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ABSTRACT

High density polyethylene (HDPE) is widely used as a bearing material in industrial
application because of its low friction and high wear resistance. Reinforcing polymers with the
appropriate nanofillers is an effective way to obtain a variety of enhanced material properties.
Carbon nanofibers (CNFs) with silane coatings (two thicknesses: 2.8 nm and 46 nm) were
added into high density polyethylene (HDPE) to improve the tribological properties of the
nanocomposite material. The goal of the present study is to investigate how the mechanical,
thermal, and wear behavior of HDPE can be altered by the addition of either pristine or silane
treated CNFs at different loading levels (0.5 wt.%, 1 wt.%, and 3 wt.%) and to model the wear
of the HDPE/CNF nanocomposites under both dry and lubricated conditions.

In this study, the wear and friction tests are performed on a pin-on-disc tribometer under
dry, bovine serum, and phosphate buffered saline lubricated conditions. The thermal,
mechanical, properties, and biocompatibility of HDPE/CNF nanocomposites are characterized
and compared with those of the neat HDPE. The correlations of the wear and factors such as
work of fracture, thermal conductivity, and friction force are explored. An energy-based wear
model is proposed for the dry sliding condition in which a thermal analysis is derived to trace
the friction energy loss in the wear process. A wear model for the lubricated condition is
developed with incorporation of elastohydrodynamic lubrication theory and Reye’s wear

model to predict the long term wear.
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CHAPTER 1. BACKGROUND AND OBJECTIVES

Tribology refers to the science and technology of friction, lubrication, and wear.
Tribological performance related to the reliability, accuracy, and precision, and therefore, it
affects the efficiency and life of all mechanical systems. Friction is an important resource for
energy loss in industry, mining, and agriculture. It has been estimated that more than a quarter
of the energy loss can be prevented by tribological technology improvement [1]. Wear
sometimes is inevitable due to the nature of friction. Wear of automotive and industrial
machines, air jet engine, rail, road, etc. all requires vast investment for repair and replacement.
Therefore, to decrease these negative effects of friction and wear, tribological studies are
becoming more and more important in modern civilization.

The research and applications of polymer in tribology can be traced back to hundreds
of years ago when rubbers and elastomers were used as important engineering materials in
modern automotive industry. Nowadays, polymer such as high density polyethylene (HDPE),
ultra high molecular weight polyethylene (UHMWPE) and their composites are increasingly
applied in some tribological applications such as low speed gears and bearing, seals, and
artificial joints due to their low cost, easy manufacturability, superior self-lubrication, and
excellent corrosion resistance and lower density [2]. To further reduce wear, efforts have been
made through the incorporation of glass fibers [3], carbon fibers [4], and even nano-
reinforcements such as carbon nanotubes (CNTSs) [2] and carbon nanofibers (CNFs) [5, 6] into
these polymers. In particular, this research is focused on understanding the tribological
behavior of CNF reinforced HDPE nanocomposites. As the tribological behavior of polymers
depend on many factors such as mechanical properties, thermal properties, and lubrication
conditions, the effects of these factors on the wear of HDPE/CNF nanocomposites are

investigated both experimentally and theoretically in this dissertation.



1.1. Tribological studies of materials

1.1.1. Friction

If two solid bodies in contact are made to slide relative to one another, there is always
a force resisting the sliding motion called friction. Friction phenomena are desirable in some
instances, for example, soles of shoes, brakes operation, and self-locking joints. However, in
many other cases, we try to decrease the friction due to energy consumption, although it can
never be eliminated entirely.

The well-accepted laws of friction (under dry condition) can be summarized as follows
[7]:

e Amonton’s first law: Friction force is proportional to the normal load;

e Amonton’s second law: Friction force is independent of the apparent area of contact.
A third law that “kinetic friction is nearly independent of the sliding speed” proposed by
Coulomb [8] is known to be invalid [1]. Most modern theories consider that friction force in
metals’ contact results from three sources [1]: (1) the force necessary to shear adhesive joint
between the real contacted asperities; (2) the deformation force due to the asperities of the
harder metal ploughing through the asperities of the softer one; and (3) asperity deformation,
which is mainly related to the static coefficient of friction.

The common measure of friction is the coefficient of friction (COF), which is often
symbolized as a dimensionless scalar, u, and is defined as the ratio of the force of friction
between two bodies and the normal force pressing them together. Therefore, COF is greater
than zero and less than one. The coefficient of friction is dependent on the materials used; for
example, ice skates on ice has a low COF, while rubber tire on pavement has a high COF.
Generally, two types of COF are quoted: the coefficient of static friction, which applies to

surfaces at rest relative to each other, and the coefficient of kinetic friction, which applies to



surfaces in relative motion. In most cases, the value of former is higher than the latter. As
friction is a result of stochastic interaction between the contact asperities, the friction force in
all friction tests is not very stable in nature and the COF is often taken as an average value
through the entire friction test.

Friction energy, defined as the work done by friction force, is expressed as:

L t
AE = f F(x)dx = NVf u(t)dt ~ FL ~ NVjit (1.1)
0 0

where L is the sliding distance, F is friction force, N is the normal load, and V is constant speed,
t is the time, and u is the coefficient of friction. F and jz are the average friction force and
coefficient of friction, respectively. Based on the law of conservation of energy, energy is not
destroyed or stored due to friction. Therefore, friction energy needs to be transformed into other
forms. Ramalho [9] concluded that the friction energy in the sliding contact can be dissipated
mainly through three processes: heat generation, wear particle generation, and other entropy
changes associated with material transformation at the interface. Figure 1.1 further illustrates
that the amount of heat generated was reported to be around 80-90% of the work done by the
friction force when a titanium part slid on a steel part [9]. It looks feasible to set up thermal
analysis to calculate the heat generation energy from given friction energy input, once the
geometry and thermal characteristics of the sliding body are known. Assuming the friction
energy is only dissipated into wear and heat, it is possible to define wear damage in terms of
energy consumption by subtracting the energy going into heat generation from the total friction

energy. This idea will be fully developed in Chapter 5.
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Figure 1.1: Friction energy dissipation mechanisms (reprinted with permission from Ref. [9]).

1.1.2. Lubrication

Lubrication is the process, or technique used to reduce/prevent wear and lower friction.
As mentioned in Section 1.1.1., the classic laws of friction only give a basic understanding of
non-lubricated contacts. However, many mechanical systems in engineering application are
under lubricated conditions. The behavior of sliding surfaces is strongly modified with the
involvement of a lubricant between them. The Stribeck curve is used to categorize the friction
properties of two lubricated surfaces and define different lubrication regimes, as shown in
Figure 1.2.

We can find that at large Stribeck number, the COF is low and proportionally increases
with the increase of the Stribeck number. This regime is referred to as thick film lubrication

(also called as elastohydrodynamic lubrication) in which the surfaces are completely separated



by the pressure buildup in the lubricant. This type of lubrication has small COF and strongly
depends on viscosity of lubricatant. Upon decrease of the Stribeck number, COF obtains a
minimum value. The range around the minimum point is the mixed-lubrication regime. In this
regime, both asperity contact and the lubricant support the contact load. The COF now depends
on the surface roughness, material properties of the surfaces, and the material properties of the
lubricant. For even smaller values of the Stribeck number, the COF increases rapidly, because
the lubricant film is negligible and the contact load is transmitted mainly by mechanical contact
between the asperities. This regime is called boundary lubrication. However, in practice, it is
hard to identify the lubrication mechanism by experiments and the fundamental understanding

on the relationship between lubrication and wear is not fully known.

i<— Boundary lubrication

[ Mixed or thin-film lubrication

~

i—> Thick-film lubrication

Coefficient of friction, u

v

Stribeck number, nv/p

Figure 1.2: Schematic diagram of Stribeck curve for lubrication regimes; # is viscosity of
lubricant, ~is sliding speed, and p is pressure.



1.1.3. Wear

Wear is the material loss from a solid surface as associated with sliding against another
material [10]. Wear is almost inevitable when two solid surfaces in contact slide against each
other. Wear is very complex and largely empirical depending on the material properties of the
contact surface, the environment, the running condition, etc. The wear rate of a material is
conventionally defined as the volume or mass lost from the material per unit of sliding distance.

Wear depends on many factors generally including COF, normal load, sliding distance,
and material properties like hardness, toughness, ultimate strength and strain. The roughness
indirectly affecting the COF and pressure distribution is also an important factor. For the
lubricated condition, the friction properties (COF) of two surfaces are strongly dependent on
the Stribeck number (Figure 1.2), which refers to viscosity of lubricate, sliding velocity, and
the pressure that lubricant supports. Thus, these parameters also affect the wear of the material
under lubricated conditions. In addition, wear is also dependent on the tribological system. To
characterize the wear loss of materials, many testers have been used including the pin-on-disk,
cylinder-on-plane, as well as ball-on-prism testers. Therefore, to compare wear resistance of a
material, the type of wear test and test conditions like ambient temperature need to be specified.
For some specific case, the wear is also influenced by the corrosive effect and the participation
of the erosion particles.

With the application of polymers for tribological applications increasing, much
research has been carried out on the tribology of polymers and their application in various
industries [11]. Most polymers exhibit lower COF at high normal load than metals in
unlubricated condition [12]. When a polymer is sliding on metal, almost all the deformation is
elastic without plastic flow. For a given roughness, the plastic index for polymers is an order
lower compared to metals. Therefore, the low friction of polymers may potentially decrease

due to less plastic deformation of polymer which is considered as one of the friction resource.



Polymers generally have lower thermal conductivities and melting points than
traditional metallic bearing materials such as tool steel. Therefore, when it is applied to high
speed component, the surface layers may melt. However, when it is applied in low speed
component, like low speed gear, it will exhibit excellent wear resistance. The low wear rate of
polymers may also result from the formation of polymeric wear debris transfer film [13]. When
dry sliding begins, some debris of polymers is torn from the polymer’s surface by local shear
stresses. If some of them are not removed effectively, they will become attached to the substrate
due to the high normal stress in interface of sliding motion, and then a polymeric wear debris
transfer film forms at the interface of the two rubbing solid bodies. Another important feature
of polymer is that most polymers have viscoelastic property. The friction properties at the initial
stage and after the formation of a transfer film between contact areas are believed to be strongly
associated with the viscoelasticity of polymer [11].

In the polymer family, semicrystalline polymers, for example, polytetrafluoroethylene
(PTFE), nylons, and polyethylene including HDPE and UHMWPE, have been very extensively
studied on their wear properties due to their wide tribological application. PTFE is a good
choice for bearings and compressor piston seals [14]. Nylon is used commonly in automobile
bearing and polyvinylidenefluoride in electrical shielding[15]. The HDPE and UHMWPE, in
particular, are considered to be very popular in automobile industry and orthopedic replacement,

which will be further introduced in the next section.

1.2. Polyethylene

1.2.1. Polyethylene structure

Polyethylene is the most common plastic consisting of linear chains with repeat unit -
CH-”. Based on its molecular weight, density, and degree of branching, polyethylene is

classified into several different categories, the most important polyethylene grades are HDPE,
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low density polyethylene (LDPE) and UHMWPE. HDPE is defined by a density range of 0.93—
0.97 g/cm®, while density of LDPE ranges from 0.91-0.94 g/cm3. The difference in high-
density polyethylene and low-density polyethylene is mainly from their degrees of branching.

Figure 1.3 contains schematics depicting the structures of HDPE and LDPE.

(a) A macromolecular of HDPE (linear polyethylene)

(b) A macromolecular of LDPE (branched polyethylene)

Figure 1.3: Idealized schematic of polyethylene macromoleculares: (a) high density
polyethylene; (b) low density polyethylene.

HDPE consists of long, linear chains of polymerized ethylene and has higher tensile
strength than LDPE. The improvement of strength exceeds the difference in density, giving
HDPE a higher specific strength compared to LDPE. The lack of chiral centers and the linearity
of the chain make HDPE easily and rapidly form a highly crystalline structure when below the
melting point.

UHMWPE is defined as a PE that has a molecular weight greater than 3.1 million g/mol.
The molecular weight of HDPE ranges between 30,000 and 200,000 g/mol. UHMWPE has

the same chemical structure as HDPE, differing primarily in molecular weight. UHMWPE
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molecules typically have 100,000 to 250,000 monomer units per molecule each compared to
HDPE's 700 to 1,800 monomers. Although the molecular structure of linear polyethylene is
simple, polyethylene as a semicrystalline polymer consists of crystalline phases and amorphous
domains. It is reported that the high degree of crystallinity of UHMWEP is associated with the
high modulus and yield stress [5].

1.2.2. Properties of polyethylene

The properties of polyethylene have a wide range due to the differences in the length
of polymer chains, degree of branching, degree of crystallinity and polydispersity. The selected
material properties of polyethylene materials are listed in Table 1.1.

LDPE is relatively flexible compared to HDPE and UHMWPE, which makes it a good
choice for prosthetic devices. It is used for impact pads due to its good impact resistance. Due
to its low viscosity, it is easy to process, making it widely used where chemical and corrosion
resistance is in demand. Other advantages of LDPE include: light weight, easy to clean, very
low moisture absorption, and satisfying food handing guidelines. It is also frequently used in
packaging, bags, bottles, and liners.

HDPE has relatively higher tensile strength and wear resistance compared to LDPE,
representing the largest portion of the polyethylene applications. HDPE also offers excellent
impact resistance, light weight, no moisture absorption, non-toxic and non-staining. It also
meets the requirements for food processing. As a thermoplastic, HDPE is commonly recycled.
Due to its recycling properties, HDPE is being processed by recyclebots into filament for 3-D

printers [16].



Table 1.1: Selected material properties of PE materials.

Property LDPE [17] | HDPE [18,19] | UHMWPE [18, 19] Test method
ASTM

Physical

Density (g/cmd) 0.910-0.940 0.952-0.965 0.926-0.945 D792

Water Absorption (%) < 0.01 0 0 D570

Degree of Crystallinity (%) 35-55 60-80 39-75 DSC

Mechanical

Tensile Modulus (Gpa) 0.28 0.4-1.0 0.58-1.6 D638

Tensile Yield Strength (Mpa) 9.4 26-33 21-28 D638

Tensile Ultimate Strength (Mpa) 13.4 22-31 39-48 D638

Tensile Ultimate Elongation (%) 515 1000-1200 350-525 D638

Hardness, Shore D D41-D50 D69 D62-66 D785

Izod Notched Impact Strength No break 1600.05 No break D256
Thermal

Melt Temperature (°C) 110 130-137 132-138 D3418

oot e el | g

Heat Deflection Temperature

(°0) 48/36 76/40 95/82 D648

@66psi/@264psi

UHMWPE is known for its superior wear resistance. It is considered the most wear

resistant polymer due to the high molecular weight. It can be easily manipulated due to its high

tensile strength. Its light weight and extremely high impact toughness, even at cryogenic

temperature, make it a good choice for ballistic applications such as bullet proof vests and

armored vehicles. It is also non-toxic and can be used for food and pharmaceutical equipment,

especially when periodically cleaned with live steam or boiling water for sterilization.
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1.2.3. Tribological applications of polyethylene

Due to the low friction and high wear resistance, HDPE and UHMWPE have been most
widely used as bearing materials [20]. HDPE is increasingly demanded in various industrial
areas due to its vast tribological applications including automotive [21], liners and pressure
pipe [22], low speed gears and bearing [23], etc. (Figure 1.4). UHMWPE is also exploited as
bearing components in a wide range of industrial applications including lining for coal chutes,
runners for bottling production lines, wear strips, chain guides etc. [24]. In the mining industry,
UHMWPE has been used in lining dump trucks and buckets for protection of equipment
(Figure 1.4 (a)). By replacing steel or aluminum, it reduces the weight of the bed or bucket to
improve the capability and elongate the longevity of the bulk transport. Due to the low friction,
UHMWPE liners can not only protect the equipment, but also show the superior removing

ability as illustrated in Figure 1.5.

Figure 1.4: The industrial application of HDPE as bearing materials: (a) gears [25]; (b) bearings
[26]; and (c) liners [27].
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Figure 1.5: (a) UHMWPE lining for protection of the equipment and (b) improving the
removing ability (reprinted with permission from Ref. [28]).

In addition, one of the important biomedical applications of UHMWPE is the key
material of choice for total joint replacement. The majority of total hip prostheses consist of a
polished metallic alloy or ceramic femoral head articulating against a plastic acetabular cup as
shown in Figure 1.6. Extensive studies have been carried out on the development of suitable
plastic materials for the acetabular cups. Today, UHMWPE not only remains the most
frequently used material in total hip replacements, but is also the essential interposition material
in total knee replacements [30]. However, the life expectancies of these prostheses have been

limited to be within 25 years [31]. In spite of its excellent anti-wear properties, wear debris was
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still generated during UHMWPE’s service life which would result in osteolysis, loosening of

the implant, and eventually revision of the artificial joints [32].

» ~
0 \ Acetabular Cup
Polyethylene Liner
Femoral Head

Figure 1.6: Schematic representation of artificial hip replacement (reprinted with permission
from Ref. [29]).

Meanwhile, the attempts to use HDPE or its composites in plastic acetabular have never
been abandoned. HDPE was used and examined in the 1980s to develop low-friction and low-
wear arthroplasties [33, 34]. With the development of nanotechnology and new composite
manufacturing techniques, HDPE nanocomposites were recently investigated as well for the
application in total hip artificial joints [35-37]. Compared with UHMWPE, HDPE has
essentially the same chemical structure, comparable mechanical properties, relatively low cost,
superior creep resistance, better processability, and biocompatibility [36]. However, it was
reported that with the long time use, HDPE exhibited a lower wear resistance than that of
UHMWPE [38]. Therefore, currently HDPE is widely used as an additive for UHMWPE to
improve its creep resistance and processability in total hip replacements, not as a bearing
material.
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1.3. Polyethylene-based nanocomposites

1.3.1. Overview of nanocomposites

Composites are materials consisting of two or more constituents. Composite materials
have significantly different physical or chemical properties from the individual components.
The new materials are usually preferred for excellent strength-to-weight and stiffness-to-
weight ratios, when compared to traditional materials. Some other reasons include: less
expensive, durable, heat-resistant, thermal and electrical conductive, etc.. With the
development of nanotechnology, nano-fiber is becoming a popular reinforcement for polymeric
composites.

A nanocomposite is defined as a multiphase solid material where one of the phases has
at least one dimension in the range of 1-100 nm [39]. There are many advantages of
nanocomposite compared to conventiaonal composites:

(1) Generally, nanocomposites differ from conventional composites due to the
relatively higher surface to volume ratios of the nanofillers compared to the traditional
microscaled fillers. Thus, a relatively small amount of nano-scale reinforcements could lead to
observable effects on the macroscale properties of the composite;

(2) When the diameter of the fibers decreases, the numbers of surface defects become
less, and thus the strength of the nanofibers is significantly improved. This phenomena can be
verified in Figure 1.7 in which the ultimate strength of glass fibers increases with the decreasing
of fibers diameter. Therefore, although bulk glass is very brittle and has relatively low strength,

glass fibers are very strong and significantly less brittle;
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Figure 1.7: The tensile strength of glass fibers increases with the decrease of glass fibers
diameter (reprinted with permission from Ref. [28]).

(3) The addition of nanoreinforcements to polymeric matrix is a possible way of
improving desired mechanical properties of the composites without necessarily compromising
their toughness [37]. For example, short carbon fibers have already been applied into
UHMWPE as reinforcements for the artificial implants since as early as the 1970s [40]. This
short carbon fiber-reinforced UHMWPE composite, named Poly 1II™! improved the wear
behavior of UHMWPE considerably in the laboratory; however, such improvement was at the
cost of toughness, crack resistance and fatigue resistance reduction [41]. Therefore, Poly 11[™!
ran the fatal risks in vivo, early fracture and extensive delamination [24, 41, 42]. Actually,
similar problems usually occurred with most macro-and microscopic fillers, because such
fillers led to high stress concentrations at the interface [40]. However, due to the small size of
nano-reinforcement and the lower filler concentration, the toughness of the polymer matrix can

be maintained, or even improved in some cases [43-45].
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1.3.2. Tribological properties of polyethylene-based nanocomposites

As mentioned in Section 1.2.3., HDPE and UHMWPE and their composites have been
increasingly used for tribological applications due to their low friction and good wear
resistance. Fillers and reinforcements are added into HDPE or UHMWPE matrix to improve
the mechanical properties and potentially improve the material’s wear resistance. Due to the
various advantages of nanocomposites described in Section 1.3.1., nanocomposites seem to be
good choices to enhance wear resistance. In particular, the major benefits of hanocomposites
for tribological application were summarized as [46]: (1) interfacial bonding between the nano-
fillers and the matrix was supposed to be better as the nano-fillers had large specific surface
areas and high aspect ratios; (2) nanocomposite only needs a low concentration of nanofillers,
and therefore the toughness and surface energy of the matrix material can be maintained, which
are believed to be strongly correlated with the wear properties of polymer; (3) the nano
inclusions may indirectly improve the wear behavior of the nanocomposite by changing the
crystallinity, microstructure, glass transition and degradation temperatures, and other
mechanical properties of the polymer matrix; (4) In addition, some nanofillers have self-
lubricating function. For example, nanographite can reduce friction and wear of the
nanocomposites.

Xiong et al. [47] prepared the nano-Al.0z/UHMWPE nanocomposites using hot
pressing and irradiation by gamma ray, and found that the wear resistance of the
nanocomposites against CoCrMo alloy under physiological saline solution lubrication was
increased by 150% with 2% nano-Al>Os compared to pure UHMWPE. The filling particles
were believed to have linked with the UHMWPE molecular chains, resulting in an improved
shear modulus [47]. Indirectly, the crystallization process was also modified by the addition of
the Al2O3 nanoparticles that formed new nucleation sites [47]. Liu et al. [48] investigated the

surface hardness and wear resistance of montmorillonite (MMT) reinforced HDPE

16



nanocomposites, both of which were significantly improved by the addition of low loadings of
nano-MMT with polyolefin elastomers as the surfactant. Moreover, it was reported that the
MMT fillers led to an enhancement of impact toughness [48]. Xiong et al. [49, 50] prepared
the UHMWPE/nano-hydroxyapatite composites for the application of artificial joints by
vacuum hot-pressing and gamma irradiation. The friction and wear behavior were
characterized using cylinder (CoCrMo)-on-plane (sample) test machine under deionized water
lubrication. The nanohydroxyapatite led to decreased contact angles and increased wettability
which enhanced the lubricity of the contact pair under deionized water and lowered the friction
coefficient of the nanocomposite consequently [49]. UHMWPE filled with 1% nano-
hydroxyapatite exhibited a significant reduction of wear rate against CoCrMo alloy [49]. In
this work, the higher elastic modulus of reinforced UHMWPE resulted from the nano-
hydroxyapatite inclusions was considered to be the reason for achieving better wear resistance
against abrasion.

Compared to UHMWPE-based nanocomposites, HDPE-based nanocomposites have
good processability due to the low viscosity of HDPE at elevated temperatures. Many studies
have been dedicated to the use of HDPE nanocomposites as the bearing inserts in total joint
replacement components. [6, 35-37, 51, 52] Johnson et al. [37] studied the effect of carbon
nanotubes (CNTs) on mechanical properties and wear behavior of HDPE nanocomposites. The
results indicated that the addition of 5 wt.% CNTSs decreased the wear rate and coefficient of
friction of the nanocomposites by up to 50% and 12%, respectively. Kanagaraj et al. [51] found
that HDPE/CNT nanocomposite with 0.44 wt.% of CNTs concentration showed a 22%
enhancement of elastic modulus compared with neat HDPE. Fouad et al. [36] investigated the
thermal, rheological, cytotoxicity, mechanical and abrasive wear behaviors of HDPE
nanocomposites reinforced with graphite nano-particles (GNPs). The cytotoxicity test results

showed that the neat HDPE and all HDPE/GNPs nanocomposites with different GNP
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concentrations did not exhibit any cytotoxicity to the WISH cell line. The tensile strength,
Young’s modulus and shear modulus of HDPE/GNPs nanocomposite were found to be
comparable to that of UHMWPE. The addition of 4 wt.% GNPs improved the abrasion
resistance of the material by up to 8% compared to the neat HDPE.

1.3.3. Effects on the performance of nanocomposites

Effect of concentration. One of the advantages of nanocomposites is the large
improvement of desired properties in the cost of low concentration of the reinforcements.
Based on the traditional linear law of mixture [53], the more reinforcements were added into
the matrix, the more improved properties would be achieved. However, this is not the case for
polyethylene-based nanocomposites. Particle shaped nanofillers could have a higher
concentration as much as 10 wt. % compared with fiber shaped nanofillers [36, 49, 54]. A low
concentration of fiber shaped nanofillers, usually less than 5 wt.%, may provide the resulting
nanocomposite material with significant property improvement due to their high aspect ratios
[55, 56]. Wear loss of UHMWPE/CNTs composite was found to continuously decrease as the
concentration of MWCNTSs increased (Figure 1.8) [2]. However, when the amount of
nanofillers exceeded 0.5 wt.%, the wear resistance of the nanocomposite would gradually
decrease [46]. High concentration of nanofillers could contaminate the improvement of desired
properties, since nanofillers tend to aggregate due to the strong intrinsic VVan der Waals forces,
leading to poor dispersion. For example, CNTs usually agglomerate into ropes or bundles when
dispersed in polymers [57]. A scanning electron microscope (SEM) can be useful in identifying
the presence of agglomerates (Figure. 1.9 (a)) [37], where the small lighter spots are the
nanotube clumps. Nanotube agglomerates were also found in the debris accumulated on the
counterpart surface after dry sliding wear of the UHMWPE/HDPE blend with 2 wt.%
MWCNTSs (Figure. 1.9 (b)) [58]. Those agglomerates not only affected the consistency of the

nanocomposites, but also enhanced the abrasive wear as the third-body wear agents [46]. With
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high strength and modulus, those nanofiller agglomerates acted like metal scourers, scratching
the surface of the nanocomposite back-and-forth during the wear process. It was also shown in
[40] that the presence of large CNF clusters in the UHMWPE nanocomposite containing 10

wt.% of CNFs further degraded the wear performance of the nanocomposite.
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Figure 1.8: Influence of fiber concentration at low loading levels on the wear rate of
UHMWPE/CNT nanocomposites (reprinted with permission from Ref. [2]).
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Figure 1.9: (a) CNT agglomerates in the UHMWPE matrix (reprinted with permission from
Ref. [37]; Copyright (2009) Elsevier) and (b) CNT agglomerates inside the wear debris on the
surface of a X5CrNi18-10 steel ball after sliding against UHMWPE/HDPE blend with 2 wt.%
MWCNTSs (reprinted with permission from Ref. [58]; Copyright (2006) Elsevier).

Effect of surface treatment. The performance of polymer nanocomposites depends on
the dispersion of nanofillers in the matrix and interfacial interactions between the fillers and
the matrix. Therefore, different nanofiller treatments have been attempted to improve the
dispersion and interfacial interactions, including the purification and functionalization of the
nanofillers. For polar polymer matrices, even simple oxidation of nanofillers can work well to
enhance the load transfer and the dispersion of nanofillers within polymer matrices, due to
polar interactions [59, 60]. However, for the matrix of non-polar polyethylene, the approaches
to obtain advanced nanocomposites in volume production have been more challenging. In
Lee’s work [61], MWCNTSs were oxidized and silanized using acid mixture and 3-aminopro-
pyltriethoxysilane, respectively, to improve the interfacial strength. It was observed that
silanized CNT-reinforced UHMWPE nanocomposites have a remarkably lower friction
coefficient and decreased wear rate by about 83% at 0.12 m/s dry sliding speed compared with
the neat UHMWPE [61]. Compared to CNTs, CNFs have much higher purity (for example,

Pyrograf —111 CNFs from Applied Sciences, Inc., have more than 99.9% fibrous carbon material

and very low metal concentrations) and more active edges to facilitate functionalization [6].
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Sui et al. [62] discussed the effect of a pretreatment for CNFs on the mechanical properties
and friction behavior of UHMWPE/HDPE nanocomposites. Fewer exposed CNFs were found
in the fracture surfaces of UHMWPE/HDPE nanocomposites with the pretreated CNFs than
with the untreated CNFs [62]. Hence, the dispersion and interfacial adhesion of the pretreated
CNFs were improved. The enhancement in tensile strength of nanocomposites with 0.5 wt.%
pretreated CNFs was four times higher than that with untreated CNFs [62].

1.3.4. Wear mechanisms

The wear mechanisms of polymers can be grouped into several categories including
abrasive, adhesive, fatigue, and delamination wear. Those wear mechanisms or combinations
of them have been reported in the wear of UHMWPE, HDPE and their nanocomposites [2, 5,
46, 54, 58, 63].

Abrasive wear. As the most common type of wear in polymer composites, abrasive
wear occurs when a hard rough surface slides across a softer surface [64]. According to ASTM,
the definition of abrasive wear is the loss of material due to hard particles that are forced against
and move along a solid surface [65]. Abrasive wear can be sub-divided into two processes [66]:
two-body abrasive wear and three-body abrasive wear according to the type of contact and
contact environment (Figure 1.10). When the grits or asperities that are rigidly mounted or
adhered to the counterface remove the material from the soft surface, a two-body abrasive wear
occurs [67]. During a three-body wear, the material is removed by particles that are not
constrained and are free to roll and slide across a surface [67] . Three commonly identified
characteristics of abrasive wear are plowing, cutting, and cracking [67]. The abrasive wear was
reported most frequently in UHMWPE nanocomposites [5, 54, 58, 63]. For example, the 10
wt.% UHMWPE/nano-MMT and the 10 wt.% UHMWPE/nano-TiO. were found to have the

abrasive wear mechanism, shown in Figure 1.11 [54, 63].
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Figure 1.10: Schematic diagrams of the abrasive wear mechanism: (a) two-body abrasive wear
and (b) three-body abrasive wear.

Figure 1.11: SEM micrographs of worn surfaces of (a) 10 wt.% nano-MMT/UHMWPE
nanocomposite (reprinted with permission from Ref. [54]; Copyright (2008) Elsevier) and (b)
10 wt.% nano-TiO2 /UHMWPE (reprinted with permission from Ref. [70]).

Adhesive wear. Adhesive wear is a result of material transfer from one surface to
another due to the deformation and adhesion of the opposing asperities on the rubbing surfaces
[46]. When two surfaces slide against each other, junctions are formed at the actual contact

between asperities resulting from welding, physical or chemical interactions, or possibly

heating at the interface which may be high enough to cause melting or softening of the sliding
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polymer surface [68]. If further sliding is continued and the bonding between the interfaces of
asperities is greater than the strength of the polymer, fragments will detach from the surface
and adhesive wear occurs as shown in Figure 1.12. The obvious tears on the worn surface imply
the occurrence of adhesive wear. An example showing adhesive wear in nanocomposites is
given in Figure 1.13(a) for UHMWPE/CNTs (0.5 wt.%) [2]. It was believed that the HDPE
chains compared with UHMWPE had the ability to flow under elevated temperatures caused
by friction during dry sliding [69]. When heated to sufficient levels, the strength of the adhesive
bonds between the counterface metal and the surface of the HDPE nanocomposite could be
greater than the strength of the surface layer, resulting in adhesive wear instead of abrasive
wear [70]. The adhesive wear of HDPE was evidenced through the wear debris analysis as
shown in Figure 1.13(b), in which the small, flake-like debris indicated adhesive wear. It is
noted that the improved thermal conductivity would reduce the negative thermal softening
effects on the wear rate and allow the surface layer of the sample to maintain strength, while
the decreased friction would weaken the adhesive bonds between the counterface and the

surface layer [69, 70].

Adhesive wear

—

Figure 1.12: Schematic diagram of the adhesive wear mechanism.
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Figure 1.13: (a) Adhesive wear of the UHMWPE/0.5 wt. % CNT nanocomposite (reprinted
with permission from Ref. [2]) and (b) wear debris of HDPE/UHMWPE blend with 1 wt.%
CNFs (reprinted with permission from Ref. [167]; Copyright (2009) John Wiley and Sons).
Fatigue wear and delamination wear. Fatigue wear is due to the weakness of surface
material by cyclic loading as shown in Figure 1.14. In this case, the wear debris is detached by
cyclic crack growth of micro-cracks on the surface. These fatigue cracks start at the material’s
surface and spread to the subsurface regions [46]. The cracks may connect to each other
resulting in separation of the delamination of the material pieces, which is shown in Figure

1.15(a) [58].

Fatigue wear
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Figure 1.14: Schematic diagram of the fatigue wear mechanism.

24



Figure 1.15: (a) Fatigue wear in UHMWPE/HDPE blends with 2 wt. % CNTSs (reprinted with
permission from Ref. [58]; Copyright (2006) Elsevier) and (b) ripple-like micro-scale
topography of the worn surface under delamination wear (reprinted with permission from Ref.
[71]; Copyright (2009) Elsevier).

Some reports suggested that delamination mechanism could be the main mode of wear
for UHMWPE or HDPE applied to artificial knee and hip joints under cyclic loading [20, 72,
73]. Delamination wear takes place when two surfaces are brought together into contact only
at the asperities, and small, localized plastic deformation occurs under these asperities [46]. A
schematic of delamination wear is shown in Figure 1.16 [74]. The delamination wear
mechanism seems more like a combination of the adhesive wear and fatigue wear. The worn
surfaces of delamination wear were observed to have ripple-like microscale topography as
shown in Figure 1.15 (b) [71]. As long as microplastic flow occurs in the thin layer of the

bearing surface, ripples can be formed under repeated cyclic compression shear stresses.
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Figure 1.16: Schematic diagram of the delamination wear mechanism (reprinted with
permission from Ref. [46]; Copyright (2009) Elsevier).

1.3.5. Wear models

To model the wear of materials, a classical wear model, Archard’s law, claimed the
following statements for dry sliding wear [12, 75]:

(1) wear volume is proportional to the sliding distance;

(2) wear volume is proportional to the normal load;

(3) wear volume is inversely proportional to the plastic yield pressure of the softer
material under the normal load.

Archard’s law can be expressed as an equation [12, 75]:

N
AV =KoL (1.2)
m

where AV is the volume of the worn off material, Ka is a constant, called Archard’s wear rate,
N is the normal load, B, is the plastic yield pressure of the softer material in the two rubbing
bodies, and L is the sliding distance. It should be noted that the yield pressure in Equation (1.2)
was usually replaced with the indentation hardness (H) in later studies, as the yield pressure
was recognized to equal the hardness value [1, 46, 76]. Archard’s law postulated that the

surface asperities are entirely deformed plastically under the applied normal load, and the term
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N /B, thus physically represents the true contact area between the two rubbing materials [75].
Sometimes the hardness (H) as a constant material property can be hidden in Archard’s wear
rate, K,. Equation (1.2) can also be rewritten as: AV = K¢NL, where Kjs is called specific wear
rate. The confirmation of these relationships between the wear volume and sliding distance as
well as the wear volume and the hardness of the softer materials described in Archard’s law

can be found in [75, 77]. The relevant figure is reproduced in Figure 1.17.
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Figure 1.17: (a) Confirmation of the relationship between wear and sliding distance (1, Teflon
on tool steel; 2, brass on tool steel; 3, ferritic stainless steel on sintered tungsten carbide; 4,
Berllium copper on tool steel; 5, stellite grade 1 on tool steel; 6, sintered tungsten carbide on
mild steel; reprinted with permission from Ref. [75]) and (b) Relationship between wear and
hardness (reprinted with permission from Ref. [77]).
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While Archard’s law is indeed true for many systems, there are still two concerns when
it is applied to the wear of polymers under lubricated conditions. The first concern is that
Archard’s law was developed for metals assuming the contacted asperities were totally
plastically deformed [75]. It may or may not apply to other materials [1]. Because the elastic
moduli of polymers are significantly lower than those of metals, it is believed that the plastic
deformation in polymers becomes the predominant mode only when the asperity of the harder
material is very sharp; otherwise, elastic deformation would play a much more important role
in the wear process of polymers [78]. In addition, the deformation of polymers is also strongly
time-dependent on their viscoelastic properties [79]. Therefore, the indentation hardness which
incorporates the plastic yield pressure in Archard’s law is not a good predictor for the wear of
polymers [28, 78].

The second concern is that Archard’s law, derived based on solid contact mechanism,
is only examined for dry sliding contact in Archard’s original paper [75]. Archard’s law
assumes that the normal load is entirely supported by the contact pressure of the asperities
under dry sliding condition. Despite being widely used in the prediction of metal’s wear under
lubricated conditions, there have been few published works that validate the relationship
between wear volume of polymers and the normal load under lubricated conditions. Under dry
sliding condition, the normal load is only supported by the asperity contacts [1]; however under
lubricated conditions, the normal load is supported by different mechanisms. The Stribeck
curve is used to study the variation of friction (coefficient of friction, i) between two liquid
lubricated surfaces as a function of a dimensionless lubrication parameter nv/p, where 1 is
viscosity of lubricant, v is sliding velocity, and p is pressure. The Stribeck curve can also be
used to categorize the different lubrication mechanisms as shown in Figure 1.2 [1, 76, 80]. For
example, in hydrodynamic (or thick-film) lubrication regime, the two rubbing surface are fully

separated with the pressure build-up in the lubricant and a thick-film forms between them. The
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force leading to the wear is the friction force between lubricants and the worn material, which
significantly depends on viscosity of the lubricant. In mixed lubrication, asperity contacts and
the build-up pressure of the lubricant support the normal load together. Therefore, under
hydrodynamic and mix lubricated conditions, the pressure from the normal load on the worn
surface is significantly influenced by the properties of the lubricant, which is not considered in
the derivation of Archard’s law. Due to the above concerns, it is reasonable to suspect the
applicability of Archad’s law in the wear of polymers under lubricated conditions.

Lancaster et al. [78] then proposed a relation for polymers between the wear volume V
and other factors

uNL
He, o,

AV =K, (1.3)

where K; is a constant as the Lancaster’s wear rate, 6, and €, are the ultimate tensile strength
and strain, respectively. However, although using the hardness as a predictor for wear rate is
true for pure metal as shown in Figure 1.17(b), some researchers believe that it should be
avoided for polymeric materials, because wear of polymers is generally more complicated than
traditional metal wear due to their viscoelasticity, toughness and the formation of polymeric
wear debris transfer films [28, 81]. However, it has been proven that the wear volume most
strongly correlate with €,0, (Figure.1.18) which can be described as an index of the toughness

of the material.
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Figure 1.18: Relationship between wear rate and product of ultimate strength and strain for
polymeric materials (reprinted with permission from Ref. [82]).

In addition, Reye’s model [83] that the volume of the removed debris due to wear is
proportional to the work done by friction forces, was considered more consistent with the wear

of polymer than Archard’s equation. The Reye’s model can be written in following form

L L
AV = KE; = KfJ E, (x)dx = KfNJ p(x)dx ~ K¢ aNL (1.4)
0 0

where E is friction energy; F, is friction force; j is average value of COF. K is a new wear

rate called specific wear volume in a recent study [84]. However, to the best knowledge of the

author, there is no wear model that is specifically developed for the wear of PE family materials.

1.4. Scope of the research

In this work, CNFs have been added into the HDPE polymer matrix, due to their

excellent mechanical properties and high thermal conductivity. Three types of CNFs (pristine,
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thicker-silane and thinner-silane treated CNFs) at different loading levels (0.5 wt.%, 1 wt.%
and 3 wt.%) are used as nanoreinforcements to improve the mechanical, thermal, and
tribological properties of the HDPE/CNF nanocomposites. The fabrication of the
nanocomposites used in this research was done by our collaborator’s group at Washington State
University and was not in the research scope of this study. This research mainly focused on
the investigation of tribological behavior of the nanocomposites, the understanding of the
relationship between the wear and factors including friction, hardness, work of fracture, and
thermal conductivity, and the development of wear models for dry sliding and lubrication
conditions. The specific research tasks are shown below:

1) Measure the mechanical properties and thermal conductivity of the
nanocomposites, which will be used as parameters in latter studies (Chapter 2).

(2) Experimentally investigate the tribological behavior of the nanocomposites
under dry, saline water, bovine serum lubricated condition, respectively and explore the
possible correlations of wear with hardness and work of fracture (Chapter 3).

3) Study the relationship between the wear and friction force under lubricated
conditions (Chapter 4).

4) Establish a thermal analysis method to determine the heat generation during a
pin-on-disk wear test, correlate the wear with thermal conductivity, and develop an energy-
based wear model for dry sliding condition (Chapter 5).

(5) Develop a theoretical model to predict the long-term wear of the

nanocomposites under lubricated conditions (Chapter 6).
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CHAPTER 2. MECHANICAL AND THERMAL PROPERTIES OF CARBON
NANOFIBER REINFORCED HIGH DENSITY POLYETHYLENE

NANOCOMPOSITES

The tribological behavior of a material is dependent on its mechanical properties,
especially the hardness and toughness. Improving polymer’s thermal conductivity is deemed
to be a promising engineering approach to increase the frictional heat dissipation and result in
significantly lower surface temperature on the polymer body. In this chapter, the mechanical
properties (Young’s modulus, ultimate stress, strain at fracture, work at fracture, hardness) and
thermal conductivity of the HDPE/CNF nanocomposites are measured. It was found that the
addition of CNFs increased the Young’s modulus, work of fracture, hardness, and thermal
conductivity of the nanocomposites. The contribution of mechanical and thermal properties to
the wear of the nanocomposites will be discussed in Chapter 3 and Chapter 5. The obtained
Young’s modulus of the nanocomposites will be used in the future wear modeling works in

Chapter 6.

2.1. Introduction

In recent years, the polymer nanocomposites reinforced with CNFs draw more and
more attention due to the various advantages of CNFs including excellent strength, good
thermal conductivity, high aspect ratio, multi-functionality and commercial availability [85],
If CNF reinforced HDPE nanocomposites can exhibit an appreciable level of mechanical
properties and thermal conductivity improvement, it may enhance the wear properties of HDPE
for current tribological applications. Wood et al. [86] successfully treated oxidized CNFs with
two types of silane coatings (with different thicknesses) and prepared the HDPE
nanocomposites reinforced with these silane-treated CNFs. The storage modulus of HDPE

nanocomposite reinforced by only 0.4 wt.% loading of thick silane-treated CNFs had a
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dramatic enhancement (40%) compared with the neat HDPE. Moore et al. [87] incorporated
CNFs into nylon 11 to synthesize nylon 11/CNF nanocomposites via twin screw extrusion.
Compared to the neat nylon 11 with thermal conductivity of 0.24 W/m.K, the nylon 11/CNF
nanocomposite with 7.5 wt.% CNF loading had an increased thermal conductivity of 0.3
W/m.K. Ma et al. [88] studied the effects of silane functionalization of multiwall CNT on the
thermal properties of CNT/epoxy composites. It was indicated that grafting silane molecules
onto a nanotube’s surface improved the dispersion of the nanotubes in the epoxy matrix and
resulted in improved thermal conductivity. Nevertheless, it seems that the mechanical
properties and the thermal conductivity of HDPE/CNF nanocomposites have never been
reported in literature. The present work will measure the mechanical and thermal properties of
the nanocomposites and discuss the influence of CNF on the improvement of mechanical and

thermal properties of HDPE/CNF nanocomposites.

2.2. Experiments

2.2.1. Materials

HDPE (HP54-60 Flake) supplied by Bamberger polymers Inc. was used as a matrix.
The pristine CNFs (PR-24-HTT) and pretreated oxidized CNFs (PR-24-HHT-OX) were
purchased from Applied Sciences Inc. with diameters of approximately 60 to 150 nm and
lengths of 30 to 100 um. Octadecyltrimethoxy-silane (ODMS) (90% technical grade) was
manufactured by Sigma-Aldrich. The pretreated oxidized CNFs were modified with ODMS
and ethanol solution, and a silane coating was formed to cover the fiber surface. Acetone was
obtained from J.T. Baker. Ethanol was purchased from Decon Laboratories Inc.

The pretreated oxidized CNFs (ox-CNFs) were modified under subsequent treatment
in boiling ODMS (90% technical grade)-ethanol solution. The condensation reaction of ox-

CNFs and organosilane then occurred due to the reactive hydroxyl groups on the surface of
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organosilane after hydrolysis, forming a silane coating to cover the fiber surfaces. By changing
the ratio of ODMS to ox-CNF added and the percentage of ethanol and water in this reaction,
it was possible to control the degree of hydrolysis and the thickness of silane coating. The
average coating thicknesses were determined using TGA data, which were about 46 nm for
silanized CNF-Treatment 1 and 2.8 nm for silanized CNF-Treatment 2 [86]. These two types
of silanized CNFs have been chosen for this study.

Three levels of fiber concentrations of 0.5 wt.%, 1 wt.%, and 3 wt.% for both pristine
CNFs and silanized CNFs were mixed with HDPE by a Haake Torque Rheometer to achieve
good dispersion. The detailed descriptions of the samples were shown in Table 2.1, in which
the weight percentage of CNF loading is also converted into volume fraction by taking the
density of CNFs, HDPE, and silane coating as 1.95 g/cm? 0.954 g/cm?®, and 0.88 g/cm?,
respectively [86]. Mixing was set at 170 °C with a rotator speed of 30 rpm. The order of adding
the materials was as follows: half amount of HDPE, CNFs, and then another half amount of
HDPE. The speed was then raised to 70 rpm for 15 minutes. A neat HDPE reference was also
prepared under identical conditions. Thereafter, the processed HDPE and the mixed polymeric
nanocomposites were hot-pressed at 180 °C for 10 min via a hydraulic presser. The samples
cooled down to room temperature naturally after the heat was turned off. The obtained samples
from the hydraulic presser are with the size of 50.8 mm x 50.8 mm and thickness around 2.5
mm. It should be pointed again that the materials was prepared by our collaborators at
Washington State University, and the detailed fabrication information can be referred to the

Ref. [6, 28, 86].
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Table 2.1: Descriptions of the HDPE/CNF nanocomposite samples.

Coatin Weight Volume
Sample Matrix | Reinforcement thicknegs Percentage fraction
(wt.%) (vol.%)
Neat - - -
P-05 0.5 0.2
Pristine CNF
P-1 (P-CNFs) - 1 0.5
P-3 3 15
T1-05 0.5 0.4
HDEP | Thicker-silane
T1-1 treated CNFs 46nm 1 0.8
(T1-CNFs)
T1-3 3 2.6
T2-05 0.5 0.3
Thinner-silane
T2-1 treated CNFs 2.8nm 1 0.5
(T2-CNF)
T2-3 3 1.6

2.2.2. Test methods

Tensile test. Tensile tests were carried out using a laboratory-made micro-load stage at
room temperature, as shown in Figure 2.1. The load cell (SN: 384355) was used with the
maximum load of 45 kg and a minimum load sensitivity of 0.0265 N. A constant strain rate of
0.002 mm/mm/s was maintained up to sample fracture and the tensile stress and strain data
were recorded simultaneously throughout the test. The sample size was about 50.8 mm x 20
mm x 3.5 mm. At least five specimens were tested for each material. The average values of the

elastic modulus, ultimate strength, and strain at fracture were determined from their stress-

strain curves.

35



Base frame

\ Lead screw

Load cell . \L

Base frame;’ Test specimen\ Slider

r potentiometer

Figure 2.1: Top view of a laboratory-made micro-load stage.

Hardness test. The micro-hardness testing was conducted using a pin-on-disc
tribometer (CETR-UMT-2) (see Figure 2.2). A load force of 3N and a stainless steel ball
indenter with diameter of 3/16 in. (4.762 mm) was used. A loading cycle of 20s was
implemented to ensure sufficient plastic deformation. Each specimen was indented three times
at three different locations under the same loading condition. The depth of indentation was
measured using a NT3300 optical profilometer. The micro-hardness (H) was calculated by the
equation [89]:

P
H = R =R =y @1)

where P is the applied load, R is the radius of the ball indenter, and h is the mean depth of the
indentation after the indenter being removed. The average value of H from three measurements

was recorded for each sample.
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Figure 2.2: CETR-UMT-2 pin-on-disc tribometer set-up.

Thermal conductivity measurement. The measurement of thermal conductivity of the
samples followed the standard guarded hot plate method (ASTM C 518). The apparatus
consisted of two isothermal steel plates which acted as constant heat source (hot plate) and heat
sink (cold plate), respectively. During the testing, a specimen was placed between the two
square plates, illustrated in Figure 2.3. The face temperature was measured via an Omega
Engineering HFS-4 heat flux transducer and the heat flux at each side of the specimen was
measured by a K-type thermocouple embedded in each plate. To minimize the heat loss from
areas not in contact with the plates, the specimen needs to have a good contact with the two
plates and must be well insulated. After the specimens reached a thermal steady state, the

minimum temperature difference through the thickness of the material was 10°C, and the heat

37



flux and temperatures were recorded to compute the thermal conductivity of the material.

ASTM C 518 provides the following equation for calculating the thermal conductivity:

_ (Hnot * Vhot) + (Kcota * Veola) ] L (2.2)

k 2 AT

where up,: and u..;4 are calibration factors of the two HFS-4 heat flux transducers; v, and
Veorq are the average voltage output (V) from the two heat flux transducers; L (m) is the
average thickness of the specimen; and AT (°C) is the temperature difference across the
specimen measured by the embedded K-type thermocouples. The thermal conductivity values

of ten types of materials are given in Table 2.3 and discussed in the next Section.
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,E§ Specimen % — Heat Flux Transducers
S m——r—r—— =S Thermocouple

50mm
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Figure 2.3: The photo (a) and schematic (b) of guarded hot plate method for thermal
conductivity measurements with two heat flux transducers, two thermocouples, and one
specimen.

Scanning electron microscopy analysis. The fracture morphology of the 3 wt.%
HDPE/P-CNF and 0.5 wt.% HDPE/T1-CNF specimens were observed by a scanning electron
microscope (JEOL JSM-7600F, Peabody, Massachusetts).

Transmission electron microscopy analysis. The transmission electron microscopy
(TEM) of both thick-silane treated CNFs and HDPE/T1-CNF-0.5 wt.% nanocomposites were

recorded on a transmission electron microscope (JEOL JEM2100 LaBs, JEOL USA, Peabody,

Massachusetts).
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2.3. Results and discussion

2.3.1. Tensile properties

Figure 2.4 shows the stress-strain curves of HDPE and HDPE/CNF nanocomposites.
The slope of the linear part of each curve determines the material’s Young’s modulus, and the
curve’s maximum point corresponds to the material’s ultimate stress. Beyond the ultimate
stress, the specimen began to form a “neck,” and then the load fell until rupture occurred. Such
curve features were also observed in the tensile tests of HDPE/CNT nanocomposites reported
in Kanagaraj’s work [51]. The mechanical properties of the nanocomposites, including

Young’s modulus, ultimate stress, and fracture strain, are summarized in Table 2.2.
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Figure 2.4: Stress-strain curves of HDPE and HDPE/CNF nanocomposite samples.
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Table 2.2: Mechancial properties of HDPE/CNF nanocomposites.

Sample Young’s % Ultimate % Strain at %
modulus E Increment stress oy increment fracture g, increment
(MPa) of E (MPa) of oy (mm/mm) of g,
Neat 526.83 0.00 22.09 0.00 1.28 0.00
P-05 512.81 -2.66 23.26 5.30 2.82 120.31
P-3 623.89 18.42 25.50 15.44 1.90 48.44
T1-05 537.54 2.09 24.64 11.54 3.94 207.81
T1-3 619.81 17.65 25.80 16.79 243 89.84
T2-05 533.08 1.19 24.62 11.45 2.60 103.13
T2-3 653.20 23.95 25.40 14.98 1.34 4.69

Young’s Modulus. The addition of 0.5 wt.% CNFs of any type, pristine, thick- or thin-
silane treated, did not have significant influence on the Young’s modulus of the
nanocomposites compared to the neat HDPE, and the differences were within + 3%. With 3
wt.% of CNFs, the nanocomposites’ Young’s modulus were increased by about 20%, compared
to the neat polymer. It seems that more CNFs lead to the higher Young’s Modulus, possibly
due to the fact that more CNFs results in more load transfer to the nanofibers’ network [35].

Ultimate Stress. It is shown in Figure 2.4 that all the nanocomposites had larger ultimate
stresses compared to the neat polymer. The ultimate stress values listed in Table 2.2 show that
the 3 wt.% CNF loading level improved the ultimate stress more than the lower 0.5 wt.%
loading level. With the same CNF concentration, the thick-silane treated CNFs resulted in the
highest ultimate stress compared to the pristine and thin-silane treated CNFs.

Strain at Fracture. The strains at fracture of the nanocomposites were all higher than
that of the neat HDPE. The nanocomposite with thick-silane treated CNFs at 0.5 wt.% level
yielded the highest strain at fracture with a 207.81% increase compared to neat HDPE.
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Although the addition of CNF may induce more fracture defects, the fracture strain
enhancements of nanocomposites may be because of two mechanisms: (1) CNFs can
effectively hinder the crack propagation to resist the strain improvement; (2) CNFs can absorb
fracture energy through the interfacial deformation between CNF and HDPE matrix such as
debonding, yielding or pullout [90, 91]. It was reported that thick-silane treatment produced a
three-dimensional cross-linking network of silane coating on CNFs [86]. It is highly possible
that the cross-linking network structure of thick-silane coating generates more interfacial
deformation and absorb more energy from failure, compared to the pristine and thinner-silane
treated CNFs. Therefore, at the same CNFs loading level, the thick-silane treated CNF
reinforced HDPE led to the largest strain at fracture, compared with the thin-silane treated and
pristine CNFs.

However, with the same silane treatment of CNFs, the strain at fracture decreased with
increasing CNFs content to 3 wt.%. A possible reason is that at higher concentrations, the CNFs
tend to aggregate more easily, leading to stress concentration within the matrix [51]. The
nanocomposite with thick-silane treated CNFs at 0.5 wt.% level showed no aggregates of the
CNFs in the HDPE matrix in the TEM image (Figure 2.5). As shown in the SEM image of
Figure 2.6(a), the CNFs on the surface of T1-05 were worn off transversely and the cross-
sections of the CNFs were exposed. Consistent with the TEM observation, the distribution of
these CNF is basically uniform and the microstructure of T1-05 can be believed to be
homogenous. However, the CNFs in the worn surface of P-3 were more inclined to aggregate,
shown in Figure 2.6(b). The aggregates can be easily formed during the fabrication due to Van
der Waals forces and the high surface energy of CNFs [46]. A suspension experiment indicated
that thicker-silane treatment of CNF can make CNFs easily wetted by the liquid matrix resin
which significantly contribution to the dispersion of CNF in HDPE matrix [86, 92]. The good

dispersion of T1-05 results from the low concentration and the thicker-silane treatment on
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CNFs. The good dispersion of thick-silane treated CNFs at 0.5 wt.% may be an important
reason for obtaining the highest strain at fracture. In addition, the work of fracture (the area
under the stress and strain curve) can also be determined from the tensile test and refers to the
toughness of the polymer. The highest strain at fracture of T1-05 lead to the highest work of
fracture which may contribute to the reduction of the wear rate. The detail discussion will be

presented in Section 3.3.3.

Figure 2.5: TEM image of HDPE/thick-silane treated CNF nanocomposites at 0.5 wt.% loading
(T1-05).
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Figure 2.6: SEM micrographs of the worn surfaces: (a) is HDPE/thick-silane treated CNF
nanocomposites at 0.5 wt.% loading (T1-05) and (b) is HDPE/pristine CNF nanocomposites at
3 wt.% loading (P-3).
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2.3.2. Hardness
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Figure 2.7: Comparison of microhardness values of ten samples; Neat: neat HDPE. P-05:
HDPE with 0.5 wt.% of pristine CNFs. T1-05: HDPE with 0.5 wt.% of oxidized CNFs with
thick silane coating (see Table 2.1).

The microhardness values of the ten types of samples are presented in Figure 2.7, nine
of which are nanocomposites reinforced with three types of CNFs (see Table 2.1) and for each
type, there are three concentration levels of CNFs, 0.5 wt.%, 1 wt.% and 3 wt.%. The nine
nanocomposite samples uniformly had higher micro-hardness values compared to the neat
HDPE. Statistical analysis of the significance in differences between the micro-hardness values
was performed using SPSS. The ANOVA analysis showed significant differences between the
groups (p-value<0.001), and then the Bonferroni multiple group comparisons were carried out.
The Bonferroni results indicated that compared to the neat HDPE, the micro-hardness values
of most nanocomposites samples were significantly different (higher) (p-values<0.001) with

the exception of the HDPE nanocomposites with T1-CNF at 0.5 wt.% loading (p-value=0.654)
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and HDPE nanocomposites with T2-CNF at 0.5 wt.% (p-value=0.003, which also indicated
significant difference) samples. The different silane coating thickness did not have considerable
influence on the microhardness of the nanocomposites. The samples enhanced with silane
treated CNFs exhibited lower micro-hardness values than those with pristine CNFs. It was
reported in Ref. [86] that the silane coating occurred as a crosslinking network structure; thus,
it is speculated that such crosslinking network of the silane coating on the CNFs could result
in more interfacial deformation between the CNFs and the HDPE matrix to make the composite
more ductile compared to those reinforced with pristine CNFs.

2.3.3. Thermal conductivity

The thermal conductivity values of HDPE/CNF nanocomposites are compared in
Figure 2.8. The addition of CNFs improved the thermal conductivity of the nanocomposites
compared to the neat HDPE. The thermal conductivity of the nanocomposites increased with
the increasing CNF loading level for all types of CNFs. This phenomenon could be due to two
reasons: (1) CNFs can be viewed as heat conductors, and therefore, more CNFs meant more
heat conductive components; (2) as the loading level increased, more CNFs could come in
contact with each other and form partial heat conductive networks. These highly conductive
paths could enormously contribute to the heat conductance of the nanocomposites [93].

In addition, Figure 2.8 shows that the thick-silane treatment effectively enhanced the
thermal conductivity compared to the pristine and thin-silane treated CNFs. HDPE filled with
thick-silane treated CNFs at 3 wt.% loading had the highest thermal conductivity among all
nanocomposites, with an increase of 18% compared to that of pure HDPE. Besides the thermal
conductivity of reinforcement, the thermal conductivity of composites depends strongly on
secondary aspects such as the interface bonding between the fillers and matrix, distribution,
geometry, and filler size [94-96]. First, the interfacial physical contact between the polymer

matrix and the fillers plays a very critical role in the heat conductance of composites since the
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transport of heat in all non-metals is by the flow of lattice vibration energy, or phonons, which
are very sensitive to surface defects [97, 98]. The high thermal conductivity of thick-silane
treated CNF filled HDPE was probably due to the fact that the surface treatment of CNFs with

silane agent effectively improved the interfacial interaction.
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Figure 2.8: Thermal conductivity of neat HDPE, HDPE /pristine CNF, HDPE /silane treated
CNF nanocomposites as a function of the weight concentration of CNFs.

The comparison of the degrees of fibers’ pull-out between the different CNFs
reinforced HDPE nanocomposites is illustrated in the SEM images of fracture morphology
(Figure 2.9). For the nanocomposites with pristine CNF and thin-silane treated CNFs at 3wt.% ,
there were some fiber pullout (Figure 2.9(a) and (b)). With same concentration, thick-silane
treated CNFs result in almost no fiber exposed on the surface of matrix and few pull-out, as

shown in Figure 2.9(c). These phenomena revealed that the interaction between the pristine
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/thinner-silane treated CNFs and polymer matrix were not as strong as that of thick-silane

treated CNF.

Figure 2.9: SEM micrographs (scale bar: 20 um; insert: 2 pm) for the fracture surfaces of HDPE
nanocomposites reinforced by CNF-P (A), CNF-T2 (B), and CNF-T1 (C). The fiber loading of
all nanocomposites was 3 wt.%.

In addition, the thermal contact resistance between the CNFs and the HDPE matrix can
be evaluated through the effective medium approach [87, 95, 99]. Assuming that the CNFs are
randomly oriented, of equal size, and perfectly straight in an isotropic polymer matrix, this
model takes into account the thermal conductivity of the components of nanocomposites, the
aspect ratio and volume fraction of nanofillers, and the thermal resistance at the filler/matrix

interface. According to the effective medium approach, the effective thermal conductivity k.,

of the nanofiber composites can be derived as [95]:

keff _ 3+ f(Bx+B2)
km - 3_fﬁx

where k,, is the thermal conductivity of the matrix, f is the volume fraction of the CNFs, and

(2.3)

the terms B, and 8, are given as:

2(ky1 — km)
=~ m/ 2.4
ﬁx k11 + km ( )
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The parameters k;, and k35 represent the equivalent thermal conductivities of CNFs in the
transverse and longitudinal directions in a nanocomposite unit cell, as illustrated by Nan et al.
[95], k ,d, and | are the thermal conductivity, diameter, and length of the CNFs, respectively,
and the variable a is called Kapitza radius defined as:

a =R k,, (2.8)
with R representing the interfacial thermal contact resistance between the CNFs and the
HDPE matrix.

In this work, the measured thermal conductivity value of neat HDPE was used for k,,
in Equation (2.3). The density of CNFs, HDPE, and silane coating was respectively taken as
1.95 g/cm?, 0.954 g/cm?, and 0.88 g/cm? to convert the weight percentage of CNF loading into
volume percentage [28]. The converted results are listed in Table 2.1. The thermal conductivity
of CNFs (Pyrograf®-I11 PR-24-HHT) was given by the manufacturer as 1750 W/m-K. The
diameter of the CNFs used in the model was 100 nm, 105.6 nm, and 192 nm for pristine, thin-
silane treated, and thick-silane treated CNFs, respectively. The length of the CNFs used was
the average length of 65 um.

Figure 2.10(a-c) shows the predicted effective thermal conductivity values of the three
types of CNF reinforced HDPE nanocomposites at 0.5, 1 and 3 wt.% loading levels as a
function of the interfacial thermal contact resistance R.. Based on the measured thermal
conductivity of each nanocomposite (the circle markers in each figure), the corresponding R,

of each nanocomposite can be estimated. The estimated R, values are listed in Table 2.3. These
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values are in good agreement with the range reported in nylon/11 CNF nanocomposites at 1

and 3 wt.% loading levels (2.5-5.0 x 10® m?.K/W) [87]. The R, values of CNFs can be

different over several orders of magnitude depending on the polymer matrix, size, surface

modification, surface roughness, etc. [87]. In comparison, the R values of vapor-grown CNF

in polypropylene and polycarbonate matrix were reported by Macedo et al. [100] to be 4.6-5.0

x 107" m2.K/W and 1.3 x 10°® m2-K/W, respectively. Hubmann [99] et al. estimated the R, of

vapor-graphitized and vapor-grown CNF in poly(ethylene glycol) matrix to be 15 x 108

m2-K/W and 12 x 108 m2-K/W.

Table 2.3: Summary of the thermal conductivity (k) and interfacial thermal contact resistance

(Re).
Material (W/,]:l K | (x 10—5,";21</W)
Neat HDPE 0.446
0.5 \Af;g FF:I-ECNF 0.455 2.38
MﬁgﬁENF 0.462 2.68
1wtf/|: ;—gNF 0.499 1.53
3 Wt:/:' IEI)—;;ECNF 0.528 2.72
0.5 wi.:fJDTPZE-CNF 0.453 2.92
1wt.:/|c_>| EZP-SNF 0.458 3.57
e | 04T | s

As shown in Figure 2.10(d), the R, values of the nanocomposites with thick-silane

treated CNFs were lower than those with pristine and thin-silane treated CNFs at the same CNF

volume fraction level. In particular, at 0.5 vol.% loading level,
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nanocomposite with thick-silane treated CNFs was at least 2.5 times lower than that of the
nanocomposite with pristine CNFs. This verified that compared the pristine and thiner-silane
treatment, the thicker-silane functionalization resulting in a stronger interaction between the
CNF and HDPE matrix, gave a positive contribution to lower R.. Therefore, the coupling of
the nanofibers in the matrix molecules was improved and the heat transfer to the surrounding
polymer material was facilitated. However, it was interesting that the thin-silane treated CNFs
yielded a higher R, value compared to the pristine CNFs, possibly because the thin-silane
coating may only have the limited interaction of thin-silane treated CNFs with the polymer
chains, but at the same time block the thermal conductive and have negative effect on the

thermal conductivity between CNFs and HDPE matrix.
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Figure 2.10: Model prediction of thermal conductivity for the (a) pristine CNF, (b) thick-silane
treated CNF, (c) thin-silane treated CNF reinforced HDPE nanocomposites at loading levels of
0.5, 1 and 3 wt.% (the circles are the experimentally measured thermal conductivity of the
corresponding nanocomposites), and (d) the comparison of evaluated interfacial thermal
contact resistance of the nine nanocomposites as function of volume fraction of CNFs.

2.4. Conclusion

In summary, a series of experiments were performed to study the addition of CNFs and
the functionlization of CNFs on the mechanical and thermal properties of HDPE/CNF
nanocomposites. The addition of CNFs led to significant enhancement of the ultimate stress,
strain at fracture, and hardness compared with the neat HDPE. As the CNF concentration
increased, the Young’s modulus and ultimate stress of the nanocomposites also increased as a
result of the reinforcement effects of CNFs. The thermal conductivities of HDPE/CNF

nanocomposites were all improved with the increase CNF loading. Thermal conductivity
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measurements reflected that an 18% improvement in the nanocomposite reinforced with thick-
silane treated CNFs at 3 wt.% loading was yielded. The results of this study have the potential
to benefit the development of HDPE in tribological applications and the wear simulations in

the latter studies.
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CHAPTER 3. TRIBOLOGICAL BEHAVIOR OF CARBON NANOFIBER

REINFORCED HIGH DENSITY POLYETHYLENE NANOCOMPOSITES

In this chapter, the coefficient of friction and wear rate of the nanocomposites under
dry sliding, saline water lubricated and bovine serum lubricated conditions were reported.
Compared with the neat HDPE, the friction coefficients of the nanocomposites were reduced
in all samples under all three conditions. CNFs with thicker-silane coatings at low
concentration levels, yielding the lowest wear rate in all three conditions, have the potential to
serve as promising reinforcements for HDPE to achieve improved tribological property of the
nanocomposites. In addition, the relationships between the wear rate and the mechanical

properties of the nanocomposites such as the hardness and tensile properties were discussed.

3.1. Introduction

As reviewed in Chapter 1, HDPE has been used as a bearing material both in industrial
and biomedical applications because of its low cost, low friction, good resistance to wear and
to chemical attacks, and good biocompatibility [20, 23]. The incorporation of nano-
reinforcement into the polymer matrix is found to be an effective way for improving
mechanical and tribological properties while maintaining the toughness of the polymer [28].
HDPE-based nanocomposites have good processability due to the low viscosity of HDPE at
elevated temperatures compared to UHMWPE. Results obtained from studying HDPE
nanocomposites may have potential implications and contributions to the study of UHMWPE
nanocomposites. Many studies have been dedicated to the use of HDPE nanocomposites as
bearing materials in industry and biomedical applications. [6, 35-37, 51, 52]. Wood et al. [6,
86] successfully produced silane-treated oxidized CNFs with different silane coating
thicknesses as nanofillers for HDPE, and found that the thick-silane coated CNFs (thickness of

46 nm) had improved interaction with HDPE. Liu et al. [16] studied the correlation of wear
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effects with dielectric properties of silane treated CNF reinforced HDPE composites. However,
the tribological properties of HDPE/CNF nanocomposites and their wear mechanism have not
been specifically reported in literature so far. In this chapter, the tribological behavior of
HDPE/CNF nanocomposites under dry sliding, saline water, and bovine serum lubricated

conditions are investigated.

3.2. Test methods

3.2.1. Pin-on-disc wear test

The wear and friction tests were performed using a pin-on-disc tribometer (CETR-
UMT2) (see Figure 2.2). The schematic of the pin-on-disc wear test is shown in Figure 3.1.
Though for applications in artificial joints, a multidirectional wear simulator, such as a hip
simulator, would provide a more realistic pattern of motion, for preliminary study of the
material’s wear properties, the pin-on-disc tribometer has been widely used as an acceptable
testing device in the literature [32—39]. The stainless steel balls (SS440 Grade 25) with diameter
of 4.762 mm (3/16 in.) and surface roughness of 0.51 pm (2 micro in.) from Salem Specialty
Ball, Inc. were used. The normal load, sliding speed, and test duration were set at 30N, 1 rpm,
and 8 hour, respectively. Each test specimen was a 1 in. x1 in. and the diameter of the wear
track was set as 10 mm. The specimens were carefully cleaned and dried in an autoclave at 65
°C for at least 8 hours before the wear test. The tangential force and normal load were recorded
by the tribometer directly during the wear process, from which the coefficient of friction (COF)
was calculated. The wear tests were performed in three conditions: dry sliding, saline water
lubricated condition, and bovine serum lubricated condition. The friction and wear tests were

repeated at least four times for each material and each wear condition.
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Figure 3.1: Schematic of a pin-on-disc wear test.

For the wear tests under lubricated conditions, a lubricant holder was designed to
contain different lubricants as shown in Figure 3.2. When the wear test was conducted, the
sliding surface between the ball and polymer disc was fully immersed in the lubricants. The
phosphate buffered saline water was from Thermo Fisher Scientific Inc. with PH 7.4. The
bovine serum was purchased from Hyclone Laboratories, Logan, UT (100% serum =
approximately 34 mg/mL total protein). Based on ASTM F732, the serum is diluted with de-
ionized water of up to 75 vol.%. The diluted serum was filtered through a filter of 0.2 um mesh
size to remove any hard, abrasive, and particulate contaminants. 0.25 wt.% sodium azide and
7.45 g/L ethylenediaminetetraacetic acid (EDTA) were added into the serum lubricants to
retard any possible bacterial degradation, and to minimize the precipitation of calcium
phosphate onto the bearing surface, respectively. During the wear test, the bovine serum was
replenished periodically by adding the right amount of de-ionized water up to the original

volume.
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Figure 3.2: A photo of lubricant holder for the pin-on-disc wear test.

3.2.2. Measurements of wear loss

Volume-based measurement. For the wear test under dry sliding condition, the wear
loss is evaluated with volume-based measurement. After each dry sliding wear test, the sample
was shelved in oven at 80 °C for at least two weeks to remove the water absorption and potential
viscoelastic deformation. Contact profilometer (P-15 Longscan Stylus) was then used to
measure the geometry of the cross-section of the wear track at 8 evenly distributed locations

for each sample as shown in Figure 3.3.
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Figure 3.3: Schematic of contact profile of the wear track.

The wear volume loss (AV, mm?®), defined as the difference between the grooved
volume, V'~ and the pile-up volume, V*, was calculated from the circumference and the
measured average cross-sectional area of the track [101, 102]. In calculating the cross-sectional
area, the curvature of the surface was taken into account by approximating the surface by a
polynomial shown in Figure 3.3 in smooth solid line and then integrating it to obtain the total
area. Such geometry-based wear volume calculation was also used in the tribological study of

UHMWPE in [102, 103]. The wear rate was determined using the following equation:

where W is the wear rate, AV is the wear volume, and T is the time of wear.
Mass-based measurement. For the wear tests under dry sliding and bovine serum

lubricated condition, the mass-based measurement is used for the assessment of wear loss.
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Before and after wear test, the specimens were all carefully cleaned and dried in an autoclave
at 65 °C for at least 8 hours, and then the weight of each specimen was measured using a digital
scale with an accuracy of 0.1 mg. The mass loss during the wear test thus can be obtained.

The specific wear rate (SWR), which is defined as the wear volume per unit distance
and unit load [104], can be used to evaluate the wear resistance of the materials. The lower the
specific wear rate, the better the wear resistance. The specific wear rate can be determined
using the following equation [5, 6]:

AV Am

=—=— 2
NL  pNL (32)

where W is the specific wear rate, AV is the wear volume (mm?q), N is the normal force (N), and

L is the sliding distance (m). The wear volume AV can further be expressed as Am/ p, where

Am is the mass loss and p is the density of the material.

3.2.3. Biocompatibility test

MC3T3 cells (a mouse osteoblast precursor cell line) were cultured in alpha minimum
essential medium containing 10% fasting blood sugar, 50 U/ml penicillin and 50 U/ml
streptomycin. The medium was refreshed every 2 days and the cells were incubated in a tissue
culture incubator at 37 °C with 5% CO.. After reaching about 80% confluence, the cells were
detached by 0.25% trypsin. The plates of samples were sterilized by 75% ethanol and a separate
culture dish without any sample was used as the control. A density of 3x10° cell/ml was seeded
in the Corning Costar 6-well cell culture dishes containing the samples (Neat, P-3, and T1-05)
as well as the control dish for cell growth assay and microscopy observation. Cell numbers in
each culture dish were counted using Auto T4 Nexcelom Cellometer on the initial time and
after 3, 4, and 5 days, respectively, based on which the cell proliferation is monitored. Cells

growing on the bottom of culture dishes were observed after 4 days using a Leica DM IL
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inverted microscope, and the cells growing on the samples were viewed through an Axiovert

40 Mat optical microscope.

3.3. Results and discussion

3.3.1. Tribological behavior of HDPE/CNF under dry sliding condition

Coefficient of friction. In Figure 3.4, the COFs of all samples changed drastically during
the earlier stage of sliding up to 1000 s, and then slowly reached a relatively steady state after
about 12500 s. With the addition of CNFs, both pristine and silane-treated, the COFs of the
nanocomposites were all lower than that of the neat HDPE. Graphite possesses self-lubricating
and dry lubricating properties due to the loose interlamellar coupling between the planes of
polycyclic carbon atoms in the structure [105]. For that reason, the addition of CNFs might

decrease the COF of HDPE/CNFs nanocomposites due to their layered graphitic structures.
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Figure 3.4: Variations of the coefficients of friction over time.
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Figure 3.5: Comparison of the coefficients of friction of the seven materials under dry sliding
condition.

The average COFs of the samples at steady state (after 12500 s) are summarized in
Figure 3.5. Only half of the error bars of the results were shown in the figure for a clearer
presentation. For each type of CNFs (pristine, thick or thin silane coated), the nanocomposites
with higher concentrations of CNFs yielded lower COFs. The COFs of the nanocomposites
with silane-treated CNFs were higher than those with pristine CNFs at the same concentration
level. This may be because after the wear debris that contain CNFs were worn off, the silane
coating on CNF might inhibit the formation of carbon film from the layer-by-layer graphite
structure of CNFs at the interface of the two rubbing materials.

The COF between any two materials depends on many system parameters such as the
temperature, geometric and material properties of the contact surfaces. Any subtle variation in
those parameters might lead to unstable measurements of the COF, especially during a long

sliding duration. Moreover, the COF measurement of polymeric material can be even more
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complicated because the large plastic deformation might occur at the tips of the asperities and
the geometric conditions around the tips could easily change [106]. Therefore, some relatively
large standard deviations were observed in the COF measurements of samples such as the Neat,
P-05 and P-3. However, even with the consideration of these relatively large standard
deviations, the addition of CNF can be regarded as being effective in decreasing the COFs of
the HDPE nanocomposites.

Wear resistance. The SWRs of the seven materials are illustrated in Figure 3.6. The
HDPE nanocomposite enhanced with 0.5 wt.% of thicker-silane treated CNFs (T1-05), yielded
the lowest wear rate, and compared to the neat HDPE, its wear resistance was enhanced by
almost 68%. Moreover, compared to the neat HDPE and other nanocomposites with the same
CNF concentration of 3 wt.%, the T1-3 nanocomposite had the lowest wear rate. Therefore,
the thick silane-treated CNFs seemed to be more effective in improving the wear resistance of
the nanocomposites compared with pristine CNFs and those treated with thin silane coatings.
It was believed that a thicker silane coating might result in a stronger interaction between the
CNFs and the matrix and functioned as a transition zone to transfer load from the polymer

matrix to the nanoreinforcement better, compared to the pristine and thinner-silane treated

CNFs [86].
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Figure 3.6: Comparison of the specific wear rates of the seven materials.
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The effect of CNFs concentration on wear rates of the nanocomposites can also be
discussed through Figure 3.6. The nanocomposites with the three types of CNFs at a low
concentration of 0.5 wt.% all showed decreased wear rates compared to that of the neat HDPE;
however, with the concentrations of CNFs increasing to 3 wt.%, the wear rate also increased.
From the COF results, it would be expected that the nanocomposites at 3 wt.% CNFs loading,
which have lower COFs, would yield lower wear rates, since in general the lower the COFs
are, the lower the shear stresses would be on the sample surfaces. To explain this phenomenon,
the microstructures of the worn surfaces of T1-05 and P-3 were needed. The CNFs on the
surface of T1-05 have a good dispersion in the HDPE matrix in Figure 2.5. However, the CNFs
in P-3 were more inclined to aggregate, shown in Figure 2.6(b). It is speculated that the
increased wear rates of the nanocomposites with higher concentration of CNFs were due to
such small aggregates of the nanofibers which affected the dispersion of CNFs and decreased
their reinforcement effect on the matrix. Furthermore, wear debris that contained these
aggregates of CNFs could work as hard abrasive grains in third-body abrasive wear, thus
removing more material from the worn surface [5].

Wear mechanism. The worn surfaces and wear debris of the samples were observed by
an optical microscope. Figure 3.7 shows optical micrographs of the wear tracks (a, c, e) and
wear debris (b, d, and f) from the three samples (Neat, T1-05, and P-3) in which the T1-05 and
P-3 had the lowest and the highest SWR, respectively. The wear track of the neat HDPE
exhibited areas of deep pits in Figure 3.7(a). It is speculated that these pits began with small
cracks transverse to the sliding direction due to repeated stressing and unstressing of the shear
force, and eventually the subsurface over the micro-crack was exfoliated out. These deep pits
indicated a larger component of fatigue wear. The wear track of T1-05 possessed the smoothest
surface and, compared with the deep pits of the neat HDPE, showed smaller and shallower

defects transverse to the sliding direction, as shown in Figure 3.7(c). This suggests that the
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major wear mechanism in T1-05 may have been fatigue wear, same as the neat HDPE.
However, the fatigue wear in T1-05 has a lesser degree, because the pits in T1-05 are shallower
and smaller than that of the neat HDPE. It was believed that CNFs could resist the nucleation
of cracks by acting as stress-transfer “bridges” and even if the cracks were nucleated, CNFs
could block the crack from propagating further [107]. Therefore, these smaller and shallower
defects of T1-05 indicated the large contribution of silanized CNFs to the nucleation and
propagation of micro-crack in the fatigue wear. However, with much more CNFs, P-3 exhibited
worse wear with wider and deeper scratching grooves on the wear track in Figure 3.7(e). Such
scratching grooves are typical of the abrasive wear mechanism. Although the worn surfaces of
all specimens had some abrasive wear patterns, the scratching grooves, P-3 obviously exhibited
the most severe abrasive wear, making abrasive wear its primary wear mode. The potential
reason for the severe abrasive wear of P-3 may be P-3 have lower work of fracture compared
to the neat HDPE and T1-05. The lower work of fracture indicates a lower toughness. The
toughness may pay an important role in the wear of polymer which will be discussed in Section

3.3.3.
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Figure 3.7: Optical microscopy of the worn surfaces and wear debris of three materials: Neat
HDPE (a and b), T1-05 (c and d), and P-3 (e and f).

The wear debris of neat HDPE and T1-05 showed comparable flake shapes in Figure
3.7(b) and 3.7(d). Obviously, T1-05 produced smaller debris compared with the neat HDPE.
This phenomenon was consistent with the smaller and shallower defects on the worn surface
in Figure 3.7(c). However, the debris from P-3 was observed to be very large flakes in Figure
3.7(f), possibly due to the severe abrasive wear during which the exfoliated debris from each
scratching groove aggregated or linked together. The wear modes of the neat HDPE, T1-05
and P-3 are further illustrated in Figure. 3.8. In Figure 3.8(a), the micro-cracks is generated in

the neat HDPE sample under the cyclic strain followed with the relatively big wear debris
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exfoliated out, and leave the deep pits on the wear track. However, due to the resistance of
CNFs to the nucleation and extension of cracks, the second mode of Figure 3.8(b) occur to the
T1-05, presenting shallow pits and tiny wear debris. But the more CNFs results in the lowest
ductility of P-3, the severe abrasive wear as shown in Figure 3.8(c) happened, with the

formation of large flake-shaped wear debris.
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Figure 3.8: lllustrations of the wear mechanisms of (a) Neat HDPE, (b) T1-05, and (c) P-3.

3.3.2. Tribological behavior of HDPE/CNF under saline water lubricated condition

Coefficient of friction. The variations of COF of the ten types of samples during the
saline water lubricated wear tests are presented in Figure 3.9 and Figure 3.10. In each test, the
COF had a running-in period during which its value changed drastically compared to the latter
stable stage; after approximately 5000s, it reached a relatively stable stage. Such trend was also

observed in Zhang’s work [108], where the COF of polyimide/short carbon fiber composites
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against stainless steel reached the steady-state after 4800 s in dry sliding using a ring-on-block
wear tester. It was believed that the wear debris formed during the running-in period were
compacted and transferred onto the friction surface that worked as an extra lubrication layer
and thus lowering the COF in steady-state [108]. Similarly, during the wear tests that we
conducted in saline lubricated condition, part of the wear debris might also be compacted on
the wear track to result in the running-in period, while the rest was dispersed into the saline

solution.
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Figure 3.9: Variation of the coefficients of friction over time for the comparison of different
CNFs concentration.
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Figure 3.10: Variation of the coefficients of friction over time for the comparison of different
CNFs treatment.
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Figure 3.11: Coefficient of friction of the ten samples in contact with steel ball in saline
lubricated condition (See Table 2.1 for notation of the sample names).
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The average values of COF of the samples at steady stage (after 5000 seconds) are
compared in Figure 3.11. With the addition of CNFs, both pristine and silane-treated, the
average COF of nanocomposites is decreased compared to that of the neat HDPE. Bonferroni
multiple group comparisons also indicated significant differences between the results (p-values
< 0.001).

Wear resistance. The wear rate of the ten samples were determined using Equation 3.2.
The wear rate of HDPE/CNF-T1 nanocomposites at 0.5 wt.% and 1 wt.% loading levels was
lower than that of the neat HDPE by approximately 35% and 29%, respectively. Other
nanocomposite samples, however, yielded higher wear rate than the neat HDPE. Particularly,
the samples with pristine CNFs at all three loading levels had the highest wear rate among
samples with the same loading level of CNFs. Bonferroni multiple group comparison analysis
showed that compared to the neat HDPE, the wear rate of most nanocomposites was not
significantly different (p-values = 1) except for the three samples that had obviously higher
wear rate, HDPE/CNF-P1, CNF-P3 and CNF-T2-3. For the three groups of nanocomposites,
there was a general trend that the wear rate increased as the loading level of CNFs became
higher. The samples with 3 wt.% CNFs in all three groups exhibited much higher wear rate
compared to those with lower CNF loading levels. Higher concentration of CNFs is more likely
to result in small aggregates, even though the big agglomerates were not obviously seen in the
SEM images (Figure 2.6). The small aggregates may reduce the mechanical properties of the
nanocomposite. It has been reported that the tensile strength and modulus of nanocomposites
with 3 wt.% CNFs were significantly lower than those with 1 wt.% CNFs [62, 109]. Moreover,
the aggregates of CNFs may work as abrasive grains in third-body abrasive wear [46] and thus

increase the overall wear rate of the material.
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Figure 3. 12: Comparison of the wear rate of the ten samples.

Wear rate vs. hardness. A number of models have been proposed to relate the wear
resistance of polymeric materials to micro-hardness [12, 64]. For example, famous Archad’s
wear law presented in the Ref. of [12, 75] indicated that the wear rate was inversely
proportional to the micro-hardness of the material, especially in the case of abrasive wear.
However, the opposite was observed for the nine types of nanocomposites here. With the same
CNF loading level, the HDPE with pristine CNFs had higher micro-hardness (Figure 2.7) and
also higher wear rate (Figure 3.12) than the HDPE with silane treated CNFs. It is noted that
Archad’s law is proposed to the wear of metal under dry sliding condition. For the wear of
polymer, the material properties such as the work of fracture, and the product of the ultimate
stress and strain at fracture may play much important role compared to the hardness [51]. This

point will be further addressed in the next Section 3.3.3.
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3.3.3. Tribological behavior of HDPE/CNF under bovine serum lubricated condition

Coefficient of friction. The COF for each material was tested under the bovine serum
lubricated condition and the averages of repeated tests are reported in Figure 3.13. The COFs
of neat HDPE and HDPE/CNF nanocomposites fell in the range of 0.045-0.085. The addition
of CNFs all resulted in decreased COFs compared with the neat HDPE. Figure 3.14 shows the
change in COF of different materials as a function of time. As shown in Figure 3.14(a) and
Figure 3.14(b), the COF value of T1-05 and T1-3 are lower than that of neat HDPE and other
composites with pristine CNFs and thin-silane CNFs, after the results reached steady state at
roughly 5000 s. Compared with other CNFs, such as pristine CNFs and thin-silane treated
CNFs, the thick-silane treated CNFs were more effective in reducing the COFs of HDPE/CNF
nanocomposites. In addition, the variation of the COF of thick-silane treated CNF reinforced

HDPE over time appeared more stable.
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Figure 3.13: Coefficient of friction of the seven materials in contact with steel ball in bovine
serum lubricated condition.
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Figure 3.14: Comparison of the effect of silane treatment of CNFs on coefficient of friction
with the CNF concentration at (a) 0.5 wt.% and (b) 3 wt.%.

Wear resistance. The specific wear rate of the neat HDPE and HDPE/CNF
nanocomposites from the bovine serum lubricated pin-on-disk wear tests is illustrated in Figure
3.15. The nanocomposites had lower wear rates than that of the neat HDPE. As the
concentration of CNFs increased from 0.5 wt.% to 3 wt.%, the specific wear rate increased.
The thick-silane treated CNF reinforced HDPE at 0.5 wt.% loading level (T1-05) had the
lowest wear rate, and the wear resistance of T1-05 was significantly improved by 57.9%,
compared to the neat HDPE. The thick-silane treated CNFs was more effective in reducing the
wear loss of the nanocomposites under bovine serum lubricated condition compared with the

pristine and thin-silane treated CNFs.
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Figure 3.15: Comparison of wear rate for the seven materials by specific wear rate.

Wear rate vs. tensile properties. It was reported that the volumetric wear loss of the
material is significantly related to the tensile properties of the material. [51] A number of
models have been proposed to relate the volumetric wear loss of polymers (AV) to ultimate
tensile stress (ay,), strain at fracture (e€,,) and work of fracture as follows:

Ratner-Lancaster’s correlation [78]:

AV  (o,6,)7t (3.3)

Wang’s model [110]:

AV « g, 2e, 1 (3.4)

and Kanagaraj’s correlation [51]:

AV « (work of fracture)™! (3.5)

In Equation (3.5), work of fracture is calculated from the area under the stress and strain
curve in the tensile test in Section 2.3.1., which refers to the toughness of the polymer and

represents the total energy absorbed in the deformation to failure. The wear loss factors (right-
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hand side of each equation) in the three correlations were calculated from the experimental
results and summarized in Table 3.1. The correlations of the seven materials’ specific wear

rates and their corresponding wear loss factors are plotted in Figure 3.16.
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Figure 3.16: Relationship between the specific wear rate and different multiplication factors
from: (a) Ratner-Lancaster’s correlation; (b) Wang’s model; and (c) Kanagaraj’s correlation.

Table 3.1: Wear loss factors and specific wear rates of HDPE/CNF nanocomposites.

Wear loss factors e
Specific wear rate

Sample

(o, €))7t o, 2e, 1 (work of fracture)™ (105mm?3/N.m)
Neat 0.0354 0.0075 0.0499 12.94
P-05 0.0152 0.0032 0.0203 6.75
P-3 0.0206 0.0041 0.0271 8.42
T1-05 0.0103 0.021 0.0152 5.43
T1-3 0.0160 0.0031 0.0233 8.56
T2-05 0.0156 0.0031 0.0215 7.53
T2-3 0.0294 0.0058 0.0381 11.99
Norm of residuals 0.000147 0.000179 0.000143 -

Figure 3.16 shows that the wear rate and the three types of wear loss factors all have
the general linear relationships. The norm of residuals between the data points and the fitted
line for each type of model are also given in Table 3.1. It can be found that the Ratner-Lancaster

and Kanagaraj’s correlations have comparable lower norms than Wang’s model. Therefore,
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compared to Wang’s model, the Ratner-Lancaster and Kanagaraj’s correlations gave better fits
and may predict the wear loss of the nanocomposites more accurately. The wear resistance of
HDPE/CNF nanocomposites is general linearly related to the product of ultimate strength and
strain at fracture or work of fracture. Although the ultimate strength of the nanocomposite
increases with the addition of CNFs (see Table 2.2), the wear resistance of each type of
nanocomposite at 3 wt.% loading level is lower than that at 0.5 wt.% due to the reduction of
the strain at frature. The highest wear resistance of T1-05 could be the result of the largest work
of fracture (see Table 3.1).

Biocompatibility. The in vitro cytotoxicity of the neat HDPE and HDPE/CNF
nanocomposites was evaluated by the observation of living cells and the number of them in the
culture dishes. It was observed that after four days the bottoms of all culture dishes were fully
covered by the living cells. The limited space for further growing of the cells might increase
the risk of cell degeneration. The cell numbers were counted up to five days without observable
cell degeneration, and the microscopic images of the cells were taken after four days. Figure
3.17(a)-(d) show that any signs of cytotoxicity such as cell degeneration, lysis, shrinkage and

detachment were completely absent in all groups at the fourth day.
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Figure 3.17: Optical microscopy images of MC3T3 cells on the bottom of culture dishes
containing (a) Neat, (b) P-3, (c) T1-05, and (d) control after 4 days.

Figure 3.18 shows the cell attachment on T1-05 and P-3 nanocomposites as well as on
the neat HDPE sample during the incubation period of four days. The density of the cells on
the samples appeared lower than the density of the cells on the bottom of the culture plates as
shown in Figure 3.17, because the commercial culture plates used were treated for optimal cell
attachment. The MC3T3 cells grew well, and were spreading on both HDPE and HDPE/CNF
nanocomposites. The relationship between the number of cells in the culture dishes and the cell
culture time are shown in Figure 3.19 (a). It can be seen that the cells in all four groups kept
proliferating during the five days. There are no significant differences in the cell numbers
between the HDPE/CNF nanocomposites and the control group. The proliferation rates of the
MC3T3 cells in the control group and in the culture dish containing T1-05 sample are nearly

the same as shown in Figure 3.19 (b). These results revealed that no cytotoxicity was found
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due to the addition of CNFs in the HDPE nanocomposites and the nanocomposites did not

show any influence on the proliferation of the MC3T3.

Figure 3.18: Optical images of MC3T3 cells on the neat HDPE and HDPE/CNF
nanocomposites after 4 days.
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3.4. Conclusion

In this study, the tribological properties of the HDPE/CNFs nanocomposites under the
dry sliding, saline water lubricated, and bovine serum lubricated condition were investigated
using a pin-on-disc tribometer. In all wear conditions, the addition of CNFs was found to
decrease the COF noticeably, even with low concentration of 0.5 wt.%. Compared to the higher
loading level of CNFs (3 wt.%), the lower concentration (0.5 wt.%), resulted in lower wear
rates possibly due to the good dispersion. The wear resistance of the nanocomposties with
thicker-silane treated CNFs were proven to be better than those with pristine and thinner-silane
treated CNFs due to improved interaction between the CNFs and the HDPE matrix. The wear
rate of the nanocomposite is found to have a weak correlation with micro-hardness, but it is
inversely proportional to the work of fracture from the tensile tests. The wear rates of the HDPE
nanocomposite with thick-silane treated HDPE at 0.5 wt.% concentration were lower than
those of the neat HDPE by about 68%, 35%, and 58% under dry sliding, saline water lubricated,
and bovine serum lubricated condition, respectively. Resulting in the best wear resistance of
the nanocomposites, CNFs with thick silane coatings at low concentration levels (0.5 wt.%)
have the potential to serve as promising reinforcements for HDPE to achieve improved

tribological property of the nanocomposites.
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CHAPTER 4. WEAR AND FRICTION OF LOW DENSITY POLYETHYLENE AND
ULTRA HIGH MOLECULAR POLYETHYLENE UNDER LUBRICATED

CONDITIONS

One of the difficulties in tribological studies of UHMWPE is that the wear volume of
the UHMWPE under lubricated condition is too low to be quantitatively measured in a short
experimental duration. This work uses Reye’s model to clarify the relationship between the
wear rates (wear volume per sliding distance) of LDPE and the average friction forces under
various lubricated conditions, respectively. The experimental results indicates two
distinguishable regimes in the relationship due to the different wear modes, namely, the sliding
mode and the shaving mode. Similar relationship is also verified to exist for UHMWPE. The
relationship is expected to predict the long term wear of the PE family’s materials under

lubricated conditions in terms of a measured friction force from a short wear test.

4.1. Introduction

UHMWPE is a key material in the production of acetabular cups for hip joint
replacements [111]. There is a continuing and urgent need to test new materials, artificial hip
designs, and bio-lubricants to reduce the wear and elongate the lifetime of such joint implants
[112]. However, one of the difficulties in these tribological studies subject to artificial implants
is that the wear of the candidate materials, for example, UHMWPE, is very low, especially
when it is under lubricated condition. Therefore, it is very hard to measure the wear
quantitatively in a short experimental duration [113]. For example, ASTM standard F732
recommends conducting at least 2 million cycles for each pin-on-disk wear test, which
corresponds to about 23 days of testing duration with the commonly used rotation rate of 1
cycle/sec [114]. In addition, at least four wear “measurements” for each sample shall be made.

To quantitatively assess the wear of UHMWPE, long term experiments have to be conducted.
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Some researchers adopt the visualization method to evaluate wear, which involves
inspections of the surface before and after the wear test using microscopy, profilometry, or
other techniques to observe the fine surface features [80]. Although widespread and accepted,
this method only provides a microscopic snapshot of the surface in its before and after states,
and cannot guarantee that the same surface location is selected at different states. Furthermore,
the wear evaluation under visualization methods cannot give an exact worn-volume quantity.
Other researchers focused upon controlling the coefficient of friction of a system with different
hydrodynamic and boundary lubricants, but with little attention or efforts on how these
lubricants affect the wear [80]. In many applications, protecting surfaces against wear instead
of decreasing the coefficient of friction is the eventual purpose of the biotribology [112].
Therefore, it would be meaningful to predict the wear with some tribological parameters that
can be easily obtained in a short experimental duration, such as the average coefficient of
friction (or the average friction force).

To model the wear of polymeric materials under lubricated condition, it seems that the
famous Archard’s law is not applicable, because it is originally derived for the wear of metals
under dry sliding condition, as discussed in Section 1.3.5. Another classical wear model,
Reye’s model [83], may be suitable for the wear of polymers under lubricated condition, as it
only considered that the volume of the removed debris due to wear is proportional to the work

done by friction forces. Reye’s model can be expressed as:
L -_—
AV = Kf F(x)dx ~ KFL = KLNji (4.1)
0

where K is a constant, called specific wear volume in a recent study [84]; L is the sliding
distance; F is the friction force, which is a function of the distance; and F and g are the
average friction force and the average coefficient of friction within the duration of the wear

test, respectively. Equation (4.1) can be rewritten as:
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W=—=KF (4.2)

where w represents the wear rate, or wear volume per unit sliding distance. It should be noted
that the unit of K is m3/J, representing the volume of material removed by one Joule of energy,
and K is a material property, independent of the lubricant.

In this chapter, the correlations of the wear rate (wear volume per sliding distance) of
LDPE with the corresponding average friction force under five different lubricated conditions
are investigated. LDPE is selected due to its higher wear rate compared to HDPE and
UHMWAPE. The results may have implications to the wear of other members of the
polyethylene family since they have similar chemical structures. The various lubricants used
in this study include water, bovine serum, water solutions of hyaluronic acid, lipid, and glycerol.
Similar relationships between wear rates and average friction forces of UHMWPE under
different lubricated conditions are also obtained and compared to those of LDPE. This study is
expected to clarify the relationship between the UHMWPE’s wear rate and the friction force
under lubricated conditions, find the material properties of UHMWPE regardless of the
lubricants, normal load, and sliding distance, and provide a method to predict the long term

wear of UHMWPE with a friction force that is measured from a short wear test.

4.2. Experiments
4.2.1. Materials

LDPE used in this study was supplied by Small Part Co. with a reported density of 0.92
g-cm3, and medical grade UHMWPE by Total Plastics Inc. with density of 0.945 g-cm=. All
polymer pins were tested in the form of cylinders with diameter of 6.35 mm and height of
14mm. The work surface of the pin was polished with by sandpapers with two grit sizes of 400

and 800 to provide final roughness Ra < 1um. Metal disk was prepared by cutting a medical
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implant from Mayo Clinic. The work surface of the metal disk was subsequently polished by
sandpapers with two grit sizes of 400 and 1000, and then by Vel-polishing cloth with 0.05 pm
Alumina polishing powder to provide roughness Ra = 23-24 nm.

4.2.2. Lubricant preparation

Four types of lubricants, besides water, were prepared for the wear and friction tests.
Glycerol solutions were prepared by direct dissolving of glycerol (> 99.5%, Sigma) with water.
To obtain a wide range of friction forces, various weight concentrations of Glycerol (10%-
99.5%) were used. DPPC (1, 2-dipalmitoyl-sn-glycero-3-phosphocholine, 98%, Avanti Polar
Lipids) micellar lipid solution was prepared by serial dilution of sonicated solutions of DPPC
in water with lipid concentration of 0.003 mg/ml. Hyaluronic acid (HA) solution was made by
dissolving dry Hyaluronic acid (97.3%, NuSci) in water with HA weight concentration of 0.3%,
and then the solution was stirred at room temperature for 8-10 hours in order for HA to be
completely dissolved. Bovine serum solutions were prepared by diluting concentrated bovine
serum (Hyclone Laboratories, Logan, UT) with de-ionized water based on ASTM F1714. In
all cases, the lubricant solutions were stabilized with NaN3 (0.08 ml of 5% NaNz solution per
10 ml of lubricant) to prevent microbial degradation.

4.2.3. Pin on disk wear tests

Wear and friction tests were carried out on a pin-on-disc tribometer (UMT-2). A prepolished
LDPE or UHMWPE pin was mounted in the pin-holder and pressed with a controlled load
against a polished metal disk. Wear tests were performed in the airproof setup shown in Figure

4.1.
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Figure 4.1: Experimental setup for lubricant testing.

The metal disk was mounted on the holder in the center of a rotating platform. The
offset between the center of the pin and center of the metal disk was the same (7 mm) for all
tests. The lubricant level was kept in the range of 8 to 10 mm. The operating parameters were
set as the follows. Sliding speed: 1 rpm, normal load: 5 to 180 N, and test duration: 3 to 76 h.
The tangential friction force, F, and normal load, N, were continuously monitored by the
tribometer directly, and the coefficient of friction was then calculated as a ratio of F/N. Before
each wear test, the polymer pin was washed with acetone and water, dried in oven at 80 °C for
at least 8 h., equilibrated at room temperature and weighted 5 to 10 times using a digital balance
with the accuracy of £ 0.01 mg. The same procedure was applied to determine the weight of

the pin after wear in order to calculate the mass loss of the pin.

4.3. Results and Discussion

4.3.1. Wear and friction of LDPE

Figure 4.2 depicts the wear rate of LDPE against the average friction force in each test
for different lubricated conditions. Despite the differences in lubricant type, lubricant
concentration and normal load used in the wear tests, two noticeably different regimes can be

identified in this figure. In the lower friction force range of 0-20 N (Regime 1), the wear rates
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of LDPE are low and increase slowly with the increasing of the average friction forces, up to a
critical friction force. Upon reaching the critical friction force, a transition from Regime | to
Regime Il takes place and then the wear rate in Regime Il increases more rapidly with the

increase of friction force.
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Figure 4.2: Wear rate of LDPE vs. average friction force under lubricated conditions.

It is interesting to note that a similar transitioning behavior occurred in the wear of
stainless steel against high-speed tool steel under dry sliding condition as shown in Figure 4.3.
Here the wear rate was claimed to be proportional to the applied normal load from Archard’s
law [75]. The two regimes of wear in Figure 4.2 were named as mild wear and severe wear,
respectively. It was believed that the transition from mild to severe wear in stainless steel was
strongly related to their wear mechanisms [1]. During mild wear, a protective oxide film
formed on the surface of the stainless steel that slowed down the wear generation [1]. However,

when the normal load was increased to a critical load, the metal beneath the oxide layer was
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plastically deformed, and asperities on the harder material’s surface would penetrate through

the oxide layer, resulting in a severe wear [64].
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Figure 4.3: Wear rate of stainless steel vs. normal load under unlubricated conditions.
(Reproduced with permission from Ref. [75]).

The transition from Regime | to Regime Il in Figure 4.2 may also imply a change of
the wear mechanism. To identify the wear mechanisms of the LDPE pins in these two wear
regimes, the worn surface of the pin after each test and the wear debris were observed using an
optical microscope and a digital camera, respectively. Because the wear rate in Regime | is
very small, no wear debris was observed in the lubricants with naked eyes. In order for the
wear rates to reach Regime I, the normal load was reduced and viscosity of the lubricant was
also increased at the same time when conducting the tests. The increase of viscosity (n) and
reduction of normal load (p) would increase the Stribeck number as shown in Figure 1.2, and
may move the lubrication to the thick film lubrication regime. Under thick film lubrication, the

contact surfaces of the pin and disk were entirely separated by a liquid film, which served as a
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lubrication layer, resulting in an indirect contact between the pin and metal disk [1, 80].
Because the movable molecules of the liquid lubricants slide upon each other more easily than
that of two solid materials, the friction and wear are significantly reduced [80]. The worn
surfaces of the pins were relatively smoother in Regime | (Figure 4.4(a)) than in Regime Il
(Figure 4.4(b)) and did not show any signs of the solid-to-solid asperity contact such as the
deep plowing and scratching grooves. It was most likely that in Regime |, the wear of the pins
is under the thick film lubrication and the wear mode in Regime | is classified as sliding mode
in this work.

The worn surfaces of the pins in Regime Il are rougher with signs of abrasive wear, such
as plowing and scratching grooves (Figure 4.4(b)). These grooves were results of asperity
contacts, and the lubrication in Regime Il was likely to be the mixed lubrication or boundary
lubrication. In addition, the wear debris in Regime 1l was of sizes observable by naked eyes.
The wear debris was mostly in shapes of long stripes. After the wear test, some stripes were
still attached to the pin and could easily be observed when being immersed in water as shown
in Figure 4.4 (c). The wear mode in Regime 11 is named as shaving mode due to the formation

of the long striped debris.

Sliding mode el

Figure 4.4: Typical worn surfaces of the LDPE pins in wear Regime | (a) and Regime 11 (b),
corresponding to sliding mode and shaving mode, respectively. (c) Wear debris of an LDPE
pin in wear Regime 11.
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Obviously, the two different wear modes resulted in two different relationships between
the wear rate and the average friction force in Regime | and Regime Il, respectively. However,
it seems that both relationships are linear. The slopes (K in Eq. (4.2)) of LDPE in each wear
regime can be determined by fitting these experimental data in Figure 4.5 to straight lines. For
the data points in Regime |, all the fitted curves are considered to pass through the origin since
there should not be any wear when the friction force is zero. Three lines are determined based
on the experimental data from the three lubricants, bovine serum (Line BS), hyaluronic acid
(Line HA), and glycerol (Line G) (Figure 4.5). The slopes are calculated to be 1.32x107° (BS),
1.46x107° (HA), and 1.00x10° (G), respectively. In addition, the standard errors of estimate
(SEE) are determined to be 5.76x10™ (BS), 7.07x10° (HA), and 6.98x107° (G), respectively.
Only one SEE bar for each fitting curve is shown in Figure 4.5 for clarity of presentation. The
scopes of these fitted lines are in the same order of magnitude and the differences among them
are very small. It is reasonable to conclude that in Regime I, the different lubricants lead to no
significant differences in the generated wear under similar friction forces. All the experimental
data in Regime I can therefore be regarded as one group to be represented by one line, as shown

in Figure 4.6(a).
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Figure 4.5: Fitting curves for the experimental data

points under bovine serum (Line BS),

hyaluronic acid (Line HA) and glycerol (Line G) lubricated conditions, respectively; The
standard errors of estimate of Line BS, Line HA, and Line G are 5.76x107°, 7.07x107°, and

6.98x10°°, respectively.
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SEE for all data points in Regime 1.
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The slope of the fitted line (1.25%107®) in Figure 4.6 (a) is between the BS and HA lines
in Figure 4.5 and the SEE are enclosed in between the two parallel dashed lines. The variations
of SEE of the fitted line in Figure 4.6 (a) are plotted in Figure 4.6 (b). In Figure 4.6 (b), the
SEE at each data point is calculated from the nearest seven data points, instead of the entire
data set. It is observed that the SEE generally decreases with the increase of the average friction
force. At low friction forces (0-7N), some tests do not yield any detectable wear. Such low or
no wear generations led to the scattered nature of the wear rates at low friction forces. One
should note that even though the data seems to be scattered in this regime, the differences
among them are insignificant. The fitted line in Figure 4.6(a) can therefore be considered to
represent the relationship between the wear rate and friction force for LDPE under lubricated
conditions, regardless of the lubricant.

Similarly, the wear rates in Regime 11 can also be represented by a straight line, shown
in Figure 4.7. It should be noted that the fitted curve in this regime does not necessarily pass
through the origin. Therefore, a linear function of w = K;F + b is used for the fitted curve in
Regime 1I. The slope of the fitted curve in Regime Il (7.19x10™) is significantly larger than
that of the fitted curve in Regime 1 (1.25x107°) by an order of magnitude. The value of SEE in
Regime 1l (2.69x107) is also several orders of magnitude larger than that of Regime I. After
the two fitted curves in both wear regimes are determined, a critical friction force can be
identified at which a transition takes place from Regime | to Regime Il as depicted in Figure
4.8. The critical friction force of LDPE under lubricated condition is found to be about 13.7 N.
Upon reaching this critical value, the wear mode changes from sliding mode to shaving mode,

and then the wear rate increases rapidly as the friction force increases.
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Figure 4.8: Determination of the critical friction force of LDPE.
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4.3.2. Wear and friction of UHMWPE

To exam whether a similar correlation of the wear rate and average friction force exists
for UHMWPE, wear tests are performed under various lubricated conditions, and the results
are shown in Figure 4.9. Water, hyaluronic acid, lipid, bovine serum, and combinations of
lubricants are used in the wear tests. Due to the superior wear resistance of UHMWPE, it takes
much longer duration to generate any detectable wear of the material. Similarly, two different
regimes, labeled in Regime | and Regime I, can be classified, corresponding to sliding wear
mode and shaving wear mode, respectively. The slopes of the fitted curves in Regime | (K;)
and Regime 11 (K;;) are found to be 6.05x107 and 2.29x10, respectively. The SEE of each
fitted curve are enclosed in between two parallel dashed lines. The critical friction force that

marks the transition from Regime | to Regime Il is found to be 21 N.
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Figure 4.9: Wear rate of UHMWPE vs. the average friction force under lubricated conditions;
the fitted curve in Regime | has the slope of 6.05x107 and SEE of 4.29x10°; the fitted curve
in Regime 11 has the slope of 2.29x10* and SEE of 3.83 x10™.

To compare the wear rate vs. average friction force relationships between LDPE and

UHMWPE, the fitted curves of the two materials in both regimes are plotted in Figure 4.10.
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The curves of LDPE have higher slopes in both regimes, indicating higher specific wear
volumes (K) and lower wear resistance. Since the physical explanation of specific wear volume,
K(m3/]), is the volumetric material loss per unit of friction energy, under the same wear mode,
LDPE produces more wear than UHMWPE with the same amount of energy consumption.
Furthermore, the critical friction force of LDPE is also lower than that of UHMWPE,
suggesting that in the wear of LDPE, more severe wear will start to take place at lower friction

force compared to UHMWPE.
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Figure 4.10: Comparison of the wear rate vs. average friction force between LDPE and
UHMWRPE.

It should be noted that the specific wear volume and critical friction force are both
material properties and independent of the lubricants, normal load, and sliding distance. For
example, Figure 4.11 shows that although the wear tests of UHMWPE or LDPE have various
lubricants, normal load, and sliding distance, similar wear rates are approached in term of the

similar undergoing friction force. For a new material, the wear rate vs. friction force
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relationship can be obtained through a sufficient number of wear tests. Once it is known, the
mass loss of the material under a certain condition (certain lubrication, normal load, and sliding
distance) can be easily predicted with a friction force. This friction force may simply be

measured from a very short wear test under the certain lubrication and normal load.
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Figure 4.11: The wear rates of UHMWPE in Regime | (a) and LDPE in Regime Il (b) under
various experimental conditions (different lubricant, normal load, and sliding distance).

It is worthwhile mentioning that compared to the average clinical wear rate the wear
rate of UHMWPE in the hip simulator under bovine serum lubricated conditions was
consistently underestimated due to the protein precipitation of bovine serum protecting the
UHMWPE cup from direct contact with the metal ball [112, 115]. Therefore, such precipitates

should be minimized during the wear test [24]. Liao et al. [115] demonstrated that the amount
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of protein precipitation increased with the time duration of the wear test. If this wear rate vs.
average friction force relationship is applied to predict the wear rate of UHMWPE in the bovine
serum lubricated wear test, a friction force of UHMWPE can be measured in a very short wear
test. The influence of protein precipitation would be significantly minimized. Therefore, the

wear rate predicted from such friction force may be much closer to the clinical relevance.

4.4. Conclusion

This chapter discusses the correlation of the wear rate of LDPE under lubricated
conditions with the friction force. The experimental results indicate two distinguishable
regimes due to the different wear modes, namely, the sliding mode and the shaving mode. A
transition between these two regimes occurs at a critical friction force, which is found to be
13.7 N for LDPE. When the friction force is below this critical value, the wear rate varies little
with the friction force under the sliding wear mode, regardless of the lubricant. Beyond the
critical friction force value, the wear rate increases rapidly under the shaving mode and large
strip-shaped wear debris is produced. Similar wear and friction behaviors are found in the case
of lubricated wear of UHMWPE, and the critical friction force is determined to be 21 N. Since
the specific wear volume (i.e. volumetric material loss per unit of friction energy) and critical
friction force are both material properties and independent of the lubricant, it is hypothesized
that similar wear modes, sliding and shaving, and transition from the former to the latter may
also exist for other polymeric materials under lubricated conditions.

A wear rate vs. average friction force relationship of a material is very helpful to predict
the wear rate of the materials. Once a friction force of the material under a certain lubrication
and normal load is measured in a short wear test, the wear rate of the material (wear volume
per unit sliding distance) can be calculated in terms of the friction force. Therefore, the time-

consumption of the wear test will be significantly reduced. This method may also be desirable
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to determine the wear rate of UHMWPE under bovine serum lubricated condition, because a
friction force from a short wear test minimizing the influence of protein precipitation of bovine

serum may result in a much closer value of wear rate to the clinical relevance.
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CHAPTER 5. AN ENERGY-BASED MODEL FOR THE WEAR OF HDPE/CNF

NANOCOMPOSITES IN DRY SLIDING CONTACT WITH A STEEL BALL

When two loaded bodies are in relative sliding contact, friction occurs at the interface.
Most of the frictional work is transformed into heat, which is responsible for the increasing in
the temperature of the sliding bodies. This chapter reports a thermal analysis that is derived to
use an experimentally determined temperature increasing and the thermal conductivity of the
nanocomposites to achieve the friction energy consumption on heat. Assuming the remaining
friction energy is responsible for wear particles generation, the correlation of the wear and the

thermal conductivity are studied and a new wear resistance is defined to predict the wear loss.

5.1. Introduction

Wear is defined as a progressive loss of surface material due to relative sliding of two
loaded contacting surfaces [10]. When two complying materials slide against each other, a
tangential friction force will be experienced at the interface. Ramalho [9] concluded that the
friction energy in the sliding contact can be dissipated mainly through three processes: heat,
wear particle generation, and other entropy changes associated with material transformation at
the interface, in which the major portion of friction energy will be transformed into thermal
energy for a metal-to-metal friction pair [116]. If the wear mechanism of a material remains
stable, one may stipulate that the relative ratio of the different parts of the energy consumption
could be constant. There were many attempts to establish relationships between wear and
friction energy dissipation during sliding. Colaco [117] showed that a linear correlation
between the wear rate of the UHMWPE and the dissipated energy existed. The correlation was
independent of the lubricant, the material of the counterbody, and the surface roughness of both

materials. Michael [118] treated friction and wear as a production of irreversible entropy by
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interfacial dissipative processes and links friction and wear at dry sliding interfaces based on
fundamental principles of thermodynamics.

As mentioned in Chapter 1, HDPE has been widely applied as a bearing material and
the addition of CNFs are found to effectively enhance the thermal conductivity of the
nanocomposites compared to the neat HDPE in Chapter 2. However, currently the contribution
of thermal conductivity to wear has not been clearly understood. The aim of the present work
is to explore the possible relationship between the wear behavior and the improved thermal
conductivity of HDPE/CNF nanocomposites and establish an energy-based wear model to
correlate the wear loss of the nanocomposites with the dissipated friction energy and thermal

response of the wearing surface.

5.2. Experiments

The wear and friction testing was performed on a pin-on-disc tribometer (UMT-2). The
schematic of pin-on-disc tribometer is illustrated in Figure 5.1. The pins used were stainless
steel balls (SS440 Grade 25) from Salem Specialty Ball, Inc. with a diameter of 4.762 mm. The
tribological parameters were set as 30 N, 8 hours and 60 rpm for the normal load, test duration,
and rotating speed, respectively. Only five materials (Neat, P-05, P-3, T1-05, and T1-3) were
selected in this chapter. The thermal conductivities of the five materials are given in Section
2.3.3. The polymeric samples with sizes of 25.4 x 25.4 x 49 mm were cut from the
compression-molded plates. The radius of the wear track (R) was 5 mm. The tangential friction
force (Fx) was continuously monitored by the pin-on-disc tribometer directly. The mass loss of

each specimen was measured using a digital scale with an accuracy of 0.1 mg.
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Figure 5.1: Schematic of the pin-on-disc wear testing and temperature measurement apparatus.

During the dry sliding wear test, the temperature on wear track was recorded using a
non-contact infrared thermometer with the measured surface area 2.5 x 2.5 mm. With same
infrared thermometer the temperature at the center of the wear track for each materials was also
measured repeatedly as shown in Figure 5.1. Another digital thermometer measured the
ambient temperature during the testing in order to determine the temperature change on the

wear track.

5.3. Results and discussion

5.3.1. Friction and friction energy

Friction is the force resisting the relative motion between two contacting surfaces. The
COF, which describes the ratio of the friction force between two rubbing bodies and the normal
force pressing them together, is generally used to characterize the friction properties of
materials in sliding contact with a counterbody. Figure 5.2 depicts the COF of the five materials

98



(Neat, P-05, P-3, T1-05, and T1-3) as a function of time. The wear damage of materials in
sliding was believed to be resulted from friction energy (AE) due to friction between the
contacting materials [119]. The definition and application of friction energy during sliding
systems were reported in [9, 120-122] for different testing conditions and were introduced in
Section 1.1.1. in this dissertation. For simplification, the calculation of AE can be
approximately determined as:

AE = [ F(x)dx = FL = iNvt (5.1)
where F and L are friction force and sliding distance, respectively; F and j are average friction
force and average COF during the duration of wear test, respectively; v is the sliding speed; N

is the normal load; and t is time. The amount of friction energy during the total dry sliding

between the five materials and the steel ball is summarized in Table 5.1.
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Figure 5.2: Variations of COFs of HDPE and HDPE/CNF nanocomposites with time.
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Table 5.1: Friction energy and its apportion for HDPE and HDPE/CNF nanocomposites during
dry sliding wear test.

Samples AE (J) AT (°C) n m W, (J) Wy (J)
Neat 3464.4 3.25 7.2 62.3% 2158.4 1306.1
P-05 2987.0 212 7.0 47.2% 1410.7 1576.3
P-3 1847.5 1.56 6.7 57.9% 1069.4 778.1

T1-05 3225.7 3.73 6.9 82.0% 2645.9 579.8
T1-3 2797.1 2.86 6.8 75.9% 2123.9 673.1

5.3.2. Thermal analysis

Part of the friction energy is converted into heat (W), which dissipates into both the
upper (stainless steel pin) and lower (polymeric sample) solids, illustrated in Figure 5.3. The
total heat energy can be expressed as:

Wy, =Wy + W, (5.2)
where Wy and Wy are the heat that dissipates into the upper and lower solids, respectively.

or

aTs

9z

+AcK, |32 (5.3)
U L

Wh - ACKU | 0z

where A, is the contact area, K and K are the thermal conductivity of the upper and lower

solids, z is the distance, and Ts is the temperature at the interface.
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Figure 5.3: Schematic of heat transfer from the contact area.

The heat conducted into the upper solids is calculated by:

Wy = AcKy || = 725 (T~ To)
_ J% (T, = Ty) (5.4)
with
ay = L (5.5)

" puCy
where ay, py, and Cy are the thermal diffusivity, density, and specific heat capacity of the
upper solid, respectively; t is the contact time; and To is the ambient temperature [123]. In
addition, the heat conducted into the lower solids can be expressed by similar equations.

Therefore, the ratio of heat energy conducted into the upper and lower solids (n) may be given

by:
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N (5.56)
wp, pLCLK]

where C;, p., and K;, are the specific heat capacity, density, and thermal conductivity of the
lower solid, respectively. To calculate the ratio n, the density and specific heat capacity of the
nanocomposites is calculated based on the weight fraction of CNFs. The density of CNFs and
HDPE is respectively taken as 1.95 g/cm? and 0.954 g/cm?® and the specific heat capacity of
CNFs and HDPE as 2.48 J/g-K and 1.075 J/g-K [124, 125], respectively. The thermal
conductivity and specific heat capacity of the stainless steel pin were taken as 16 W/m-K and

0.45 J/g-K, respectively. The ratio n for each material is calculated and listed in Table 5.1.
During the wear test, the sample was rotated at a speed of 60 rpm. Therefore, it is
assumed that the heat generated from the transient frictional interaction have a relatively
uniform distribution on the wear track during the sliding. Wear tracks with radius of 5 mm, can

be treated as a stationary circular heat source.

Figure 5.4: The idealized geometrical relation between a circular heat source and a location B
(x,y,2) in a half space.

102



Figure 5.4 illustrates a half-space subjected to a circular heat source which simulates
the wear track. The heat rate per unit of length, Q, corresponding to a small piece of the heat

source d¢ can be expressed as:

0 =2 57)

TR

where Q; is the heat rate of the circular heat source from friction energy and R is the radius of
the circular heat source. The temperature rise at location B (X, y, z) caused by the heat flux

over de at A (Rcose, Rsin ¢, 0) can be determined from:

—4nr2K, E = §,Rdo (5.8)

dr -
where Ky is the thermal conductivity of the material, r is the distance between point B and the

outer circumference,

r =/(x — Rcosp)? + (y — Rsing)? + z2 (5.9)

The temperature at B due to the heat flux over d¢ is therefore

T(r) = —&Rde 1, . (5.10)

4AKim T
where ¢ is a constant. Therefore, the temperature at location B due to the entire circular heat
source can be calculated from
Tg(x,y,2) = fom T(r)de +C (5.11)

Then from Equation (5.9) and (5.10), Equation (5.11) can be rewritten in the form of:

QR p2m ! do + € (5.12)

4K;m”0  \/(x—Rcos@)?+(y—Rsing)2+z2

Tg(x,y,z) =

Combined with Equation (5.7), Equation (5.12) can be reformed into:

Ty(x,y,7) = =2 [*" ! do + € (5.13)

8K 270 /(x—Rcos@)2+(y—Rsing)?+z2
When the distance between B and wear track is an infinity, the integral part in Equation (5.13),
noted as D(x,y,z), is zero and Tg is equal to To. Therefore, C is actually To and Equation (5.13)

is changed to:
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Tg(x,y,z) = % D(x,y,z) + T, (5.14)

8K 12
Then,

(Tg(x,y,2) = Ty) = LLHZAT(JC, Y, 2) (5.15)

Q' _ 8KL71'2
s D(x,y,2)

© D(xy,2)

where AT, thus, is the temperature increasing at a point B (x, y, z). However, in reality a
temperature at a point cannot be detected. Almost all the thermometers actually measure the
average temperature in a snapshot area of the surface. The measurement area of the infrared
thermometer used in this work is a 2.5 x 2.5 mm. Therefore, D(X, y, z) used in Equation (5.15)
have to be the average value of D(x, y, z) for the thermometer measured surface area, noted
D(x, y, z). Inthis work, we measured the temperature increase at the center of the wear track
and D(0, 0, 0) thus was calculated to be 1.02 (mm™). The calculation method can be found
in Appendix A in the end of the dissertation.

We also assume that the heat is only conducted into the lower space of the (X, Y, Z)
coordinate system without any conduction into the upper space of air. The heat generation
conducted to the lower solid is calculated by:

W,=0-t, (5.16)
where Q is the modified heat flux of wear track, and t,,is the sliding duration.

Q = 20, (5.17)
because the upper space in coordinate system (X, Y, Z) is air which have a very lower thermal
conductivity compared to the solid sample and can be considered to an insulation without
dissipation of heat. The values of the heat energy for all the five materials are listed in Table
5.1.

A heat weight factor, defined as the ratio between heat energy (W},) and total dissipated

friction energy (AE), thus, can be determined by:

w wi+w w1 20
m=2n_ LWy _ L(+n): Qst(1+n)

AE AE AE ANvt
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~ mNv D

(14 [PucuBuy (5.18)

pLCLKL

Equation 5.18 thus provides us with a way to analyze the apportion of dissipated friction energy
as long as we access these parameters in the equation. It can be found that the increased thermal
conductivity of lower solid materials positively contributed to the energy dissipated as heat.

5.3.4. Energy-based wear modelling

We assume that the total friction energy is dissipated mainly through the heat energy
(W},) and wear generation (4,,). The energy balance can be written as:

W, = AE-W, (5.19)
where AE and W,, are now accessible from Section 3.1. Specific wear volume (SWV) was
proposed to relate the wear volume and the dissipated friction energy in a recent study [84].
SWV, as a new parameter for the characterization of wear resistance, was defined as the

volumetric material loss per unit of dissipated friction energy [122] :

. AV
Wswv = 3% (5.20)

where gy, is specific wear volume and AE is the dissipated friction energy during the sliding
distance. However, the dissipated friction is not only dissipated into wear generation, but also
into heat generation or temperature rising. Therefore, a modified specific wear volume can be

determined as:

.\
m_WW

(5.21)
Here the modified specific wear volume is defined as the volumetric material loss per unit of
energy (mm?3/J).

The modified specific wear volumes of HDPE and various HDPE/CNF nanocomposites
are reported in Figure 5.5. To validate the modified wear rate, the traditional specific wear rate
(wear volume per unit of normal load per sliding distance) is used to compared with the

modified wear rate for the five materials (Figure 5.6). It showed that they have a similar trends
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and are consistent with each other. Only P-3 nanocomposite has a lower specific wear rate than
that of the neat HDPE in Figure 5.6, but shows a higher modified specific wear volume than
that of the neat HDPE. This is because that the modified specific wear volume considers two
more new parameters (thermal conductivity and COF) compared to the specific wear rate. It
should be noticed that the modified specific wear volume is a material property which is
expected to be regardless the sliding speed, normal load, and the counterface material. However,

it needs more experiments to verify the claims in future.
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Figure 5.5: Comparison of the modified specific wear volume of the five materials.
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Figure 5.6: The traditional specific wear rate for the five materials.

The variation of the wear volume (AV) of a material with time can be expressed as:
AV = w,, W, = Wy, (AE — W),) = W,,,(AE — mAE) = Ww,,AE(1 —m)

SUTKIAT (1 4 [PuCuKuyy ¢ (5.22)

= [ANv — L CL K,

In this equation, W, and i are tribological properties of the materials. Normal load (N),
sliding speed (v), the integral number (D) are operational parameters for the wear test. Some
physical properties includes the density, thermal capacity, and thermal conductivity of the
rubbing materials. The temperature increase (AT) at the center of the wear track can be obtained
in dry sliding wear test. Therefore, the wear of HDPE and HDPE/CNF nanocomposites can be
modelled as a function of time.

The thermal conductivity (K.) in Equation (5.22) can also be treated as a variable

parameter. a relationship between the wear volume and thermal conductivity of a material, for

example, HDPE, can be plotted in Figure 5.7. It shows that the wear volume decreases with the
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increasing of thermal conductivity, which indicates that with the increasing in thermal

conductivity, more friction energy is dissipated with the heat instead of the wear.
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Figure 5.7: Wear volume vs. thermal conductivity.

5.4. Conclusion

In this study, the total friction energy in a pin-on-disc tribological system is analyzed.
The study provides with a method to determine the friction energy consumption on heat.
Assuming the remaining friction energy is responsible for wear particles generation, a modified
specific wear volume is defined to reflect the wear resistance of materials and predict wear loss
with time. In addition, it is found that the increased thermal conductivity of lower solid
materials can result in more energy dissipated as heat and therefore decreases its wear loss. The
wear model can contribute to the understanding of the physics of the wear process from the

perspective of friction energy and may be used to predict the long term wear with time.
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CHAPTER 6. WEAR MODELING OF HDPE/CNF NANOCOMPOSITES FOR

LUBRICATED CONDITIONS

Generally, the wear test of HDPE or UHMWPE under lubricated conditions needs a
long time duration to obtain a detectable wear loss, because of their low wear rates. In this
chapter, a theoretical model which couples elastohydrodynamic lubrication theory and Reye’s
wear model is proposed to predict the long term wear of HDPE and HDPE/CNF
nanocomposites under lubricated conditions. Dependency of the wear on parameters including
viscosity of lubricants, sliding velocity, roughness, coefficient of friction, and normal load are
determined. This model is expected to reduce the time consumption of the long term wear test

and may provide a helpful support for the biomedical application of the nanocomposites.

6.1. Introduction

The wear modeling of polymeric materials under lubricated conditions is more
complicated than that of dry sliding conditions, due to the complex nature of lubrication and
the various affecting factors of the wear. However, as mentioned in Chapter 1, the major cause
of the revision of total joint replacements is the wear of the polyethylene component. A healthy
natural joint works under effective lubricated condition with the synovial liquid as a lubricant
resulting in very low friction (COF ranges from 0.003-0.024) [103, 126]. This value of COF is
much lower than the values yielded using any artificial bearing materials in equivalent
conditions. Therefore, lubrication is an important factor to estimate the wear of the potential
bearing material in artificial joints. In addition, Archard’s law probably is not appropriate to
be used in the wear of polymers under lubricated conditions. However, most of the published
studies either neglected the lubrication or applied Archard’s law to estimate the wear of
UHMWPE component in artificial joints. For example, Wang et al. [127] proposed a wear law

for the UHMWPE under lubricated multi-directional sliding conditions without considering
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the influence of lubrication. Archard’s law was used in the wear modeling in the Ref. [103,
128, 129]. As proven in Chapter 4, instead of Archard’s law, Reye’s model, which may be
more suitable to represent the wear behavior of PE family’s material, probably can be applied
in the wear modeling of the PE family’s materials under lubrication conditions. In this chapter,
a wear modeling which coupled Reye’s wear model and elastohydrodynamic lubrication theory

is built up to predict the long term wear for lubrication conditions.

6.2. Elasto-hydrodynamic lubrication modelling

6.2.1. Formulation and governing equation

The contact between the sliding ball and polymeric disc is three-dimensional which
makes it more complex to simulate and investigate the wear behavior of a material. Therefore,
some simplifications are necessary. Instead of a ball, we consider a line contact problem with
a cylinder sliding against a metal substrate as shown in Figure 6.1. As we do consider the
change of the substrate along Z direction in Figure 6.1 are same, the problem is actually
transferred into a 2D problem as shown in Figure 6.2. As the cylinder is immersed into
lubricants, there is a layer of liquid film between the stainless steel cylinder and the polymeric
substrate. The stainless steel cylinder is fixed. At the same time, the polymeric substrate slides
along X direction with a constant velocity, U, and a normal load, N, is applied on the cylinder
in Y direction. A pressure in lubricants, therefore, is built up to support the normal load. The
pressure distribution thus is different with that of dry sliding wear conditions due to the
formation of the liquid film between the cylinder and the polymeric substrate. The film
thickness and the pressure distribution are dependent on various parameters, including normal
load, viscosity of lubricants, sliding velocity, roughness, and the Young’s modulus of two

rubbing materials.
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Normal load, N

Figure 6.1: Scheme of the 3D line contact problem.

Figure 6.2: Schematic of the simplified 2D line contact problem.

111



To determine the film thickness and pressure distribution, elastohydrodynamic
lubrication (EHL) theory is applied. EHL assumes the elastic deformation of the lubricated
surfaces has a substantial influence on the film thickness, which is especially appropriate to the
metal-polymer contact due to the low elastic modulus of the polymer compared to metal. In
addition, EHL theory also assumes the increase of the lubricant’s viscosity due to the high
pressure in elastic contacts. Therefore, both the elastic deformation and viscosity changes have
a positive influence on the film thickness. Reyonds equation currently is widely employed in
EHL theory. Reyonlds equation is, in fact, a simplification of the Navier-stokes equations,
assuming that the inertia force can be neglected and lubricants are Newtonian with constant

viscosity. The full Reyonds equation in a Cartesian coordinate can be written as:

d (ph3 ap) 5] (ph3 ap) _ d(ph) ou a(ph)
ax( n ox + 9z\ n oz 6u ox +6ph dox +12 ot (6.1)
Poisseuille pressure wedge stretch squeeze

where

p : density of lubricants;

h : film thickness;

p . pressure;

n : viscosity of lubricants

x, z . spatial Cartesian coordinates, in which z refers to dimensions in Z direction in Figure 6.2;
u : the sum velocity of the two rubbing surface;

t :time.

For a line contact problem, the second term in left side of Equation (6.1) can be ignored,
as we assume that along Z direction in Figure 6.2, nothing is different. The three terms on the
right side of Equation (6.1) represents three potential factors that generate pressure. It should
be noted that the second term, the stretch term, referring to the change of the sum velocity on

time, can be omitted in this work, as the sliding velocity is a constant here. The third term,
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squeeze term, is for the non-steady—flow problems, for example, at the starting up and shutting

down stages of the motion or a motion applied a vibration or shock load. However, in a steadily
running of a motion, of course, g—ft’ IS zero. In this work, as only steady-flow case is considered,

the squeeze term can thus be left out and the remaining equation can be given:

d (ph®ap\ _ a(ph)
a(aa)—”m o (6.2)

where u,, = g
To solve Reynolds equation, boundary conditions are still needed. It is assumed that
the pressure is defined as zero on the left ledges of the pressure influenced domain, then the
calculated pressure in the domain is in fact the pressure difference with the ambient pressure.
Therefore, one of the boundary conditions is given as:
p(xq) =0 (6.3)
where x, is a boundary at the inlet of the pressure domain.

Another boundary condition is set at the outlet (x = x;,) of the pressure domain, where
op __
Fonke 0 (6.4)
The load balance, therefore, can be given by

N = f;‘: p(x) dx (6.5)
Because of a parabolic profile of the cross-section of the cylinder, a geometrical

thickness at a known X location (for example, A(x,0) in Figure 6.3) is given as:

hg=RA-(1- G ~Z (6.6)
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hg

lHX A(x,0)

Figure 6.3: Scheme of the geometrical thickness (hg) of a cylinder in contact with a substrate.

Furthermore, as we know a layer of film is between the two surfaces, a minimum film

thickness (hy) is induced as shown in Figure 6.4.

h

> hO
l X A(x,0)
H

Figure 6.4: Scheme of the minimum thickness ( ho) of a cylinder in contact with a substrate.

When a pressure is applied on a substrate, the surface of the substrate will be deformed.
The deformation of the surface is generally determined by its elastic modulus E. The

deformation of a surface contacting with a cylinder can be given as in the following [130]:
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he = —— [ p(s)ln(x — s)ds (6.7)

nE'

where h, is the elastic deformation and E’ is the reduced elastic modulus, defined as:

1 _1 1-v,2 . 1-v,2
F_z( Ey + E, ) (6.8)

with E, E,, the elastic modulus, and v; and v, Poission’s ratio of the two rubbing surfaces,
respectively. The elastic deformation is shown in Figure 6.5, where the bottom dashed curve is

the profile of the substrate after deformation.

hg
5 o
............. X he A(Xﬂ‘(‘).-)-.-""“
..................... A

Figure 6.5: Scheme of the elastic deformation ( he ) of a substrate.

In addition, the effect of roughness is also considered in this work, as the substrate is
not ideally flat and wear actually begins at the rough asperities. The profile of the deformed
rough substrate is shown in Figure 6.5. The roughness of the substrate surface can be measured
by a profilometer or atomic force microscopy. In this work, for the mathematical simplification,

the surface profile before the elastic deformation is expressed as in the following function:

hy = hy sin(5-x) (6.9)
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where h,, is an amplitude of the asperities and A is the wavelength of the substrate profile. As
shown in Figure 6.6, the h,, is in the opposite direction of H. Therefore, total film thickness at
a point A(x, 0) can be given as:

h(x) = hg + hg + h, — h,

= hy + % — %f;ﬂb p(s)in(x — s)ds — hy, sin(%nx) (6.10)
h,
ho

~
o>~ 1. o #J’
h H‘"“'*-——-* LA
m Y "
Ng

Figure 6.6: Scheme of the elastic deformed substrate surface with consideration of the
roughness.

As the viscosity and density of the lubricants are dependent on the pressure, it is
necessary to couple the viscosity and density with pressure in Equation (6.11) and (6.12). The

Dowson-Higginson density vs. pressure model is given by:

0.59x10°+1.34p
p(p) = po 0.59x10%+p (6.11)

where p, is the atmospheric density of the lubricant.
The Barus viscosity vs. pressure model is given by:

n(p) = nee“? (6.12)
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where 1, is the viscosity of the lubricant under atmospheric pressure and « is the pressure
viscosity coefficient.

Thereafter, the full system of Reylonds equations can be written as:

( 9 (ggigg) 3(ph)
12n O0x

5 m 9x

h(x) = hy + % — 2 " p(s)In(x — s)ds — h,, sin (%ﬂx)

nE' Yxq
| N = f;b p(x) dx (6.13)

0.59x10°+1.34p
0.59x10%+p

p(p) = po

\ n(p) = nee*

with the boundary conditions:

p(xa) =0
9 _
axb -

(6.14)

As dimensionless parameters are convenient for mathematical calculation, the

dimensional forms of Equation (6.13) and (6.14) are derived with the following dimensionless

variables:
H hR N =N
b2 E'R
U =1m G =aE'
E'R
X== p==X
PH
| ~_p
_n =L 6.15
n Mo p Po ( )

!

where b = (%%)1/2, is the radius of the Hertzian contact area, and py = %, IS maximum

Hertzian pressure.

Then Equation (6.13) and (6.14) can be rewritten as:
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( d ( pH?3 aP) d(pH)

ax\ 7 ax 1 ax
JH = Ho + A;X? + A; f P(S)in(X — $)dS — A, Hm sin(1X) (6.16)
= [." PdX
where
3 n2U 1 1
A1=Z73v—2. A2=—E, A3=5; Ay =1, Aszg- (6.17)

The boundary conditions are:

P(X,) =0
o _ 4 (6.18)

Xy

6.2.2. Numerical solution of a line contact problem

In numerical analysis, Newton-Raphson method is an efficient method for solving
nonlinear problems. To apply Newton’s method to the Reynolds equation, Equation (6.16) can

be rewritten as:

_ d (pH®0P d(pH)
Fi (P, Hp) = dX( 7 ax) Ay ax =0

(6.19)
| F(PH) = f;i” PdX —A; =0

where 7 =7(P), p = p(P) and H = Hy + A,X? + A3II(P) — A, sin(AX); II(P)is an integral
operator, I1(P) = f;b P(S)In(X — S)dS. The boundary conditions are the same with Equation

(6.18). After expanding the functions F, (P, Hy) and F,(P, H,) into Taylor’s series about a

guess solution (Pyg, Hy), the values of F; (P, Hy) and F,(P,H,) function can be expressed as:

dF dF
Fi(P,Hy) = F;(Pyo, Hyo) + —1(P00:H00)AP + _1(P00'H00)AH0 =0 ( )
6.20

sz sz

F,(P,Hy) = F,(Poo, Hoo) + == (Poo»Hoo)AP R (Poo'Hoo)AHo =0

Combining Equation (6.19) with Equation (6.20), we obtain:
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d [pH3d(AP)] d 1dn _ ,dPy 0pH®dPy dp AP
N dX dX 7 7

ax marP? ax tor ax ~Map
d [ _pH3dPy, _ d [ _pH?dPy, )

_d | pH?dPy
TdX| 7 dX

+ AlﬁHl (6.21)

and
In Equation (6.21) and (6.22), when a guess value of Py, and H,, are known, p, 7, H,

Xp Xp
j APdx = A5 — j Pyodx (6.22)
Xa Xa

P

dd;" can be directly calculated. Thereafter, based on the viscosity vs. pressure and density

and

vs. pressure relationship in Equation (6.11) and (6.12), Z—Z and Z—g can be determined also. The

only unknown parameters are AP and AH,,. The pressure domain at [x,, x;] can be divided into
n elements and each element with 2 nodes. The AP on the it element is AP; (i = 0,1,2, ..., n).

Pulsing AH,, we can obtain a system of equation:

Newsaena { | = () 623)

In Equation (6.23), AP and AH, at each X node can be determined. The above method is called
finite element Newton’s method. The detailed procedures can be referred to in the Ref. [131]
After AP and AH, are known, new P and H, are updated as:
P(X;) = Pyo (X;) + AP(X})
(6.24)
Ho(X;) = Hoo(X;) + AHy(X;)
The new obtained P and H,, then are used as the new guess value of Py, and H,, in Equation
(6.23) and the loop repeats several times until ||AP|| — 0 and ||AH,|| — 0. This method has

very short computation time. The error can be reduced an order of magnitude in each loop and

generally only 6-10 loops may reach the required error range.
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6.3. Wear modeling under lubricated conditions
6.3.1. Wear law

The ability to predict wear and lifespan of a material is essential for its tribological
application, because the eventual purpose of tribological study is to protect surface against wear.
The lubrication itself is a just a method to decrease wear. Archard’s law is very frequently used

in the wear modelling and can be expressed as:

v K N 6.25

L - a H ( . )
where V is the volume of the worn off material, L is sliding distance, Ka is a constant, N is the
normal load, and H is the hardness of the softer material in the two rubbing bodies. The
hardness, H, is usually bundled up into a single coefficient Ka. Both sides of the equation are

divided by the contact area, then Equation (6.25) is:

h

7 = Kap (6.26)

The wear process is considered as dynamic and the wear depth change with respect to each

distance increment, therefore, the first order differential form of Equation (6.26) is:

h
A= «p(AL) (6.27)
Here the contact pressure is a function of the sliding distance which is considered as the time
in the dynamic process of wear.

However, as discussed in Chapter 4, Archad’s law may not be appropriate for the wear

of polymer under lubricated conditions. A new proposed wear law is given in Chapter 4 as:

/A
7 —KF (6.28)

where K is a constant and F is the average friction force. As F can be expressed as a product
of the COF (u) and the normal load (N) based on the definition of COF, Equation (6.28) is

rewritten as:
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|4 _
7= Kan (6.29)

Similar with Equation (6.27), the change of wear depth can be determined as:

oh = Kap(AL) (6.30)
AL

Although Equation (6.27) and (6.30) seem very similar with only difference of j term, they
represent two distinct methods. Equation (6.30) is believed to be appropriate to be used in
lubricated conditions, as K in Equation (6.30) only represents the material properties. The
different lubricants have significant influence on the COF which can be represented by the
average COF. The COF under a specific lubricant is easily obtained or even measured in a
very short wear test duration. If using Equation (6.25) in lubricated conditions, even with the
same material, a specific Ka has to be given for a certain lubricated condition. Therefore, in this

work, Equation (6.30) is used to the wear modeling under lubricated condition.

6.3.2. Wear simulation

From Equation (6.30), a numerical solution can be derived with a finite difference of

the wear depth as following:
where h; is the wear depth at j" iteration while h;_,is the wear depth at the pervious iteration.
Kjp;(L)AL; refers to the incremental wear depth, which is a function of the incremental sliding

distance, the contact pressure at the corresponding sliding distance and the average COF. The

term of p;(L)AL; can be already determined from the lubrication modelling in Section 6.2.
For each increment of AL;, p;(L)AL; is actually the integral of p(x) with x. It can be expressed

as following:

m@MM=f p(x)dx (6.32)

a
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After the incremental wear depth is known, the incremental wear volume is calculated
by multiplying the incremental wear depth with the length (I ) of the cylinder in Figure 6.1.
Therefore, an accumulation of the incremental wear volume for all iterations (n) can be given

as:

n n n
V= ZAV] = lz Ah; AL; = lZ(hj — hj_1)AL; (6.33)
j=1 j=1 j=1

where b is the radius of the Hertzian contact area.
With the wear depth accumulated in each iteration, the sliding distance is also an

accumulation of the incremental sliding distance for all iterations (n) and is given as:

n
L= z AL (6.34)
j=1

Therefore, the wear depth on a contact surface for a specified sliding distance L can be
estimated. It is noted that Equation (6.33) is appropriate for the case that the soft material is
continuously worn off. For example, in the tribology system in Chapter 4, the polymer pin is
stationary and continuously worn against the sliding metal disk. However, in Chapter 3 and
this Chapter, the polymer disk is rotated against the stainless steel pin, which means in each
rotation period, an asperity only contacts with the stainless steel pin once. Therefore, for the
tribology system in this Chapter, the accumulation of the incremental sliding distance can be

calculated as following:

L= Zm‘Zj (6.35)

where r is the radius of wear track. In future wear modelling, Equation (6.35) will be used.
As we know, in each rotation, only a very tiny wear depth is generated resulting in a

very small geometric change. For shortening the computation time, the incremental wear depth
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in Equation (6.30) can be defined as the incremental wear depth in every N rotations period,

and then Equation (6.30) can be rewritten as:

where 0 is the frequency of a rotation with unit of Hz.
Thereafter, the accumulation of the incremental sliding distance (Equation (6.35)) can

be reformed as:

L=2nr0Nj (j =123, ..,n) (6.37)
If we let N=3600, the incremental wear depth (h; — h;_,) is actually the wear depth change in
an hour. n is therefore the duration hours of the wear test.
The accumulation of the incremental wear volume for all iterations (n) can be given as:
n

r h:—h 2 i 2R y h; < 2h
z(f_f‘l) o h, “2h,, j < Shm(6.384)

j=1

n
V=ZAVJ-=<
j=1

Z(hj —hi_))-@ar) - (R)  h; > 2hy,
. & (6.38h)

The induced term of (an. %) in Equation (6.38) refers to the real worn-off distance.

As the wear track has a length of 27z, there are M number of asperities along this wear track,

where M is :

M=—= (6.39)
The A is the wavelength of a asperity. Then the real worn off distance for each asperity at the

j" iteration, d; shown in Figure 6.7, can be given as:

4=,
T (6.40)
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where h,, is the average height of the asperities. Therefore, the real worn-off distance (s;)

along the wear track at the j" iteration is:

S; =Mdj =———A=2nr.——/— (641)

A 4

Figure 6.7: Scheme of the geometry of asperities.

Similarly the real worn-off distance on the direction of the arc of the contact ball also

needs to be multiplied with # However, when h; > 2h,,, the real worn surface will equal

m

to 2mr, as shown in Equation (6.38). At each iteration, the geometry of asperity is updated in
the lubrication modeling to compute a new pressure distribution and thereafter a new cycle
commences. To update the geometry of asperity, the film thickness equation in the lubrication

modelling at each iteration is given as:

h M ! d 2 — 1y A h; < 2h,, (6.42a)
0+ﬁ—nE,fxap(s)n(x—s) S—Tsm( x) ;< :
h(x) =
A (6.42b)
ho + SR mE fxa p(s)in(x — s)ds h; > 2hp, -

The flow chart for the wear simulation is shown in Figure 6.8.
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Figure 6.8: Wear simulation flow chart.

6.3.3. Experimental measurements

To determine the specific wear volume of HDPE (K), a pin-on-disk (polymer pin sliding
on stainless steel disk) wear test was performed under the 95% glycerol/water lubricated
condition. The wear test apparatus is the same with the one used in Chapter 4 as shown in

Figure 4.1. The diameter of the HDPE and T1-05 pin is 6.35mm. Normal load and sliding
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speed were set as 100N and 31.4mm/s. The mass loss after 24, 48, 72, and 96 hours of wear
testing were measured. As proven in Chapter4, the relationship between wear rate and average
friction force under lubricated conditions can be expressed as:

AV = KaNAL (6.43)
The fitting curves of the pin-on-disk wear test data are determined to find the specific wear
volume (the slope of the fitting curves) for HDPE and T1-05 in Figure 6.9. The results show
that the specific wear volume (K) of HDPE and T1-05 are 9.8 x10°® mm®m and 4.2 x10®

mm?3/m, respectively.
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Figure 6.9: The input specific wear volume (K) of HDPE and T1-05 materials.

To validate the wear modeling for the line contact problem, another pin-on-disk (a

stainless steel cylinder sliding against a HDPE disk) wear test is also performed under 95%
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glycerol/water lubricated conditions as shown in Figure 6.10. The stainless steel cylinder with
length of 4.76 £0.002mm has a circular cross-section with a radius of 2.38+0.001mm. The
radius of wear track is 5 mm. The mass loss of the polymer disk is measured in every 2 hours.
The COF is monitored continuously during the wear test. In addition, the normal load, rotation
frequency and average initial asperity height is varied for different samples in Table 6.1. COFs

of HDPE under various operating parameters are measured in a 1-hour wear tests and also

i

listed in Table 6.1.

o -4 --———--—- - -

Figure 6.10: Scheme of a line-contact pin-on-disk wear test.
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Table 6.1: The wear simulation data set-ups.

Simulation Average asperity
Viscosity of Rotation Normal
data set height of | Average
Lubricants lubricants, n frequency, 0 load, N
No. polymer  disk, | COF, u
(Pa.s) (Hz) (N)
iy (M)
1 50% Glycerol 0.00496 1 50 0.24 0.042
2 50% Glycerol 0.00496 2 50 0.24 0.043
3 50% Glycerol 0.00496 1 100 0.24 0.030
4 50% Glycerol 0.00496 1 50 0.50 0.042
5 95%Glycero 0.36440 1 50 0.24 0.031
6 Water 0.00089 1 50 0.24 0.072

6.3.4. Results and disscussion

As shown in Figure 6.11, the experimental mass loss measurements are compared to
the simulated results. The parameters in both experiments and simulation are set up as Set No.
1 as shown in Table 6.1. Both experimental and simulated curves have similar parabolic shape.
The simulated results have a good agreement with the test data. At the first stage ( about 0-24
hours), the mass loss slowly increases with time due to the wear of the asperities. After around
24 hours, the mass loss of HDPE steeply increases and the curve in this second stage becomes
a basic straight line with a constant slope. The transition time from the first stage to the second
stable stage represents the moment at which the asperity is entirely worn off. The first stage
difference of the mass loss between the experimental and simulated curves is small. However,
after around 24 hours, the difference becomes larger and larger due to the different slope of the
straight lines in the second stage. This may be due to our ideal assumption that after the

asperities are worn off, the work surface of the polymer will become prefect smooth surface.
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Figure 6.11: Comparison of experimental wear measurements with simulation results
(Parameters were set as Set No.1 as shown in Table 6.1).

The dependence of the mass loss of HDPE on the rotation frequency, normal load,
average asperity height and lubricants are illustrated in Figure 6.12. The increasing rotation
frequency, which results in a corresponding increase in sliding speed, significantly increases
the generation of mass loss (Figure 6.12 (a)). If the rotation frequency is doubled, the contact
possibility between an asperity of the substrate and the stainless steel pin is improved twice
and results in a significant increase of the mass loss. In addition, it also considerably shortens
the transition time from the first stage to the second stage. As shown in Figure 6.12, the mass
loss of HDPE increases with the increasing of the normal load from 50N to 100 N. This is
mainly due to the fact that the more the normal load, the higher the pressure. Compared to the
two curves in Figure 6.12(c), the increased asperity height seems to significantly prolong the

transition time from the beginning stage to the second stage and lower the mass loss. This is
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because of the geometry assumption of the asperity and the influence of the asperity height on
pressure distribution. However, it should be noted that after the transition from the beginning
stage to the second stage occur and the asperities are entirely worn off, the slopes of the two
curves in Figure 6.12(c) are the same as each other. In Figure 6.12(c), the mass loss vs. time
curves under different lubricants are plotted. Because the different lubricants have various
viscosity and result in different COFs, the significantly different mass loss curves were
obtained. It can be seen that compared to the other two lubricated conditions, the HDPE under
the water lubricated condition yields the highest mass loss over time and has the shortest
transition time from the beginning stage to the stable stage. Thus, it is concluded that the wear
of a material under lubricated conditions is significantly influenced by the sliding speed,
normal load, roughness, and lubricants properties. The present computational modeling taking
all the above parameters into consideration has good capability to model the wear of a

polymeric material.
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Figure 6.12: Dependence of the mass loss of HDPE on various parameters: (a) rotation
frequency; (b) normal load; (c) average asperity height; and (d) lubricants.

The specific wear volume, COF under the 50% glycerol lubricated condition and
Young’s modulus of HDPE and T1-05 nanocomposite are applied in the wear simulation of
each material. The simulated results of two materials are shown in Figure 6.13. It can be seen
that the proposed wear model can successfully predict the mass loss of different materials
during the long term wear. Because the specific wear volume of T1-05 is reduced significantly
(Figure 6.9) due to the reinforcement of thicker-silane treated CNFs, with the same time the

mass loss of T1-05 generally is lower than that of HDPE.
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Figure 6.13: Comparison of the mass loss of the HDPE and thick-silane treated CNF reinforced
HDPE at 0.5 wt% loading (T1-05) over time.

6.4. Conclusion

In this work, a wear model under lubricated conditions is developed with incorporation
of elastohydrodynamic lubrication theory and Reye’s wear model. Various affecting factors on
wear are considered including lubricants’ property (viscosity), material properties (Young’s
modulus, asperity height, specific wear volume, and coefficient of friction), and operating
parameters (normal load and sliding speed). The Newton-Raphson method is used to solve the
line contact lubrication problem with time consumption of several seconds which proves that
the numerical solver is robust and has a high convergence rate. The wear simulation shows that
the wear of HDPE is increased with the increasing of the sliding speed and normal load, but

decreased with the increasing of the asperity height and lubricant’s viscosity. The wear model
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can be used to predict the long term wear under lubricated condition and may reduce the time

consumption of the wear test.
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CHAPTER 7. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

7.1. Summary

This dissertation focused on the tribological studies of HDPE/CNF nanocomposites. In
particular, three types of CNFs have been added into the HDPE polymer matrix, including
pristine CNFs and silane coated CNFs at different loading levels (0.5 wt.%, 1 wt.% and 3
wt.%). Silane coatings of thicknesses of 2.8 nm (thin) and 46 nm (thick) were applied on the
surfaces of CNFs to improve the interaction between the CNFs and the matrix.

The mechanical and thermal properties of the nanocomposites were measured. It was
found that the addition of CNFs led to an enhancement of the ultimate stress, fracture strain,
and hardness compared with the neat HDPE. Thermal conductivity measurements reflected an
18% improvement in the nanocomposite reinforced with thick-silane treated CNFs at 3 wt.%
loading. The tribological behaviors of the nanocomposites under dry sliding, saline water
lubricated, and bovine serum lubricated conditions were investigated. Compared with the neat
HDPE, the friction coefficients of the nanocomposites were reduced in all samples under all
test conditions. CNFs with thicker-silane coatings at lower concentration levels, yielding the
lowest wear rate in all three conditions, have the potential to serve as promising reinforcements
for HDPE to achieve improved tribological property of the nanocomposites.

The correlations of the wear with friction, hardness, work of fracture, thermal
conductivity of a polymeric material were explored. The wear rate of the nanocomposite was
found to have a weak correlation with the microhardness, but linearly relate to the work of
fracture or the product of ultimate strength and strain at fracture. The increase of thermal
conductivity of a material positively contributed to the reduction of its wear volume. In
addition, two distinguished linear relationships were found between the wear rates of LDPE,
as well as UHMWPE, and their respective friction forces, possibly due to the different wear

modes. The relationship between the wear rate and the friction force of a polymeric material
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can be used to predict the long term wear of the material under lubricated conditions in terms
of a measured friction force from a short wear test.

A thermal analysis method was proposed to determine the friction energy consumption
on heat for a pin-on-disk tribo-system in dry sliding condition. A modified specific wear
volume was defined to reflect the wear resistance of materials and predict the long term wear
with time. In addition, a wear model for lubricated condition was developed with the
incorporation of elastohydrodynamic lubrication theory and Reye’s wear model. The wear was
increased with increasing sliding speed and normal load, but decreased with the increase in
roughness and lubricant’s viscosity. These wear models contribute to the understanding of the
physics of wear and the reduction of time consumption of the wear test in order to predict the

long-term wear behavior.

7.2. Recommendations for future work

This work can be viewed as a preliminary study of the HDPE/CNF nanocomposites for
tribological applications. Many new areas have not been explored and some points from this
dissertation need to be further clarified. Some suggestions for future research are presented
below:

(1)Wear test. Various pin-on-disk tribo-systems were selected to characterize the wear
rate of a polymer against a metal in this dissertation, including a metal pin with a sphere end
against a polymeric disk (Figure 7.1(a)), a metal pin with a cylinder end against a polymeric
disk (Figure 7.1(b)), and a polymer pin with a flat end against a metal disk (Figure 7.1(c)). The
tribo-systems in Figure 7.1(a) and Figure 7.1(b) correspond to the point contact solution and
line contact solution respectively in the elastohydrodynamic lubrication theory. However, the
third tribo-system to characterize the wear rate of the polymers in Figure 7.1(c) is

recommended for the future work.
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Figure 7.1: Various tribo-systems in the pin-on-disk wear test.

The third one has several advantages: First, the flat end shape of the polymer pin is easy
to approach. Second, in the third tribo-system, the entire contact surface of the polymer pin is
continuously worn off during the wear test which may speed up the wear test to obtain a
detectable wear volume. However, in the first two tribo-systems only a portion of the polymer
disk contacts the metal pin. Third, because of the flat end, the contact surface of the polymer
pin experiences a uniform normal pressure. The volume-based wear rate (wear volume per unit
sliding distance) in this tribo-system can be translated into a depth-based wear rate (wear depth
per unit sliding distance). The latter one is very important in the wear simulation of the complex
contact problems (for example, the area contact and line contact problem in Figure 7.1(a) and
Figure 7.1(b), respectively) to update the geometry change in each rotational period. In
addition, the volume-based wear rate of Figure 7.1(c) can also be translated into normalized
wear rate with respect to the normal load, N, which makes the experimental results comparable
with the reported data in literature. However, the experimental results in the first two tribo-
systems, strongly associated to the geometry of the end shape of the pin, cannot be compared
to other researcher’s results.

(2) Bio-medical applications. One of the purposes of this study is to test new
nanocomposites for improving the longevity of UHMWPE hip joint replacement. HDPE has a
similar chemical structure as UHMWPE. Therefore, the study of HDPE/CNF nanocomposite
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can be viewed as a preliminary investigation on UHMWPE/CNF nanocomposite. HDPE,
having a lower viscosity in melt compared to UHMWPE, is much easier to process. The results
in HDPE/CNF nanocomposites may have potential implications and contributions to the study
of UHMWPE/CNF nanocomposites. Therefore, the future work may be developed into the
field of UHMWPE/CNF nanocomposites or UHMWPE/HDPE/CNF nanocomposites.
UHMWPE/HDPE/CNF nanocomposite may be desirable because the addition of HDPE can
lower the viscosity of UHMWZPE and improve the dispersion of CNF in the polymer matrix.
To apply these new composites in artificial joints, the multidirectional sliding motion is
necessary in the wear test, for example, the hip simulator and finite element analysis may be
useful for the wear modeling. The biocompatibility problem of the nanocomposites in bio-
medical applications is still in controversy, and needs to be explored further.

(3) Wear of polymers under lubricated condition. The traditional studies on wear were
generally for the metal under unlubricated condition, for example, the famous Archard’s wear
law. Only a few studies experimentally characterized the wear rate of HDPE or UHMWPE
materials under water or bovine serum lubricated condition because the wear test of UHMWPE
under lubricated conditions produce very low wear rate and it takes as long as a month to test
one sample. The wear of HDPE or UHMWPE under lubricated conditions is rarely simulated,
possibly due to the complexity of the lubrication theory. The dissertation has proposed to use
Reye’s wear model to predict the wear of polymer under lubricated condition. However, the
experimental data are limited in the UHMWPE and LDPE materials. More experimental
clarifications are necessary for validating this model’s application in other polymers or polymer
composites. The wear of HDPE as a line contact problem was simulated in this work. In the
future, the solutions for an area contact problem or, furthermore, ball-on-socket contact
problem can be developed. In addition, to elongate the longevity of UHMWPE hip joint

replacement, another direction is to apply more effective artificial lubricants to hip joints.
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Therefore, the wear of UHMWPE under different combinations of bio-lubricants may be

addressed in the future.
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APPENDIX A. INTEGRATION

In Chapter 5, the integration of the integral term D in Equation 5.14 needs the following

mathematic treatments:

2T 1
- :
o +/(x — Rcosp)? + (v — Rsinp)? + z2

21 1
0 /x%+y2+ z2 + RZ — 2R(xcos¢ + ysing)
27T 1
° \/xz + y2+ 22 + R? — 2R\/x? + y2cos(¢ — a) tana =~
21 1
0 ki —kycos(p — a)
j2n—a 1 dm
—a ki — ky,cos® p—a=0
0o +/kq—kycos® (D.1)
where k; = x2 + y2+ 22 + R? > 0; k, = 2R\/x2 + y2 > 0.
We know that when f > 0, jé+f > 2; letf = —sz}:_yz
Jx2+y? R
+ > 2
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Therefore, k; = k, and k; — ky,cos® = 0
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Because ky =2k, =20, 0<m< 1.

It needs to be noted that f W can be transferred into a complete integral

of the first kind as F(§|m), where m = azb—jbz. It has been proven that 0 < m < 1 which
satisfies the requirement of the complete integrals of the first kind. The detailed transformation
for this type of integration is referred to in Equation 17.4.51 in the Ref. [132]. The complete
integrals of the first kind, F(g |m), can be obtained either with Matlab function of ellipke(m)
or with Table 17.5 in the Ref. [132].

For example, if x € [0,10], y=0, z=0, and R=5, the integral term of D can be

dimensionless treated as following:
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The relationship between D and X can be plotted as shown in Figure A.1. It showed
that the integral term D goes towards infinity when X is close to R. Value of D obtains the

maximum when X=0. When X > R, the integral D decreases with the increase in R.

(&

Figure A.1: The relationship between D and X.
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APPENDIX B. HERTZIAN CONTACT THEORY

In Chapter 6, the dimensionless treatment for the parameters in the Reylond’s equations
used the Hertzian parameters, which are given in the following Hertzian Theory[133].

In the Hertzian contact theory, the line contact problem under a normal load, N, between
two cylinders with parallel axes is reduced into a 2D problem shown in Figure AB-1. The two
circles in Figure B-1 with the radius of R1 and Rz represent the cross-sections of the two contact

cylinders, respectively. The normal load, W, in Figure B.1, is the normal load per unit of length:

N
W=7 (B.1)

where L is the length of two cylinders.

Normal load W

Figure B.1: 2D schematic of the line contact problem between two cylinders with parallel axes.

The half Hertzian width (b) of the contact line between the two circles in Figure B.1 is

calculated as:

8WR

b= l7E (82)
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where E' and R are the reduced elastic modulus and reduced radius, respectively. The value of

the reduced elastic modulus is defined by:

1 1 1—v12+1—v22
E'™ 2% E E, (B.3)

with E; and E, as the elastic modulus, and v; and v, as Poission’s ratio of the two cylinders,

respectively. The reduced radius is given by:

1 1 1
R &R (B.4)

with Ry and R> as the radius of the two cylinders, respectively. It should note that if the bottom
cylinder is a plane, the radius of R can be regarded as an infinity. The reduced radius, R,
therefore equals R1.

The maximum Hertzain pressure is at the center of the contact line and can be obtained

by:

2w |WE' E'b
PH="7p = |27R ~ 4R (B.5)

The distribution of contact pressure in the contact line as a function of distance from the center

xz
p=npn|1- Bz (B.6)

of the circle is:
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APPENDIX C. PROGRAMING

The main Matlab codes for solving the Reylond’s equation and wear simulation under
lubricated conditions are presented here.

Function 1: main.m

N=100; ZNumber of Nodes
PO=linspace(0,0,N+1); 3Initial pressure
P=linspace (0,0,N+1) ; $Pressure
DP=linspace (0, 0,N+1); sdot P

XP=linspace (0,0,N+1) ; %X at nodes
H=linspace (0,0,N+1) ; $film thickness
F=linspace(0,0,N+1); $F matrix
B=linspace (0, 0,N+1); %B matrix
DF=linspace (0, 0,N+1); sdot F

DL=1linspace (0, 0,N+1); $Middle matrix to get CIJ
MIDU=1linspace(0,0,N+1); SDENSITY
NIANDU=linspace (0,0,N+1); SVISCOSITY
CIJ=zeros (N+1,N+1); %C matrix

KK=zeros (N, N) ; $Finial Kmatrix N*N
KKl=zeros (N+1,N+1) ; $Finial K1 matrix
KK2=zeros (N+1,N+1) ; $Finial K2 matrix
LNODS=zeros (N+1,2) ; $Middle matrix
initialization; %initialization

for i=1:N+1
1f(XP (1) "2<=1)
PO (i)=sgrt (1-XP(i)"2);
end
end
P=PO0;
DHO=1; %%erro
MAXIT=100; %$%maxmium iteration
ITER=0;
while (abs (DHO)>0.01&&ITER<=MAXIT)
ITER=ITER+1;

IT=0;

EP=1;

while (EP>0.01&&IT<=MAXIT)
IT=1IT+1;
film thick; %film thickness
matrix final; %Jacob matrix

DP(2:N+1)=KK\DF (2:N+1)"'; %newton method
DHO=DP (N+1) ;

DP (N+1)=0;

sum2=0;

sum3=0;
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for i=1:N
sum2=sum2+abs (DP (1)) ;
sum3=sum3+P (1) ;
end
EP=sum2/sum3;
P=P+0.4*DP;
end
HO=HO0+0.3*DHO;
End

Plot (XP,H,XP,P)

Function 2: initialization.m

o\

NIANDUO=0.00496; initial viscosity
R=0.0025; radius of cylinder
E0=1.27*10"9; % Reduced Elastic, where
HDPE E=0.526*10"9 Pa, Poisson ratio=0.35,E0=2*1.05*10"9/ (1-
0.35"2);
uuu=10*pi*10" (-3)/2;
U=uuu*NIANDUO/EOQO/R;

o\

o\

Actual speed
dimensionless speed

o\

Normal=50; % Normal load, N

w=Normal/ (2*R) ; % Normal load in unit length
W=w/EO0/R; % Dimensionless load
A0=5.9*%10"(-9); % Pressure-viscosity
coefficient

G=A0*EOQ; % Dimensionless Material
properties

Radius of contact line, Db

o\°

=(sqgrt (8.0*W/pi)) *R;
bbb=(sqrt (8.0*W/pi) ) *R;
PH=EO*B/ (4*R) ;
T=3.0* (pi”™2) *U/ (4*W"2) ;
equation, Al

o\°

Maximum pressure, pH
Right constant in Reylond's

o\°

HM INTIAL=0.24*10"(-6);

hmj=0;
HM=R*((2*HM_INTIAL—hmj)/2)*BA2; %Dimensionless asperity
height
LAMDA=2*pi/ (0.5*10" ) /B) $Dimensionless wave length
HO=0; % initial film thickness
XP(l)— 2.5; % First Node's X
P(N+1)=2.5; % Last Node's X
=(X (N+1) P(l))/N; $ Dot X
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for i= 2:N
XP(1i)=XP(1l)+(i-1) *D; % X at 1 node
end

Function 3: film_thick.m

for i=1:N+1
H(i)=HO+XP (i) "2/2-HM*sin (LAMDA*XP (1)) ;
%a part of film thickness without the elastic deformation$

for j=2:N+1
DL(J-1)=XP(3J)-XP(3-1);
if(i1==] | 1i==3-1)

aa=XP (1) ;

bb=XP (J)+0.1*DL(J-1);

if aa==bb

CIJ(i,j)=(-0.5/3.14)*DL(j-1)*1log(0.01);
else
CIJ(i,j)=(-0.5/3.14)*DL(j-1)*log((aa-bb)"2);

end
else

CIJ(i,3)=(-0.5/3.14)*DL(j-1)*1log((XP(i)-XP(3))"2);
end

DH=DH+CIJ (i, 3)*P(3);
% elastic deformation%
end
H(i)=H(i)+DH;
% film thickness at each node %
end

Function 4: matrix_element.m

A=zeros (2,2); $K1
Al=zeros (2,N+1); %K2
BB=linspace(0,0,2)
FF=linspace (0,0,2)
E=linspace (0, 0,N+1
for i=NEL-1:NEL
E(1)=MIDU (1) *H (1) ~3/NIANDU (1) ;

4

) ;

end

for i=1:N K2
AL(1,i)=T* (MIDU(NEL-1) *CIJ (NEL-

1,1i)+MIDU(NEL) *CIJ(NEL, 1)) /2; S &

AL(2,i)=-AL(1,1);

end

A(1l,1)=(E(NEL-1)+E(NEL))/(2.0*D) ; $K1

A(l,2)=-A(1,1);

A(2,1)=A(1,2);

A(2,2)=A(1,1);
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FF(l1)=-T* (MIDU (NEL-
1) +MIDU (NEL)) /2.0* (HO+ (XP (NEL) *"3-XP (NEL-1)"3)/ (6*D)) ;
FF(2)=-FF (1) ;
for i=NEL-1:NEL
if (i==1]||1i==N+1)
DP (i) =0;
else
DP(i)=(P(i+1)-P(i-1))/(XP(i+1)-XP (i-1));
end
end
BB(1)=-3.0* (MIDU(NEL-1) *H(NEL-1) ~2/NIANDU (NEL-1) *DP (NEL-
1) +MIDU (NEL) ;
H(NEL) ~2/NIANDU (NEL) *DP (NEL) ) /2+T* (MIDU (NEL-1) +MIDU (NEL)) /2.0;
BB (2)=-BB (1) ;

Function 5: matrix finial.m

NNODZ=2;
for i=1:N+1

MIDU (1)=1.0+((0.6e-9)*P(1i)*PH)/(1.0+(1.7e-9)*P (i) *PH) ;

%density%

NIANDU (i) =exp (AO*P (i) *PH) ;

%viscosity%®

end

KKl=zeros (N+1,N+1) ;

KK2=zeros (N+1,N+1) ;

F=zeros (1,N+1);

B=zeros (1,N+1);

for NEL=2:N+1
matrix element;

%get the elements in each matrix%

for i=1:NNODZ
LNODS (NEL, i) =NEL+i-2;
end
for i=1:NNODZ
ISTRST=LNODS (NEL, 1) ;
IELEMT=1i;
for j=1:NNODZ
JSTRST=LNODS (NEL, Jj) ;
JELEMT=7 ;

KK1 (ISTRST, JSTRST)=KK1 (ISTRST, JSTRST) +A (IELEMT, JELEMT) ;
end
F(ISTRST)=F (ISTRST) +FF (IELEMT) ;
B(ISTRST)=B(ISTRST)+BB (IELEMT) ;
for j=1:N

KK2 (ISTRST, j)=KK2 (ISTRST, j) +AL (IELEMT, j) ;
end
end
end
suml=0;
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for i=2:N
sum=0;
for j=2:N
KK (i-1,3-1)=KK1 (i, Jj)+KK2(1i,7);
sum=sum+KK (i-1, J-1) *P(7j) ;
end
DF (1) =F (i) —sum;
KK (i-1,N)=B (i)
KK(N,i-1)=(XP (i+1)-XP(i-1))/2;
suml=suml+P (1) * (XP (i+1)-XP (1)) :
end
DF (N+1)=pi/2-suml;
KK (N, N)=0;

Function 6. wear.m

main;
XP_ND=XP. *bbb;
P _ND=P.*PH;
for 1i=2:101
det XP ND(i)=XP ND(i)-XP ND(i-1);
end

det_hh=det XP ND.*P ND;

for 1i=2:101
det hh(l,1i)=det hh(1l,i-1)+det hh(1l,1);
end

DET HH=det hh(1,101);

KR=4.2*%10" (-15) ;

COF=0.039;

DET H=3600*KR*COF*DET HH;

DET V=DET H*2*pi*0.005*2*0.0025* (DET HTOTAL/ (2*HM INTIAL))"2;
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