roughness is shown in figure 6.13. As was previously
observed for room temperature samples in chapter 5, rake angle, sharpness and depth of
cut appear statistically significant, while cutting speed does not. Temperature appears
significant, with cryogenically pre-cooled workpieces showing lower readings for surface
roughness, pointing to an improvement in surface quality. The complex behaviour of
surface roughness with varying rake angle that was observed for room temperature
workpieces appears to also occur here.
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Figure 6.13: Main effects plot for surface roughness for plain UHMWPE, including
cryogenically cooled workpieces.
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The interactions plot for surface roughness is shown in figure 6.14. Of the two way
interactions, rake angle - sharpness and sharpness - depth of cut remain statistically
significant, with 5 of the 10 two way interactions, 6 of the 10 three way interactions and
2 of the 5 four way interactions appearing statistically significant. The majority of these
interactions involve rake angle, which shows similar behaviour to that seen for room
temperature workpieces in chapter 5. Outside of the interactions involving rake angle,
temperature also has statistically significant two way interactions with cutting speed
and depth of cut, and statistically singificant three way interactions with sharpness -
depth of cut and cutting speed - depth of cut. While sharpness - temperature - depth
of cut may be a manifestation of changes in chip formation mechanism at different
workpiece temperatures, the other interactions with cutting speed and depth of cut
are unusual, particularly as none of them appeared significant for room temperature
workpieces only.
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Figure 6.14: Interactions plot for surface roughness for plain UHMWPE, including
cryogenically cooled workpieces.
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6.4. Machined surface analysis

A boxplot of surface roughness, in the form of Ra value, as a function of effective
rake angle is shown in figure 6.15. It can be seen that effective rake angle appears to
have an inverse relationship with surface roughness. While the median for 20◦ effective
rake is slightly higher than that for 0◦, the behaviour seen in the main effects plot is
not present. Other metrics of surface quality may be required to ascertain the effects of
tooling and workpiece parameters on surface finish.
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Figure 6.15: Boxplot of mean values of Ra as a function of effective rake angle.
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6.4.4 Quantification of surface profile variation

In order to analyse the magnitude of the variation in surface profile in the direction of
the cut it is necessary to extract a qualitative feature from the profile data collected.
The RMS of the profile data, after filtering to remove runout, will be used for analysis,
rather than Ra. This is preferable due to the length of the profile in some cases, and to
minimise the level of filtering of the raw signal. A summary of chip type classification
and the RMS values from profilometer data is shown in table 6.2 on page 107.

A boxplot of RMS as a function of chip type and observation of cracking on RMS
data is shown in figure 6.16. It can be seen that cases where cracking is observed during
chip formation have large RMS values, further validating that RMS is an adequate
metric for measuring the extent of cracking without conflation of other factors. In
cases where cracking is not observed the RMS values are small, regardless of chip type.
Where cracking is observed it can be seen that continuous chip types have the lowest
mean value of RMS. Situations where only dust is formed have the highest mean value,
while discontinuous chip formation mechanisms have more variation, with a maximum
of nearly 70µm. This shows that there is a link between chip type and the magnitude
of RMS.
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Figure 6.16: Boxplot of RMS as a function of chip type and observation of crack-type
chip formation in profilometer output.
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Table 6.2: Chip types (left) and associated RMS values for profilometer data (right).
Entries in bold highlight differences in chip formation mechanism,workpiece deformation,
or surface profile type when transitioning from cold to room temperature workpieces.
CS: Cutting Speed. DOC: Depth Of Cut.

CS 155 300 155 300
DOC 0.06 0.19 0.06 0.19 0.06 0.19 0.06 0.19

Rake Sharpness Temp. Chip type RMS valueAngle

-20

Sharp Cold C* C C* C 19.3 1.1 20.9 1.3
Room C* C* C* C* 20 2.3 1.3 1.3

Worn Cold Du* C* Du* C* 17.7 2.7 19 2.7
Room Du* C* D* C* 2.7 2.7 3.4 2.7

Highly worn Cold Du* C* Du* C* 38.5 3.3 36.9 2.7
Room Du* D* Du* D* 1.8 3.7 2.4 70.3

0

Sharp Cold C C C C 1.6 1.8 1.2 1.1
Room C C C C 2.1 2.3 1.7 1.7

Worn Cold C* C C* C 16.7 2.1 2.3 2
Room Du* C C* C 30.5 4.5 3.6 1.9

Highly worn Cold Du* C* D* C* 35.6 2.7 21.4 1.6
Room Du* C* Du* C* 31.6 3 40.9 2.4

20

Sharp Cold C C C C 2.8 1.6 1.4 1
Room C C C C 2.7 1.9 2.2 2.1

Worn Cold C C C C 4 2 1.9 1.1
Room C C C C 10.6 2.9 9 1.9

Highly worn Cold D* C D* C 31 1.6 14 2.5
Room Du* C* Du* C* 42 3.3 32.7 2.5

40

Sharp Cold C C C C 1.9 1.9 2.4 2.3
Room C C C C 2.7 2.6 3.3 2.7

Worn Cold C C C C 4.9 2.4 1.4 2.3
Room C C C C 2.7 3 3.9 3.8

Highly worn Cold D* C* D* C* 27.2 2.5 22.9 2
Room D* C* D* C* 55.7 2.8 37 1.9

Chip types
C Continuous chip formed
D Discontinuous chip formed
Du Dust formed
* Workpiece deformation evident during cutting

Crack-type chip formation evident
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A boxplot illustrating the data presented in table 6.2 is shown in figure 6.17. It can
be seen that for rake angles of 0◦ and above there is an intuitive relationship between
sharpness and RMS, with larger edge radii producing larger RMS values, while the
sharp level (r < 15µm) delivers consistently low RMS values. The effect of temperature
is also evident, with cold workpieces having lower values of RMS. It can also be seen
that the worn tools at 20◦ and 40◦ produce lower values of RMS than 0◦, indicating
that higher rake angles are more accommodating of increases in tool edge radius, which
is in line with previous observations from chapter 5 on the interaction between edge
radius and rake angle for surface roughness measured perpendicular to the cutting
direction, and indicates that RMS is sensitive to the effective rake angle.
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Figure 6.17: Boxplot of RMS as a function of rake angle, sharpness and temperature.
SEM images of typical surface topologies and associated RMS values shown at left.

Figure 6.18 displays this relationship. It can be seen that for positive effective rake
angles the maximum value of RMS observed is approximately 6µm, while an effective
rake angle of 0◦ shows a low mean but several outliers of up to 40µm, while the negative
effective rake angles show large increases in RMS, with the −30◦ effective rake angle
having a mean value of over 30µm.

108



6.4. Machined surface analysis
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Figure 6.18: Boxplot of RMS plotted as a function of effective rake angle.

While the results for neutral and positive rake angles display clear trends, the results
for the −20◦ rake angle show distinctly different behaviour, with cold workpieces having
higher RMS mean values than room temperature workpieces, and sharp tools having
similar means to worn tools. Performing Analysis of Variance (ANOVA) on this data
set shows eight unusual observations - data points which lie sufficiently far from the
predicted value to call the accuracy of the statistical model into question - with all eight
occurring for highly worn tools with −20◦ rake angle. Inspection of table 6.2 shows
that there is a RMS value of 70.3µm for highly worn, room temperature, 300m/min

cutting speed and 0.19mm/rev depth of cut. This is the single highest value of RMS
and is an extreme outlier. This point is also the only observed example of crack-type
chip formation occurring at the higher depth of cut.
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SEM and profilometer data for this outlier point are shown in figure 6.19. It can be
seen that the profilometer data does not show a regular pattern, while the SEM image
shows what appears to be folding or smearing of the material. It appears that instead
of material cutting and associated chip formation the material has been smeared or
deformed to the point of spalling. This may be a result of the combination of aggressive
cutting conditions and a highly worn tool with negative rake angle, which is an extreme
combination of parameters which is unlikely to be considered for use in production.
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Figure 6.19: Surface topography and profilometer data, for outlier point. Machined
using −20◦ rake angle, highly worn tool, room temperature, high cutting speed, high
depth of cut.

The effect of modifying this outlier to bring it into line with the trends shown in
the data, and of subsetting the dataset to assess the effect of this outlier on variation
within an ANOVA model, are shown in table 6.3.

Table 6.3: Summary of ANOVA tables for RMS, showing effect of subsetting data
on model R-Sq, and P values for the main effects. Values highlighted in bold are
statistically significant at a 5% significance level.

All No outlier No negative No highly No negative rake
rake worn or highly worn

R-Sq 98.03% 99.23% 99.2% 98.89% 99.43%
Unusual 8 0 0 0 0observations

P values:
Rake angle 0.325 0.564 0.56 0.051 0.136
Sharpness 0.001 0 0.001 0.086 0.027

Temperature 0.319 0.715 0.029 0.799 0.075
Cutting speed 0.44 0.022 0.05 0.058 0.048
Depth of cut 0 0 0 0.007 0.034
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It can be seen that modification of this outlier removes all unusual observations, and
causes cutting speed to become statistically significant. In addition, the P value for rake
angle increases, showing that the outlier point was causing rake angle to appear more
significant than it truly is. The only situation where rake angle comes close to statistical
significance (P = 0.051) is when highly worn results are omitted, but it has been seen
that negative rake angle data trends do not match those seen for neutral and positive
rake angles, and thus models which omit negative rake angle are more likely to display
the true sources of variation. This is supported by sharpness becoming statistically
significant when the negative rake angle data are removed from the model, as from
the earlier boxplot it is clear that the variation in RMS is a function of sharpness.
Temperature appears to be significant only when negative rake angle data are omitted,
while cutting speed is significant or close to significance for all situations where the
outlier point is removed or modified. Depth of cut is significant for all models. All
five models display R-Sq values greater than 98%. The significance of four out of five
factors in the model with no negative rake (compared to two for the original model) and
increase in R-Sq is a clear indicator that the negative rake angle data follow different
trends to that of neutral and positive rake angles.
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6.4.5 Analysis of chip type, deformation and crack-type chip formation

In order to analyse categorical data such as chip type and the presence of deformation
and crack-type chip formation it is necessary to use Chi-square tables, in which the
null hypothesis is that the data are uniformly distributed within the table and thus
the factors are independent. A P value less than 0.05 indicates that the two factors
used are not independent, with a statistical significance level of 5%. A summary of the
Chi-square analysis of these data is shown in table 6.4.

Table 6.4: P values for Chi-square analysis of variation between factors. Values high-
lighted in bold are statistically significant at a 5% significance level.

Chip type Crack Deformation
Rake angle 0.072 0.62 0
Sharpness 0 0.002 0

Temperature 0.665 0.637 0.414
Cutting speed 0.575 0.637 1
Depth of cut 0 0 0.102

It can be seen that chip type and the presence of crack-type chip formation are
dependent on sharpness and depth of cut, which reinforces the influence of the size
effect on chip formation in polymer machining. Deformation is dependent on rake angle
and sharpness, with the full Chi-square analysis shown in table 6.5.

Table 6.5: Chi-square table for rake angle and deformation.

Rake angle
-20 0 20 40 Totals

Deformation

No
2 12 18 16 4812 12 12 12

8.333 0 3 1.333 12.666

Yes
22 12 6 8 4812 12 12 12

8.333 0 3 1.333 12.666

Totals 24 24 24 24 96
16.666 0 6 2.666 25.333

Cell Contents: Count Pearson Chi-Square = 25.333
Expected count DF = 3
Contribution to Chi-square P-Value = 0.000

The majority of the contribution to the Chi-square comes from the negative rake
angle, showing that deformation occurs with greater frequency at negative rake angles.
The same analysis performed for sharpness-deformation shows that deformation occurs
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with greater frequency at the worn and highly worn levels. Also of interest is the P-value
of 1 for cutting speed-deformation, which indicates that deformation is completely
independent of the level of cutting speed, which can be verified by inspection of table
6.2.

It was not possible to perform Chi-square analysis on effective rake angle and chip
formation mechanism, either as a function of the other or of other factors. This was
due to low expected counts for chip formation mechanism and effective rake angle, as
the Chi-square distribution is not valid for expected counts below five in each cell [173].
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6.4.6 Determination of chip formation mechanism

It has been shown in sections 5.5.2 and 6.4.2 that for continuous chips the chip form
may be classified as continuous - flow* or continuous - shear based on chip thickness,
with a chip thickness greater than the uncut chip thickness/depth of cut indicating that
the chip formation mechanism is continuous - shear. A link between profilometer RMS
and cracking as a feature of the chip formation mechanism has been shown, identifying
discontinuous chip formation mechanisms where cracking occurs as discontinuous -
complex (shear with crack).

For the five cases where discontinuous chips are formed but there is no cracking,
further inspection of the machined surface is required, an example of which is shown in
figure 6.20. Here it can be seen that there are lines or chevron marks approximately
50µm apart at 45◦ to the direction of the cut, which would indicate a shearing action,
and identify the chip formation mechanism as discontinuous - shear. Finally, the outlier
discussed earlier is labelled as having occurred due to smearing, rather than cutting.
The full table of chip formation mechanisms is shown in table 6.6.

50 µm

Figure 6.20: Example of surface profile where discontinuous chip was formed without
evident cracking. Machined from a room temperature workpiece using a tool with −20◦

rake angle, highly worn tool, 155m/min cutting speed, 0.06mm/rev depth of cut.

Continuous - flow* type chips are the most common chip formation mechanism,
and the most desirable for surface quality [101]. This chip type is typically formed
when machining with sharp and worn tools for neutral and positive rake angles, and for
highly worn tools at the higher depth of cut, both with cooled and room temperature
workpieces. It also occurs for the negative rake angle, but only for sharp tools with
cooled workpieces. The continuous - shear chip formation mechanism is observed for all
other negative rake angle situations where a continuous chip is formed. This points to
the size effect being a major factor in achieving a continuous chip formation mechanism,
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6.4. Machined surface analysis

Table 6.6: Chip formation mechanisms identified from experimental data. Entries in
bold indicate situations where continuous chip formation occurred despite the presence
of a pattern in the profilometer data which would be consistent with crack-type chip
formation.

CS 155 300
DOC 0.06 0.19 0.06 0.19

Rake Sharpness Temp. Chip formation mechanismAngle

-20

Sharp Cold C-F* C-F* C-F* C-F*
Room C-S C-S C-S C-S

Worn Cold D-C(s&c) C-S D-C(s&c) C-S
Room D-S C-S D-S C-S

Highly worn Cold D-C(s&c) C-S D-C(s&c) C-S
Room D-S D-S D-S Smearing

0

Sharp Cold C-F* C-F* C-F* C-F*
Room C-F* C-F* C-F* C-F*

Worn Cold C-F* C-F* C-F* C-F*
Room D-C(s&c) C-F* C-F* C-F*

Highly worn Cold D-C(s&c) C-F* D-C(s&c) C-F*
Room D-C(s&c) C-F* D-C(s&c) C-F*

20

Sharp Cold C-F* C-F* C-F* C-F*
Room C-F* C-F* C-F* C-F*

Worn Cold C-F* C-F* C-F* C-F*
Room C-F* C-F* C-F* C-F*

Highly worn Cold D-C(s&c) C-F* D-C(s&c) C-F*
Room D-C(s&c) C-F* D-C(s&c) C-F*

40

Sharp Cold C-F* C-F* C-F* C-F*
Room C-F* C-F* C-F* C-F*

Worn Cold C-F* C-F* C-F* C-F*
Room C-F* C-F* C-F* C-F*

Highly worn Cold D-C(s&c) C-F* D-C(s&c) C-F*
Room D-C(s&c) C-F* D-C(s&c) C-F*

Chip formation mechanisms
C-F* Continuous - Flow*
C-S Continuous - Shear
D-S Discontinuous - Shear
D-C(s&c) Discontinuous - Complex (Shear with Crack)
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as at a high depth of cut a continuous chip was formed for all cases other than when
machining with highly worn tools, and room temperature workpieces.

As with the continuous - shear mechanism, the discontinuous - shear chip formation
mechanism is also only observed at the negative rake angle, at room temperature
using worn tools with the low value of depth of cut, or with highly worn tools. These
correspond to machining parameters which cause a negative effective rake angle. At high
material removal rates this chip formation mechanism appears to transition into spalling.
The continuous - shear and discontinuous - shear type chip formation mechanisms were
observed only at the negative rake angle, for cuts where the machined surface displayed
low RMS values. This explains the differing trends in RMS data at the negative rake
angle compared to neutral and positive rake angles.

The discontinuous - complex (shear with crack) chip formation mechanism occurs
only at low depths of cut. For negative rake angles it occurs for cooled workpieces
with worn and highly worn tools, while for neutral and positive rake angles it occurs
for highly worn tools, and also occurs for worn tools with 0◦ rake angle with room
temperature workpieces.

There are six situations where a continuous chip was formed, but the profilometer
RMS data showed apparent crack-type chip formation. These cases all occur at the low
depth of cut, in situations where an increase in workpiece temperature or tool edge
radius would cause a transition to a discontinuous chip formation mechanism. Slight
variations in machining parameters in these transitional cases could cause a change in
chip formation mechanism, and potentially a deterioration in surface quality.

116



6.5. Discussion

6.5 Discussion

An investigation into the effect of workpiece pre-cooling on cutting forces, chip formation
and surface quality in the machining of UHMWPE was carried out. It was found that
workpiece pre-cooling to cryogenic temperatures (100 - 150K) leads to increased cutting
forces and heat generation, and improves surface quality in the machining of UHMWPE.
These improvements in surface quality were not of a magnitude which exceeds that of
the other factors studied, unlike in materials such as neoprene where the material is
not machinable without cryogenic cooling [135]. Thus, the choice of rake angle, tool
edge radius and cutting parameters remain important factors if a transition is made
from machining at room temperature (300K) to cryogenic temperatures (100 - 150K).
Tool temperature results showed increased heat generation for cryogenically pre-cooled
workpieces compared to those machined at room temperature. It was identified that
the heat generated during machining caused a hot zone between the tool and workpiece.
This hot zone acted as a thermal barrier, thus preventing the tool from being cooled
by the workpiece, despite the large temperature differential.

Variations in surface topology and quality were assessed optically and quantified
using profilometer data, with the use of RMS of profilometer data measured parallel to
the cutting direction as a measure of surface quality found to provide information on
the surface profile and thus the chip formation mechanism. Analysis of the RMS of
profilometer data measured parallel to the direction of cut for a range of machining
parameters shows that tool edge radius, cutting speed and depth of cut were statistically
significant, with use of a higher level of depth of cut providing superior surface quality
in the majority of cases. The data collected was used to identify the chip formation
mechanism for each combination of machining parameters. All but one situation was
identified as one of the chip formation mechanisms defined by Kobayashi [101]. It was
identified that the variation in surface quality due to machining and tool parameters
for negative rake angles does not follow the same trends as for neutral and positive
rake angles. This can be attributed to differing chip formation mechanisms at negative
rake angles, where shear-type chip formation was observed. Additionally, an outlier was
identified where aggressive cutting parameters in conjunction with a highly worn tool
with a negative rake angle caused a smeared surface topography. It was also observed
that situations where the nominal rake angle was positive, but a large cutting edge
radius and low depth of cut led to a negative effective rake angle had chip formation
mechanisms similar to those observed at negative rake angles.

While initial workpiece temperature did not appear to be statistically significant,
it was observed that transitioning from room temperature to cryogenically pre-cooled
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workpieces can modify the chip formation mechanism, though these transitions are
typically only seen in already unfavourable tooling conditions such as highly worn tools
and/or negative rake angles. Favourable machining conditions are typically found when
the continuous-flow* chip formation mechanism is occurring, which can be consistently
achieved by using positive rake angles, and by ensuring that the edge radius of the tool
exceeds the depth of cut.
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Chapter 7
Viscoelastic relaxation of UHMWPE following machin-

ing operations

7.1 Background and methodology for characterisation of viscoelastic re-
laxation of UHMWPE following machining operations

Thus far the viscoelastic nature of the response of UHMWPE to applied loads has been
seen in the form of the DMA results shown in chapter 4, and in the observation of
material deformation during machining and smeared machined surfaces in chapters 5
and 6. Variations in machining forces have also been observed as a result of tooling
and machining parameters, and as a result of workpiece cooling. There is potential for
workpiece deformation during machining operations, from both the machining forces,
and from the clamping forces used to hold the workpiece. Thus, for this chapter, testing
was conducted in two phases:

1. Static loading to simulate clamping forces, and establish if viscoelastic stress
relaxation is a measurable phenomenon in UHMWPE.

2. Machining operations using sharp tools.

7.1.1 Static loading methodology

7.1.1.1 Sample design

Static loading operations were carried out on UHMWPE samples of dimensions 20 ×
10 × 8.8mm, with the loading being in the direction of the 8.8mm dimension. The
samples were compressed under two loading schemes: constant stress and constant
strain.

7.1.1.2 Loading apparatus

Constant stress loading was carried out using an Instron 8801 compressive testing
machine with manual load control. The duration of loading was 100 s for all tests. The
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cross sectional area of each sample was measured and used to calculate the appropriate
force for the stress level required. Samples were loaded to 2, 4 and 8MPa, with
unloaded samples used as a reference, as detailed in table 7.1. These loads were chosen
to allow comparison with past work [75] and as an approximation of the stresses
during machining. These stresses were assumed to be due to a force of 0 − 5N over
an area 2.2mm wide and 0.19mm high. These parameters are similar to the cutting
forces observed previously, the width of the discs being machined, and the higher level
(0.19mm) of the depth of cut.

Table 7.1: Factors used in design of experiments for constant stress loading.

Factor Number of
levels

Levels

Stress 4 0, 2, 4, 8MPa

Initial sample
temperature

2 Cold (100 - 150K), Room (295 -
300K)

Constant strain loading was carried out using an Instron 5589 compressive testing
machine. As before, the duration of loading was 100 s for all tests. The thickness of
each sample was measured using a digital micrometer. These measurements were then
used to calculate the required displacement for the appropriate strain level. The levels
used were 2.5%, 5% and 10% strain, as detailed in table 7.2.

Table 7.2: Factors used in design of experiments for constant strain loading.

Factor Number of
levels

Levels

Strain 4 0, 2.5, 5, 10 %

Initial sample
temperature

2 Cold (100 - 150 K), Room (295 - 300
K)

7.1.1.3 Measurements carried out during loading and after unloading

To achieve constant stress loading, it was necessary to use manual load control via the
control panel of the Instron 8801. This was due to the relatively low forces required.
Maintaining a low force setpoint was not achievable when controlled by the associated
PC due to the tuning of the controller, which tended to overcorrect for setpoint errors.
This overcorrection meant that the machine was unable to maintain the desired loads.
As a consequence of using manual load control, it was not possible to measure the change
in sample thickness while loading. The constant strain tests were carried out using
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constant displacement, and thus it was possible to measure force data as a function of
displacement and time, and to convert this force and displacement data to stress and
strain, respectively. The thickness of the samples, which was originally 8.8mm, was
measured at given intervals after unloading, for both loading schemes. This thickness
data was used for a regression analysis to ascertain if the material was relaxing after
unloading. Measurements were made at 10, 20, 50, 100, 200, 500, 1000, 2000 and 5000
minutes after unloading.

7.1.2 Machining operations methodology

Machining operations were carried out on workpieces of the same design as those used
in chapters 5 and 6, using a cutting speed of 155m/min and a range of depths of cut
from 0.05 to 0.25mm/rev. Sharp tools with 20◦ and 40◦ rake angles were used, as
detailed in table 7.3. The diameter of the machined samples, at given intervals after
unloading, was used in a regression analysis to ascertain if the material was relaxing
after machining. Measurements were made at 10, 20, 50, 100, 200, 500, 1000, 2000
and 5000 minutes after unloading. In order to have similar loading conditions for each
machining operation, it was necessary to machine to different diameters, with the aim
of maintaining constant machining time. This corresponds to constant cutting length,
due to the use of the constant surface speed capability of the lathe. The resulting
cutting times were approximately 3.5 ± 0.4 s.

Table 7.3: Factors used in design of experiments for machining operations.

Factor Number of levels Levels
Rake angle 2 20◦, 40◦

Depth of cut 5 0.05, 0.10, 0.15, 0.20, 0.25mm/rev
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7.2 Relaxation of test samples after static loading

7.2.1 Constant stress

Sample thickness data for 8MPa load from 10 to 2000 minutes is shown in figure
7.1. Replicates A, B and C are those which were cryogenically cooled, while D, E and
F were maintained at room temperature. It is clear that each replicate is showing
logarithmic decay towards a steady state value. It can be seen that each replicate is
decaying toward a slightly different steady state value, as a result of variations in the
heights of the original samples. It is also evident that thickness stabilises at a steady
state value approximately 200 minutes after unloading. This is a similar time to that
observed by Fouad [44] in creep/recovery tests. The regression analysis was carried out
using data from times of 10 to 200 minutes.
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Figure 7.1: Scatterplot of thickness as a function of time for 8MPa stress, 100 s loading
time.
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7.2. Relaxation of test samples after static loading

Data from 10 to 200 minutes after unloading are presented with a logarithmic x-axis
in figure 7.2, with separate regression lines shown. It is clear that thickness from 10 to
200 minutes is a suitable response for linear regression against LogTime.
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Figure 7.2: Scatterplot of thickness as a function of log10(time) for 8MPa stress, 100 s
loading time, from 10 to 200 minutes after loading.

In order to assess the effect of varying load and sample temperature prior to loading,
a multiple linear regression model was used, with thickness as the response. The
predictors chosen were LogTime (continuous), Replicate (categorical), Cryo, Load2,
Load4 and Load8 (all indicator variables). Indicator variables were used to analyse the
variation due to changes in load and temperature.

123



Viscoelastic relaxation of UHMWPE following machining operations

Figure 7.3 shows the variations which are captured in regression lines due to the
inclusion of indicator variables. Figure 7.3a shows the variation which can be captured
when using an indicator variable to assess the effect of a change in intercept - it is
assumed that the slope remains constant regardless of the value of the indicator variable.
The associated ANOVA table shows an analysis of the statistical significance of the
difference in intercepts, using the null hypothesis that the difference is zero, and that
there is no change in intercept. The regression coefficient associated with the indicator
variable is equal to the change in intercept, i1 − i0.
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Figure 7.3: Effects of including indicator variables on slopes and intercepts of regression
models.

Figure 7.3b shows the effect of using an indicator variable to measure changes
in slope, with the intercept assumed not to change with the indicator variable. The
ANOVA table shows an analysis of the statistical significance of the change in slope,
with the regression coefficient for the indicator variable showing the change in slope,
m1 −m0. Figure 7.3c shows the effect of using indicator variables to capture changes
in both slope and intercept. The regression model includes coefficients for the changes
in slope and intercept, along with statistical tests on the significance of these changes.
This is the type of analysis which was used to evaluate the effect of load level and
cryogenic pre-cooling on the relaxation of UHMWPE.

A single indicator variable was used to represent the change in slope due to cryogenic
cooling, while the replicate code was used to capture changes in intercept due to variation
in sample size. Information on the nature of each predictor and the interactions used
in the model is given in table 7.4.
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Table 7.4: Regression model information for constant stress loading, for 100 s loading
time. The response for the model is Thickness.

Predictors
Continuous LogTime
Categorical Replicate
Indicator Cryo, Load 2, Load 4, Load 8

Model structure
Slope LogTime LogTime-Load 2 LogTime-Load 4 LogTime-Load 8

LogTime-Cryo LogTime-Cryo-Load 2 LogTime-Cryo-Load 4
LogTime-Cryo-Load 8

Intercept Load 2 Load 4 Load 8 Replicate Replicate-Load 2 Replicate-Load 4
Replicate-Load 8

A summary of the relative and absolute slope and intercept coefficients1 and as-
sociated P values are shown in tables 7.5 and 7.6, respectively. In table 7.5 it can be
seen that none of the slope coefficients including the cryogenic cooling term appear
statistically significant, indicating that cryogenic cooling does not appear to change
the slope in a statistically significant manner, while there is a baseline slope of 0.0392,
indicating a baseline level of growth in the unloaded samples. The effect of increasing
load causes an increase in the slope, of a statistically significant scale for all load levels.
This load-slope relationship appears non-linear.

Table 7.5: Slope coefficients and P values for constant stress loading, for 100 s loading
time.

Term Coefficient P valueRelative Absolute
LogTime 0.00392 0.00392 0
LogTime-Load 2 0.00173 0.00565 0.036
LogTime-Load 4 0.00185 0.00577 0.025
LogTime-Load 8 0.00544 0.00936 0
LogTime-Cryo 0.00118 0.00510 0.15
LogTime-Cryo-Load 2 -0.00207 0.00476 0.074
LogTime-Cryo-Load 4 -0.00072 0.00623 0.533
LogTime-Cryo-Load 8 -0.00152 0.00902 0.188

In table 7.6 it can be seen that the changes in coefficient due to increasing load
1Absolute slope coefficients are calculated for each situation by calculating a sum of the relative

coefficients which apply to the situation in question. For room temperature, with no load applied,
this is simply the LogTime coefficient, while room temperature for load 2 is the sum of the LogTime
and LogTime-Load 2 coefficients, and for cryo, load 2 the absolute coefficient is the sum of LogTime,
LogTime-Load 2, LogTime-Cryo and LogTime-Cryo-Load 2.
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are all statistically significant, with some of the interactions between replicate and
load level not appearing statistically significant. This is due to a combination of the
changes in sample sizes due to loading, and the variation in thickness of the original
samples from the nominal value of 8.8mm. The unloaded samples show intercepts from
8.80666mm to 8.8383mm.

Table 7.6: Intercept coefficients and P values for constant stress loading, for 100 seconds
loading time.

Term Coefficient P valueRelative Absolute
Constant 8.82096 - 0
Load 2 -0.01185 - 0
Load 4 -0.00492 - 0
Load 8 -0.01266 - 0

R
ep
lic
at
e

A -0.00826 8.8127 0
B -0.0093 8.81166 0
C -0.00574 8.81522 0
D -0.0143 8.80666 0
E 0.01734 8.8383 0
F - 8.82096 -

R
ep
.-L

oa
d
2

A 0.00137 8.81048 0.225
B 0.00449 8.8136 0
C -0.00003 8.80908 0.982
D 0.01937 8.82848 0
E -0.01115 8.79796 0
F - 8.80911 -

R
ep
.-L

oa
d
4

A -0.00668 8.80936 0
B -0.00492 8.81112 0
C -0.01004 8.806 0
D 0.03093 8.84697 0
E -0.00671 8.80933 0
F - 8.81604 -

R
ep
.-L

oa
d
8

A -0.0018 8.8065 0.113
B -0.00008 8.80822 0.942
C -0.01056 8.79774 0
D 0.02551 8.83381 0
E -0.01145 8.79685 0
F - 8.8083 -
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In order to analyse the lack of significance of cryogenic cooling it is necessary to
examine the time scale over which the material warms from cryogenic temperature
to room temperature when left to warm in air. Temperature data from an embedded
thermocouple in a UHMWPE sample sized 8.8 × 10 × 20mm after removal from liquid
nitrogen are shown in figure 7.4. The placement of the thermocouple within the sample
shown in inset (a) of this figure.
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Figure 7.4: Temperature at core of 8.8×10×20mm UHMWPE sample after removal from
liquid nitrogen, while warming in air. Inset figure (a) shows thermocouple placement
within the sample. Inset figure (b) shows the avenues of heat ingress to samples while
loading.

The sample core temperature becomes positive approximately 346 seconds after
removal from liquid nitrogen. At 700 seconds - the earliest point at which the first
thickness measurement can be made after 100 seconds of loading - the core temperature
is 15.4 ◦C, for a temperature differential of < 10K. For a coefficient of linear thermal
expansion of 150 × 10−6K−1 [177] and ∆T = 10K, this equates to a strain due to
heating of 0.15%, or approximately 13.2µm for an 8.8mm nominal thickness, which is
of a similar magnitude to the variation observed between replicates. The process of
handling and loading the samples between metal platens will accelerate the heating
process, as illustrated in inset (b) in figure 7.4. Due to this added conductive heat
source, 10 minutes after unloading the temperature of the sample will be approaching
room temperature, as the loading process causes conductive heat transfer from the
metal surfaces of the compressive testing machine to the sample.
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7.2.2 Constant strain

7.2.2.1 Material behaviour during loading

The loading conditions used during these tests are shown in figure 7.5. Due to each level
of strain being applied in 10 seconds in all cases, differing strain rates are experienced
by the material, ranging from 2.5 × 10−3 s−1 to 10 × 10−3 s−1.
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Figure 7.5: Strain as a function of time for constant strain loading.
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Figure 7.6 shows stress as a function of time for cryogenically pre-cooled and room
temperature samples. The decrease in stress after the peak strain is reached is a clear
indication of stress relaxation.
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(a) Cryogenically pre-cooled samples.
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Figure 7.6: Stress as a function of time for constant strain loading.

The extent of this stress relaxation is summarised in table 7.7, where it can be seen
that cryogenically cooled samples decreased in stress between 41.45% and 46.27% while
room temperature samples decreased in stress between 33.77% and 37.99%. The increase
for cryogenically cooled samples may be another indicator that the sample temperature
is changing during loading, causing thermal expansion of the sample and increased
stress as a result. It is clear that cryogenically cooled samples have increased stiffness
compared to room temperature samples, and that their stress relaxation behaviour
under constant strain is of a larger magnitude.

Table 7.7: Decrease in stress due to viscoelastic stress relaxation under constant strain.
The stress values are calculated as the mean value of peaks and final values of stress
data for each stress and temperature combination.

Strain Temperature Stress [MPa] Percentage decreasePeak Final

2.5% Cryo -23.408 -13.704 41.454
Room -15.065 -9.978 33.767

5% Cryo -31.635 -17.361 45.121
Room -22.901 -14.227 37.879

10% Cryo -38.975 -20.94 46.272
Room -29.995 -18.599 37.994
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The stress - strain behaviour for all samples is shown in figure 7.7. The effect of
sample temperature is clear, with the decreases in each data set at the final strains
of 2.5%, 5% and 10% are a result of stress relaxation after the final strain has been
reached, 10 seconds after loading commences. It can be seen that room temperature
results show very little spread over these 10 seconds of loading, while cryogenically
pre-cooled samples show more scatter, possibly as a result of slight variations in sample
temperature. It is also observed that the lower strain rates experienced by the 5% and
2.5% strain samples result in a slight decrease in slope as strain increases, indicating a
strain-rate effect. These curves also predict that for 8MPa the corresponding strains are
approximately 0.6% for cryogenically cooled samples, and 1.1% for room temperature
samples.
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Figure 7.7: Stress as a function of strain for constant strain loading. Room temperature
samples are shown with solid lines. Cryogenically pre-cooled samples are shown with
dashed lines.
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7.2.2.2 Relaxation after unloading

It is observed that thickness data reached a steady state value between 1000 and 2000
minutes after unloading, leading to 1000 minutes being used as a cutoff. Data for
thickness as a function of LogTime is shown in figure 7.8.
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Figure 7.8: Scatterplot of thickness as a function of log10(time) for 10% stain, 100 s
loading time, from 10 to 1000 minutes after loading.

It can be seen that some data points at 10 and 20 minutes display unusual behaviour,
which was only observed for 10% strain. These data caused excess variation in the
regression model. More detail provided in appendix F. This issue was potentially related
to exposure of the micrometer used to extremes of temperature, causing inaccurate
thickness readings.
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Due to the effect of these points on the model it was decided to omit them and use
times from 50 to 1000 minutes for the regression analysis, with sample data shown in
figure 7.9, and information on the regression model used shown in table 7.8.
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Figure 7.9: Scatterplot of thickness as a function of log10(time) for 10% strain, 100 s
loading time, from 50 to 1000 minutes after loading.

Table 7.8: Regression model information for constant strain loading, for 100 seconds
loading time. The response for the model is Thickness.

Predictors
Continuous LogTime
Categorical Replicate
Indicator Cryo, Load 2.5, Load 5, Load 10

Model structure
Slope LogTime LogTime-Load 2.5 LogTime-Load 5 LogTime-Load 10

LogTime-Cryo LogTime-Cryo-Load 2.5 LogTime-Cryo-Load 5
LogTime-Cryo-Load 10

Intercept Load 2.5 Load 5 Load 10 Replicate Replicate-Load 2.5 Replicate-Load 5
Replicate-Load 10
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7.2. Relaxation of test samples after static loading

A summary of the relative and absolute slope and intercept coefficients and associated
P values are shown in tables 7.9 and 7.10 (on page 134) respectively. Table 7.9 shows
that the unloaded case continues to show a baseline level of growth, with a slope of
0.00550mm per order of magnitude increase, which is an increase from the slope seen in
the constant stress analysis. Increasing strain causes a statistically significant increase
in the slope of the Thickness-LogTime regression line for the 5% and 10% strains, while
the 2.5% strain shows an increase, but not one which is statistically significant (P =
0.208). As before, there is a non-linear relationship between the increase in slope and
the magnitude of the applied strain. Cryogenic cooling does not show a statistically
significant change in slope regardless of strain level, as was also observed in the constant
stress loading.

Table 7.9: Slope coefficients and P values for constant strain loading, for 100 seconds
loading time.

Term Coefficient P valueRelative Absolute
LogTime 0.00550 0.00550 0
LogTime-Load 2.5 0.00229 0.00779 0.208
LogTime-Load 5 0.01007 0.01557 0
LogTime-Load 10 0.02851 0.03401 0
LogTime-Cryo -0.00005 0.00545 0.978
LogTime-Cryo-Load 2.5 -0.00078 0.00696 0.76
LogTime-Cryo-Load 5 -0.00098 0.01454 0.7
LogTime-Cryo-Load 10 -0.00198 0.03198 0.438

Table 7.10 shows that the change in intercept due to load is more pronounced at high
strains, with 10% strain producing an intercept which is on average 200µm smaller than
an unloaded sample. This also gives an insight into the division of the response of the
material into elastic and viscous components, as the 10% strain samples were originally
compressed to 90% of their original thickness, or approximately 7.92mm. This indicates
that after unloading approximately 77% of the deformation was instantaneous, elastic
deformation, with approximately 23% occurring over time as a result of viscoelasticity.
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Table 7.10: Intercept coefficients and P values for constant strain loading, for 100
seconds loading time.

Term Coefficient P valueRelative Absolute
Constant 8.82058 - 0
Load 2.5 -0.02132 - 0
Load 5 -0.06288 - 0
Load 10 -0.19953 - 0

R
ep
lic
at
e

A -0.00881 8.81177 0
B -0.00901 8.81157 0
C -0.00513 8.81545 0.029
D -0.01392 8.80666 0
E 0.01752 8.8381 0
F - 8.82058 -

R
ep
.-L

oa
d
2.
5 A 0.00171 8.80097 0.601

B 0.00851 8.80777 0.011
C -0.01081 8.78845 0.001
D 0.02093 8.82019 0
E -0.01691 8.78235 0
F - 8.79926 -

R
ep
.-L

oa
d
5

A -0.01678 8.74092 0
B 0.00034 8.75804 0.916
C -0.0037 8.754 0.26
D 0.03496 8.79266 0
E 0.00348 8.76118 0.289
F - 8.7577 -

R
ep
.-L

oa
d
10

A 0.00435 8.6254 0.186
B -0.01069 8.61036 0.001
C 0.00795 8.629 0.017
D -0.00653 8.61452 0.048
E 0.00159 8.62264 0.628
F - 8.62105 -
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7.3. Relaxation of test samples after machining operations

7.3 Relaxation of test samples after machining operations

7.3.1 Machining forces

The machining forces recorded during the machining operations are shown in figure
7.10. It can be seen that thrust force does not exceed 7N for 20◦ rake angle, and does
not exceed 5N for 40◦ rake angle. This indicates that the force levels assumed for the
constant stress levels in section 7.1.1.2 are of the same order of magnitude as those
seen in machining.
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Figure 7.10: Machining forces recorded during cutting operations. Solid lines show
cutting force, while dashed lines show thrust force. 20◦ rake angle forces are shown
with a circle marker, while 40◦ rake angle forces are shown with a square marker.
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7.3.2 Change in dimensions

The diameter of the machined samples for the 20◦ rake angle from 10 to 2000 minutes
after machining is shown in figure 7.11. It is clear that there is little variation as a
function of time. Information on the regression analysis used is provided in table 7.11.

321

321

65

60

55

50

321

65

60

55

50

0.05

LogTime

D
ia

m
et

er
 (

m
m

)

0.10 0.15

0.20 0.25

Panel variable: DOC

Scatterplot of Diameter vs LogTime for 20 degree rake angle

Figure 7.11: Change in diameter of machined samples as a function of time.

Table 7.11: Regression model information for machining operations. The response for
the model is Diameter.

Predictors
Continuous LogTime
Categorical Replicate
Indicator Rake 40, DOC 0.10, DOC 0.15, DOC 0.20, DOC 0.25

Model structure
Slope LogTime LogTime-Rake 40
Intercept DOC 0.10, DOC 0.15, DOC 0.20, DOC 0.25, Replicate
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7.3. Relaxation of test samples after machining operations

The intercept and slope coefficients shown in table 7.12 were determined by regression
analysis on data from samples machined using 20◦ and 40◦ tools. The statistical
significance of the DOC indicator variables is due to the differences in diameter due to
maintaining cutting time as constant for differing depths of cut, while the Replicate
categorical variable shows variation due to differences in diameter between replicates,
with the 20◦ rake (A-C) showing slightly smaller sizes on average. The slope coefficients
are not statistically significant, showing that there is no change in the diameter of the
samples as a function of LogTime, and thus that there is no detectable stress relaxation
occurring in the samples.

Table 7.12: Coefficients and P values for machining operations.

Term Coefficient P valueRelative Absolute
Intercept

Constant 62.9178 62.9178 0
DOC 0.10 -3.2603 59.6575 0
DOC 0.15 -6.754 56.1638 0
DOC 0.20 -10.4379 52.4799 0
DOC 0.25 -14.4622 48.4556 0
Replicate
A -0.1087 62.8091 0
B -0.1078 62.81 0
C -0.1088 62.809 0
D 0.1056 63.0234 0
E 0.1037 63.0215 0
F 0 62.9178 -

Slope
LogTime 0.0051 0.0051 0.287
LogTime-Rake 40 -0.008 -0.0029 0.237
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7.4 Discussion

In this chapter it has been demonstrated that viscoelastic relaxation after unloading can
be observed in UHMWPE. The nature of the relaxation is a feature of the magnitude
of the load and the length of time for which the load is applied. This is in agreement
with the results obtained by Popelar et al. [118] using HDPE. Constant stress loading
up to 8MPa for 100 seconds produced relaxation which reached a steady state value
approximately 200 minutes after unloading. Constant strain loading up to 10% strain
produced relaxation which did not reach a steady state until over 1000 minutes after
unloading. The stress-strain and stress-time data collected during the constant strain
loading showed significant stress relaxation of up to 45% of the peak value over 90
seconds of constant strain. Shorter loading times would produce less relaxation, while
longer loading times would produce more, up to a maximum value, after which the
stress relaxation would reach a steady state. While cryogenic pre-cooling of the sample
showed increased stiffness and changes in stress relaxation behaviour, it did not appear
to have a statistically significant effect on the logarithmic slope of the increase in sample
size. This is a result of the workpiece would have reached room temperature shortly
after the first measurement. As the measurements were carried out after reaching room
temperature, the change due to thermal expansion will be minimal. This can be taken
to show that the loading being applied to a cooled workpiece will not change the
relaxation behaviour if the workpiece is subsequently brought to room temperature
while relaxation is occurring.

In contrast, the machining operations appeared to produce no detectable level of
material relaxation. This is a result of the small magnitude and short duration of the
loading. Thus it can be concluded that, when favourable machining conditions are
used, material relaxation is not of concern. Workpiece fixturing and holding should be
carried out with care, as it may distort or deform the workpiece, causing relaxation
over a long timescale after unclamping.
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Chapter 8
Conclusions and further work

8.1 Conclusions

8.1.1 Fundamental investigation into machining of UHMWPE

In chapter 5, a fundamental investigation into the machining of UHMWPE was carried
out using a data acquisition system, and a full factorial design of experiments. This
investigation quantified the effects of variations in workpiece material, tooling parameters
and machining parameters on cutting forces, tool temperature, and surface quality
of the machined surface. Statistical analysis was carried out on the data collected to
quantify the factors which were causing variation in each response. The objective of
this chapter was to address research questions 1 and 2, as detailed in section 1.2. From
the work conducted in this chapter it can be concluded that:

• The main influence on machining forces and surface quality is the ratio of the edge
radius to the depth of cut, also known as the size effect. Machining operations
where the depth of cut exceeded the edge radius of the tool showed high forces
(Fc > 50N , Ft > 100N in the most extreme cases), high tool temperatures
(T > 150 ◦C in the most extreme cases), and poor surface finish (Ra unmeasurable
in the most extreme cases).

• The lowest machining forces (Fc = 5 to 20N ,Ft = 0 to 5N) and best surface qual-
ity (Ra < 0.8µm) were observed in situations where the continuous - flow* chip
formation mechanism was occurring, with positive rake angles (α = 20◦ or 40◦),
sharp tools (r < 15µm) and large depths of cut (DOC = 0.19mm) providing
the best results at the levels studied.

• For sharp tools (r < 15µm), it was identified that at negative rake angles
(α = −20◦) there is a different chip formation mechanism occurring, with the
continuous - shear mechanism occurring at the negative rake angle, whereas the
continuous - flow* mechanism was observed at neutral and positive rake angles.
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• Observation of the cutting zone for situations where the depth of cut exceeded
the edge radius showed high workpiece deformation both before and after the
tool tip, with some extreme examples showing rubbing on the clearance face of
the tool.

• No large changes in machinability were observed as a result of the presence of
antioxidant additives or crosslinking of the polyethylene.

• Cutting speed in the range of 155 to 300m/min did not appear to have as large
an effect as would be expected for a viscoelastic material, particularly in light
of the change in the nature of the viscoelastic behaviour of the material with
varying strain rate, as observed from Dynamic Mechanical Analysis results.

8.1.2 Cryogenic pre-cooling of UHMWPE for machining operations

In chapter 6, the effect of cryogenic pre-cooling of workpieces using liquid nitrogen
on machining was investigated. This work was carried out in light of the findings of
chapters 4 and 5, with the intention of addressing research question 3. From this work
it can be concluded that:

• The increased material stiffness as a result of cooling the workpiece to below 150K

caused higher cutting forces (Typical values: Fc = 7 to 10N room, 10 to 20N

cryo, Ft = 0 to 3N room,−2 to 4N cryo)1 and increased temperature generation.
Improvements in the surface roughness of the machined part were observed
(Ra = 0.6 to 1.2µm room, 0.45 to 0.55µm cryo), as a result of the increased
stiffness and more elastic behaviour of the material when cooled. The effect of
workpiece cooling on surface roughness did not dwarf those of the parameters
previously shown to be of importance in machining UHMWPE, such as tool rake
angle and sharpness, and depth of cut.

• The cooling of the workpiece was also found to have an effect on the chip formation
mechanism for some combinations of cutting and tooling parameters, in particular
in situations with negative effective rake angles.

• In favourable cutting situations, with a positive rake angle and depth of cut
exceeding the tool edge radius, the continuous - flow* chip formation mechanism
was observed for both room temperature and cryogenically pre-cooled workpieces,
thus reinforcing the importance of selecting tooling and cutting parameters
regardless of the workpiece temperature.

1Comparison of data from 40◦ rake angle, sharp tool.
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8.1.3 Viscoelastic stress relaxation in machining

In chapter 7, the effect of viscoelastic stress relaxation on machining operations was
analysed, in order to address research question 4. Stress relaxation has the potential to
cause machined parts to slowly change out of the desired shape over minutes or hours
after a machining operation, and can cause part rejection and rework issues in large
scale production. The first stage of testing was carried out in controlled conditions,
using compressive testing machines. From this work it can be concluded that:

• The time scale over which relaxation will occur is dependent upon the magnitude
of the applied load, with smaller loads causing relaxation over a shorter timescale.
For loading up to 8MPa (approximately 0.6% strain for cryogenically cooled
samples, and 1.1% for room temperature samples) the samples reached a steady
state after 200 minutes, while applying 10% strain (peak stress of approximately
39MPa for cryogenically cooled samples, and 30MPa for room temperature
samples) caused relaxation which did not reach a steady state until between 1000
and 2000 minutes after unloading.

• Despite an increase in material stiffness at cryogenic temperatures observed
in stress-strain plots, the cryogenic pre-cooling of the sample did not cause a
statistically significant variation in the relaxation rate after unloading. This may
be due to the sample temperature approaching room temperature in less than 10
minutes when exposed to air.

• Workholding and clamping is of great importance when machining UHMWPE,
as placing large clamping pressures on the part is likely to cause stress relaxation
while loaded and relaxation after unloading.

• The time of application for and large clamping forces should be minimized, to
reduce the magnitude of the resulting relaxation.
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In light of these conclusions, machining operations were carried out to evaluate
the magnitude of relaxation during machining operations. While it was clear from
machining force results from earlier chapters that it would be possible to apply large
compressive forces to the workpiece using combinations of large tool edge radii and
low depths of cut to produce negative effective rake angles, such machining operations
would produce surfaces which would never be acceptable in a finishing operation during
machining. Thus it was decided to concentrate on machining conditions which had been
found to produce acceptable surface quality, using positive rake angles and sharp tools,
to ascertain if workpiece relaxation would be an issue for machining operations which
would be likely to be encountered in production. From this work it can be concluded
that:

• Short duration, finish machining operations with sharp tools and positive rake an-
gles will not cause detectable stress relaxation of the finished part after machining
in UHMWPE.
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8.1.4 Contribution to knowledge

This thesis has made contributions to knowledge in the following ways:

• By contributing to knowledge on the machining parameters of importance in the
machining of UHMWPE.

• By demonstrating that the machinability of UHMWPE is not significantly changed
by the addition of antioxidants, or the crosslinking of the material.

• By determining the extent of the influence of workpiece pre-cooling using liquid
nitrogen on the machinability and surface quality of UHMWPE.

• By quantifying the influence of viscoelastic stress relaxation on the machining
of UHMWPE, and the potential for changes in the size of a part to occur after
clamping and machining operations.

8.1.5 Concluding remarks

Fundamental knowledge of the machinability of the workpiece material is a necessity
for efficient, cost effective manufacturing. Without this knowledge the design of a
machining process for a component becomes costly, both in time and money. In a
process where this fundamental knowledge is absent, repetitive trial runs must be made
to arrive at an acceptable set of tooling and machining parameters which satisfy surface
finish, dimensional accuracy and cycle time requirements. This approach is conducted
with no real understanding of why the solution arrived at works, or insight into how to
streamline the process for future components or materials. This is particularly key in
situations where the material choice is dictated by factors other than machinability, as is
the case for the use of UHMWPE in total joint replacement, where the key requirements
are wear resistance and biocompatibility.

Past work has established the effects of some machining and tooling parameters for
polyethylene, while identifying the chip formation mechanisms occurring for sharp tools
[101]. Work since then has concentrated mainly on the use of sharp tooling in oblique
cutting [152,162] and drilling [141,163,164], but with no information on the effects of
tool edge radius, or the implications of viscoelasticity in the machining of polyethylene.
This work has provided increased insight into the machining of UHWMPE, putting
scientific knowledge and rigour behind the empirical knowledge previously discovered
and rediscovered through trial and error by machine operators and manufacturing
engineers, while providing fundamental knowledge on the effects of clamping, tooling,
machining and workpiece parameters on the quality of the finished part.
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8.2 Further work

Areas in which further work could be carried out include:

• Further experimental investigations of machining and tooling parameters. This
work could potentially include investigations such as identification of the effect
of large variations in cutting speed, depth of cut or tool material on workpiece
deformation, relaxation, and surface quality. Other potential avenues of work
include investigations into the implications of using large depths of cut during
roughing cycles on later stress relaxation of the part, or the effect of progressive
tool wear, in the form of cutting edge radius increases, on stress relaxation. The
results of such investigations would expand upon this work, and provide increased
insight into the machining of UHMWPE.

• Oblique and/or interrupted cutting experiments, to provide machining parameters
for milling operations, and to expand upon both this work and the work of
Yong-hwan [162]. Oblique cutting operations would provide information of more
immediate use to machine operators in the selection of machining parameters,
though monitoring of these operations can be challenging. This work would also
involve an increased number of tool geometry variables, such as nose radius, which
would affect the surface roughness of the machined surface.

• In-process cooling using liquid nitrogen to cool the material in the cutting zone
to below the glass transition temperature, as conducted by Dhokia et al. for
elastomers [135]. This could potentially eliminate the need to soak the workpiece
in liquid nitrogen before machining, as only the cutting zone would be cooled.
Care would be required to avoid workpiece distortion due to temperature changes,
with a control system and temperature monitoring system required to regulate
the supply of liquid nitrogen.

• Finite element modelling of UHMWPE. Modelling of the machining of polymers
using viscoelastic and viscoplastic material models is almost nonexistant, largely
due to the difficulties in developing both an appropriate material model, and in
accurately representing the variety of chip formation mechanisms. Challenges
include accurately capturing the transition between brittle and ductile failure
that for polymers is dependent upon temperature and strain rate, and developing
appropriate flow stress equations for UHMWPE, which are accurate at high strain
rates. If an accurate FE model were developed and validated it would provide
new insight into chip formation mechanisms and temperature generation during
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the machining operation, and facilitate greater understanding of the mechanical
and thermal interactions between the tool, workpiece and chip in the machining
of polymers.
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Appendix A
DSC Report

In this report references are made to samples 1 - 6. These correspond to the following
samples:

Table A.1: Sample numbers for material analysis.

Number Corresponding sample
1 UHMWPE Core
2 UHMWPE Surface
3 AOX Core
4 AOX Surface
5 XLK Core
6 XLK Surface
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Differential scanning calorimetry (DSC) 

 

The samples were tested using a TA 2010 differential scanning calorimeter shown in Figure 

1. The samples (15.5 +/- 0.5 mg) were placed and sealed in aluminium pans, and tested 

within a temperature range of -140 to 220 C. All DSC tests were carried out under a 30 mL 

per minute flow of nitrogen to prevent oxidation. Calibration of the instrument was performed 

using indium as standard (see Figure 2). 

 

                         

Figure 1        A TA 2010 differential scanning calorimeter.   
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Figure 2 Thermogram of the calibration standard Indium with an onset temperature of 

  156.38 ° C. 

 

The thermal history was removed from each of the samples to get an accurate view of the 

materials( this is common practice for processed materials). This was achieved by heating the 

sample above its melt and then cooling, after which the test begins. To illustrate the effect of 

the removal of the thermal history, there is a difference of 4.36 ° C between the first and 

second run as presented in Figure 3. 
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Figure 3 Effects of removing the thermal history. 

 

The combined melts are shown in Figure 4(thermal history removed) 
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Figure 4 The melt temperatures of all samples. 

 

Due to the nature of the polymer and the highly crystalline structure of the materials, the DSC 

did not show strong significant data that there was a shift in the base line at sub-ambient 

temperatures; thus the Tg (glass transition) was difficult to quantify. Regarding the end use of 

the material, the Tg at that temperature will not affect the properties at body temperature, that 

is, assuming the material is not significantly altered both chemically or physically. From the 

Hand book of UHMWPE, the Tg is referenced as -160 ° C and our system went to -140 ° C. 

(http://books.google.ie/books?id=bkuFjppEdMcC&pg=PA7&lpg=PA7&dq=tg+of+ultra+hig

h+molecular+weight+polyethylene&source=bl&ots=plei4lNEt7&sig=btWjEjxJTGTp50A_T

x_3PEKXilE&hl=en&ei=IPiXTv6fIcS5hAfv9LyKBA&sa=X&oi=book_result&ct=result&re

snum=4&ved=0CDcQ6AEwAw#v=onepage&q&f=false ). 

The following are the thermograms of the study and all of the melts are in line with the 

referenced value from the Handbook. 
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Figure 4 All of thermograms on the first run. 
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Figure 5 All of thermograms on the first run from -140 to 0 ° C. 
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Figure 6 Thermogram of sample 1. 
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Figure 7 Thermogram of sample 2. 
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Figure 7 Thermogram of sample 3. 
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Figure 8 Thermogram of sample 4. 
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Figure 9 Thermogram of sample 5. 
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Figure 10 Thermogram of sample 6. 
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Appendix B
Tensile testing

This appendix contains data from standard tensile tests performed on samples of
UHMWPE which were at room temperature, and samples which were cryogenically
cooled. This data is intended to illustrate the effects of temperature and strain rate on
stiffness and elongation to failure.

Typical stress-strain curves for plain UHWMPE are shown in figure B.1. It can be
seen that cryogenically cooled samples have a significantly higher yield stress, which
varies slightly with strain rate. For room temperature samples the strain to failure
is higher for 100mm/min strain rate than for 1000mm/min strain rate, whereas for
cryogenically cooled samples the strain to failure is approximately equal for both strain
rates. Significant necking was evident on all samples after failure, as would be expected
with such high elongations to failure.
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Appendix C
Statistical analysis of tool temperature in machining

This appendix contains the statistical analysis of the peak tool temperature response
for the results shown in chapters 5 and 6.

C.1 Results corresponding to chapter 5

The main effects for tool temperature are shown in figure C.1. AOX and XLK have lower
average temperatures than UHMWPE, possibly indicating that crosslinking and adding
an antioxidant improve the heat capacity of the material, or have lower coefficients of
friction. Rake angle shows a strong effect on peak temperature, reducing from 108 ◦C at
−20◦ rake angle to 60 ◦C at 40◦ rake angle. This could be related to the lower cutting
and thrust forces at higher rake angles, indicating that there is a correlation between
temperature and cutting forces. The effect of sharpness shows a counterintuitive effect,
with worn tools having a higher peak temperature than highly worn. This may be a
result of machining with highly worn tools causing deformation or smearing of the
material rather than cutting, leading to a smaller contact area, as shown in figure 2.12.
The highest single temperature measured was 186 ◦C (XLK, 0◦ rake angle, highly worn
tool, 300m/min, 155mm/rev), which far exceeds the melting temperature established
in chapter 4. The thermal inertia of the tool and distance from the cutting edge means
that the peak temperature was likely far higher, and that melting of the material is
likely occurring.

The effects of cutting speed and depth of cut are difficult to interpret from this
data, as the peak temperature is highly sensitive to the duration of the cut, due to the
thermal inertia shown, with the duration of the cut being a function of cutting speed
and depth of cut. Higher cutting speeds and higher depths of cut result in a shorter
cutting time, as is evident in this data, but further conclusions cannot be made without
a detailed heat transfer analysis.

The two way interactions for temperature are shown in figure C.2, with a full
ANOVA table shown in table C.1. 3 of the 10 two way interactions appear significant:
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Figure C.1: Main effects plot for temperature.
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Figure C.2: Interactions plot for temperature.
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Statistical analysis of tool temperature in machining

Material - sharpness, rake angle - sharpness and sharpness - depth of cut. The material
- sharpness interaction shows that there is little variation between materials with sharp
and worn tools, but large variation with highly worn tools, with AOX having the lowest
temperature and UHMWPE having the highest. Rake angle - sharpness shows similar
behaviour, with consistent variation between sharp and worn, and much larger variation
at the highly worn level.

None of the three and four way interactions for temperature appear significant,
quite possibly due to a large proportion of the variation coming from the highly worn
data. As a result the ANOVA was repeated with the highly worn data excluded, to
assess the effect this data was having on the overall model. The main effects are shown
in figure C.3, with the interactions shown in figure C.4 and the full ANOVA table
shown in table C.2
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Figure C.3: Main effects plot for temperature, excluding highly worn tools.

The main effects plot shows reduced variation between materials, with the materials
factor no longer significant (P = 0.265 without highly worn, compared to P = 0.021

with), and the cutting speed factor now showing significance (P = 0.02 without highly
worn, compared to P = 0.503 with). This shows that a large amount of the variation in
the original model was a result of the highly worn data. This is verified by the change
in the Mean Square Error, which reduced from 348.3 to 14.7, and the improvement in
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Table C.1: ANOVA table for temperature. R− Sq = 97.93%.

Source DF Seq SS Adj SS Adj MS F P
Material 2 3758.5 3758.5 1879.2 5.4 0.021
Rake angle 3 43153.6 43153.6 14384.5 41.3 0
Sharpness 2 38956.9 38956.9 19478.5 55.92 0
Cutting speed 1 165.9 165.9 165.9 0.48 0.503
Depth of cut 1 49334.2 49334.2 49334.2 141.63 0
M*R 6 2140.7 2140.7 356.8 1.02 0.455
M*S 4 6056.3 6056.3 1514.1 4.35 0.021
M*CS 2 360.6 360.6 180.3 0.52 0.609
M*DOC 2 348 348 174 0.5 0.619
R*S 6 12082 12082 2013.7 5.78 0.005
R*CS 3 483.7 483.7 161.2 0.46 0.713
R*DOC 3 3155.3 3155.3 1051.8 3.02 0.072
S*CS 2 487.5 487.5 243.7 0.7 0.516
S*DOC 2 7930.4 7930.4 3965.2 11.38 0.002
CS*DOC 1 123.3 123.3 123.3 0.35 0.563
M*R*S 12 8244.4 8244.4 687 1.97 0.127
M*R*CS 6 1533.5 1533.5 255.6 0.73 0.632
M*R*DOC 6 1975.3 1975.3 329.2 0.95 0.499
M*S*CS 4 1339.8 1339.8 334.9 0.96 0.463
M*S*DOC 4 515.8 515.8 129 0.37 0.825
M*CS*DOC 2 583.8 583.8 291.9 0.84 0.456
R*S*CS 6 584.6 584.6 97.4 0.28 0.936
R*S*DOC 6 4049.9 4049.9 675 1.94 0.155
R*CS*DOC 3 586.3 586.3 195.4 0.56 0.651
S*CS*DOC 2 266.6 266.6 133.3 0.38 0.69
M*R*S*CS 12 2245.8 2245.8 187.2 0.54 0.852
M*R*S*DOC 12 2904.6 2904.6 242 0.69 0.731
M*R*CS*DOC 6 1998.5 1998.5 333.1 0.96 0.493
M*S*CS*DOC 4 1507 1507 376.8 1.08 0.408
R*S*CS*DOC 6 1053.7 1053.7 175.6 0.5 0.794
Error 12 4179.9 4179.9 348.3 - -
Total 143 202106.5 - - - ‘-
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R-Sq value from 97.93% to 99.91%.
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Figure C.4: Interactions plot for temperature, excluding highly worn tools.

This reduction in MSE has allowed the true significance of many of the interactions
to be quantified, with 7 of the 10 two way interactions appearing significant, and 4 of the
10 three way interactions appearing significant. Of these two and three way interactions,
only 3 do not involve cutting speed or depth of cut, and thus can be analysed without
concern of hidden factors. These are material - rake angle, rake angle - sharpness,
and material - rake angle - sharpness. All three show increased significance with the
reduction in MSE. The significance of interactions involving material is interesting, as
when the highly worn data is excluded the material factor does not appear significant.
It is clear that further work is required to remove the hidden factor of cutting time,
with a more detailed heat transfer analysis required, taking into account the thermal
inertia of the tool and the contact areas involved.

C.2 Results corresponding to chapter 6

The main effects and interactions for tool temperature are shown in figures C.5 and
C.6, with a full ANOVA table shown in table C.3.

All five factors appear significant, with rake angle, cutting speed and depth of cut
showing similar trends as were seen in chapter 5. The sharpness trend differs from
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Table C.2: ANOVA table for temperature, excluding highly worn tools. R−Sq = 99.91%.

Source DF Seq SS Adj SS Adj MS F P
Material 2 49 49 24.5 1.67 0.265
Rake angle 3 28711 28711 9570.3 652.77 0
Sharpness 1 32269.9 32269.9 32269.9 2201.07 0
Cutting speed 1 145.1 145.1 145.1 9.9 0.02
Depth of cut 1 24393 24393 24393 1663.81 0
M*R 6 734.4 734.4 122.4 8.35 0.01
M*S 2 81.6 81.6 40.8 2.78 0.14
M*CS 2 14 14 7 0.48 0.642
M*DOC 2 31.3 31.3 15.6 1.07 0.402
R*S 3 1002.7 1002.7 334.2 22.8 0.001
R*CS 3 227 227 75.7 5.16 0.042
R*DOC 3 3243.2 3243.2 1081.1 73.74 0
S*CS 1 480.5 480.5 480.5 32.77 0.001
S*DOC 1 6029.6 6029.6 6029.6 411.27 0
CS*DOC 1 306.6 306.6 306.6 20.91 0.004
M*R*S 6 2267.7 2267.7 378 25.78 0
M*R*CS 6 467.6 467.6 77.9 5.32 0.031
M*R*DOC 6 160.7 160.7 26.8 1.83 0.241
M*S*CS 2 257.7 257.7 128.8 8.79 0.016
M*S*DOC 2 64.3 64.3 32.2 2.19 0.193
M*CS*DOC 2 6 6 3 0.2 0.82
R*S*CS 3 131.4 131.4 43.8 2.99 0.118
R*S*DOC 3 637.1 637.1 212.4 14.48 0.004
R*CS*DOC 3 26.3 26.3 8.8 0.6 0.639
S*CS*DOC 1 52.7 52.7 52.7 3.59 0.107
M*R*S*CS 6 269.3 269.3 44.9 3.06 0.1
M*R*S*DOC 6 366.2 366.2 61 4.16 0.053
M*R*CS*DOC 6 183.1 183.1 30.5 2.08 0.197
M*S*CS*DOC 2 39.9 39.9 20 1.36 0.325
R*S*CS*DOC 3 152.6 152.6 50.9 3.47 0.091
Error 6 88 88 14.7 - -
Total 95 102889.5 - - - -
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Figure C.5: Main effects plot for peak temperature for plain UHMWPE, including
cryogenically cooled workpieces.

that seen previously, but examination of the material - sharpness interaction in figure
C.2 shows that plain UHMWPE at room temperature only has a similar effect due to
sharpness as that seen here. The scale of the effect of workpiece temperature is evident,
however this is as a result of shorter cuts being taken on the cryogenically pre-cooled
workpieces. Similarly, the effect of cutting speed and depth of cut is deceptive, as the
duration of the cut and thus the heat transferred are a function of these factors. There
were no statistically significant interactions which did not involve temperature, cutting
speed or depth of cut.
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Table C.3: ANOVA table for peak temperature for plain UHMWPE, including cryo-
genically cooled workpieces. R− Sq = 99.77%.

Source DF Seq SS Adj SS Adj MS F P
Rake Angle 3 16552.2 16552.2 5517.4 102.12 0
Sharpness 2 14129.6 14129.6 7064.8 130.76 0
Temperature 1 60089.3 60089.3 60089.3 1112.16 0
Cutting Speed 1 1204.7 1204.7 1204.7 22.3 0.003
Depth of Cut 1 20560.5 20560.5 20560.5 380.54 0
R*S 6 1052.6 1052.6 175.4 3.25 0.089
R*T 3 3338.7 3338.7 1112.9 20.6 0.001
R*CS 3 244.2 244.2 81.4 1.51 0.306
R*DOC 3 416.5 416.5 138.8 2.57 0.15
S*T 2 6174.1 6174.1 3087.1 57.14 0
S*CS 2 132.4 132.4 66.2 1.23 0.358
S*DOC 2 2543.9 2543.9 1271.9 23.54 0.001
T*CS 1 890.9 890.9 890.9 16.49 0.007
T*DOC 1 3103 3103 3103 57.43 0
CS*DOC 1 59.1 59.1 59.1 1.09 0.336
R*S*T 6 3309.7 3309.7 551.6 10.21 0.006
R*S*CS 6 950.4 950.4 158.4 2.93 0.108
R*S*DOC 6 1621.9 1621.9 270.3 5 0.035
R*T*CS 3 376.2 376.2 125.4 2.32 0.175
R*T*DOC 3 404.6 404.6 134.9 2.5 0.157
R*CS*DOC 3 23 23 7.7 0.14 0.931
S*T*CS 2 118.1 118.1 59 1.09 0.394
S*T*DOC 2 584.2 584.2 292.1 5.41 0.045
S*CS*DOC 2 198 198 99 1.83 0.239
T*CS*DOC 1 847.3 847.3 847.3 15.68 0.007
R*S*T*CS 6 462.4 462.4 77.1 1.43 0.339
R*S*T*DOC 6 816.4 816.4 136.1 2.52 0.143
R*S*CS*DOC 6 162.9 162.9 27.2 0.5 0.788
R*T*CS*DOC 3 300.5 300.5 100.2 1.85 0.238
S*T*CS*DOC 2 107.2 107.2 53.6 0.99 0.424
Error 6 324.2 324.2 54 - -
Total 95 141098.7 - - - -
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Figure C.6: Interactions plot for peak temperature for plain UHMWPE, including
cryogenically cooled workpieces.
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Appendix D
ANOVA tables for chapter 5

This appendix contains the analysis of variance tables for the analysis shown in chapter
5. The factors and levels used were as follows:

Table D.1: Factors used in design of experiments for chapter 5. (Repeat of table 3.3.)

Factor Number of levels Levels
Material 3 UHMWPE, AOX, XLK
Rake angle 4 −20◦, 0◦, 20◦, 40◦

Edge radius 3 Sharp, worn, highly worn - See table 3.4
Cutting speed 2 155, 300m/min

Depth of cut 2 0.06, 0.19mm/rev

The analysis for chip thickness used results from sharp tools only, removing sharpness
as a factor from that analysis. All analyses used a single replicate at each level.

191



Appendix D

Table D.2: ANOVA table for cutting force. R− Sq = 99.5%.

Source DF Seq SS Adj SS Adj MS F P
Material 2 309.56 309.56 154.78 18.29 0
Rake angle 3 7384.08 7384.08 2461.36 290.86 0
Sharpness 2 5837.7 5837.7 2918.85 344.92 0
Cutting speed 1 69.18 69.18 69.18 8.17 0.014
Depth of cut 1 2124.59 2124.59 2124.59 251.06 0
M*R 6 489.45 489.45 81.58 9.64 0.001
M*S 4 236.55 236.55 59.14 6.99 0.004
M*CS 2 54.53 54.53 27.26 3.22 0.076
M*DOC 2 65.82 65.82 32.91 3.89 0.05
R*S 6 818.04 818.04 136.34 16.11 0
R*CS 3 32.64 32.64 10.88 1.29 0.324
R*DOC 3 957.75 957.75 319.25 37.73 0
S*CS 2 176.26 176.26 88.13 10.41 0.002
S*DOC 2 49.86 49.86 24.93 2.95 0.091
CS*DOC 1 1.86 1.86 1.86 0.22 0.647
M*R*S 12 605.3 605.3 50.44 5.96 0.002
M*R*CS 6 44.54 44.54 7.42 0.88 0.539
M*R*DOC 6 135.78 135.78 22.63 2.67 0.069
M*S*CS 4 42.96 42.96 10.74 1.27 0.335
M*S*DOC 4 16.72 16.72 4.18 0.49 0.741
M*CS*DOC 2 5.46 5.46 2.73 0.32 0.73
R*S*CS 6 55.47 55.47 9.24 1.09 0.42
R*S*DOC 6 201.56 201.56 33.59 3.97 0.02
R*CS*DOC 3 31.27 31.27 10.42 1.23 0.341
S*CS*DOC 2 21.15 21.15 10.58 1.25 0.321
M*R*S*CS 12 64.35 64.35 5.36 0.63 0.78
M*R*S*DOC 12 118 118 9.83 1.16 0.4
M*R*CS*DOC 6 60.24 60.24 10.04 1.19 0.376
M*S*CS*DOC 4 10.82 10.82 2.7 0.32 0.86
R*S*CS*DOC 6 205.59 205.59 34.27 4.05 0.019
Error 12 101.55 101.55 8.46 - -
Total 143 20328.64 - - - -
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Table D.3: ANOVA table for thrust force. R− Sq = 99.73%.

Source DF Seq SS Adj SS Adj MS F P
Material 2 425.88 425.88 212.94 10.95 0.002
Rake angle 3 40308.24 40308.24 13436.08 690.84 0
Sharpness 2 31985 31985 15992.5 822.28 0
Cutting speed 1 162.26 162.26 162.26 8.34 0.014
Depth of cut 1 760.34 760.34 760.34 39.09 0
M*R 6 1329.32 1329.32 221.55 11.39 0
M*S 4 638.82 638.82 159.71 8.21 0.002
M*CS 2 165.35 165.35 82.68 4.25 0.04
M*DOC 2 72.29 72.29 36.14 1.86 0.198
R*S 6 2141.85 2141.85 356.97 18.35 0
R*CS 3 156.83 156.83 52.28 2.69 0.093
R*DOC 3 1659.11 1659.11 553.04 28.44 0
S*CS 2 492.48 492.48 246.24 12.66 0.001
S*DOC 2 1178.31 1178.31 589.16 30.29 0
CS*DOC 1 12.52 12.52 12.52 0.64 0.438
M*R*S 12 2093.58 2093.58 174.47 8.97 0
M*R*CS 6 201.94 201.94 33.66 1.73 0.197
M*R*DOC 6 249.63 249.63 41.6 2.14 0.124
M*S*CS 4 107.08 107.08 26.77 1.38 0.3
M*S*DOC 4 45.82 45.82 11.45 0.59 0.677
M*CS*DOC 2 13.91 13.91 6.96 0.36 0.707
R*S*CS 6 214.09 214.09 35.68 1.83 0.175
R*S*DOC 6 659.89 659.89 109.98 5.65 0.005
R*CS*DOC 3 170.27 170.27 56.76 2.92 0.078
S*CS*DOC 2 21.97 21.97 10.98 0.56 0.583
M*R*S*CS 12 230 230 19.17 0.99 0.51
M*R*S*DOC 12 345.09 345.09 28.76 1.48 0.254
M*R*CS*DOC 6 161.99 161.99 27 1.39 0.295
M*S*CS*DOC 4 23.02 23.02 5.75 0.3 0.875
R*S*CS*DOC 6 519.53 519.53 86.59 4.45 0.013
Error 12 233.39 233.39 19.45 - -
Total 143 86779.81 - - - -
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Table D.4: ANOVA table for surface roughness. R− Sq = 98.55%.

Source DF Seq SS Adj SS Adj MS F P
Material 2 0.60099 0.60099 0.3005 3.37 0.105
Rake angle 3 4.03183 4.03183 1.34394 15.06 0.003
Sharpness 1 10.81652 10.81652 10.81652 121.17 0
Cutting speed 1 0.06121 0.06121 0.06121 0.69 0.439
Depth of cut 1 1.15545 1.15545 1.15545 12.94 0.011
M*R 6 1.04968 1.04968 0.17495 1.96 0.217
M*S 2 0.60952 0.60952 0.30476 3.41 0.102
M*CS 2 0.29315 0.29315 0.14658 1.64 0.27
M*DOC 2 0.21274 0.21274 0.10637 1.19 0.367
R*S 3 5.67718 5.67718 1.89239 21.2 0.001
R*CS 3 0.39751 0.39751 0.1325 1.48 0.311
R*DOC 3 0.76744 0.76744 0.25581 2.87 0.126
S*CS 1 0.10989 0.10989 0.10989 1.23 0.31
S*DOC 1 0.98334 0.98334 0.98334 11.02 0.016
CS*DOC 1 0.04386 0.04386 0.04386 0.49 0.51
M*R*S 6 1.50089 1.50089 0.25015 2.8 0.118
M*R*CS 6 1.30526 1.30526 0.21754 2.44 0.151
M*R*DOC 6 0.4088 0.4088 0.06813 0.76 0.624
M*S*CS 2 0.30826 0.30826 0.15413 1.73 0.256
M*S*DOC 2 0.28949 0.28949 0.14474 1.62 0.274
M*CS*DOC 2 0.52215 0.52215 0.26108 2.92 0.13
R*S*CS 3 0.28439 0.28439 0.0948 1.06 0.432
R*S*DOC 3 1.08677 1.08677 0.36226 4.06 0.068
R*CS*DOC 3 0.18419 0.18419 0.0614 0.69 0.592
S*CS*DOC 1 0.01612 0.01612 0.01612 0.18 0.686
M*R*S*CS 6 1.4792 1.4792 0.24653 2.76 0.121
M*R*S*DOC 6 0.50225 0.50225 0.08371 0.94 0.53
M*R*CS*DOC 6 0.9956 0.9956 0.16593 1.86 0.235
M*S*CS*DOC 2 0.52726 0.52726 0.26363 2.95 0.128
R*S*CS*DOC 3 0.223 0.223 0.07433 0.83 0.523
Error 6 0.53561 0.53561 0.08927 - -
Total 95 36.97957 - - - -
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Table D.5: ANOVA table for chip thickness. R− Sq = 99.78%.

Source DF Seq SS Adj SS Adj MS F P
Material 2 0.0010667 0.0010667 0.0005333 38.4 0
Rake angle 3 0.032075 0.032075 0.0106917 769.8 0
Cutting speed 1 0.0000333 0.0000333 0.0000333 2.4 0.172
Depth of cut 1 0.0001333 0.0001333 0.0001333 9.6 0.021
M*R 6 0.0008 0.0008 0.0001333 9.6 0.007
M*CS 2 0.0000667 0.0000667 0.0000333 2.4 0.171
M*DOC 2 0.0002167 0.0002167 0.0001083 7.8 0.021
R*CS 3 0.0001167 0.0001167 0.0000389 2.8 0.131
R*DOC 3 0.0027833 0.0027833 0.0009278 66.8 0
CS*DOC 1 0.0000083 0.0000083 0.0000083 0.6 0.468
M*R*CS 6 0.0001333 0.0001333 0.0000222 1.6 0.291
M*R*DOC 6 0.0003167 0.0003167 0.0000528 3.8 0.065
M*CS*DOC 2 0.0003167 0.0003167 0.0001583 11.4 0.009
R*CS*DOC 3 0.0000417 0.0000417 0.0000139 1 0.455
Error 6 0.0000833 0.0000833 0.0000139 - -
Total 47 0.0381917 - - - -
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Appendix E
ANOVA tables for chapter 6

This appendix contains the analysis of variance tables for the analysis shown in chapter
6. The factors and levels used were as follows:

Table E.1: Factors used in design of experiments for chapter 6. (Repeat of table 3.6.)

Factor Number of
levels

Levels

Rake angle 4 −20◦, 0◦, 20◦, 40◦

Initial workpiece
temperature

2 Cold (100 - 150 K), Room (295 -
300 K)

Edge radius 3 Sharp, worn, highly worn - See
table 3.4

Cutting speed 2 155, 300m/min

Depth of cut 2 0.06, 0.19mm/rev

The analysis for chip thickness used results from sharp tools only, removing sharpness
as a factor from that analysis. All analyses used a single replicate at each level.
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Table E.2: ANOVA table for cutting force for plain UHMWPE, including cryogenically
cooled workpieces. R− Sq = 99.74%.

Source DF Seq SS Adj SS Adj MS F P
Rake Angle 3 11472.32 11472.32 3824.11 231.62 0
Sharpness 2 7275.7 7275.7 3637.85 220.34 0
Temperature 1 5436.71 5436.71 5436.71 329.3 0
Cutting Speed 1 15.04 15.04 15.04 0.91 0.377
Depth of Cut 1 6440.38 6440.38 6440.38 390.09 0
R*S 6 681.88 681.88 113.65 6.88 0.017
R*T 3 612.15 612.15 204.05 12.36 0.006
R*CS 3 64.51 64.51 21.5 1.3 0.357
R*DOC 3 2582.83 2582.83 860.94 52.15 0
S*T 2 245.43 245.43 122.72 7.43 0.024
S*CS 2 167.53 167.53 83.76 5.07 0.051
S*DOC 2 8.24 8.24 4.12 0.25 0.787
T*CS 1 10.96 10.96 10.96 0.66 0.446
T*DOC 1 1430.82 1430.82 1430.82 86.66 0
CS*DOC 1 31.45 31.45 31.45 1.9 0.217
R*S*T 6 285.65 285.65 47.61 2.88 0.112
R*S*CS 6 162.38 162.38 27.06 1.64 0.282
R*S*DOC 6 189.57 189.57 31.6 1.91 0.225
R*T*CS 3 41.48 41.48 13.83 0.84 0.521
R*T*DOC 3 387.33 387.33 129.11 7.82 0.017
R*CS*DOC 3 30.41 30.41 10.14 0.61 0.631
S*T*CS 2 111.52 111.52 55.76 3.38 0.104
S*T*DOC 2 16.53 16.53 8.27 0.5 0.629
S*CS*DOC 2 48.55 48.55 24.28 1.47 0.302
T*CS*DOC 1 16.43 16.43 16.43 1 0.357
R*S*T*CS 6 117.31 117.31 19.55 1.18 0.421
R*S*T*DOC 6 132.14 132.14 22.02 1.33 0.368
R*S*CS*DOC 6 85.96 85.96 14.33 0.87 0.566
R*T*CS*DOC 3 10.15 10.15 3.38 0.2 0.889
S*T*CS*DOC 2 66.71 66.71 33.35 2.02 0.213
Error 6 99.06 99.06 16.51 - -
Total 95 38277.13 - - - -

198



ANOVA tables for chapter 6

Table E.3: ANOVA table for thrust force for plain UHMWPE, including cryogenically
cooled workpieces. R− Sq = 99.93%.

Source DF Seq SS Adj SS Adj MS F P
Rake Angle 3 42959.1 42959.1 14319.7 1428.02 0
Sharpness 2 32280.24 32280.24 16140.12 1609.56 0
Temperature 1 2018.43 2018.43 2018.43 201.29 0
Cutting Speed 1 4.59 4.59 4.59 0.46 0.524
Depth of Cut 1 50.41 50.41 50.41 5.03 0.066
R*S 6 1751.39 1751.39 291.9 29.11 0
R*T 3 729.73 729.73 243.24 24.26 0.001
R*CS 3 123.92 123.92 41.31 4.12 0.066
R*DOC 3 3202.35 3202.35 1067.45 106.45 0
S*T 2 464.38 464.38 232.19 23.15 0.002
S*CS 2 132.25 132.25 66.13 6.59 0.031
S*DOC 2 539.5 539.5 269.75 26.9 0.001
T*CS 1 10.48 10.48 10.48 1.04 0.346
T*DOC 1 784.73 784.73 784.73 78.26 0
CS*DOC 1 15.28 15.28 15.28 1.52 0.263
R*S*T 6 377.72 377.72 62.95 6.28 0.021
R*S*CS 6 289.4 289.4 48.23 4.81 0.039
R*S*DOC 6 309.53 309.53 51.59 5.14 0.033
R*T*CS 3 51.79 51.79 17.26 1.72 0.261
R*T*DOC 3 417.97 417.97 139.32 13.89 0.004
R*CS*DOC 3 90.92 90.92 30.31 3.02 0.116
S*T*CS 2 122.85 122.85 61.42 6.13 0.036
S*T*DOC 2 75.12 75.12 37.56 3.75 0.088
S*CS*DOC 2 30.87 30.87 15.43 1.54 0.289
T*CS*DOC 1 15.14 15.14 15.14 1.51 0.265
R*S*T*CS 6 253.56 253.56 42.26 4.21 0.052
R*S*T*DOC 6 48.91 48.91 8.15 0.81 0.596
R*S*CS*DOC 6 89.42 89.42 14.9 1.49 0.321
R*T*CS*DOC 3 32.25 32.25 10.75 1.07 0.429
S*T*CS*DOC 2 24.11 24.11 12.05 1.2 0.364
Error 6 60.17 60.17 10.03 - -
Total 95 87356.52 - - - -

199



Appendix E

Table E.4: ANOVA table for cut chip thickness for plain UHMWPE, including cryo-
genically cooled workpieces. R− Sq = 99.52%.

Source DF Seq SS Adj SS Adj MS F P
Rake Angle 3 0.0070375 0.0070375 0.0023458 70.38 0.003
Temperature 1 0.0036125 0.0036125 0.0036125 108.38 0.002
Cutting Speed 1 0.00005 0.00005 0.00005 1.5 0.308
Depth of Cut 1 0.0001125 0.0001125 0.0001125 3.38 0.164
R*T 3 0.0079375 0.0079375 0.0026458 79.38 0.002
R*CS 3 0.00005 0.00005 0.0000167 0.5 0.708
R*DOC 3 0.0007375 0.0007375 0.0002458 7.38 0.067
T*CS 1 0 0 0 0 1
T*DOC 1 0.0003125 0.0003125 0.0003125 9.38 0.055
CS*DOC 1 0.00005 0.00005 0.00005 1.5 0.308
R*T*CS 3 0.0002 0.0002 0.0000667 2 0.292
R*T*DOC 3 0.0005375 0.0005375 0.0001792 5.38 0.1
R*CS*DOC 3 0.00015 0.00015 0.00005 1.5 0.374
T*CS*DOC 1 0 0 0 0 1
Error 3 0.0001 0.0001 0.0000333 - -
Total 31 0.0208875 - - - -
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Table E.5: ANOVA table for surface roughness for plain UHMWPE, including cryo-
genically cooled workpieces. R− Sq = 99.27%.

Source DF Seq SS Adj SS Adj MS F P
Rake Angle 3 1.30387 1.30387 0.43462 9.25 0.011
Sharpness 2 10.30665 10.30665 5.15332 109.65 0
Temperature 1 1.35565 1.35565 1.35565 28.85 0.002
Cutting Speed 1 0.2185 0.2185 0.2185 4.65 0.074
Depth of Cut 1 2.74862 2.74862 2.74862 58.49 0
R*S 6 1.53832 1.53832 0.25639 5.46 0.029
R*T 3 0.61163 0.61163 0.20388 4.34 0.06
R*CS 3 0.08027 0.08027 0.02676 0.57 0.655
R*DOC 3 0.25803 0.25803 0.08601 1.83 0.242
S*T 2 0.31878 0.31878 0.15939 3.39 0.103
S*CS 2 0.02456 0.02456 0.01228 0.26 0.778
S*DOC 2 2.65747 2.65747 1.32874 28.27 0.001
T*CS 1 0.47208 0.47208 0.47208 10.05 0.019
T*DOC 1 0.32248 0.32248 0.32248 6.86 0.04
CS*DOC 1 0.11043 0.11043 0.11043 2.35 0.176
R*S*T 6 1.55636 1.55636 0.25939 5.52 0.028
R*S*CS 6 0.08649 0.08649 0.01441 0.31 0.912
R*S*DOC 6 1.24793 1.24793 0.20799 4.43 0.047
R*T*CS 3 1.63282 1.63282 0.54427 11.58 0.007
R*T*DOC 3 1.98932 1.98932 0.66311 14.11 0.004
R*CS*DOC 3 0.60137 0.60137 0.20046 4.27 0.062
S*T*CS 2 0.5457 0.5457 0.27285 5.81 0.04
S*T*DOC 2 0.44625 0.44625 0.22312 4.75 0.058
S*CS*DOC 2 0.40051 0.40051 0.20025 4.26 0.071
T*CS*DOC 1 0.34849 0.34849 0.34849 7.42 0.035
R*S*T*CS 6 2.0383 2.0383 0.33972 7.23 0.015
R*S*T*DOC 6 2.11608 2.11608 0.35268 7.5 0.014
R*S*CS*DOC 6 2.48527 2.48527 0.41421 8.81 0.009
R*T*CS*DOC 3 0.05048 0.05048 0.01683 0.36 0.786
S*T*CS*DOC 2 0.29667 0.29667 0.14834 3.16 0.116
Error 6 0.28198 0.28198 0.047 - -
Total 95 38.45134 - - - -
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Table E.6: ANOVA table for RMS of profilometer output, with high RMS outlier
removed. R− Sq = 99.23%.

Source DF Seq SS Adj SS Adj MS F P
Rake Angle 3 39.98 39.98 13.33 0.74 0.564
Sharpness 2 2895.77 2895.77 1447.89 80.72 0
Temperature 1 2.63 2.63 2.63 0.15 0.715
Cutting Speed 1 168.32 168.32 168.32 9.38 0.022
Depth of Cut 1 3505.57 3505.57 3505.57 195.44 0
R*S 6 560.03 560.03 93.34 5.2 0.032
R*T 3 812.93 812.93 270.98 15.11 0.003
R*CS 3 30.2 30.2 10.07 0.56 0.66
R*DOC 3 27.41 27.41 9.14 0.51 0.69
S*T 2 17.24 17.24 8.62 0.48 0.64
S*CS 2 23.06 23.06 11.53 0.64 0.559
S*DOC 2 2603.66 2603.66 1301.83 72.58 0
T*CS 1 1.15 1.15 1.15 0.06 0.809
T*DOC 1 3.07 3.07 3.07 0.17 0.694
CS*DOC 1 128.21 128.21 128.21 7.15 0.037
R*S*T 6 366.15 366.15 61.03 3.4 0.081
R*S*CS 6 230.11 230.11 38.35 2.14 0.189
R*S*DOC 6 700.15 700.15 116.69 6.51 0.019
R*T*CS 3 21.75 21.75 7.25 0.4 0.756
R*T*DOC 3 808.13 808.13 269.38 15.02 0.003
R*CS*DOC 3 14.61 14.61 4.87 0.27 0.844
S*T*CS 2 25.16 25.16 12.58 0.7 0.532
S*T*DOC 2 15.34 15.34 7.67 0.43 0.67
S*CS*DOC 2 21.13 21.13 10.56 0.59 0.584
T*CS*DOC 1 0.46 0.46 0.46 0.03 0.878
R*S*T*CS 6 147.34 147.34 24.56 1.37 0.356
R*S*T*DOC 6 407.4 407.4 67.9 3.79 0.065
R*S*CS*DOC 6 205.23 205.23 34.21 1.91 0.226
R*T*CS*DOC 3 30.94 30.94 10.31 0.58 0.652
S*T*CS*DOC 2 22.59 22.59 11.29 0.63 0.565
Error 6 107.62 107.62 17.94 - -
Total 95 13943.36 - - - -
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ANOVA tables for chapter 7

This appendix contains the analysis of variance tables and residuals plots for the
analysis shown in chapter 7. The factors and levels used were as follows:

Table F.1: Factors used in design of experiments for constant stress loading. (Repeat of
table 7.1.)

Factor Number of
levels

Levels

Stress 4 0, 2, 4, 8MPa

Initial sample
temperature

2 Cold (100 - 150K), Room (295 -
300K)

Table F.2: Factors used in design of experiments for constant strain loading. (Repeat
of table 7.2.)

Factor Number of
levels

Levels

Strain 4 0, 2.5, 5, 10%

Initial sample
temperature

2 Cold (100 - 150K), Room (295 -
300K)

Table F.3: Factors used in design of experiments for machining operations. (Repeat of
table 7.3.)

Factor Number of levels Levels
Rake angle 2 20◦, 40◦

Depth of cut 5 0.05, 0.10, 0.15, 0.20, 0.25mm/rev
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Table F.4: ANOVA table for regression model of thickness of samples with constant
stress applied for 100 seconds, measured from 10 to 200 minutes after unloading.
R− Sq = 99.55%.

Source DF Seq SS Adj SS Adj MS F P
×10−3

Regression 31 20.948 20.948 0.676 626.687 0
LogTime 1 1.015 0.05 0.05 46.643 0
Load 2 1 1.53 0.155 0.155 143.425 0
Load 4 1 0 0.027 0.027 24.733 0
Load 8 1 0.359 0.177 0.177 163.811 0
LogTime-Load 2 1 0.009 0.005 0.005 4.558 0.036
LogTime-Load 4 1 0.003 0.006 0.006 5.193 0.025
LogTime-Load 8 1 0.072 0.049 0.049 44.994 0
LogTime-Cryo 1 11.182 0.002 0.002 2.104 0.15
LogTime-Cryo-Load 2 1 0.431 0.004 0.004 3.266 0.074
LogTime-Cryo-Load 4 1 0.481 0 0 0.391 0.533
LogTime-Cryo-Load 8 1 0.423 0.002 0.002 1.764 0.188
Replicate 5 2.143 3.84 0.768 712.185 0
Replicate-Load 2 5 0.399 1.746 0.349 323.876 0
Replicate-Load 4 5 0.892 2.222 0.444 412.183 0
Replicate-Load 8 5 2.009 2.009 0.402 372.607 0

Error 88 0.095 0.095 0.001 - -
Total 119 21.043 - - - -
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Figure F.1: Residuals plot for regression model of thickness of samples with constant
stress applied for 100 seconds.
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Table F.5: ANOVA table for regression model of thickness of samples with constant
strain applied for 100 seconds. R− Sq = 99.21%.

Source DF Seq SS Adj SS Adj MS F P
×10−3

Regression 31 602.935 602.935 19.45 548.64 0
LogTime 1 18.613 0.269 0.269 7.58 0.007
Load 2.5 1 65.545 1.074 1.074 30.29 0
Load 5 1 23.194 9.05 9.05 255.29 0
Load 10 1 447.344 91.339 91.339 2576.53 0
LogTime-Load 2.5 1 1.832 0.014 0.014 0.39 0.532
LogTime-Load 5 1 0.29 0.552 0.552 15.58 0
LogTime-Load 10 1 8.87 5.009 5.009 141.29 0
LogTime-Cryo 1 15.782 0.005 0.005 0.14 0.706
LogTime-Cryo-Load 2.5 1 0.087 0.004 0.004 0.11 0.744
LogTime-Cryo-Load 5 1 1.281 0.001 0.001 0.02 0.88
LogTime-Cryo-Load 10 1 0.04 0.035 0.035 0.98 0.323
Replicate 5 5.979 5.33 1.066 30.07 0
Replicate-Load 2.5 5 4.23 3.486 0.697 19.67 0
Replicate-Load 5 5 9.187 6.121 1.224 34.53 0
Replicate-Load 10 5 0.66 0.66 0.132 3.72 0.003

Error 136 4.821 4.821 0.036 - -
Total 167 607.756 - - - -
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Figure F.2: Residuals plot for regression model of thickness of samples with constant
strain applied for 100 seconds.
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Table F.6: ANOVA table for regression model of thickness of samples with constant strain
applied for 100 seconds, from 50 to 1000 minutes after unloading. R− Sq = 99.87%.

Source DF Seq SS Adj SS Adj MS F P
×10−3

Regression 31 365.043 365.043 11.776 2217.25 0
LogTime 1 6.073 0.099 0.099 18.64 0
Load 2.5 1 39.05 0.262 0.262 49.25 0
Load 5 1 14.688 2.276 2.276 428.61 0
Load 10 1 273.969 22.919 22.919 4315.55 0
LogTime-Load 2.5 1 0.539 0.009 0.009 1.61 0.208
LogTime-Load 5 1 0.076 0.166 0.166 31.28 0
LogTime-Load 10 1 2.482 1.332 1.332 250.77 0
LogTime-Cryo 1 12.58 0 0 0 0.978
LogTime-Cryo-Load 2.5 1 0.097 0 0.001 0.09 0.76
LogTime-Cryo-Load 5 1 0.933 0.001 0.001 0.15 0.7
LogTime-Cryo-Load 10 1 0.051 0.003 0.003 0.61 0.438
Replicate 5 4.135 3.614 0.723 136.1 0
Replicate-Load 2.5 5 2.949 2.319 0.464 87.34 0
Replicate-Load 5 5 6.793 4.014 0.803 151.15 0
Replicate-Load 10 5 0.628 0.628 0.126 23.64 0

Error 88 0.467 0.467 0.005 - -
Total 119 365.51 - - - -

Table F.7: ANOVA table for diameter of machined samples. R− Sq = 99.99%.

Source DF Seq SS Adj SS Adj MS F P
Source DF Seq SS Adj SS Adj MS F P
Regression 11 6268.69 6268.69 569.88 362337 0
LogTime 1 0 0 0 1 0.287
LogTime-Rake 40 1 2.08 0 0 1 0.237
DOC 0.10 1 831.45 255.11 255.11 162204 0
DOC 0.15 1 86.05 1094.78 1094.78 696076 0
DOC 0.20 1 329.08 2614.81 2614.81 1662526 0
DOC 0.25 1 5019.71 5019.71 5019.71 3191596 0
Replicate 5 0.31 0.31 0.06 40 0

Error 228 0.36 0.36 0 0 0
Total 239 6269.05 0 0 0 0
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Figure F.3: Residuals plot for regression model of thickness of samples with constant
strain applied for 100 seconds, from 50 to 1000 minutes after unloading.
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Figure F.4: Residuals plot for diameter of machined samples.
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