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ABSTRACT

Ceramics are popular biomaterials used to manufacture orthopedic implants due to their
excellent biomechanical properties. The inherent high hardness and brittleness of ceramics make
precision machining of implants very difficult to achieve complex geometry and required surface
integrity. Currently, grinding with diamond wheels is the most widely used process to machine
ceramics. However, the process mechanics and damage mechanism in ceramic machining are not
well understood. This work presents an introduction to ceramic implants, a comprehensive
assessment on manufacturing of ceramic implants, and a comparison of temperature-dependent
mechanical behavior models of Al2O3.
Ceramic grinding is often used to machine orthopedic implants, yet a deep understanding
of the alumina mechanical behavior, in particular machining damage, is not well established. To
have an insight into the process mechanism, a 3D finite element model has been developed for
single-grit ceramic grinding using the Johnson–Holmquist constitutive model to predict machined
groove topography, subsurface damage, and cutting forces. In addition, the model predictions are
correlated with the observed experimental phenomena.
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CHAPTER 1
INTRODUCTION

1.1

Hip and Knee Arthroplasty

1.1.1 Clinical problems
Osteoarthritis (OA) is the most common cause of losing mobility in body joints such as
hip, knee and shoulder joints. The main symptoms of osteoarthritis are pain, stiffness, and
deformity. Arthroplasty is a surgical technique which replaces the damaged and degenerated
natural surfaces with orthopedic implants; hence improve joint mobility by creating a new
artificial joint (Fig. 1.1). The first generation orthopedic implant was invented in the 1970s.

(a)

(b)

Fig. 1.1 Orthopedic Implants: (a) knee [1] and (b) hip [2].

1.1.2 Occurrence rate
Total hip and knee replacements surgeries are successful and effective for treating the hip
and knee disease. Moreover, the demands for hip and knee replacements are rising annually and
growth is expected to be substantial (Fig. 1.2 and Fig. 1.3). In the U.S, approximately 750,000
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hip and knee replacements were performed in 2005, which represent a 70 percent increases over
a five-year period. By 2030, the demands for primary and revision hip replacements are
projected to double the number in 2005, while the demands for primary and revision knee
replacements are projected to increase more than 600%. The projection for total number of
replacements by 2030 is nearly 4.5 million. Also, there is a trend for younger patients to have
higher risks due to their higher activity level when compared to elder patients [3]. More than half
of the total hip arthroplasty (THA) and total knee arthroplasty (TKA) patients were projected to
be under 65 years old by 2011 and 2016, respectively [4]. Moreover, the costs for orthopedic
implant surgeries are also high. Medicare, the biggest payer for U.S. joint replacements,
averaged payments of $11,000 for primary surgeries and $14,000 for revisions in 2006 [5].

Fig. 1.2 Total Knee Arthroplasty, Percentage Increase per Year [6].

Fig. 1.3 Total Hip Arthroplasty, Percentage Increase per Year [6].

2

1.1.3 Ceramic implants
Alumina and zirconia ceramics have been used as alternatives to metal alloy implants in
total hip arthroplasty (THA) and total knee arthroplasty (TKA) since the 1970s [7-10]. Clinical
experience over 20 year’s period for ceramic has given favorable results [11]. The advantages of
ceramic implants such as low bearing wear rates, excellent lubrication condition, and good
biocompatibility, which can potentially decrease the morbidity and risks associated with revision
surgery related to wear particles [12]. The clinical success of using ceramics led to the
implantations of more than 3.5 million alumina components and more than 600,000 zirconia
femoral heads worldwide since 1990.

1.1.4 Ceramic machining
Due to the inherent high hardness and brittleness, it is very hard to machine ceramics.
Currently, grinding with diamond wheels is the most efficient way to machine ceramics to
achieve the required geometrical accuracy. Laser assisted machining provides an alternative
approach to machine ceramics [13, 14]. Since the laser heat can change ceramics deformation
behavior from brittle to ductile before material removal by reducing the yield strength of
ceramics to a value below the fracture strength. As a result, the laser assisted machined ceramics
may have better surface quality than conventional machining [15].

1.2

Orthopedic Implant Requirements
Alumina has been a standardized material since 1984 and new International Standard

Organization, ISO 6474 has been established in 2012 [16], which defines the requirement of
ceramic material. Also, Zirconia was standardized in 1997 and a new International Standard
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Organization, ISO 13356 was established in 2008 [17]. The desirable characteristics for materials
used as the articulating surfaces in total joint replacement are as follows:


High strength, high elastic modulus, high fracture toughness, high fatigue resistance for
mechanical reliability [18].



High corrosion resistance for bioinertness and biocompatibility in vivo.



High hardness and good surface finish for long-term wear resistance (low wear) and low
friction.



Good wetting (low contact angle) between the bearing surface and the synovial fluids for
good lubrication in the body.

1.3

Current Issues
Despite advances in total joint arthroplasty, the prevalence of revision surgeries

necessitated by eventual failure of implants has substantially increased since the 1990s and
remains a challenge for orthopedic surgery [12, 19]. There are still some concerns regarding the
risk of noise, squeaking, and fracture [20] using ceramics implants [21, 22]. Among these,
fracture is the major concern of ceramic bearing couples. The strong crystalline structure of
alumina and zirconia is responsible for brittleness and the low fracture toughness. These property
characteristics can facilitate crack initiation and propagation at flaw sites on surface or in the
subsurface. Flaws in ceramic materials, such as microscopic pores, notches, inconsistencies, and
scratches can be introduced during fabrication or surface machining. Efforts need be made to
eliminate these flaws and improve the reliability of modern ceramic bearings in material
fabrication, manufacturing processes, and implant design.

4

1.4

Research Objectives
This thesis is a compilation of five separated chapters. Chapter 1 introduces the research

motivation and objectives. Chapter 2 provides a comprehensive literature review on ceramic
implants and manufacturing processes. Chapter 3 develops a finite element model of machining
alumina. Chapter 4 compares the temperature-dependent material properties of alumina. The last
chapter discusses future plan. This research aims to investigate the process mechanism during
machining ceramic components, achieve superior surface integrity, and improve the ceramic
implant performance.
To achieve the research goal, the research objectives are to:


Introduce the importance of ceramic implants and the current compelling issue.



Comprehensively assess current manufacturing processes for ceramic implants.



Develop a 3D finite element model for single-grit ceramic grinding to investigate
process mechanism.



Compare the major temperature-dependent mechanical behavior models of Al2O3.
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CHAPTER 2
STATE-OF-ART, CHALLENGES, AND OUTLOOK ON MANUFACTURING
OF CERAMIC IMPLANTS

2.1

Ceramic Implants

2.1.1 Current implants
Implants are used to recover the functions of damaged body tissues in several areas such
as orthopedics, cardiology, dentistry, etc. Common applications such as a knee replacement,
cardiovascular stent, and artificial tooth are shown in Fig. 2.1. Among various implants, total
joint replacement is widely regarded as the major achievement of orthopedic surgery in the 20th
century. The joint, i.e. an articulation, is a place where two bones come together. Both hip and
knee joints are freely movable synovial joints which contain lubricating fluid in a cavity
surrounding the condyles of articulating bones, as shown in Fig. 2.2. The condyles are covered
with a layer of elastic hyaline cartilage providing smooth sliding surfaces. Cartilage has a very
limited capacity for self-restoration, and degradation of the bearing surface results in a roughed
joint surface that causes pain, stiffness, and osteoarthritis. A synovial membrane lines the joint
cavity and produces synovial fluid. A joint capsule around the cavity helps to hold the bone ends
together and allows movement, which is reinforced and stabilized with ligaments and tendons [1,
2].
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(a)

(b)

(c)

Fig. 2.1 Examples of Implants: (a) knee implant [3], (b) stent [4], and (c) dental implant [5].

Fig. 2.2 Schematic of Synovial Joints [6].

The hip joint, as the largest weight-bearing joint in the body, is a ball-and-socket joint
(Fig. 2.3) between the femoral head (ball) and the cup-like acetabulum of the pelvis [1]. The
primary functions of the hip joint are to support the weight of the body and allow a wide range of
multi-axial movements such as static (e.g. standing) and dynamic (e.g. walking) postures.
The knee joint is a complicated structure and the largest joint the human body, which
consists of two articulations: one articulation between the femur and tibia and the other between
the femur and the patella (Fig. 2.4). The knee joint is the pivotal hinge joint that permits flexion
and extension as well as a slight medial and lateral rotation.
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Fig. 2.3 Anatomy of the Hip Joint [7].

Fig. 2.4 Anatomy of the Knee Joint [8].

Joints lose function for a variety of reasons, such as an auto accident or osteoarthritis.
Osteoarthritis is a progressive joint disease which causes articular cartilage degradation, adjacent
bone loosening, and joint tissue inflammation, [9] such as osteophytes, subchondral sclerosis,
and cyst formation. Osteoarthritis can lead to impaired physical function and disability [10]. The
difference between a healthy joint and a joint affected by osteoarthritis is illustrated in Fig. 2.5.
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(b)

(a)

Fig. 2.5 Comparsion between (a) a Healthy Joint and (b) a Damaged Joint [11].

2.1.2 History and development
Arthroplasty is the surgical treatment of degenerate joints aimed at the relief of pain and
the restoration of movement, including excision, interposition, and replacement arthroplasty. Hip
arthroplasty generally requires that the upper femur (thigh bone) be replaced and the mating
pelvis (hip bone) area be resurfaced. The total hip replacement was developed by John Charnley,
a surgeon from England, in the late 1950’s. A femoral component made of stainless steel and a
plastic (polyethylene) acetabular socket was used in the total hip arthroplasty. Charnley
performed many successful hip replacement surgeries and his method is still known today as the
golden standard for total hip arthroplasty with long-term clinical follow-up results. As an
improvement, Frank Guston designed a metal-on-plastic knee joint that was fixed using bone
cement in the late 1960’s.
Hip arthroplasty has two different alternatives, traditional total hip replacement and hip
resurfacing (Fig. 2.6). Hip resurfacing is an alternative bone preserving hip joint replacement
technique for young and physically active patients with severe osteoarthritis, good hip
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morphology, and reasonable bone quality. In hip resurfacing, the femoral head is not removed,
but is trimmed and capped with a smooth metal covering. The damaged bone and cartilage
within the socket is removed and replaced with a metal shell, just as in a traditional total hip
replacement.

Fig. 2.6 Hip Resurfacing Prosthesis and Total Hip Replacement [12].

Total hip arthroplasty includes the removal of the diseased femoral head and acetabular
cup and replacing them with artificial components. The artificial components of the total hip
arthroplasty may contain (1) a metallic stem, which fits into the proximal metaphysic and
diaphysis of the femur, (2) a metallic or ceramic ball replacing the femoral head, and (3) an
acetabular cup replacing the hip socket (Fig. 2.7) [13]. The bearing couples of total hip implants
have different types of materials such as metal-on-metal (e.g., CoCr-CoCr), metal-onUHMWPE, ceramic-on-ceramic (e.g., Al2O3-Al2O3), and ceramic-on-UHMWPE (Fig. 2.8). A
modular design of bearing couples currently used for total hip arthroplasty is shown in Fig. 2.9.
Knee arthroplasty used to recover knee functions was first performed by John Insall in
New York in the early 1970’s [14]. Over 350,000 total knee arthroplasty procedures (TKAs)
were carried out annually in the U.S., compared to over 100,000 in the early 1990’s [15]. TKA
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can be divided in to partial knee arthroplasty and total knee arthroplasty (Fig. 2.10). A partial
knee replacement surgery replaces either the inside (medial) or outside (lateral) parts of the knee.

Fig. 2.7 Schematic of Total Hip Replacement [16].

(a)

(b)

(c)

(d)

Fig. 2.8 Types of Bearing Couples for Hip Replacements: (a) metal-on-metal [17], (b) metal-onUHMWPE [17], (c) ceramic-on-ceramic [17], and (d) ceramic-on-UHMWPE [18].
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Fig. 2.9 Modular Design of Bearings Currently Used in Total Hip Arthroplasty [19].
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Fig. 2.10 Knee Arthroplasty: (a) total knee implant and (b) partial knee implant [20].

A total knee implant [20] is to replace the whole diseased knee joint which consisted by
tibia component, femoral component, and patellar component (Fig. 2.10). The end of the thigh
bone (or femur) will be replaced by an artificial femoral component. In the center, there is a
groove where the knee cap or patella can move up and down. The upper tibia will be replaced by
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the two tibia components: a flat metal platform and a polyethylene insert (or spacer). The patellar
will be replaced by a manmade patellar component and placed in the groove of the femur.
TKA can be categorized based on different principles, such as freedom of movement,
stability design, and material. Based on the freedom of movement, TKA can be divided into
fixed bearing and mobile bearing, as shown in Fig. 2.11. The most common knee replacement
implant is referred to as a fixed-bearing because the polyethylene cushion of the tibial
component is fixed firmly to the metal platform base. The femoral component then rolls over this
cushion which ensures a good range of motion. In some cases, excessive activity and extra
weight can cause a fixed-bearing prosthesis to wear down more quickly and leads to pain and
joint failure [20]. Mobile-bearing implants use three components to provide a relatively natural
joint. In a mobile-bearing implant, the polyethylene insert can rotate short distances inside the
metal tibial tray. This allows patients a few degrees of greater rotation to the medial and lateral
sides of their knee.

(a)

(b)

Fig. 2.11 Different Bearings in TKA: (a) mobile-bearing and (b) fixed-bearing [21].
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In terms of stability design, total knee implants can be divided into posterior-stabilized
and cruciate-retaining (Fig. 2.12) [20, 22]. For posterior-stabilized designs, the cushion of the
tibia component has a raised surface with an internal post that fits into a special bar in the
femoral component. The posterior cruciate ligament is removed to fit the components to the
bone. This design prevents the thighbone from sliding forward too far on the shinbone when
bending the knee [20]. Cruciate-retaining implants are appropriate for a patient with a healthy
posterior cruciate ligament.

(a)

(b)

Fig. 2.12 Different Stability Designs in TKA: (a) posterior-stabilized [23] and (b) cruciateretaining designs [24].

In TKA, the bearing couples have different materials including stainless steel, cobaltchromium alloys, titanium and titanium alloys, ceramic, or alloy with ceramic coating, as shown
in Fig. 2.13. Because of the beneficial friction properties and their high surface qualities,
ceramics are favorable bearing partners in total joint arthroplasty. Different ceramics used for
joint arthroplasty are shown in Table 2.1.
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(a)

(b)

(c)

(d)

Fig. 2.13 Materials Used in the Bearing Couples of TKA: (a) Co-Cr [25], (b) alumina [26], (c)
zirconia [27], (d) alloy with ceramic coating [28].

Table 2.1 Material Properties of Ceramics and Composite Ceramics [19, 29]

The first use of ceramics in THA was reported by Boutin in Europe in 1971 [30],
consisted Al2O3-on-Al2O3 bearing. The first COC implants were used without bone cement and
associated with high implant failure rates due to loosening and poor osseointegration. Nowadays,
ceramics are used in THA at the acetabular site without direct bone contact. A ceramic insert is
therefore attached to a metal-backed socket and locked to a metallic femoral stem, which ensures
bony integration [31, 32]. Moreover, the material properties of ceramics have improved over the
years.
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Ceramics were first used in orthopedic surgery for TKA by Langer in the 1970’s [30, 33].
The first TKA system based on cementless fixed Al2O3 ceramics combined with ultra-high
molecular weight polyethylene (UHMWPE) was introduced in Japan [34]. In TKA, ceramics
showed experimental results with low wear rates and high resistance against surface damage, as
well as promising data for the first clinical applications. Clinical long-term data have to confirm
the good short-term results of ceramics as a bearing material in TKA [35].

2.1.3 Medical implant requirements
Joint implants have high requirements on material properties, surface finish, geometric
accuracy, and design. Some standards for orthopedic devices are shown in Table 2.2. Property
requirements for Al2O3 are shown in Table 2.3.

Table 2.2 Relevant ISO Ceramic Standards
ISO 6474:1994
ISO 3356:2008

Implant for surgery - ceramic material based on high purity alumina
Implant for surgery - ceramic material based on Yttria-Stabilized
Tetragonal Zirconia (Y-TZP)

Table 2.3 Medical Standards for Al2O3
Property

Alumina (% by weight)
SiO2+Na2O%
Density(g/cm3)
Average Grain Size(µm)
Hardness (Vickers)
Bending Strength (MP)

Commercially Available
High Alumina Ceramic
Implants
> 99.7
< 0.02
3.98
3.6
2400
595
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ISO Standard
(6474:2010)
≥ 99.7
< 0.1
≥ 3.94
<7
> 2000
> 400

Materials for orthopedic bearings must remain stable in vivo for more than 10 years and
endur two million or more gait-related cycles of loading each year [36, 37]. The desirable
characteristics for materials used as the articulating surfaces in total joint replacement are, as
Table 2.4 shows:
(1) high strength, high elastic modulus, high fracture toughness, high fatigue
resistance for mechanical reliability (low risk of failure), and to resist deformation
when subjected to the loads in the body; loads vary from three times the body
weight (3 kN) for normal walking to eight times the body weight (8 kN) for
jogging or stumbling [38];
(2) high corrosion resistance for bioinertness and biocompatibility in vivo;
(3) high hardness and good surface finish for long-term wear resistance (low wear)
and low friction;
(4) good wetting (low contact angle) between the bearing surface and the synovial
fluids for good lubrication in the body.

Table 2.4 Implant Material Requirements in Orthopedic Applications [39]

Standards for the surface finish are described in ISO 7206-2. For ceramic and metallic
femoral heads used in conjunction with ceramic acetabular components, the departure from
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roundness values shall not be greater than 5 µm. The spherical bearing surface of the metal
femoral head shall have a Ra value no greater than 0.05 µm. The spherical bearing surface of the
ceramic femoral head shall have a Ra value no greater than 0.02 µm. When inspected visually
under 5-diopter magnification, the bearing surface shall be free from particles, scratches, and
score marks arising from the finishing process.
The geometric accuracy is important for joint arthroplasty. Taper shapes, dimensions, and
tolerances are specifically designed for ceramic bearings to achieve good implant performance.
Tensile stresses concentrate at the upper corner (Fig. 2.14) of the bore and can be reduced by (1)
increasing the surface contact area, (2) increasing the trunion–bore distance, and (3) centering
the contact area on the bore to avoid high hoop stresses [40]. On the other hand, the presence of
surface flaws at the upper corner of the bore can provide a key source of failure by slow crack
growth.

Fig. 2.14 Modular Junction between Femoral Head and Stem Taper in THA [19].
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Investigations have shown that large diameter femoral heads were associated with a
lower risk of failure. The expected and reported femoral head failure rate as a function of
diameter is shown in Fig. 2.15. For 28 mm diameter Biolox® forte femoral heads, the failure rate
is much higher than 32 mm diameter femoral heads.

Fig. 2.15 Expected and Reported Femoral Head Failures as a Function Of Diameter for
Al2O3 Femoral Heads [41].

2.1.4 Materials characteristics
Common biomaterials used for bearing surfaces in THA and TKA are listed as follows:
(1) metals or metal alloys, such as CoCr, stainless steel, and Ti-6Al-4V, which form a
thin passivating oxide layer (on the order of a few nanometers thick) on the
surface, for femoral heads or acetabular cups in THA or femoral components in
TKA;
(2) ceramic oxides, such as Al2O3 and ZrO2, or non-oxide ceramics, such as Si3N4,
for femoral heads or acetabular liners in THA or femoral components in TKA; the
surfaces of non-oxide ceramics consist of a thin oxide layer, such as a SiO2-rich
layer, with a thickness of a few nanometers;
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(3) ceramic composites, such as ZrO2-toughened Al2O3 (ZTA), in which a reinforcing
phase is added to the ceramic matrix to improve its resistance to brittle
failure [19];
(4) surface-modified refractory metals developed by oxidation, such as the
conversion of the surface of a Zr alloy to ZrO2 or by deposition of hard coatings,
such as TiN or diamond-like carbon (DLC) coatings.

The most widely used ceramic materials are alumina and zirconia (Table 2.5). Alumina
(Al2O3) is one of the most widely used biomaterials. The use of Al2O3 bearings has the longest
history of clinical application in orthopedic surgery. Alumina has good chemical inertness,
corrosion resistance, and capability against effects of aging. The high hardness provides the
surface with resistance against damage and wear. However, compared with other ceramics, the
flexural strength and fracture toughness of Al2O3 are limited.

Table 2.5 Ceramic Materials Currently Used or under Development for Bearings of TKA
and THA [19]

Zirconia (ZrO2) was established in total joint arthroplasty in 1985 with the intention to
replace the mechanically weaker Al2O3. ZrO2 is typically stabilized with yttrium (Y2O3) due to
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the risk of phase transformation while aging, which results in a volume change. The standard
ZrO2 used in orthopedic applications is therefore yttrium-stabilized zirconia (Y-TZP) [42].

2.1.5 Manufacturing process chain
Since the first generation of Al2O3 bearings was produced, new technologies and
processes have been developed to improve the performance and safety of ceramic in orthopedic
applications. Fig. 2.16 shows a schematic of the manufacturing process used by one
manufacturer (Ceram Tec, Plochingen, Germany) to produce ceramic femoral heads. Other
manufacturers can vary the processing steps [43, 44]. For example, a spherical ball is pressed,
and the bore can be machined after densification by sintering and hot isostatic pressing.
Although raw materials are often produced near-net shape, they still require additional finish
machining to meet the geometrics tolerances. Then, laser etching for identification can be
performed before or after sintering. The manufacturing process and quality control requirements
are very strict. There are nearly 60 individual machining steps for even the relatively simple
geometry of a ceramic hip replacement. In the grinding process, usually diamond tools and a
free-abrasive grinding machine are used. The machining accuracy can be specified to the shape
deviation of less than 2µm and surface roughness value (Ra) less than 20 nm.
In term of product liability, each implant needs to have an identification number to trace
its origin in case of failure. The use of laser etching for identification has reduced surface
irregularities that can serve as stress intensifiers. Proof testing of individual components after
manufacture has further contributed to improved reliability [36, 45, 46]. Some remarks have to
be made with respect to the geometrical tolerance and to the reproducibility of production.
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Fig. 2.16 Schematic of Manufacturing Process Chain of Ceramic Femoral Heads for THA [19].

2.1.6 Critical issues
Despite advantages in total joint arthroplasty, there are still some concerns regarding the
risk of noise, squeaking, and fracture [19] using ceramics implants [47, 48]. Noises occurring
from the ceramic-on-ceramic bearing in hip arthroplasty have become a greater concern in recent
years. These noises include squeaking, clicking, pops, grinding, and snapping. Squeaking has
been described mostly with activities, such as walking or bending, and occurs primarily with
hard-on-hard bearings. Alumina and zirconia bearings have been reported to produce squeaking
when they are mismatched [49]. The incidence of squeaking has ranged from 0% to 18% among
investigators [47, 50].
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Yeung et al. [48] proposed that a higher risk of squeaking results from a combination of
patient factors, surgical factors, and implant factors [51]. The size of the implants, such as
femoral head size, cup or stem size, have not shown any correlation with squeaking, but a short
neck length may be associated. The design of the implant has also been suggested responsible
since the incidence of squeaking appears to be higher in certain designs of implants [52].
Failure of ceramic bearings in vivo is rare but a serious concern. Such failures have
profound consequences for patients, surgeons, and the orthopedic implant industry [53]. In
ceramic-ceramic and ceramic-UHMWPE articulations, in vivo failure can result from several
aspects, such as loosening, fracture of the ceramic femoral head, ceramic acetabular liner,
femoral stems, and wear through of the UHMWPE acetabular liner.
One type of failure is the ceramic femoral heads failure (Fig. 2.17a). In a series of 35
clinical studies of Al2O3 from the 1970s to the early 1990s, the incidence of Al2O3 femoral head
failure varied between 0% and 0.8%, and the failures were associated with specific
manufacturers and implant designs [31]. More recently, in over 3500 Al2O3 articulations reported
by a single surgeon, the risk of Al2O3 femoral head failure declined from 2% in the 1970’s to
0.1% in the 1980’s, and to 0.05% in the 1990’s. Clinical trials in the United States that began in
the 1990’s have reported no in vivo failure of Al2O3 femoral heads to date [54, 55].
Another type of failure is the fracture of ceramic acetabular liner, shown in Fig. 2.17b. As
an Al2O3 acetabular liner is seated into a metal cup during THA, chipping of the insert edge can
occur. Earlier reports determined the incidence of acetabular liner failures during THA is in the
range of 2%–3%. Right now, better surgeon knowledge of ceramic components coupled with
design improvements has resulted in a drastic reduction in Al2O3 acetabular damage. The rate of
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Al2O3 liner damage during surgery, as reported to the manufacturer (Ceram Tec), was 0.022% in
2000, and had declined to 0.008% by 2004 [19].

(a)

(b)

Fig. 2.17 Examples of Implant Failure in vivo: (a) ceramic femoral head and (b) wear-through
and fracture of polyethylene liners [19].

Fig. 2.17 shows the major fragments of a Y2O3-stabilized ZrO2 femoral head retrieved
from a patient after catastrophic in vivo failure and the reconstructed bearing. Failure in this case
occurred almost diametrically into two large fragments containing the articulating dome of the
bearing and three smaller fragments that constituted the lower part of the bearing containing the
bore. Scanning electron microscopy (SEM) observations of the fractured surfaces indicated that
despite metallic staining and scratching of the surface of the femoral head resulting from
recurrent hip instability, failure originated at the surface of the bore and not at the bearing
surface.
Failure of ceramic bearings in vivo commonly results from slow crack growth under the
static or repetitive loading experienced in the body until fracture occurs [45]. This can be
understood as a corrosion-assisted crack propagation process that leads to a loss of strength as
the time of loading increases [40, 56]. Fast failure and crack growth in bioceramics is due to
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stress concentration. Under an applied tensile stress, the stress at the tip of a crack can be
described by the stress intensity 𝐾𝐼 given by Eq. 2.1.

𝐾𝐼 = 𝜎√𝜋𝑎

(2.1)

where a is half of the crack length. It is generally assumed that fast failure occurs in brittle solids
if the stress intensity at the crack tip, represented by 𝐾𝐼 , is equal to, or greater than, the critical
stress intensity factor, 𝐾𝐼𝐶 , more commonly called the fracture toughness. Slow crack growth in
bioceramics is attributed to stress-assisted corrosion at the crack tip or at any pre-existing flaw in
the material. It results from the combined effect of high stresses at the crack tip and reaction of
water (or body fluid) molecules with the molecules at the crack tip (reducing the surface energy
at the crack tip), inducing crack propagation in a subcritical manner.
Failure in ceramics bearings can originate from three main sources: (1) flaws introduced
into the bearing during fabrication, (2) flaws or damage induced during surface finishing, and (3)
flaws produced as a result of in vivo corrosion or degradation. SEM of bearings retrieved from
patients often shows a variety of flaws on the articulating surface resulting from corrosion or
degradation due to a dislocated bearing rubbing against the acetabular component. These flaws
include enhanced porosity, metal staining from a metallic acetabular component, scratches, pits,
or grooves (Fig. 2.18). Flaws due to inadequate fabrication or surface finishing include porosity,
large grains, and microcracks, which stimulate the low crack growth. Patient obesity and
strenuous activity may not contribute significantly to the catastrophic failure (fast fracture) of
ceramic bearings because the loads applied are well below the fracture strength of the
material [53].
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Fig. 2.18 Scanning Electron Microscopic Images of in vivo Surface Degradation of an Al2O3
Femoral Head: (a) metallic staining due to contact with the Ti-6Al-4V acetabular component, (b)
higher magnification of (a) showing the particulate nature of metal stain, (c) embedded particles,
cracks, and metal contamination, (d) pitted region [19].

Clinical experience has shown that wear debris and the inflammatory reaction have been
the main mode of failure [57, 58]. Among various biomaterials, the superior wear properties and
low incidence of osteolysis associated with ceramics have made it far more attractive than
conventional metal and polyethylene articulation [48]. Wear in ceramic-on-ceramic bearings has
shown to be considerably lower than the conventional polyethylene, but still exists as shown in
Fig. 2.19. Retrieval analysis of ceramic components has shown that the wear rate is less than
0.7 mm3/year, while the volumetric wear rate of polyethylene is 40 mm3/year to over
200 mm3/year depending on the head size used [59, 60].
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Fig. 2.19 Wear in Ceramic Head [48].

Another issue of ceramic orthopedic implants owes to the cost. Compared with alloy or
polyethylene components, ceramic head/cup and knee component have high machining cost,
because the inherent property of ceramic make it hard to machining materials [37]. During the
manufacturing process of ceramic component, the grinding process may count about 60-70% of
total cost.

2.2

Ceramic Materials
During the past decades, there has been significant development of ceramic medical

materials [61]. Bioceramics can be classified as “bioinert” or “bioactive” depending on their type
and interaction with host tissue (Fig. 2.20). Bioactive ceramics can be grouped as “resorbable” or
“non-resorbable,” including calcium phosphates and glass-ceramics which are designed to
induce tissue reactions for bonding or deliver drugs. Most other ceramics are bioinert, including
zirconia, alumina, sialon, and cermets. Currently, alumina (Al2O3) and zirconia (ZrO2) are the
two most widely used ceramics for orthopedic implants [62].
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Fig. 2.20 Types of Bioceramics for Medical Applications [63].

2.2.1 Types (Al2O3, ZrO2)
Since the 1970’s, pure alumina (larger than 99.5% purity) has been used as an important
implant material for artificial joint prostheses. The main source of high-purity alumina is bauxite
and native corundum. Natural alumina is known as sapphire (doped with Ti ions) or ruby (doped
with Cr3+) depending on the types of impurities that give rise to its color. Both single crystalline
and polycrystalline alumina can be used to make implants [64]. Alumina with different chemical
composition, grain size, and density are shown in Table 2.6. Zirconia ceramic is a bioinert metal
oxide which exists in various crystallographic forms with different microstructures and
mechanical properties.
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Table 2.6 Chemical Composition, Grain Size, and Density of Alumina [65]

2.2.2 Microstructure
Microstructure, which can be characterized in terms of phase type, phase orientation, and
grain size, influences the physical properties of ceramics. Alumina and zirconia ceramics have
crystalline structures in which the atoms are held together by a combination of strong ionic and
covalent bonds.

Table 2.7 Structures of Stable Alumina (Corundum) and Unstable Alumina [66]

Al2O3 has 12 kinds of structure and morphologies and the most widely used is α-Al2O3.
The microstructure parameters of different kinds Al2O3 are summarized in Table 2.7. In α-Al2O3,
the oxygen ions are arranged as hcp stacking, with the ions occupying two-thirds of the
octahedral interstices (balancing the charge). The crystal structure of α-Al2O3 is hexagonal close
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packed (a = 0.4758 nm and c = 1.299 nm). The packing of Al3+ and O2- in the basal plane of the
hcp structure is shown in Fig. 2.21.

(a)

(b)

Fig. 2.21 Alumina’s (a) Atomic Structure and (b) Surface Morphology [67].
Pure ZrO2 exists in three polymorphic (crystalline) forms: cubic (c, 5.65g/cm3),
tetragonal (t, 6.10g/cm3), and monoclinic (m, 6.27g/cm3) phases. At room temperature, zirconia
exists in the monoclinic phase. Cubic zirconia (ZrO2) has an fcc packing structure of the Zr4+
ions and O2– ions occupying the octahedral sites. The unit cell structures of different types of
zirconia are shown in Fig. 2.22.

Fig. 2.22 Zirconia Unit Cell Structure and Structure Transformation [68].

32

Phase transformation toughening of Zirconia is one way to improve the toughness and
optimize the microstructure. When a load is applied to zirconia, the tetragonal grains want to
expand and release energy. As a crack starts to propagate, the high stresses in the vicinity of the
crack tip catalyze the stress-induced phase transformation of adjacent tetragonal zirconia grains
back to the more stable monoclinic phase. The volumetric expansions thus increase the crack
growth resistance and close the advancing crack. The transition from tetragonal to monoclinic at
1000~1200 ºC and cubic to tetragonal structure at 2370ºC are shown in Figs. 2.23 and 2.24.

(a)

(b)

Fig. 2.23 Schematic Phase Transition of Zirconia: (a) crack before phase transformation; (b)
crack arrestment due to phase transformation of the dispersed PSZ particles [69].

(a)

(b)

(c)

(d)

Fig. 2.24 AFM Deflection Images of the Transformation Toughness Process: tetragonal to
monoclinic phase [70].
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2.2.3 Mechanical properties
The mechanical property of ceramics is affected by many factors as illustrated in
Fig. 2.25. Both alumina and zirconia ceramics feature a high elastic stiffness, high strength under
compressive loads, good resistance against many chemicals, and high temperature stability.

Fig. 2.25 Factors Affecting the Mechanical Properties of Ceramics [71].

Alumina shows the deformation behavior of a typical brittle solid, which is linearly
elastic until failure. A comparison of single crystal and polycrystalline alumina is show in
Table 2.8. Today, high-density, high-purity alumina is the main ceramic material used as an
articulating material for total endoprosthesis. Table 2.9 shows a comparison between one kind
commercial alumina and the ISO standard requirement.
Alumina in general has a Mohs hardness of 9. The high hardness is accompanied by low
friction and wear, which are major advantages in using alumina as a joint-replacement material.
The mechanical properties of polycrystalline alumina depend largely on grain size, grain
distribution, porosity (Fig. 2.26), and temperature. As the temperature increases, the elastic
modulus decreases because of the increase in atomic displacements as the temperature increases.
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The consequence is reduced bond strength. Since the first generation of alumina was used for
medical implants, the property of alumina has been improved a lot due to new fabrication
technology.

Table 2.8 Mechanical Properties Comparison between Single Crystal and Polycrystalline
Alumina [65]

Table 2.9 Comparison of Al2O3 Bioceramics and ISO Requirement [72]
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Modern Al2O3 bearings are fabricated with MgO added as a dopant to control grain
growth and hot isostatic pressing process which gives an almost fully dense material with a grain
size smaller than 2 µm. This microstructure gives a flexural strength more than 550 MPa. Al2O3
has a Vickers hardness number typically between 1800–2000 HV. The Vickers hardness is less
than 500 HV for common orthopedic metals such as CoCr and Ti alloys. The limitation of Al 2O3
is the low fracture toughness. A summary of alumina evolution is shown in Table 2.10.

Fig. 2.26 Effect of Porosity on the Strength of Polycrystalline Al2O3[66].

Table 2.10 Evolution of Manufacturing Process and Properties of Medical Grade Al2O3 [73]
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Pure (unstabilized) ZrO2 is not suitable for use as an engineering material since the shape
change and volumetric expansion associated with the t to m transformation invariably results in
cracking and loss of structural integrity. Usually, dopants are used to modify properties. The
addition of magnesium or yttric oxide allows suppression of the phase transformation. Y-TZP
(yttria stabilized tetragonal zirconia polycrystal) has proven to increase the flexural strength and
fracture toughness and is a potentially suitable alternative to alumina for high load environments.
Oxides such as MgO, CaO, or Y2O3 are used as additives to control the phase stability of ZrO2,
referred to as partially stabilized ZrO2 (PSZ), tetragonal zirconia polycrystals (TZP), and ZrO2
particle-toughened ceramics (ZTA). The t to m transformation is used to improve the mechanical
properties of ZrO2 ceramics (such as PSZ and TZP) and ZrO2 particle-reinforced composites
(such as ZTA) by the mechanism of transformation toughening [74-77]. The different
microstructures of PSZ, TZP, and ZTA (Fig. 2.27) result in very different material properties
(Table 2.11) and performance in biomedical applications.

Fig. 2.27 Microstructures of Ceramic Implant Materials: (a) α-Al2O3 (grain size 1.2 µm),
(b) magnesia partially stabilized zirconia (8 mol% MgO), (c) yttria-stabilized tetragonal zirconia
(3 mol%Y2O3, grain size 0.5 µm), and (d) ZrO2 toughened Al2O3 (ZTA) (20 mol% ZrO2) [19].
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Table 2.11 Properties of Zirconia Composites [78]

Y-TZP was introduced into orthopedic surgery as the femoral head of total hip joint
prostheses in the 1980’s as a new-generation ceramic material. ISO 13356 (Table 2.12)
standardizes the chemical and physical requirements for Y-TZP as a material for medical
application. Compared with alumina, yttrium-stabilized zirconia has several advantages. One is
the finer grain size and well-controlled microstructure with minimum residual porosity which
results in a better tribological material than with alumina [79], as shown in Fig. 2.28. The
average grain size of zirconia (0.3 μm) was approximately one tenth that of the alumina (2.5
μm), although surface roughness was approximately the same for both (average
Ra = 0.005~0.013 μm). Y-TZP has flexural strength and fracture toughness that are nearly twice
those for Al2O3. The superior resistance to fracture allowed the production of balls with a
diameter of 22 mm. For alumina, the lower limit of the diameter was 32mm.

Fig. 2.28 SEM Images of Polished Surfaces: (a) zirconia and (b) alumina [80].
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Table 2.12 Chemical and Physical Requirements of Y-TZP [81]

A property comparison of Al2O3 and ZrO2 ceramics with other biomaterials for prosthesis
devices is shown in Table 2.13. The ability of a material to resist the propagation of cracks is
often described in terms of a fracture toughness value determined from standard mechanical
testing procedures. As Table 2.13 indicates, ceramics generally have low fracture toughness
values due to their brittle nature, which are much lower than the values for the CoCr and Ti
alloys used in orthopedic surgery.

Table 2.13 Material Properties (at Room Temperature) of Dense Al2O3 and ZrO2-Based
Ceramics Compared to CoCr and Bone [19]
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Faced with the low fracture toughness of ceramics, the approach to improving the
long-term reliability of ceramic bearings in total joints has relied on minimizing the presence of
strength-limiting flaws in the fabricated material, improving the fracture toughness, and on
optimizing the implant designs in which the bearing will be used. Modern ceramic bearings have
far superior properties and reliability when compared with previous generations of the same
material. Control of the starting materials (e.g., particle size, purity, and composition) and
improved manufacturing processes over the last three decades have contributed to an
improvement in the properties and reliability of modern ceramic bearings in orthopedic
surgery [36, 82].

2.3

Machining of Ceramic Implants
Advanced ceramic materials have found increasing use in bearings, engine components,

electronics, and biomedical implants [83]. The manufacturing process of ceramic is challenging
and highly precise. Different manufacturing methods are diagramed in Fig. 2.29 [84].

Fig. 2.29 Common Ceramic Fabrication Techniques [85].
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2.3.1 Grinding
Although ceramic have good qualities, the complex kinematics and geometry as well as
the high quality require very complex machining process strategy (Fig. 2.30). When
manufacturing ceramic implants, high precision grinding and polishing processes are essential
due to the complex free form surface of the implants [86] (Fig. 2.31). However, the inherent
hardness and brittleness of ceramics poses a major hindrance for the grinding process [87, 88].
Ground surfaces generate surface and subsurface cracks [89, 90], pulverization layers (Fig. 2.32)
[91], some plastic deformation [92], and significant residual stresses [93]. To avoid these defects,
grinding in a ductile mode is preferred. Grinding allows for a high material removal rate without
compromising surface finish. High speed grinding can reduce the maximum chip thickness and
the grinding force [94]. In doing so, ductile flow is achievable thus avoiding brittle fracture [95].

Fig. 2.30 Processing Strategy of Machining Implant [96].
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Fig. 2.31 Processes of Grinding and Polishing Knee Implants [97].

(a)

(b)

Fig. 2.32 SEM Images Showing Cross-Section of Alumina: (a) before etching and (b) after
etching [93].

(a)

Process principle
Grinding is the most important process of the advanced ceramic machining chain. The

understanding of the material removal mechanisms and its consequences in the mechanical
properties, costs, and surface quality are extremely important [98]. In the abrasive grinding
process, the deformation and fracture pattern is schematically shown as Fig. 2.33.
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Fig. 2.33 Illustration of Plastic Zone Due to Scratching by an Abrasive Point [99].

Two principal crack systems have been identified which emanate from the plastic zone:
median/radial crack and lateral crack. The behavior of both types of cracks is affected by residual
stress from the nonuniform plastic deformation. Radial cracks are initiated by a wedge like
action during loading, and they may continue the propagation during unloading due to residual
tensile stresses acting on the crack tip. Lateral cracks are observed to initiate and propagate by
residual stresses only as the indenting load is removed. While median/radial cracks are
associated with strength degradation, lateral cracks are assumed to be mainly responsible for
material removal in erosion and abrasion [100].
In contrast to hip replacements, knee implant components have complex, partly freeform
surfaces and need more processes. Free-form surfaces are industrially milled by machines with
five or more axes. Before sintering and high-isotactic pressing (HIP), the ceramic body is milled.
Milling processes can only be carried out on ceramic components in green- or white- body state,
and the free-form surfaces are industrially milled by machines with five or more axes [101]. Next
is sintering and hot isostatic pressing (HIP). The final steps involve grinding and polishing. A
two-step machining process was needed for finishing complex-shaped ceramic components
(Fig. 2.34). In the ceramic knee implant grinding process, a 5-axis tool, which has three
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translational axes and two rotational axes, generates macro geometry with a precise surface
topography and leads to a reduction in polishing effort [102].

Fig. 2.34 Grinding and Polishing Processes and Tools [103].

In the subsequent polishing process, a free-abrasive grinding machine is used. Machining
accuracy can be specified to shape deviations less than 2 μm and surface roughness values (Ra)
less than 20 nm [103]. Grinding removes saw marks and levels and cleans the specimen surface.
Polishing removes the artifacts of grinding but very little stock. The polishing process employs
resilient silicone or polyurethane bond diamond tools with level roughness peaks. The dimension
of material removal during this polishing step is less than 1 μm. The combination of the grinding
and polishing steps ensures the regarding shape accuracy and surface quality of the articulating
surfaces. Previous work by the authors has described in detail the grinding process with toric
tools and the polishing process with resilient tools. A ground surface with a roughness (Ra) of
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approximately 100 nm was achieved. Following this, the surface was polished with resilient
silicone bond diamond. After polishing, the surface had a roughness (Ra) of 8 nm (Fig. 2.35).

Fig. 2.35 SEM Photographs of Ground and Polished Surfaces of Simplified Components [103].

(b)

Brittle to ductile transition
Most research on grinding mechanisms for ceramics has followed the “indentation

approach” or the “single point scratch approach.” For the indentation approach, the small scale
indenters approximate the abrasives in a grinding wheel (Fig. 2.36). During the indentation test,
two main types of indentation cracks have been identified: (1) lateral cracks which are associated
with material removal and (2) median/radial cracks which cause strength reduction. The single
scratch approach typically involves measurement of grinding forces together with microscopic
observations of a single indenter scratch [104]. Different material behavior, either ductile or
brittle, can be observed in the scratch process [105]. In brittle mode, material removal is
accomplished through the propagation and intersection of cracks. In ductile mode, material
removal is accomplished by plastic flow of the material in the form of severely sheared
machining chips [106].
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Fig. 2.36 A Systematic Material Removal Model in Machining Ceramic [107].

The transition from brittle-to-ductile material removal is considered to be of great
importance for ultra-precision grinding and is necessary to eliminate microcracks which
deteriorate surface quality during machining. Ductile chip-formation has been observed in the
fine scale machining debris from a wide range of ceramics [108], glasses [109, 110], and crystals
[111]., Mechanical loading during the grinding process produces microplastic deformations With
sufficiently high temperatures in the contact zone between the tool and the ceramic surface
[112]. It has been noted that plastically deformed chips are formed in the machining of brittle
substances if the scale of the machining operation is small (less than 1 µm depth of cut) [113].
This suggests that the process of ductile chip formation may be independent of nature of the
material. Grinding of brittle materials under conditions that allow predominantly ductile
material-removal is a new technology known as ductile regime grinding.
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Thus, the transition from brittle-to-ductile material removal is considered to be of great
importance for ultra-precision grinding, and eliminate the microcracks which deteriorate surface
quality during machining brittle materials. Much research effort has been spent to identify this
transition, to understand removal mechanisms [114], and show the factors that influence brittleto-ductile transition [115, 116]. The most important parameter for the transition from brittle-toductile behavior in chip removal is the stress conditions in the workpiece material around the
cutting edge. From plasticity theory and fracture mechanics, it is known that the degree of plastic
deformation depends on temperature, strain rate, and on multi-axial compression and tensile
stress in the workpiece.
The transition from brittle to ductile material removal at smaller cutting depths can be
argued purely from considerations of material-removal energy. Specifically, for lower machining
depths-of-cut, it can be shown that plastic flow is a more energetically favorable material
removal process than fracture. As the scale of machining decreases, plastic flow becomes an
energetically more favorable material-removal mechanism. The specific depth at which a brittle
to ductile transition occurs is a function of the intrinsic material properties governing plastic
deformation and fracture.

(c)

Surface integrity
Surface roughness: Surface roughness is an indicator to characterize the material

removal mode associated with the grinding process. The quality of surface generated during a
ceramic grinding process depends upon grinding conditions. Conventional machining of
ceramics may result in poor surface quality. Ceramics strength could be correlated with the
surface roughness rather than the compressive residual stresses [117].
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Inasaki et al. [118] measured the surface roughness after grinding alumina. Roughness
was only slightly affected by the depth of cut. Being different from metal grinding, a remarkable
difference was not observed between roughnesses of different directions. This result indicates
that the brittle fracture of the workpiece plays an important part in alumina grinding. The surface
roughness is decreased by creep-feed grinding because of its extremely slow workpiece speed.

Fig. 2.37 Ground Surface Characteristics of Al2O3: under a wheel speed of 160 m/s and a feed
rate of 500 mm/min: (a) DOC = 0.1 mm, (b) DOC = 0.5 mm, (c) DOC = 1.5 mm, and (d)
enlarged photo of (c) [119].

Huang et al. [119] studied the surface roughness of alumina in high speed deep grinding,
and found surface roughness decreases from 1.5 µm to 1 µm with the increasing wheel DOC, as
shown in Fig. 2.37. In the grinding of ceramics, an increased DOC would normally lead to a
greater grinding force and thus worsen the ground surface finish.
Residual stress: Residual stress induced during grinding of ceramics may have an
important influence on the mechanical properties of ceramic materials. Compressive residual
stress increases a material’s fatigue strength, and grinding creates a relatively greater
compressive residual stress compared to conventional processing [120]. Several investigations
have demonstrated the existence of residual stresses at static indentation and the effect of these
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stresses on the subsequent crack propagation. Some authors use X-ray diffraction to investigate
the residual stress and strain in machining alumina [112, 121].
There are two ways to characterize residual stress (Fig. 2.38): one technique involves
measurement of the elastic bending caused by the residual stress in thin plates, and the other is an
X-ray diffraction technique in which the change in lattice spacing resulting from the residual
stress is measured. Damage is introduced into brittle materials by surface finishing procedures
that remove material mechanically. The residual stresses have an influence on the mechanical
properties and integrity of the surfaces [122].

(a)

(b)
Fig. 2.38 Examples of Characterizing Residual Stress: (a) thin plate with upper surface and (b)
X-ray method to test residual stresses [122].

Residual surface stresses generated by diamond grinding in ceramics were studied.
Malkin et al. [123] studied the residual stress during grinding Si3N4 and indicated residual
compressive stresses near the contact surface with a steep transition to tensile stresses at the
subsurface (Fig. 2.39). Similar residual stress distributions have been reported for silicon nitride
ceramics after grinding, but the peak residual tensile stresses are much smaller.
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Fig. 2.39 Residual Stress vs. Depth [123].

Wu et al. [124] studied the subsurface damage and residual stress introduced by grinding
of polycrystalline alumina. Compressive stress was confined to the thin region below the surface
within which a high dislocation density was observed. Below the compressive zone is a much
larger region in which there is balancing tensile stress.
Brittle fracture: Grinding using diamond abrasive wheels is widely used as an efficient
and effective technique for a finishing process of ceramic materials. However, this machining
operation inevitably generates both brittle fracture and ductile flaws in the ground surface layers
of ceramic materials. The inherent brittleness of ceramics means the process can easily produce
stress that results in brittle cracks or damage. Excessive forces during the grinding process
generate defects such as chips, cracks, flaws, and/or fissures. The grinding defects decrease the
strength of ceramics. In the subsurface layer of ground Al2O3, micro cracks were also observed,
as shown in Fig. 2.40. Most micro-cracks were observed along grain boundaries. Previous
research [125, 126] has shown that ceramic microstructures, such as grain size, porosity, etc., can
have a considerable influence on material removal mechanism and the grind capability of
ceramic materials.
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Fig. 2.40 Subsurface Damage Layer of Al2O3 for Various Wheel Depths of Cut [119].

The subsurface damage of the ground specimens was examined using an SEM. Two
types of subsurface damage, chipping and cracking, induced by grinding were clearly observed.
The damage layer right underneath the machined surface was generated via chipping, and the
chipping layer was induced mainly by grain dislodgement, as shown in Fig. 2.41.

Microcracks

Grain
dislodgement

Microcracks

Fig. 2.41 Observation from the Subsurface Damage Layer of Al2O3 (white arrows for
microcracks and black arrows for grain dislodgement) [119].

(d)

Advantages and pressing issues
Most engineering ceramic components have complex shapes and hence require

machining by diamond wheels. Also, the inherent brittleness of ceramics always causes problems
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during machining, which indirectly affects their machinability. They cannot be machined using
conventional metal tools such as cemented carbides or high-speed steels. Machining of an Al2O3
composite has a high tooling cost that will increase total machining costs. This can account for as
much as 60-90% of the final cost of the finished product.
The high cost of machining is the main obstacle to large scale ceramic industrial
manufacturing [127]. Effort should be made towards the development of grinding technology in
an efficient mode [94, 128-130]. Lowering grinding costs by using faster removal rates is
constrained mainly by induced damage to the ceramic surface and subsurface during grinding.
Thus, the objective is to increase the machining rates without damaging the mechanical
properties of the product. Ductile-regime grinding is a newly established material removal
technique. To achieve this, it is necessary to understand the material removal mechanism and the
relation between the microstructure and the formation of a damaged layer in the machining
process. Furthermore, it is also important to evaluate the significance of the process parameters
on the required responses.

2.3.2 Laser assisted cutting
Currently, grinding with diamond wheels is the most widely used machining method for
ceramics because of the inherent hardness and brittle nature of ceramic materials [131, 132].
However, the low material removal rates and high tool wear result in a high machining cost [133,
134]. Therefore, there is still a demand for ceramic processing methods capable of enhancing
material removal rates, improving tool wear, and increasing the surface quality of the workpiece
[85]. Recently, laser-assisted machining (LAM) has been suggested as a promising technique for
achieving higher material removal rates in machining ceramic materials.
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(a)

Process principle
Laser assisted machining (LAM) is a hybrid cutting process. In laser assisted machining

operations, the laser beam is used to heat and soften the workpiece locally by focusing in front of
the cutting tool (Fig. 2.42). During LAM, the temperature rise at the shear zone reduces the
strength and work hardening of the workpiece, which makes plastic deformation of difficult-tomachine materials easier during machining (Fig. 2.43). This process was developed specifically
for difficult-to-machine materials such as ceramics and hard metals [88, 135]

Chip

Laser

Shear zone

Tool
Fig. 2.42 Schematic of Laser Assisted Machining.

Fig. 2.43 High Temperature Strength of Difficult-to-Machine Materials [135].
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Laser sources are required to have good reliability, durability, and absorbability.
Different types of lasers have been implemented in LAM [120], such as semiconductor lasers,
Nd:YAG lasers, CO2 gas lasers, dye lasers, and other types of gas lasers [120], as shown in
Table 2.14. The major advantages of an Nd:YAG laser over a CO2 laser are a smaller wavelength
(1.06 μm) and an ability to deliver laser radiation through optical fibers.

Table 2.14 Types and Characteristics of Laser [136]

Using fibers
Wavelength(nm)
Efficiency (%)
Laser absorption ratio of Si3N4

HPDL
Possible
808-980
25-30
0.7

CO2
Impossible
10600
8-10
0.9

Nd:YAG
Possible
1064
2-6
0.6-0.8

During LAM process, the physical phenomena the absorption of laser energy and
multiple reflections, scattering, and transmission are important (Fig. 2.44). Absorption depends
on laser characteristics such as the wavelength and the spectral absorptivity [137, 138]. Also, it is
influenced by the orientation of the ceramic surface with respect to the beam direction [138]. For
machined cavities with high aspect ratios, multiple beam reflections along the wall of the cavity
also affect the amount of absorbed energy [139, 140].

Fig. 2.44 Interaction of Incident Laser Beam with a Ceramic Specimen [141].
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(b)

Brittle to ductile transition
Fractures are commonly categorized as ductile or brittle. For brittle materials, such as

ceramics and glass, little energy is needed to fracture. The tough material can absorb huge
amounts of energy in the fracture process. In brittle failure, atoms are separated and new surfaces
are generated along the fracture path. In ductile mode, the propagation of a crack involves
substantial plastic flow. While in ductile mode, additional energy is needed to plastically deform
material ahead of the fracture and results in a rough surface.
Generally, ceramics fracture in brittle mode, and no plastic deformation occurs during
material removal process. LAM changes the ceramic deformation behavior from brittle to ductile
before material removal. The yield strength of a ceramic reduces to a value below the fracture
strength. The cutting forces and specific cutting energy decrease, and benefits include a longer
tool life, better surface integrity, and higher productivity.
Several research efforts have been made to investigate the LAM process of ceramics. The
preheat processing of ceramics increases the material’s ductility through preheating to cause
actual plastic deformation. Especially in the case of hot-pressed silicon nitride processing, ductile
regime machining was proven to be possible. König and Wagema [142] discovered that the
temperature had to be at least 1,100°C for quasi-plastic deformation to occur in the laser
preheating of silicon nitride. Also, König and Zaboklicki [135] argued that this is because the
vitrified bond of the grain boundary in quasi-plastic deformation silicon nitride has softened.
Rozzi et al. [143] proved that laser preheating depended not on brittle fracture but plastic
deformation. This was done using chips produced at over 1,300°C. Lei et al. [144] suggested that
the material removal that occurred in LAM of silicon nitride was accompanied with oxidization
and phase transformation during heating. According to SEM observations of chip microstructure
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under different feeds, speeds, and temperatures, the glass phase at the grain boundaries and the
grain-junction pocket softens and allows slippage and rotation of the ceramic grains.
It was also found that strength and brittleness of the silicon nitride ceramic reduced due
to the softening of a glassy phase at the grain boundaries. When the cutting tool is engaged with
the laser heated workpiece, the material is removed by both brittle fracture and plastic
deformation [145-148]. This includes the following: (1) plastic deformation in the shear zone
which is characterized by viscous flow of a glassy grain-boundary phase material and
reorientation of the b-Si3N4 grains and (2) segmentation of chips (Fig. 2.45) due to the initiation,
coalescence, and propagation of intergranular micro cracks [144, 147].

Fig. 2.45 Chip Formation of Silicon Nitride in LAM [143].

Laser assisted surface modification can decrease in grain size by remelting and thus
improve the mechanical properties [149]. Flow and redistribution of the intergranular glassy
phase is found among the Al2O3 grains and maintain plastic deformation when the temperature is
above 850°C (glassy transition temperature) during LAM of Al2O3 ceramic [145]. During the
preheating process, when the temperature of the workpiece surface increases under laser
irradiation and exceeds the glass-transition temperature of the intergranular glassy phase, the
glassy-phase material viscosity decreases and the Al2O3 lattice is mobilized. Then, in the cutting
process, the Al2O3 lattice at the shear deformation zone begins to slip at its boundaries.

56

Meanwhile, the glassy-phase material flows and redistributes along the lattice boundaries while
the material deforms plastically. The intergranular glassy phase joins the Al2O3 grains and
maintains the plastic deformation. Without the glassy phase boundary, the material would
immediately crack during removal.
As the viscosity of the ceramic boundary particles decreases when temperature increases,
plastic flow is enhanced and postpones crack formation within the material. The chip quantity
also increases as workpiece temperature rises. Since chip separation from an alumina ceramic
surface occurs through crack propagation along the shear zone, delayed break formation at the
higher temperature should produce larger chips [134, 144].

(c)

Surface integrity
The integrity of the machined surface is characterized by its surface roughness, surface or

subsurface damage, microstructure alteration in the machined subsurface, and residual stress.
Residual stresses are effective static triaxial stresses that are in a state of equilibrium without the
action of external forces and/or moments. Davim divided [150] the residual stress generating
mechanisms into three models: 1) thermal model where thermal phase transformation is caused
by a volume change; 2) mixed model with both thermal and plastic deformation; and
3) mechanical model with mainly mechanical plastic deformation (Fig. 2.46).
Different residual stresses can have positive and negative influences on the mechanical
properties of materials. The negative impacts may cause shrinkage, cracks, and fractures. The
positive impact may improve the stress corrosion and corrosion fatigue and the wear behavior of
various machine parts in contacts. Compressive residual stresses in the surface layer of a
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component are highly important for the material fatigue performance under cyclic and long-term
loading since the compressive stresses prevents crack initialization and crack propagation.

Fig. 2.46 Sources of Residual Stress [150].

Surface roughness: Compared to traditional methods, laser assisted machining can
achieve a smooth surface, because the reduction in yield strength and increased ductility by laser
heating makes the deformation easier and more stable. Also, the reduced cutting forces, tool
vibration, continuous chip formation, and more stable machining contribute to a better surface
finish.
Various efforts have been made to compare surface roughness from LAM and
conventional machining for alloys [151-153] and ceramics [87, 88, 147, 154-156]. Many studies
shows LAM ceramic have better surface roughness than conventional machining for alloy and
ceramics, as shown in Fig. 2.47. Other studies have shown how the surface roughness varies with
different LAM conditions. Dahotre et al. [157] showed surface roughness decreased during the
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LAM of aluminum/SiC metal matrix composites with the preheating temperature. Konig et al.
[135] found the surface roughness in LAM process to be equal to that of a ground surface with
Ra less than 0.5 µm, which is closely to polishing results. Rebro et al. [147] compared the surface
roughness of LAM with the results of polishing. Table 2.15 clearly illustrates that the surface
roughness performance using LAM is much better than conventional machining.

Fig. 2.47 SEM Micrographs of LAM and Ground Surface for Silicon Nitride [147].

Table 2.15 Surface Roughness after Laser Assisted Machining (LAM) and Planing [145]
Case
1
2
3
4
5

Ra (µm)
LAM
3.24
3.69
3.58
3.14
2.98

Planing
7.81
7.63
8.25
10.26
11.34

Residual stress: Residual stress in LAM has been investigated for different materials,
including metallic alloys, alumina, and silicon nitride [135, 158]. Klocke et al. [158] measured
the flexural rigidity of silicon nitride bars produced through laser assisted machining and
grinding, and found that the specimen produced through laser assisted machining had more
flexural rigidity. Also, Klocke reported that the bending strength and the Weibull modulus of
Si3N4 components made by LAM are better than those by conventional grinding.
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Based on Tian’s work, compressive residual stress was observed on the machined surface
of Si3N4 produced by LAM in both the axial and hoop directions [159]. However, its magnitude
is smaller than that produced by conventional grinding due to the softening of the glassy phase
significantly relieving stress at the material removal zone [158, 159].
Anderson et al. [26] reported that a compressive residual stress is produced only in the
axial direction during LAM of Inconel 718 alloy compared to the tensile residual stress produced
by conventional turning. Lei et.al [148] suggested that as laser assisted machining causes less
damage on the sub-surface than diamond grinding, products of laser assisted machining were
stronger than products of grinding. The main reason is that laser assisted machining has
significantly less specific energy compared to grinding and this can be observed as causing less
stress on the basic material.
Germain et al. [82] reported that tensile residual stress is produced in both the axial and
tangential directions with and without laser assistance, and the magnitude of residual stress
produced by LAM is smaller than that by conventional machining only in the axial direction
when machining with carbide tools. Because the chip was removed from the workpiece at low
stress during LAM, the magnitude of compressive residual stress at the machined surface is
lower than that in conventional machining of Ti-6Al-4V alloy and bearing steel [160] due to the
lower deformation strain in LAM.
Brittle fracture: Brittle fracture takes place by rapid crack propagation and very little
plastic deformation and yields a relatively flat fractured surface. For most brittle crystalline
materials, crack propagation corresponds to breaking of atomic bonds along specific
crystallographic planes. This is known as cleavage. During the LAM process, the brittle fracture
can also be observed under a relatively lower temperature, as shown in Fig. 2.48. The
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fragmented chip formation could be due to the coalescence and propagation of the thermally
induced crack in the laser heated layer. However, plastic deformation occurs during the
fragmented chip formation in addition to brittle fracture. Plastic deformation was observed as a
result of increasing temperature, which leads to a smaller grain size and preferred grain
orientation in the machined surface produced by LAM [146, 161].

(a)

(b)

(c)

Fig. 2.48 Morphology of Chips Formed during LAM of Si3N4 at Different Temperatures
(a) fragmented chip, T < 1,151 °C, (b) semi-continuous chip, 1,151 °C < T < 1,305 °C,
and (c) continuous chip, T > 1,329 °C [162].

(d)

Advantages and pressing issues
LAM has advantages over conventional process methods on several aspects, such as

decreased cutting forces (Fig. 2.49), increased material removal rate, increased tool life, and
improved surface roughness, residual stresses, and flaw distributions.

Fig. 2.49 Cutting Force vs. Temperature for LAM of Silicon Nitride [148].
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Tool wear in LAM is obviously much better than in conventional machining.
Chang et al. [134] investigated the tool wear difference during LAM and conventional
machining of alumina (Fig. 2.50). In LAM, the fracture situation at tool tip is slight, whereas in
conventional machining the tool tip was seriously damaged when a small piece of material
peeled off. Tool wear is a major factor affecting the surface roughness of the workpiece. If tool
life could be extended, tool wear would be reduced, and the surface quality of workpiece
improved. Also, laser preheating uses less mechanical energy compared to conventional
processing methods.

(a)

(b)

Fig. 2.50 Comparison of Tool Wear: (a) LAM and (b) conventional machining [134].

The traditional machining method of these hard materials is usually associated with high
costs and machining defects such as surface and subsurface cracks, undesirable surface finish,
etc. Traditional machining methods of ceramics such as grinding and polishing represent 60-90%
of the total cost of the final product. Compared with the conventional process, LAM can achieve
higher material-removal rates, precise control over the machined geometry, increased tool life,
and reduce the process time. Lei [148] suggested that as laser assisted machining causes less
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damage on the sub-surface than diamond grinding, products of laser assisted machining were
stronger than products of grinding.
At the same material removal rate, the surface quality produced by conventional
machining is worse than that resulting from LAM. Thus, producing the same surface quality with
conventional machining would require reduction of both the depth of cut and feed, which would
result in a decreased material removal rate. Hence, LAM can produce a higher material removal
rate than can conventional machining. It also substantially reduces the tool wear and cost of
machining by reducing man and machine hours per part.
However, successfully LAM of ceramics for industrial applications are rather difficult.
Processing actual components or products requires development of more reliable, safer,
convenient, and economic laser assisted machining equipment. It is highly imperative to study
the ceramic behavior at high temperatures and understand how the main operating parameters,
such as laser power, spot size, laser-tool lead, cutting speed, and feed effect the machining
quality of ceramics [163].
A key to the success of LAM is its ability to control the temperature field at the
machining zone of the workpiece during operation. Precise control of the laser beam is required
to avoid the detrimental effects such as melting, heat treatment of the work piece, and softening
of the cutting tool. This high temperature may lead to shorter tool life due to degradation of the
cutting tool. Some materials with high ductility are also hard to machine due to the difficult
separation between the chip and tool. More effective methods for separation of the chip from the
tool and cooling the cutting tool without affecting local heating of the workpiece are required.
The possibility of vaporizing material during LAM may cause surface problems due to its
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severity in much the same way as in laser cutting. The feasibility of applying LAM when
machining these materials and the material removal mechanism needs to be investigated.
Also, LAM requires high energy, high cost and must be conducted in at specific
conditions. The power of the laser must be controlled properly to obtain a satisfactory result and
ample power is needed to conduct this machining. The large thermal gradient due to laser beam
causes the lower substrate to expand at a different rate resulting in cracking of the glaze. Also,
the surface glaze usually possesses a different linear expansion rate to the underlying substrate.
To summarize, the process parameter optimization during LAM for a specific given
workpiece material is a challenging task. Understanding the contribution of each parameter to
machinability is crucial. Except turning and milling, the application of LAM in drilling is
challenging due to the complexity of the integration of the laser beam and cutting tool. Further
work needs to be undertaken in this area to make the process more attractive from an industrial
perspective. Investigations into the deformation behavior at high temperature, high temperature
gradient and high strain rate, apparent friction at high temperatures, and chip separation are
required in order to develop an appropriate model to further understand the LAM process.

2.4

Simulation of Ceramic Machining
Plenty of research has focused on understanding the mechanics during machining

processes, including empirical, analytical, and numerical techniques. With current progress,
numerical techniques allow new kinds of models and simulation methods, such as finite element
analysis (FEA), discrete element method (DEM), molecular dynamics (MD), and multi-scale
modeling.
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2.4.1 Modeling of ceramic material properties
During the modeling process, an accurate input of material properties is essential. Under
machining conditions, generally the workpiece is subjected to extreme deformation involving
high levels of strain and strain rate with rapid temperature rise. The workpiece material is usually
modeled by constitutive equations describing the stress–strain response with the dependence on
strain rate, temperature and work hardening. This chip separation criterion triggers material
fracture, resulting in separation of a chip from the workpiece. To achieve this, one must be able
to accurately describe the fracture behavior to represent the material through an appropriate
damage model.
One approach used to analyze damage for ceramics is continuum damage mechanics
(CDM). CDM uses irreversible thermodynamics and internal state variables. CDM was first used
to model damage analysis for ductile materials [164, 165], and later implemented for brittle
materials, such as such as concrete [166, 167], ceramics [168], and ceramic composites [169].
Kochanov [170] and Rabotnov [171] proposed the concept of scalar damage. Using a scalar
damage variable, Zhang et al. [168] first developed a nonlinear CDM model to predict
machining damage for hot-pressed silicon nitride (HP-Si3N4) subjected to machining with single
diamond grit. Liu et al. [172] extended the previous work and generalize the model for Al2O3,
Si3N4, and SiC.
The cohesive zone method (CZM) proposed by Barenblatt in the 1960’s assumes a
micro-level traction region at the edge of cracks and defines a separation and traction law to
determine the nucleation, propagation, and coalescence of a crack. These early studies have
proven that CZM based FEA can accurately simulate crack initiation, branching, and fragment
generation in general fracture process. By retaining both mathematical continuity and physical
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separation, CZM based FEA has been used to model failure of brittle materials under tension,
bending and dynamic impacts [173-175]. Also, this method has been used for simulating crack
initiation and propagation along interfaces during ceramic grinding [176, 177].
Johnson-Holmquist ceramic models (JH-1, JH-2, and JHB) are developed to describe the
response of ceramics in ballistics research. The original JH-1 model [178] for brittle materials
includes pressure-dependent strength, damage and fracture, significant strength after fracture,
bulking, and strain rate effects. A revised model, referred to as JH-2, was developed to describe
the original model more precisely [179].

2.4.2 Modeling grinding and laser assisted cutting
Finite element modeling is widely used for investigating grinding and LAM processes.
Three main formulations have been proposed for machining simulations: Eulerian, Lagrangian,
and Arbitrary Lagrangian Eulerian (ALE) methods. Generally, FEA models for the simulation of
grinding processes can be separated into macroscopic and microscopic concepts. FEA has also
been adopted to simulate the indentation [180] and machining [181, 182] of ceramics.
Molecular dynamics is a method used to model ceramic properties. MD simulation
studies were initiated in the late 1950’s at the Lawrence Radiation Laboratory (LRL) by Alder
and Wainwright [183, 184] in the field of equilibrium and non-equilibrium statistical mechanics.
Since then, MD simulation has been applied to a wide range of fields including crystal growth,
low-pressure diamond synthesis, laser interactions, nanometric cutting [185-188], indentation
[189-191], and tribology [192, 193]. Molecular dynamics (MD) simulation techniques are best
suited for simulating a nonmetric cutting, where it is important to capture atomic interactions.
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Multi-scale modeling has recently been used to predict machining processes. The
necessity for multi-scale modeling of machining of composite materials arises from the need to
understand the evolution and progression of damage from the molecular level to the macroscale.
Finite element modeling (FEM) on the other hand is better suited for machining at the
macroscale, where continuum mechanics principles are applicable. To bridge the gap between
the atomistic and continuum scale, multi-scale methods are needed. Komanduri et al. [185, 187,
194] used MD to model the single crystal alumina behavior, and investigated the indentation,
scratch, nano-cutting process.
The discrete element method (DEM) has been used in the fracture studies of continuous
media, for example concrete. By simulating the concrete microstructure, the discrete element
particle method predicts localization of damage into regions, not sufficiently large. The contact
force between two particles is determined from the overlap and relative movements of the
particle pair according to a specified force-displacement law. Tan et al. developed DEM model
for SiC [195] and Al2O3 [196] for scratching process.

2.4.3 Simulation results
Transient temperature: Dandekar et al. [197] simulated the LAM process of reinforced
metal matrix composite and predicted temperature distribution in the workpiece. Results were
experimentally verified. The predicted data was consistent with the measured data (Fig. 2.51).
Rozzi et al. [198] developed a transient, three-dimensional heat transfer model for LAM silicon
nitride. The numerical and experimental surface temperature history was compared, see
Fig. 2.52. The author also investigates the how surface temperature varies with different
translational velocity, rotational speed, and laser power.
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Fig. 2.51 Experimental Transient and Predicted Temperature in LAM [197].

Fig. 2.52 Experimental and Numerical Surface Temperature Histories [198].

Transient stress: Tian et al. [199] used multiscale finite element modeling of a silicon
nitride ceramic undergoing laser assisted machining. Fig. 2.53 shows the simulated chip
formation and Mises stress distributions. Microcracks can be observed; localized stress
concentrations occurred and accelerated the process of microcrack development.
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(a)

(b)
Fig. 2.53 Simulated Chip Formation and Mises Stress Distributions [199].

Residual stress: Liu et al. [172] implemented continuum damage mechanics to simulate
an abrasive machining process for ceramics using a nonlinear thermodynamic constitutive
model. Fig. 2.54 shows that the residual stresses are compressive for the surface and the near
surface layer. The residual stresses in the layer near the surface have an apparent dependence on
the machining direction. As the predicted results indicated (Fig. 2.55), the residual stresses
decrease sharply in the depth direction. The maximum residual stresses occur in the layer near
the surface rather than on the ground surface. Both residual stresses gradually become tensile at a
depth of approximately 7 µm, which can also be observed from the contour plots.

(a)

(b)

Fig. 2.54 Contour Plots of Residual Stress: (a) σ// and (b) σ⊥ [172].
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Fig. 2.55 Depth Profiles of Residual Stress [172].

Microcracks: Shen et al. [200] used discrete element method to analyze LAM of a silicon
nitride ceramic. The predicted subsurface damage is shown in Fig. 2.56. As the temperature rose
to 1550 °C, the maximum depth of subsurface damage decreased since temperature rise softened
the workpiece.

Fig. 2.56 Prediction of Surface/Subsurface Damages during LAM [200]:
(a) Tc = 1260 ᵒC, DOC = 0.2 mm, Vc = 1 m/s; (b) Tc = 1550 ᵒC, DOC = 0.2 mm, Vc = 1 m/s;
(c) Tc = 1260 ᵒC, DOC = 0.3 mm, Vc = 1 m/s; (d) Tc = 1260 ᵒC, DOC = 0.2 mm, Vc = 2 m/s.
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2.5

Surface Integrity Effect on Friction

2.5.1 Requirements
Ceramic implants showed low wear rates and high resistance against surface damage
during clinical applications [201]. However, improvement of the longevity of the implant is
always pursued. In the human body, bearing joints such as the hip or knee have to transfer forces
equal to many times body weight while permitting a wide freedom of movement and articulation.
Investigations have been performed to understand how friction and wear properties contribute to
the functionality, durability and failure of implants [202-206]. Poor friction performance may
induce the formation of potentially harmful debris, and increase the risks during implant use and
revision surgeries.
Friction (µ) is the resistance to relative motion between two surfaces. Studies
investigating the effect of different friction coefficients are necessary. To understand and control
the friction behavior of orthopedic joints, a good understanding of the relationships between the
friction, lubrication, and wear is required [207-210]. It is known that the coefficient of friction is
generally independent of apparent contact area, velocity, and surface roughness.

2.5.2 Coefficient of friction test methods
Friction testing is needed to compare implants of various designs, materials, and
conditions. For an artificial joint, it is important to study the friction in conjunction with the wear
debris. A wide range of laboratory equipment, test methods and measuring systems has been
employed to measure friction and wear mechanisms in terms of effects of lubricants, material
combinations, and geometry designs in total replacement joints [205].
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Friction of various bearing combinations was examined with a series joint friction
simulator and applied different lubrications and loading. Surface profilometry was used to
measure the roughness of the bearing surfaces prior to and after the test [211]. The three major
forms of equipment are listed below: (a) pin-on-disc machines; (b) pin-on-plate machines;
(c) joint simulators are schematically shown in Fig. 2.57.

Fig. 2.57 Test Modes Used to Evaluate Friction and Wear of Hip Implants: (a,b) simple
screening machines, (c) full simulator [212].

The pin-on-disc machines have been widely used in tribology and are particularly useful
in the evaluation of the nature of wear and friction of material pairs under well controlled,
steady-state conditions of load, sliding speed, and environment. For the pin-on-disc machines,
friction measurements can be very simple. At the most basic, a moving solid is rubbed against a
stationary solid. A normal load is provided using dead weights and the lateral force is measured.
The details of this test based on the standard ISO 6474 or ASTM G115-04: Standard Guide for
Measuring and Reporting Friction Coefficients.
The pin-on-plate machine can simulate the reciprocate action broadly associated with the
hip joint. Recently, it is increasingly necessary to add an additional motion in pin-on-disc or pinon-plate machines to create a resultant multi-directional motion, particularly for UHMWPE
materials.
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UHMWPE
inserts

Silicone
mould

Fig. 2.58 Friction Simulator Consisted of Silicone Mould and UHMWPE Inserts [213].

The friction simulator comprised of a fixed, bench-mounted main frame and a moving
load frame on to which the components of the joint are mounted Fig. 2.58, thus it can generate to
a greater or lesser extent the three-dimensional loading and motion pattern. The simulator
employed a servo-hydraulic mechanism controlled by a personal computer via a microprocessor
to dynamically load the joints as they oscillate through an adjustable pre-set angle in the
anatomical position. A graphic user interface provided a simplified gait cycle consisting of a
dynamic vertical load and a horizontal flexion and extension motion as shown in Fig. 2.59.

Load/N

Flexion-extension
angle/Degree

Time/sec
ond
Fig. 2.59 Motion and Loading Profile [214].
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For total knee implant, a pendulum machine or joint simulator capable of applying a
dynamic load with aspirated synovial fluid or physiologically similar lubricants. Loads,
frequencies, lubricants, and temperatures should be as close as possible to the actual application
environment. As Fig. 2.60 shows, the femoral components were mounted using fitted stainless
steel backings and fixed onto a rigid load beam which rotated about the joint center. The
simulator subjected the femoral components to a simple harmonic oscillatory motion with a
stroke of ±32.5° in the flexion/extension plane with a frequency of 0.8 Hz. This motion was
applied to the joints by a scotch yoke mechanism connected to a motor to simulate a walking
cycle. This led to more representative in vivo loading. These simulator machines allow the users
to select the peak contact stress, a loading cycle that can match human gait, and sliding velocity.
In both simulator testing and pin-on-disk testing, it is common to use controls to measure
lubricant absorption over the test duration. After testing in a simulator, a component can be
characterized for weight loss, dimensional changes, and changes to surface features. Finally,
wear debris can be gathered and analyzed for size and distribution.

Fig. 2.60 Friction Simulator Showing Femoral and Tibia Attachments [215].
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During the friction test, different lubricants have been used. The nature of lubrication is a
crucial factor affecting the friction of joint. The “ideal” lubricant used in vitro should mimic the
biochemical and rheological properties of synovial fluid. Measurements of friction factors were
undertaken when the components were fully lubricated by different fluids, such as
carboxymethyl cellulose solutions (CMC) and bovine calf serum (BCS). Also pure water or
saline solutions have been shown to be unsuitable as lubricants, yielding significantly greater
wear rates or physiologically inaccurate wear debris and wear mechanisms
The model of lubrication has an effect on the friction properties as Flannery et al. [213]
research has shown. To determine the mode of lubrication, the friction factor was plotted against
the Sommerfeld number (z) in what is termed a Stribeck plot [216, 217]. The Sommerfeld
number is defined as:

𝑧=

𝜂𝑢𝑟
𝐿

(1)

where u is the entraining velocity and η is the viscosity of the lubricant. Altering the viscosity of
the lubricant varies the Sommerfeld number for a given joint. A schematic representation of a
Stribeck curve is given in Fig. 2.61. If the friction factor is constant then boundary lubrication
(BL) dominates. A decrease in the friction factor with an increase in the Sommerfeld number
(lubricant viscosity) is indicative of a mixed lubrication (ML) regime. An increase in the
Sommerfeld number and increase in friction factor is indicative of fluid-film lubrication (FFL)
whereby asperities of the opposing bearing surfaces are separated by a thin fluid film. Some
studies examining the influence of lubricant upon the friction factor have generated varying
results. Proteins have an increasing effect on the friction of all the bearings tested as viscosity of
adsorbed proteins affects the lubricating conditions [36].
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Fig. 2.61 Stribeck Curve Illustrating the Various Lubrication Regimes [213].
The dimensionless parameter λ is used to predict the initiation of fluid-film lubrication
and mixed lubrication and is given as follows:

λ=

ℎ𝑚𝑖𝑛
𝑅𝑚𝑒𝑎𝑛

(2)

where hmin is the predicted minimum film thicknesses, and Rmean is the root mean square surface
roughness measured at the contact area of both the femoral heads and acetabular cups,
respectively. If the λ ratio is less than or equal to 1, boundary lubrication prevails. If λ exceeds
three, effective separation and FFL can be achieved. At λ between 1 and 3, varying degrees of
ML exist. The value of λ reflects the nature of joint lubrication and indicates the theoretical
lubrication regime which can be compared to that observed in in vitro frictional assessment [218,
219]. Typical (Rmean) values for various bearing surfaces used in current artificial hip joints are
summarized in Table 2.16, as well as the composite surface roughness defined as

𝑅𝑚𝑒𝑎𝑛 = √(𝑅𝑎_ℎ𝑒𝑎𝑑 )2 + (𝑅𝑎_𝑐𝑢𝑝 )2

(3)
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Table 2.16 Roughness (Rmean) for Various Bearing Surfaces in Artificial Hip Joints [212]
Bearing

Femoral

Ra_cup(µm)

Acetabular Ra_cup(µm)

Composite Rmean(µm)

UHMWPE-on-metal Cobalt chrome 0.01–0.025

UHMWPE 0.1–2.5

0.1–2.5

Metal-on-metal

Co-Cr

0.005–0.025

0.0071–0.035

Alumina

0.005–0.01

0.0071–0.014

Cobalt chrome 0.005–0.025

Ceramic-on-ceramic Alumina

0.005–0.01

All real surfaces are rough on microscopic scales. The smoothest bearing surface for
artificial joints is usually found on ceramics with irregularities in the region of 0.005 mm. For
metallic bearing surfaces, these are generally in the region of 0.01 mm. Coefficients of friction
for a range of material combinations used in total joint replacement are shown below in
Table. 2.17.

Table 2.17 Coefficients of Friction for Implant Material Combinations [220]
Material combination
CoCr-on-UHMWPE
Stainless steel-onUHMWPE
Ceramic-on-UHMWPE
Alumina-on-alumina

Friction coeff.
0.04
0.07
0.050
0.05
0.06
0.06

CoCr-on-CoCr

0.15

Notes
Joint simulator
Reciprocating pin-on-plate
Reciprocating pin-on-plate
Reciprocating pin-on-plate (alumina)
Joint simulator (zirconia)
Joint simulator considerably larger
friction
with bovine serum than that recorded
when using CMC lubrication
Joint simulator

2.5.3 Effect of surface integrity on friction
When studying friction and wear behavior, bulk and surface properties should be
considered. Bulk properties such as yield strength, hardness, and elastic modulus will have an
effect on a material’s response to high loads and moving contact. Surface properties such as
surface energy, topography, and roughness also play an important role.

77

Schole et al. [221] investigated the influence of roughness on friction factor. Different
surface roughnesses will induce different lubricant film thicknesses and lubrication models.
Experimental observations have shown that if λ < 3, then mixed lubrication is likely, and if λ > 3,
then a full fluid film lubricating regime is predicted [218]. The results showed that for ceramicon-ceramic joints whose λ > 3, suggesting a full fluid film lubricating regime, good wettability
and lower friction factors, [222] as shown in Table 2.18.

Table 2.18 Surface Roughness, Predicted Lubrication and Friction Factors [221]
Femoral

Acetabular

CoCrMo CoCrMo
CoCrMo UHMWPE
Alumina Alumina

Femoral
(µm) (s.d.)

Acetabular
(µm) (s.d.)

0.008 (0.002) 0.08 (0.0365)
0.04 (0.006) 1.29 (0.086)
0.003 (0.001) 0.01 (0.0063)

Predicted
λ Friction factors
minimum film
CMCr/Bovine
thickness (µm)
serum
0.05
< 1 0.26/0.15
0.09
< 1 0.017/0.032
0.06
> 3 0.002/0.05

Nuno et al. [223] used a prototype sliding friction tester to investigate the surface
roughness and Rmean value between steel and PMMA specimens. The roughness of steel is
proportional to the amount of abrasion generated on the PMMA surface. The polished surface
had a lower coefficient of friction than that of a matt surface.
Surface analyses of retrieved ceramic bearings provide relevant information about the
friction and wear mechanisms of ceramic implants. Kurtz et al. [224] described surface damage
as to generate and stimulate wear of ceramics because of grain pull-out, which leads to higher
surface roughness and increased friction in this area. Specific macroscopic wear patterns, known
as stripe wear, on retrieved COC couplings is shown in Fig. 2.62. Stripe wear is caused by edge
loading during micro-separation where a line contact between the head and the edge of the insert
occurs. In this process, grains will be fractured out of the surface. Hence, the roughness increases
in the surface area and leads to a higher rate of wear [47, 225]. However, under these conditions,
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COC couples still shows advantages of lower wear rates compared with COP or metal-onpolyethylene couples.

Wear area

Fig. 2.62 Stripe Wear on a Ceramic Ball Head [225].

Ceramic surfaces show excellent friction properties compared with CoCrMo or steel
because of the high influence of the surface roughness [226]. Also, the hydrophilic properties of
ceramics to water-based fluids lead to low contact angle and good wettability [227]. Banchet et
al. [228] implemented tribological tests and investigated the friction coefficient and
corresponding morphology for different couples, as shown in Fig. 2.63.

Stainless steel/UHMWPE

Co-Cr alloy/UHMWPE

Alumina/UHMWPE

Fig. 2.63 Bearing Pairs and the Friction Coefficient Evolutions vs. Time [228].

79

UHMWPE initial

Against stainless steel

Against Co-Cr alloy

Against alumina

Fig. 2.64 SEM Images of UHMWPE Ring Surfaces in Contact with Different Materials [228].

As Fig. 2.64 shows, the metallic alloys/UHMWPE bearing pairs show higher friction
coefficient than ceramics/UHMWPE bearing pairs. The wear of UHMWPE is very low when in
contact with ceramics. The surface roughness remains nearly the same in the area with and
without contact in the ceramic case [228].
The high friction coefficient for the metallic alloys/UHMWPE bearing pairs is due to the
deterioration of UHMWPE during the test. After the diminution of the surface roughness with
conformation of UHMWPE, some cracks appear and undergo unsticking and debris.
Measurements show that we can obtain a wear until 10 µm of depth in the case of UHMWPE in
contact with stainless steel. With the ceramic, we observe only few cracks at the end of the test
and no debris.

2.5.4 Summary and discussion
Frictional resistance of modern prostheses is thought to be a factor in the loosening
process, which is the current challenge to increasing the longevity of these devices [229].
Previous studies have shown friction to be dependent upon several factors, such as lubrication
condition, load condition, surface finish, and implant design [230]. However, not all results
reveal that lower friction is better. Friction also influences the initial stability of bone as the
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friction coefficient decreased. Appropriate friction coefficient range can lead to a stable motion
region. An experimental investigation showed that increasing the friction coefficient from 0.5 to
0.9 increased the size of stable motion by 32.5% [231].
Because of the beneficial friction properties and their high surface qualities, ceramics are
favorable bearing partners in total joint arthroplasty. Submicron polyethylene debris generated
by wear stimulates the process of osteolysis and subsequent failure of these implants [232]. It has
been suggested that a linear wear rate less than 50 μm/year may eliminate osteolysis. Ceramicon-ceramic articulations were developed to reduce wear debris. A linear wear rate of
approximately 5 μm/year has been established for modern ceramic-ceramic couplings. The low
amount of wear particle release leads to a reduced risk of osteolysis and contributes to improved
implant survival rates. Further characteristics like the resistance against third-body particles,
chemical inertness, corrosion resistance, and antiallergological properties are favorable attributes
for the application as a bearing couple, especially with cross-linked polyethylene or
ceramics [226].

2.6

Surface Integrity Effect on Fatigue
The failure of a component is a well-recognized long-term complication of total joint

arthroplasty [233]. Fatigue is the term used to describe the effect of cyclical loading and
unloading on a material. This leads to material micro fracture, especially in materials which
microscopically contain sharp angled corners that can exacerbate stresses leading to fatigue
fracture [230, 234-237]. Fatigue striations have been noted on fracture surfaces on scanning
electron microscopy, usually running from posterior to anterior. Some cases of fatigue fractures
for hip and knee prostheses are well reported [238-247]. The major patient associated risk factor
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for implant fatigue fracture is obesity. Levels of obesity are rising worldwide. In the USA, the
number of people with a body mass index (BMI) greater than 40 has increased 70% in the past
10 years; similar trends have been noted in Europe and in Asia. Implants in the future will be
required to withstand higher and higher loads, leading to an increased frequency of fatigue
failure (Fig. 2.65).

Fig. 2.65 Tibia Implant Retrieved from Knee at Revision [248].

Fractures of ceramic implants in joint replacements are due to devastating complication
of arthroplasty and require revision surgery. Fractures of the femoral component have been most
widely reported. This has been deemed insufficient to withstand the load and stresses applied to
modern implants and left the device susceptible to fatigue fracture. The size of the implant
correlated to the fracture rate. The smallest components are most susceptible to fracture [238].

2.6.1 Requirements
Many crystalline ceramics are known for their exceptional wear resistance and this is
attributed to their high elastic modulus and yield strength; however, the intrinsic resistance to
plastic deformation renders ceramic systems as brittle with very low fracture toughness.
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Accordingly, ceramics are unable to offer much resistance to fatigue crack growth. Toughening
mechanisms such as crack bridging, micro cracking, and phase transformations can be utilized to
mitigate crack tip stresses, but fatigue resistance in ceramics remains limited by their low
fracture toughness [249, 250]. Wear is commonly reported in orthopedic applications such as
knee and hip joint prostheses [251, 252]. Fatigue fracture and wear have been identified as some
of the major problems associated with implant loosening, stress-shielding, and ultimate implant
failure [253].

2.6.2 Fatigue test methods
Wide ranges of fatigue testing on hip and knee prostheses have been implemented [254].
Specimens are often cemented into test fixtures at pre-determined offset angles and depths.
Different fatigue test fixtures are designed to accommodate various specimen geometries.
Several methods are used to evaluate fatigue of biomedical devices. The current fatigue
tests used to evaluate biomaterials can be categorized as follows [255]: 1) stress/life (S/N)
approach; 2) fracture mechanics approach; and 3) fatigue-war approach using simulated
physiologic multi-axial loading. The first two methods are used primarily for the materials
screening process and are useful for the initial process of materials selection. The third method is
considered to be an in vitro evaluation to determine the fatigue performance close to a
physiologic environment and is normally a precursor to animal experiments.
The S/N approach is normally done using smooth specimens in a physiologic
environment either in (a) cyclic loading (especially for metals) or (b) static loading (especially
for polymers). The advantage of this approach is that it represents both initiation and propagation
of cracks in the aggressive environment. In the case of metallic implant biomaterials, it allows
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the electrochemical effects to be considered together with an applied stress–strain field
(especially in fretting corrosion fatigue experiments) in the assessment of the durability of the
biomaterial. The design stresses rely on the accuracy of the endurance stresses which need large
safety factors and good failure models for prediction.
In the fracture mechanics approach, the fatigue-crack propagation of the biomaterials are
studied by (a) long cracks (0.3 mm) using compact-tension specimens or (b) small cracks
(1- 250 mm) using micro indentation.
The fatigue-wear approach on smooth specimens is an important contribution as the rate
of removal of a passive oxide or molecular absorbed layer between the two articulating surfaces
often determines the accuracy of the lifetime prediction and provides cytotoxicity and
morphology data of wear debris for evaluating the host tissue response to the debris. Physiologic
loading using a multi-axial load profile is normally applied throughout the fatigue tests. These
are more realistic comparative tests than basic wear screening tests, such as pin-on-disk (ASTM
F732) or ISO 6474. The frequency and applied pressure need to be considered carefully. Too
high a frequency leads to fatigue-wear mechanisms not normally observed.
Fatigue testing is a critical component of a knee implant testing program. Devices must
be able to withstand the prolonged stress of human kinematics without failure. Knee implant
fatigue testing was implemented on the following components:
a) Tibial Tray (ASTM F1800 & ISO 14879): Tibial tray fatigue testing is performed by
fixating one half of the tibial baseplate using a clamp fixture. A constant amplitude load
is applied to the other, unsupported half of the baseplate. Per ASTM F1800 & ISO 14879,
testing is typically performed to a run-out of 10 million cycles. For submission testing,
five samples must survive 10 million cycles under at least 900 N of load. Prior to
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submission testing many device companies test at various loads in order to develop an
S/N curve with at least one run-out sample.
b) Tibial Bearing Components: For implants that are posterior-stabilized, shear fatigue
testing of the UHMWPE tibial post is recommended. Six samples typically are cycled at
varying loads to develop an S/N curve. At least one sample should complete full run-out
to 10 million cycles.
c) Femoral Implants: Femurs are evaluated for fatigue properties in a variety of conditions.
Various flexion angles and cementing configurations can be tested to evaluate fatigue
performance. Both S/N curves and minimum runouts can be tested.
d) Femoral Component Fatigue: Similar to tibial tray fatigue testing, many manufacturers
test femoral condyles in compression bending fatigue to 10 million cycle runouts.
e) Tibial Insert Endurance under High Flexion: For knee systems designed to allow high
flexion, this test method evaluates the ability of UHMWPE inserts to resist deformation
and fracture due to repeated deep knee bend activities. Tests are performed in-vitro to
220,000 cycles at a 2,275 N load. Results are bench marked by performing pre- and posttest scans, along with constraint tests [256].
Typical femoral fatigue test methods (see Table 2.19) include:
a) Hip Stem Fatigue Testing (ISO 7206-4): Hip stem fatigue testing governed by ISO 72064 applies an axial load to an implant that has been potted in such a way as to represent
loosening of the implant proximally. The orientation translates axial load into a
combination of compression, torsion, and bending stresses on the stem of the specimen.
Tests typically run to 5,000,000 cycles and must meet the load requirement of 2,300 N
(517 lbs).
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b) Femoral Neck Fatigue Testing (ISO 7206-6): Whereas stem fatigue testing simulates a
loosened implant, femoral neck fatigue testing (ISO 7206-6) simulates normal loads
experienced by a properly fixed implant during gait. Implants are expected to run out to
10,000,000 cycles without failure and are tested at 5,340 N (1,200 lbs) [254]. To provide
a common basis for performing these tests, International Standardization Organization
(ISO) published the several standards for fatigue testing of prostheses [257].

Table 2.19 Hip and Knee Implant Fatigue Test Standards [258]
ISO 7206
ASTM F2582
ASTM F2580
ASTM F2345
ASTM F2068
ASTM F2009
ASTM F1820
ASTM F1612
ASTM F2723
ASTM F1440
ASTM F2345
ASTM F2777
ISO 14879

Hip Implants Tests
Fatigue & Static Femoral Head & Acetabular Prosthesis
Fatigue Test Equipment for Hip Prosthesis
Determination of Static and Cyclic Fatigue Strength of Ceramic Modular
Femoral Heads
Femoral Prostheses
Axial Taper Implants Prostheses Test Equipment
Fatigue Test Machine Modular Acetabular Device
Cyclic Fatigue Testing Hip Arthroplasty Femoral Components
Standard Test Method for Evaluating Mobile Bearing Knee Tibial
Baseplate/Bearing Resistance to Dynamic Disassociation [259]
Cyclic Fatigue Testing of Metallic Stemmed Hip Arthroplasty Femoral
Components with Torsion
Determination of Static and Cyclic Fatigue Strength of Ceramic Modular
Femoral Heads
Standard Test Method for Evaluating Knee Bearing (Tibial Insert)
Endurance and Deformation under High Flexion [260]
Fatigue of Knee-Joint Prostheses -- Endurance Properties of Knee Tibial
Trays Test Machines [261]

c) Fatigue Test Baseplate/Bearing fixation - ASTM F2723 [262]: Standard Test Method for
Evaluating Mobile Bearing Knee Tibial Baseplate/Bearing Resistance to Dynamic
Disassociation. This test method describes a laboratory method for evaluating the
potential for mobile bearing knee tibial baseplate/bearing disassociation under repeated
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forces. The test described is applicable to any bicompartmental mobile bearing knee with
a bearing retention mechanism. With modification, the test can be applied to a
unicompartmental mobile bearing knee with a bearing retention mechanism.
d) Fatigue Test Baseplate/Bearing fixation - ASTM F2722 [263]: Standard Test Method for
Evaluating Mobile Bearing Knee Tibial Baseplate Rotational Stops. This test method
describes fatigue testing of rotational stops of mobile bearing type knee implants. The test
is restricted to implants providing a rotational stop within 20° of rotation within either
direction. A maximum torque of 14 N·m is applied up to 220,000 cycles or implant
failure, as shown in Fig. 2.66. More fatigue test standard is shown in Table 2.20.

Table 2.20 Fatigue Test of Surgical Implant Materials and Devices [255]
Fatigue tests
Practice for cyclic fatigue testing of metallic stemmed hip
arthroplasty femoral components without torsion
Test method for bending and shear fatigue of calcium phosphate
coatings on solid metallic substrates
Test method for constant amplitude bending fatigue tests of
metallic bone staples
Test methods for static and fatigue for spinal implant constructs
in a corpectomy model
Guide for evaluating the static and fatigue properties of
interconnection mechanisms and subassemblies used in spinal
artrodesis implants
Practice for corrosion fatigue testing of metallic implant
materials
Test method for cyclic fatigue testing of metal tibial tray
components of total knee joint replacements
Practice for constant stress amplitude fatigue testing of porous
metal-coated metallic materials
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ASTM ref.
F 1440-92
F 1659-95
F 1539-95
F 1717-96
F 1798-97

F 1801-97
F 1800-97
F 1160-98

Fig. 2.66 Fatigue Test Equipment and Setup [263].

2.6.3 Fatigue crack growth behavior
Alumina has a fracture toughness of approximately 4-5 MPa√m, and zirconia is
approximately 6-15 MPa√m [264]. Because of the low fracture toughness, alumina hip balls are
restricted in size to greater than 28 mm. On the other hand, zirconia has a higher fracture
toughness but suffers from potential biodegradation and radiation.
Fatigue is the condition whereby a material cracks or fails as a result of repeated (cyclic)
stresses applied below the ultimate strength of the material. Fatigue failures generally involve
three stages: 1) crack Initiation; 2) crack propagation; and 3) cast fracture.
The fatigue life of a machined part depends strongly on its surface condition. It has long
been recognized that fatigue cracks generally initiate from free surfaces. Crack initiation and
propagation, in most cases, can be attributed to surface integrity produced by machining.
Studies published to date regarding femoral fatigue fracture have offered suggestions as
to the potential mechanism of facture. Contrary to metals, ceramics do not yield plastically when
loaded. Therefore, cracks cannot grow under cyclic loading by localized plastic deformation at
the crack tip. Furthermore, no intrusions and extrusions can form on the surface of an initially
smooth specimen by dislocation movement. Because of this, many ceramics do not exhibit any
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cyclic effects. There is no difference between their behavior under static and cyclic loads. All
loads that they can bear once, they can bear infinitely many times. For example, this is the case
in fine-grained ceramics with a single phase.
The subcritical crack growth that causes delayed failure in terms of fracture mechanics
concepts. If subcritical crack growth occurs in a ceramic, the crack propagates subcritical during
each cycle. This can cause apparent fatigue behavior, although it is not the number of cycles but
the accumulated loading time that is relevant. This behavior is frequently called, rather
misleadingly, “static fatigue.” To compare the behavior of such a ceramic under cyclic loads and
static loads, the accumulated loading time of cyclic loading can be converted to an effective
loading time, i.e. the time that would cause the same damage under static loads.
Nevertheless, some ceramics can fail by cyclic crack propagation. Under cyclic loads,
cracks in the material are opened and closed. If energy is dissipated in this process, this energy
can be used to propagate the crack. Many of the mechanisms that increase the crack-growth
resistance of a ceramic cause such a hysteresis. This increase in fracture toughness under static
loads thus makes the material sensitive to fatigue, and the strength under cyclic loads drops
below the static strength. Fatigue is also observed in transformation-toughened ceramics, like
partially stabilized zirconium oxide, where phase transformations occur near the crack tip. This
effect is attributed to the formation of micro cracks in the vicinity of the crack tip [265].

2.6.4 Effect of surface integrity on fatigue
The surface integrity characteristics of a component have a strongly influence on the
fatigue performance. Finite element methodology is used to predict the contact stress during
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long-term fatigue test [266, 267]. Ceramics are generally known to be highly sensitive to flaws
and generally do not have high resistance to fatigue crack propagation.
For some ceramics which rely on extrinsic toughening mechanisms, the length of the flaw
can have a dramatic effect on fracture resistance. Hence, an R-curve is used to describe the
ceramic resistance. Short cracks are not able to offer the same extent of resistance to crack
propagation as that same material with a longer crack. Cracks with different length can strongly
affect the near-threshold regime and result in different crack propagation rates at the same stress
intensity. As stated in the previous section, this is consistent with the micro mechanism of
fatigue crack growth driven by peak stress intensity (quasi-static fracture processes) [268].

2.6.5 Summary and discussion
A lot of problems related to fatigue fracture and wear of biomaterials still need to be
explored [255]. Materials used in medical devices are subjected to high stresses and high cycle
loading. This very demanding condition coupled with the aggressive body environment leads to
fatigue failure of metallic, polymeric, and ceramic implants.
Total knee arthroplasty (TKA) remains one of the most frequently performed orthopedic
procedures due to the significant improvement in quality of life that most patients experience
following reconstruction. Many cases have demonstrated implant survival rates of over 90% at
20-year follow-up. Despite the widespread popularity and clinical success of total knee
arthroplasty, some patients experience pain and dysfunction resulting in a failed reconstruction.
Several studies have indicated that a significant percentage, between 10% and 25% of patients
are not satisfied following surgery. Although the TKA revision burden has been and is expected
to remain relatively constant at around 8%, as more primary joint replacements are done in
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younger patients with broader indications, the number of failed joint replacements is expected to
rise dramatically. Projections for the future demand of revision knee arthroplasty by the year
2030 have indicated an increase of over 600% to nearly 270,000 cases per year.
To increase the fatigue life of ceramic implants, novel fabrication and machining
processing opens up possibilities in terms of controlling green state, sintered micro-structures,
and surface finish. Ceramics needs absolute quality control to avoid fatigue fracture for medical
device applications.

2.7

References

[1]

VanPutte, C.L., Regan, J.L., and Russo, A.F., 2012, "Seeley's essentials of anatomy and
physiology," McGraw-Hill Higher Education, New York, .

[2]

Vrahas, M. S., Mithoefer, K., and Joseph, D., 2004, "The Long-Term Effects of Articular
Impaction." Clinical Orthopaedics and Related Research, 423pp. 40-43.

[3]

Surgical Watch, 2014, Knee Replacements Overview, (Accessed on 02/03/2015),
<http://surgicalwatch.com/knee-replacements/>.

[4]

Boston Scientific, 2013, ION Paclitaxel-Eluting Platinum Chromium Coronary Stent,
(Accessed on 04/03/2015), <http://news.bostonscientific.com/index.php>.

[5]

Rick, C., 2012, Dental Implants Revisited,
<http://www.premierdentalwaco.com/blog>.

[6]

McGraw Hill Campanies, 2012, Synovial joints structure, (Accessed on 04/16/2015),
<http://www.rci.rutgers.edu/~uzwiak/AnatPhys/APFallLect11.html>.

[7]

Hip Joint, 2015, Anatomy of the hip joint, 2015), <http://bonesmart.org/hip/about-thehip-joint/>.

[8]

Knee
implants,
2012,
Anatomy
<http://orthoinfo.aaos.org/topic.cfm?topic=a00325>.

[9]

Sun, H. B., 2010, "Mechanical Loading, Cartilage Degradation, and Arthritis," Annals of
the New York Academy of Sciences, 1211(1) pp. 37-50.

91

(Accessed

on

of knee implants,

05/03/2015),

2015),

[10]

AAOS, 2014, Osteoarthritis of the Hip,
<http://orthoinfo.aaos.org/topic.cfm?topic=a00213>.

[11]

AAOS, 2014, Arthritis of the Knee, <http://orthoinfo.aaos.org/topic.cfm?topic=a00212>.

[12]

Liulin, W., 2012, Hip resurfacing prosthesis and total hip replacement, (Accessed on
04/23/2015),
<http://wangyulin.weebly.com/201542403739627208513341032622254422516326415.h
tml>.

[13]

Mattila, R., 2012, "Hip and Knee Replacement Implants : Information Package for
Nurses : Hoitonetti," .

[14]

Revell, P.A., 2008, "Joint replacement technology," Woodhead Publishing Limited,
Cambridge,UK, .

[15]

Advanced Medical Technology Association, 2004, "The Medical Technology Industry at
a Glance," Falls Church, VA: AdvaMed (the Lewis Group), .

[16]

Floyd,
2012,
Total
hip
replacement,
(Accessed
<http://www.floyd.org/services/Pages/surgery-faqs.aspx>.

[17]

Camdon Fary, 2010, Hip Replacement Surface Bearing, (Accessed on 04/26/2015),
<http://www.camdonfary.com.au/patientinfo/anteriorhipreplacement.html>.

[18]

Aaron Altenburg, 2012, Hip Joint New Articulating
<http://www.aaronaltenburgmd.com/new-technology.html>.

[19]

Rahaman, M. N., Yao, A., Bal, B. S., 2007, "Ceramics for Prosthetic Hip and Knee Joint
Replacement," Journal of the American Ceramic Society, 90(7) pp. 1965-1988.

[20]

AAOS, 2010, Knee Replacement Implants,
<http://orthoinfo.aaos.org/topic.cfm?topic=a00221>.

[21]

Orthopedic & fracture clinic, 2008, Rotating Platform Traditional Fixed Bearing,
(Accessed
on
04/25/2014),
<http://www.ofcoregon.com/computer_assisted_knee_surgery.htm>.

[22]

AAOS, 2013, Metal-on-metal hip implants,
<http://orthoinfo.aaos.org/topic.cfm?topic=A00625>.

(Accessed

(Accessed

(Accessed

on

on

04/02/2015),

03/26/2015),

Surfaces,

on

on

2012),

10/11/2013),

06/24/2014),

[23]

Bonesmart, 2014, Posterior cruciate ligament knee implnat, (Accessed on 01/19/2015),
<http://bonesmart.org/knee/types-of-total-knee-implants/>.

[24]

RENOVIS, 2013, Cruciate Retaining Knee System Features and Benefits, (Accessed on
01/26/2015), <http://www.renovis-surgical.com/2011/10/>.

92

[25]

BEZNOSKA, 2012, Types of total knee replacement – type, (Accessed on 04/26/2015),
<http://www.beznoska.com/product/total-knee-replacement-type-svlsvs/>.

[26]

CeramTec, A., 2009, Alumina knee prosthesis component, (Accessed on 09/03/2013),
<http://extranet.spk-tools.com/press/images/>.

[27]

Ing. Pavel, 2012, Knee replacement femoral component made of zirconia ceramics,
(Accessed on 10/24/2014), <http://www.biomechanika.cz/departments/21>.

[28]

Art Villa, 2012, Oxidized Zirconium Ceramic Surface, (Accessed on 01/16/2014),
<http://www.ajproductsolutions.com/ajsamples/knee_implant.html>.

[29]

Willmann, G., Zweymüller, K., and CeramTec, A., 2000, "Bioceramics in hip joint
replacement: proceedings 5th international CeramTec symposium, Febr. 18/19, 2000,"
Thieme, .

[30]

Boutin, P., 1972, "Total Arthroplasty of the Hip by Fritted Aluminum Prosthesis.
Experimental Study and 1st Clinical Applications," Revue De Chirurgie Orthopedique Et
Reparatrice De L'Appareil Moteur, 58(3) pp. 229-246.

[31]

Sedel, L., Hamadouche, M., Bizot, P., 2002, "Long Term Data Concerning the use of
Alumina on Alumina Bearings in Total Hip Replacements," Key Engineering Materials,
240pp. 769-772.

[32]

Mittelmeier, H., 1984, "Ceramic Prosthetic Devices," The Hip, pp. 146-160.

[33]

Langer, G., 2002, "Ceramic Tibial Plateau of the 70s Ceramics for Total Knee
Replacement: Status and Options," Bioceramics in Joint Arthroplasty, pp. 128-130.

[34]

Heimke, G., Leyen, S., and Willmann, G., 2002, "Knee Arthoplasty: Recently Developed
Ceramics Offer New Solutions," Biomaterials, 23(7) pp. 1539-1551.

[35]

Bergschmidt, P., Kluess, D., Zietz, C., 2011, "Composite Ceramics in Total Knee
Arthroplasty: Two-Year Experience in Clinical Application," Seminars in Arthroplasty,
22(4) pp. 264-270.

[36]

Skinner, H. B., 1999, "Ceramic Bearing Surfaces." Clinical Orthopaedics and Related
Research, 369pp. 83-91.

[37]

Heisel, C., Silva, M., and Schmalzried, T. P., 2003, "Bearing Surface Options for Total
Hip Replacement in Young Patients," The Journal of Bone & Joint Surgery, 85(7) pp.
1366-1379.

[38]

Bergmann, G., Graichen, F., and Rohlmann, A., 1993, "Hip Joint Loading during
Walking and Running, Measured in Two Patients," Journal of Biomechanics, 26(8) pp.
969-990.

93

[39]

Long, M., and Rack, H. J., 1998, "Titanium Alloys in Total Joint Replacement—a
Materials Science Perspective," Biomaterials, 19(18) pp. 1621-1639.

[40]

Chevalier, J., Gremillard, L., and Deville, S., 2007, "Low-Temperature Degradation of
Zirconia and Implications for Biomedical Implants," Annu.Rev.Mater.Res., 37pp. 1-32.

[41]

J. Garino, M. N. Rahaman, and B. S. Bal, 2006, "Failures of Modern Alumina Bearings
in Total Hip Arthroplasty," J. Bone Joint Surg. Am, .

[42]

Hernigou, P., and Bahrami, T., 2003, "Zirconia and Alumina Ceramics in Comparison
with Stainless-Steel Heads," Journal of Bone and Joint Surgery - Series B, 85(4) pp. 504509.

[43]

Rieger, W., 2001, "Ceramics in orthopedics–30 years of evolution and experience,"
World Tribology Forum in Arthroplasty, Anonymous .

[44]

Jahanmir, S., Ramulu, M., and Koshy, P., 1999, "Machining of ceramics and
composites," New York : Marcel Dekker, c1999, .

[45]

Heros, R. J., 1998, "Ceramic in total hip arthroplasty: history, mechanical properties,
clinical results, and current manufacturing state of the art," Seminars in Arthroplasty,
Anonymous .

[46]

Pfaff, H., 2000, "Ceramic Component Failure and the Role of Proof Testing." Clinical
Orthopaedics and Related Research, 379pp. 29-33.

[47]

Barrack, R. L., Barak, C., and Skinner, H. B., 2004, "Concerns about Ceramics in THA,"
Clinical Orthopaedics and Related Research, (429) pp. 73-79.

[48]

Yeung, E., Thornton-Bott, P., and Walter, W. L., 2010, "Ceramic-on-Ceramic: For the
Hard of Hearing and Living Alone—Opposes," Seminars in Arthroplasty, 21(1) pp. 2732.

[49]

Morlock, M., Nassutt, R., Janssen, R., 2001, "Mismatched Wear Couple Zirconium
Oxide and Aluminum Oxide in Total Hip Arthroplasty," The Journal of Arthroplasty,
16(8) pp. 1071-1074.

[50]

Park, Y. S., Park, S. J., and Lim, S. J., 2010, "Ten-Year Results After Cementless THA
with a Sandwich-Type Alumina Ceramic Bearing," Orthopedics, 33(11) pp. 79620100924-11.

[51]

Walter, W. L., O'toole, G. C., Walter, W. K., 2007, "Squeaking in Ceramic-on-Ceramic
Hips: The Importance of Acetabular Component Orientation," The Journal of
Arthroplasty, 22(4) pp. 496-503.

94

[52]

Keurentjes, J., Kuipers, R., Wever, D., 2008, "High Incidence of Squeaking in THAs
with Alumina Ceramic-on-Ceramic Bearings," Clinical Orthopaedics and Related
Research, 466(6) pp. 1438-1443.

[53]

Hannouche, D., Nich, C., Bizot, P., 2003, "Fractures of Ceramic Bearings: History and
Present Status," Clinical Orthopaedics and Related Research, (417)(417) pp. 19-26.

[54]

Garino, J. P., 2000, "Modern Ceramic-on-Ceramic Total Hip Systems in the United
States: Early Results." Clinical Orthopaedics and Related Research, 379pp. 41-47.

[55]

D'Antonio, J., Capello, W., Manley, M., 2002, "New Experience with Alumina-onAlumina Ceramic Bearings for Total Hip Arthroplasty," The Journal of Arthroplasty,
17(4) pp. 390-397.

[56]

Wachtman, J.B., Cannon, W.R., and Matthewson, M.J., 2009, "Mechanical properties of
ceramics," John Wiley & Sons, .

[57]

Barrack, R. L., Folgueras, A., Munn, B., 1997, "Pelvic Lysis and Polyethylene Wear at 58 Years in an Uncemented Total Hip." Clinical Orthopaedics and Related Research,
335pp. 211-217.

[58]

Maloney, W. J., Galante, J. O., Anderson, M., 1999, "Fixation, Polyethylene Wear, and
Pelvic Osteolysis in Primary Total Hip Replacement." Clinical Orthopaedics and Related
Research, 369pp. 157-164.

[59]

Lusty, P. J., Tai, C. C., Sew-Hoy, R. P., 2007, "Third-Generation Alumina-on-Alumina
Ceramic Bearings in Cementless Total Hip Arthroplasty," The Journal of Bone and Joint
Surgery.American Volume, 89(12) pp. 2676-2683.

[60]

Lusty, P. J., Watson, A., Tuke, M. A., 2007, "Wear and Acetabular Component
Orientation in Third Generation Alumina-on-Alumina Ceramic Bearings: An Analysis of
33 Retrievals [Corrected]," The Journal of Bone and Joint Surgery.British Volume, 89(9)
pp. 1158-1164.

[61]

Best, S. M., Porter, A. E., Thian, E. S., 2008, "Bioceramics: Past, Present and for the
Future," JOURNAL OF THE EUROPEAN CERAMIC SOCIETY, 28(7) pp. 1319-1327.

[62]

Hamadouche, M., and L, S., 2000, "Review Article Ceramics in Orthopadics," .

[63]

Vallet-Regía, M., 2001, "Ceramics for Medical Applications," pp. 97-108.

[64]

Kawahara, H., Hirabayashi, M., and Shikita, T., 1980, "Single Crystal Alumina for
Dental Implants and Bone Screws," Journal of Biomedical Materials Research, 14(5) pp.
597-605.

95

[65]

Hannouche, D., Hamadouche, M., Nizard, R., 2005, "Ceramics in Total Hip
Replacement." Clinical Orthopaedics and Related Research, 430pp. 62-71.

[66]

Shackelford, J.F., and Doremus, R.H., 2008, "Ceramic and glass materials : structure,
properties and processing," New York : Springer, c2008, .

[67]

Dorre, E., and Hubner, H., 1984, "Materials Research and Engineering,"Springer-Verlag
Berlin-Heidelberg-New York-Tokyo, pp. 16-40.

[68]

Dentalaegis, 2012, Inside Dental Ttechnology: Zirconia Phases, (Accessed on
03/04/2015), <https://www.dentalaegis.com/idt/2012/03/machinable-zirconia>.

[69]

Callister, W.D., 2007, "Materials Science and Engineering: An Introduction," John Wiley
& Sons, New York, pp. 606.

[70]

Deville, S., and Chevalier, J., 2003, "Martensitic Relief Observation by Atomic Force
Microscopy in Yttria‐Stabilized Zirconia," Journal of the American Ceramic Society,
86(12) pp. 2225-2227.

[71]

Carter, C.B., and Norton, M.G., 2013, "Ceramic materials science and engineering,"
Springer, New York, .

[72]

Rieger, W., 1993, "Aluminium-Und Zirkonoxidkeramik in Der Medizin," Industrie
Diamanten-Rundschau, 2pp. 116.

[73]

Willmann, G., 2000, "Ceramic Femoral Head Retrieval Data." Clinical Orthopaedics and
Related Research, 379pp. 22-28.

[74]

Heuer, A. H., 1987, "Transformation Toughening in ZrO2‐Containing Ceramics," Journal
of the American Ceramic Society, 70(10) pp. 689-698.

[75]

Brook, R.J., 2012, "Concise encyclopedia of advanced ceramic materials," Elsevier, .

[76]

Evans, A., and Heuer, A., 1980, "REVIEW—Transformation Toughening in Ceramics:
Martensitic Transformations in Crack‐Tip Stress Fields," Journal of the American
Ceramic Society, 63(5‐6) pp. 241-248.

[77]

Green, D. J., Hannink, R. H., and Swain, M. V., 1989, "Transformation Toughening of
Ceramics," .

[78]

Park, J.B., 2008, "Bioceramics: properties, characterizations, and applications," New
York : Springer, c2008, .

[79]

Gupta, T., Bechtold, J., Kuznicki, R., 1977, "Stabilization of Tetragonal Phase in
Polycrystalline Zirconia," Journal of Materials Science, 12(12) pp. 2421-2426.

96

[80]

Kumar, P., Oka, M., Ikeuchi, K., 1991, "Low Wear Rate of UHMWPE Against Zirconia
Ceramic (Y‐PSZ) in Comparison to Alumina Ceramic and SUS 316L Alloy," Journal of
Biomedical Materials Research, 25(7) pp. 813-828.

[81]

Marti, A., 2000, "Inert Bioceramics (Al 2 O 3, ZrO 2) for Medical Application," Injury,
31pp. D33-D36.

[82]

Willmann, G., 2000, "The Evolution of Ceramics in Total Hip Replacement," Hip
International, 10(4) pp. 193-203.

[83]

Tuersley, I., Jawaid, A., and Pashby, I., 1994, "Review: Various Methods of Machining
Advanced Ceramic Materials," Journal of Materials Processing Technology, 42(4) pp.
377-390.

[84]

Inoue, M., Kihara, Y., and Arakida, Y., 1989, "Injection Moulding Machine for HighPerformance Ceramics," Interceram, 38(2) pp. 53-57.

[85]

Samant, A. N., and Dahotre, N. B., 2009, "Laser Machining of Structural ceramics—A
Review," Journal of the European Ceramic Society, 29(6) pp. 969-993.

[86]

Kalpakjian, S., 2001, "Manufacturing engineering and technology," Pearson Education
India.

[87]

Konig, W., and Wagemann, A., 1993, "Machining of Ceramic Components: ProcessTechnological Potentials," NIST Spec.Publ., 847 Pp., 3.

[88]

Chryssolouris, G., Anifantis, N., and Karagiannis, S., 1997, "Laser Assisted Machining:
An Overview," Journal of Manufacturing Science and Engineering, 119(4B) pp. 766-769.

[89]

Kirchner, H. P., 1984, "Damage Penetration at Elongated Machining Grooves in HotPressed Si3N4," Journal of the American Ceramic Society, 67(2) pp. 127-132.

[90]

Koepke, B., 1972, "An Assessment of Surface and Subsurface Damage Introduced in
Ceramics by Semi-Finish Grinding Operations," The Science of Ceramic Machining and
Surface Finishing, 348pp. 317-332.

[91]

Zhang, B., 1993, "Precision grinding regime of advanced ceramics," Proceedings of the
1993 Annual Meeting of American Society of Precision Engineering, Seattle,
Washington, DC, Anonymous pp. 225-229.

[92]

Xu, H. H. K., and Jahanmir, S., 1995, "Microfracture and Material Removal in
Scratching of Alumina," Journal of Materials Science, 30(9) pp. 2235-2247.

[93]

Zhang, B., Zheng, X. L., Tokura, H., 2003, "Grinding Induced Damage in Ceramics,"
Journal of Materials Processing Technology, 132(1–3) pp. 353-364.

97

[94]

Klocke, F., Verlemann, E., and Schippers, C., 1999, "High-Speed Grinding of Ceramics,"
MANUFACTURING ENGINEERING AND MATERIALS PROCESSING, 53pp. 119138.

[95]

Marinescu, I.D., Tonshoff, H.K., and Inaski, I., 2000, "Handbook of Ceramics Grinding
& Polishing," William Andrew, .

[96]

Denkena, B., Reichstein, M., van, d. M., 2008, "Wear Analysis and Finishing of
Bioceramic Implant Surfaces," Studies in Health Technology and Informatics, 133pp. 7582.

[97]

Denkena, B., Lucas, A., and Bassett, E., 2011, "Effects of the Cutting Edge
Microgeometry on Tool Wear and its Thermo-Mechanical Load," CIRP Annals Manufacturing Technology, 60(1) pp. 73-76.

[98]

Bianchi, E., Aguiar, P., Da Silva, E., 2003, "Advanced Ceramics: Evaluation of the
Ground Surface," Cerâmica, 49(311) pp. 174-177.

[99]

Evans, A., and Marshall, D., 1980, "Wear Mechanisms in Ceramics," Fundamentals of
Friction and Wear of Materials, pp. 439-452.

[100]

Malkin, S., and Ritter, J. E., 1989, "Grinding Mechanisms and Strength Degradation for
Ceramics," Journal of Engineering for Industry, 111(2) pp. 167-174.

[101]

Brinksmeier, E., Riemer, O., and Osmer, J., 2008, "Tool Path Generation for UltraPrecision Machining of Free-Form Surfaces," Production Engineering, 2(3) pp. 241-246.

[102]

Denkena, B., Köhler, J., and van der Meer, M., 2013, "A Roughness Model for the
Machining of Biomedical Ceramics by Toric Grinding Pins," CIRP Journal of
Manufacturing Science and Technology, 6(1) pp. 22-33.

[103]

Turger, A., Köhler, J., Denkena, B., 2013, "Manufacturing Conditioned Roughness and
Wear of Biomedical Oxide Ceramics for all-Ceramic Knee Implants," BioMedical
Engineering OnLine, 12pp. 84.

[104]

Hwang, T. W., and Malkin, S., 1999, "Grinding Mechanisms and Energy Balance for
Ceramics," Journal of Manufacturing Science and Engineering, Transactions of the
ASME, 121(4) pp. 623-631.

[105]

Inasaki, I., 1987, "Grinding of Hard and Brittle Materials," CIRP Annals - Manufacturing
Technology, 36(2) pp. 463-471.

[106]

Bifano, T. G., Dow, T. A., and Scattergood, R. O., 1991, "Ductile-Regime Grinding. A
New Technology for Machining Brittle Materials," Journal of Engineering for Industry,
113(2) pp. 184-189.

98

[107]

Arai, S., Wilson, S. A., Corbett, J., 2009, "Ultra-Precision Grinding of PZT ceramics—
Surface Integrity Control and Tooling Design," International Journal of Machine Tools
and Manufacture, 49(12–13) pp. 998-1007.

[108]

Bifano, T., 1987, "PRECISION MACHINING OF CERAMIC MATERIALS." .

[109]

Huerta, M., and Malkin, S., 1976, "Grinding of Glass: The Mechanics of the Process,"
Journal of Manufacturing Science and Engineering, 98(2) pp. 459-467.

[110]

Yoshioka, J., Miyashita, M., Hashimoto, F., 1984, "High Precision Centerless Grinding
of Glass as a Preceding Operation to Polishing," SME Technical Paper MR84, 542.

[111]

Molloy, P., Schinker, M. G., and Doll, W., 1987, "Brittle fracture mechanisms in single
point glass abrasion," Hague International Symposium, Anonymous International Society
for Optics and Photonics, pp. 81-88.

[112]

Immelmann, S., Welle, E., and Reimers, W., 1997, "X-Ray Residual Stress Analysis on
Machined and Tempered HPSN-Ceramics," Materials Science and Engineering: A,
238(2) pp. 287-292.

[113]

Toh, S., and McPherson, R., 1984, "Fine scale abrasive wear of ceramics by a plastic
cutting process," Science of Hard Materials. Proc. 2 nd Int. Conf. on Science of Hard
Materials held at Rhodes 23-28 Sept. 1984. Edited by E. A. Almond, C. A. Brookes and
R. Warren. Bristol, Adam Hilger, 1986. Anonymous pp. 865.

[114]

Brinksmeier, E., Mutlugünes, Y., Klocke, F., 2010, "Ultra-Precision Grinding," CIRP
Annals - Manufacturing Technology, 59(2) pp. 652-671.

[115]

Chen, M. J., Li, D., Dong, S., 2004, "Factors Influencing the Surface Quality during
Ultra-Precision Grinding of Brittle Materials in Ductile Mode," Key Engineering
Materials, 257pp. 201-206.

[116]

Chen, J., Shen, J., Huang, H., 2010, "Grinding Characteristics in High Speed Grinding of
Engineering Ceramics with Brazed Diamond Wheels," Journal of Materials Processing
Technology, 210(6–7) pp. 899-906.

[117]

Denkena, B., Köhler, J., and Ventura, C. E. H., 2013, "Customized Cutting Edge
Preparation by Means of Grinding," Precision Engineering, 37(3) pp. 590-598.

[118]

Inasaki, I., and Nakayama, K., 1986, "High-Efficiency Grinding of Advanced Ceramics,"
CIRP Annals - Manufacturing Technology, 35(1) pp. 211-214.

[119]

Huang, H., and Liu, Y. C., 2003, "Experimental Investigations of Machining
Characteristics and Removal Mechanisms of Advanced Ceramics in High Speed Deep
Grinding," International Journal of Machine Tools and Manufacture, 43(8) pp. 811-823.

99

[120]

Majumdar, J. D., and Manna, I., 2013, "Introduction to Laser-Assisted Fabrication of
Materials," SPRINGER SERIES IN MATERIALS SCIENCE, (161) pp. 1-68.

[121]

KIRCHNER, H. P., and ISAACSON, E. D., 1982, "Residual Stresses in Hot-Pressed
Si3N4 Grooved by Single-Point Grinding," Journal of the American Ceramic Society,
65(1) pp. 55.

[122]

JOHNSON-WALLS, D., EVANS, A. G., MARSHALL, D. B., 1986, "Residual Stresses
in Machined Ceramic Surfaces," Journal of the American Ceramic Society, 69(1) pp. 4447.

[123]

Malkin, S., and Hwang, T. W., 1996, "Grinding Mechanisms for Ceramics," CIRP
Annals - Manufacturing Technology, 45(2) pp. 569-580.

[124]

Wu, H., Roberts, S. G., and Derby, B., 2001, "Residual Stress and Subsurface Damage in
Machined Alumina and Alumina/Silicon Carbide Nanocomposite Ceramics," Acta
Materialia, 49(3) pp. 507-517.

[125]

Roth, P., and Tonshoff, H., 1993, "Influence of Microstructure on Grindability of
Alumina Ceramics," Machining of Advanced Materials, pp. 247-261.

[126]

Krell, A., and Lippmann, K., 1984, "Response of Polycrystalline Al2O3 to Diamond
Grinding," Wear, 97(2) pp. 203-207.

[127]

Xu, H. H., and Jahanmir, S., 1994, "Simple Technique for Observing Subsurface Damage
in Machining of Ceramics," Journal of the American Ceramic Society, 77(5) pp. 13881390.

[128]

Annamalai, V., Sornakumar, T., Gokularathnam, C., 1993, "Efficient Grinding of CeTZP with SiC Wheels," Journal of the European Ceramic Society, 11(5) pp. 463-469.

[129]

Kovach, J. A., Blau, P., Malkin, S., 1993, "A Feasibility Investigation of High Speed,
Low Damage Grinding for Advanced Ceramics," TECHNICAL PAPERS-SOCIETY OF
MANUFACTURING ENGINEERS-ALL SERIES-, .

[130]

Hwang, T., Evans, C., and Malkin, S., 2000, "High Speed Grinding of Silicon Nitride
with Electroplated Diamond Wheels, Part 2: Wheel Topography and Grinding
Mechanisms," Journal of Manufacturing Science and Engineering, 122(1) pp. 42-50.

[131]

Stinton, D., 1988, Assessment of the State of the Art in Machining and Surface
Preparation of Ceramics, .

[132]

Wobker, H., and Tonshoff, H., 1993, "High-Efficiency Grinding of Structural Ceramics,"
NIST Spec.Publ., 847 Pp., 171.

100

[133]

Anonymous 2002, "Hip Implants Industry Profile: United States," MarketLine, a
Datamonitor business, .

[134]

Chang, C., and Kuo, C., 2007, "Evaluation of Surface Roughness in Laser-Assisted
Machining of Aluminum Oxide Ceramics with Taguchi Method," International Journal of
Machine Tools and Manufacture, 47(1) pp. 141-147.

[135]

Konig, W., and Zaboklicki, A., 1993, "Laser-Assisted Hot Machining of Ceramics and
Composite Materials," NIST Spec.Publ., 847 Pp., 455.

[136]

Kim, K. S., Kim, J. H., Choi, J. Y., 2011, "A Review on Research and Development of
Laser Assisted Turning," International Journal of Precision Engineering and
Manufacturing, 12(4) pp. 753-759.

[137]

Islam, M., and Campbell, G., 1993, "Laser Machining of Ceramics: A Review,"
MATERIAL AND MANUFACTURING PROCESS, 8(6) pp. 611-630.

[138]

Chryssolouris, G., 1991, "Laser machining : theory and practice," New York : SpringerVerlag, c1991, .

[139]

Ki, H., Mohanty, P. S., and Mazumder, J., 2002, "Multiple Reflection and its Influence
on Keyhole Evolution," Journal of Laser Applications, 14(1) pp. 39-45.

[140]

Bang, S. Y., and Modest, M. F., 1991, "Multiple Reflection Effects on Evaporative
Cutting with a Moving CW Laser," Journal of Heat Transfer, 113(3) pp. 663-669.

[141]

Samant, A., 2009, "Laser Machining of Structural Ceramics: Computational and
Experimental Analysis," .

[142]

Konig, W., and Wageman, A., 1990, "Fine machining of advanced ceramics," Ceramics
Today- Tomorrow's Ceramics. Proc. 7 th Int. Meeting on Modern Ceramics
Technologies(7 th CIMTEC- World Ceramics Congress). Part D Montecatini Terme, 2430 June 1990, Anonymous pp. 2769-2783.

[143]

Rozzi, J. C., 1997, "Experimental and Theoretical Evaluation of the Laser-Assisted
Machining of Silicon Nitride," .

[144]

Lei, S., Shin, Y. C., and Incropera, F. P., 2000, "Deformation Mechanisms and
Constitutive Modeling for Silicon Nitride Undergoing Laser-Assisted Machining,"
International Journal of Machine Tools and Manufacture, 40(15) pp. 2213-2233.

[145]

Chang, C., and Kuo, C., 2007, "An Investigation of Laser-Assisted Machining of Al2O3
Ceramics Planing," International Journal of Machine Tools and Manufacture, 47(3–4) pp.
452-461.

101

[146]

Pfefferkorn, F. E., Shin, Y. C., Tian, Y., 2004, "Laser-Assisted Machining of MagnesiaPartially-Stabilized Zirconia," Journal of Manufacturing Science and Engineering, 126(1)
pp. 42-51.

[147]

Rebro, P. A., Pfefferkorn, F., Shin, Y., 2002, "Comparative Assessment of LaserAssisted Machining for various Ceramics," TECHNICAL PAPERS-SOCIETY OF
MANUFACTURING ENGINEERS-ALL SERIES-, .

[148]

Lei, S., Shin, Y. C., and Incropera, F. P., 2001, "Experimental Investigation of ThermoMechanical Characteristics in Laser-Assisted Machining of Silicon Nitride Ceramics,"
Journal of Manufacturing Science and Engineering, 123(4) pp. 639-646.

[149]

Wallstabe, R., 2013, "Laser-Assisted Surface Modification of Alumina and its
Tribological Behavior: Feasibility for Application in Unlubricated High Performance
Friction Systems," Journal of Materials Engineering and Performance, 22(1) pp. 223-235.

[150]

Davim, J.P., 2009, "Surface integrity in machining," New York ; London : Springer,
2009, .

[151]

Shin, Y. C., and Kim, J., 1996, "Plasma enhanced machining of Inconel 718," ASME
International Mechanical Engineering Congress and Exposition, Atlanta, Anonymous 4,
pp. 243-249.

[152]

Leshock, C. E., Kim, J., and Shin, Y. C., 2001, "Plasma Enhanced Machining of Inconel
718: Modeling of Workpiece Temperature with Plasma Heating and Experimental
Results," International Journal of Machine Tools and Manufacture, 41(6) pp. 877-897.

[153]

Novak, J., Shin, Y., and Incropera, F., 1994, "Assessment of plasma enhanced machining
for improved machinability of Inconel 718," The 1994 International Mechanical
Engineering Congress and Exposition, Anonymous pp. 443-451.

[154]

Copley, S., 1983, "Laser Shaping of Materials.(Retroactive Coverage)," Lasers in
Materials Processing, pp. 82-92.

[155]

Uehara, K., and Takeshita, H., 1986, "Cutting Ceramics with a Technique of Hot
Machining," CIRP Annals - Manufacturing Technology, 35(1) pp. 55-58.

[156]

Jeon, Y., and Lee, C. M., 2012, "Current Research Trend on Laser Assisted Machining,"
International Journal of Precision Engineering and Manufacturing, 13(2) pp. 311-317.

[157]

Dahotre, N.B., and Harimkar, S.P., 2008, "Laser fabrication and machining of materials,"
New York, N.Y. : Springer, c2008, .

[158]

Klocke, F., and Bergs, T., 1997, "Laser-assisted turning of advanced ceramics," Lasers
and Optics in Manufacturing III, Anonymous International Society for Optics and
Photonics, pp. 120-130.

102

[159]

Tian, Y., and Shin, Y. C., 2006, "Laser-Assisted Machining of Damage-Free Silicon
Nitride Parts with Complex Geometric Features Via in-Process Control of Laser Power,"
Journal of the American Ceramic Society, 89(11) pp. 3397-3405.

[160]

Germain, G., Lebrun, J., Braham-Bouchnak, T., 2008, "Laser-Assisted Machining of
Inconel 718 with Carbide and Ceramic Inserts," International Journal of Material
Forming, 1(1) pp. 523-526.

[161]

Bowman, K. J., Pfefferkorn, F. E., and Shin, Y. C., 2002, "Recrystallization textures
during laser-assisted machining of zirconia ceramics," Materials Science Forum,
Anonymous Trans Tech Publ, 408, pp. 1669-1674.

[162]

Rozzi, J. C., Pfefferkorn, F. E., Shin, Y. C., 2000, "Experimental Evaluation of the Laser
Assisted Machining of Silicon Nitride Ceramics," Journal of Manufacturing Science and
Engineering, 122(4) pp. 666-670.

[163]

Kannan, M. V., Kuppan, P., Kumar, A. S., 2014, "Effect of Laser Scan Speed on Surface
Temperature, Cutting Forces and Tool Wear during Laser Assisted Machining of
Alumina," Procedia Engineering, 97pp. 1647-1656.

[164]

Lemaitre, J., 1984, "How to use Damage Mechanics," Nuclear Engineering and Design,
80(2) pp. 233-245.

[165]

Kachanov, M., 1980, "Continuum Model of Medium with Cracks," Journal of the
Engineering Mechanics Division, 106(5) pp. 1039-1051.

[166]

Grzybowski, M., and Meyer, C., 1993, "Damage Accumulation in Concrete with and
without Fiber Reinforcement," ACI Materials Journal, 90(6) .

[167]

Ortiz, M., 1985, "A Constitutive Theory for the Inelastic Behavior of Concrete,"
Mechanics of Materials, 4(1) pp. 67-93.

[168]

Zhang, B., and Peng, X., 2000, "Grinding Damage Prediction for Ceramics Via CDM
Model," Journal of Manufacturing Science and Engineering, 122(1) pp. 51-58.

[169]

Chaboche, J., Lesne, P., and Maire, J., 1995, "Continuum Damage Mechanics,
Anisotropy and Damage Deactivation for Brittle Materials Like Concrete and Ceramic
Composites," .

[170]

Kachanov, L., 1986, "Introduction to continuum damage mechanics," Springer Science &
Business Media, .

[171]

Rabotnov, Y. N., 1963, "Paper 68: On the equation of state of creep," Proceedings of the
Institution of Mechanical Engineers, Conference Proceedings, Anonymous SAGE
Publications, 178, pp. 2-117-2-122.

103

[172]

Liu, X., and Zhang, B., 2002, "Machining Simulation for Ceramics Based on Continuum
Damage Mechanics," Journal of Manufacturing Science and Engineering, 124(3) pp. 553561.

[173]

Warner, D. H., and Molinari, J. F., 2006, "Micromechanical Finite Element Modeling of
Compressive Fracture in Confined Alumina Ceramic," Acta Materialia, 54(19) pp. 51355145.

[174]

Camacho, G., and Ortiz, M., 1996, "Computational Modelling of Impact Damage in
Brittle Materials," International Journal of Solids and Structures, 33(20) pp. 2899-2938.

[175]

Zavattieri, P. D., Raghuram, P. V., and Espinosa, H. D., 2001, "A Computational Model
of Ceramic Microstructures Subjected to Multi-Axial Dynamic Loading," Journal of the
Mechanics and Physics of Solids, 49(1) pp. 27-68.

[176]

Xu, X., and Needleman, A., 1994, "Numerical Simulations of Fast Crack Growth in
Brittle Solids," Journal of the Mechanics and Physics of Solids, 42(9) pp. 1397-1434.

[177]

Needleman, A., 1990, "An Analysis of Decohesion Along an Imperfect Interface,"
International Journal of Fracture, 42(1) pp. 21-40.

[178]

Johnson, G., and Holmquist, T., 1992, "A Computational Constitutive Model for Brittle
Materials Subjected to Large Strains, High Strain Rates and High Pressures," Shock
Wave and High-Strain-Rate Phenomena in Materials, pp. 1075-1081.

[179]

Johnson, G. R., and Holmquist, T. J., 1994, "An Improved Computational Constitutive
Model for Brittle Materials," AIP Conference Proceedings, 309(1) pp. 981-984.

[180]

Zhang, W., and Subhash, G., 2001, "Finite Element Analysis of Interacting Vickers
Indentations on Brittle Materials," Acta Materialia, 49(15) pp. 2961-2974.

[181]

Cao, Y., 2001, "Failure Analysis of Exit Edges in Ceramic Machining using Finite
Element Analysis," Engineering Failure Analysis, 8(4) pp. 325-338.

[182]

Chuang, T., Jahanmir, S., and Tang, H. C., 2003, "Finite Element Simulation of Straight
Plunge Grinding for Advanced Ceramics," Journal of the European Ceramic Society,
23(10) pp. 1723-1733.

[183]

Alder, B. J., and Wainwright, T., 1959, "Studies in Molecular Dynamics. I. General
Method," The Journal of Chemical Physics, 31(2) pp. 459-466.

[184]

Alder, B., and Wainwright, T., 1960, "Studies in Molecular Dynamics. II. Behavior of a
Small Number of Elastic Spheres," The Journal of Chemical Physics, 33(5) pp. 14391451.

104

[185]

Komanduri, R., Chandrasekaran, N., and Raff, L., 2000, "MD Simulation of Nanometric
Cutting of Single Crystal Aluminum–effect of Crystal Orientation and Direction of
Cutting," Wear, 242(1) pp. 60-88.

[186]

Komanduri, R., Chandrasekaran, N., and Raff, L. M., 2000, "MD Simulation of
Indentation and Scratching of Single Crystal Aluminum," Wear, 240(1–2) pp. 113-143.

[187]

Komanduri, R., Chandrasekaran, N., and Raff, L. M., 1999, "Orientation Effects in
Nanometric Cutting of Single Crystal Materials: An MD Simulation Approach," CIRP
Annals - Manufacturing Technology, 48(1) pp. 67-72.

[188]

Ikawa, N., Shimada, S., Tanaka, H., 1991, "An Atomistic Analysis of Nanometric Chip
Removal as Affected by Tool-Work Interaction in Diamond Turning," CIRP AnnalsManufacturing Technology, 40(1) pp. 551-554.

[189]

Rentsch, R., and Inasaki, I., 1994, "Molecular Dynamics Simulation for Abrasive
Processes," CIRP Annals - Manufacturing Technology, 43(1) pp. 327-330.

[190]

Rentsch, R. G., and Inasaki, I., 1995, "Indentation simulation on brittle materials by
molecular dynamics," Photonics East'95, Anonymous International Society for Optics
and Photonics, pp. 214-224.

[191]

Harrison, J., Brenner, D., White, C., 1991, "Atomistic Mechanisms of Adhesion and
Compression of Diamond Surfaces," Thin Solid Films, 206(1) pp. 213-219.

[192]

Harrison, J., White, C., Colton, R., 1992, "Molecular-Dynamics Simulations of AtomicScale Friction of Diamond Surfaces," Physical Review B, 46(15) pp. 9700.

[193]

Kim, D., and Suh, N., 1994, "Molecular Dynamics Investigation of Two-Dimensional
Atomic-Scale Friction," Journal of Tribology, 116(2) pp. 225-231.

[194]

Komanduri, R., Chandrasekaran, N., and Raff, L. M., 2000, "M.D. Simulation of
Nanometric Cutting of Single Crystal Aluminum–effect of Crystal Orientation and
Direction of Cutting," Wear, 242(1–2) pp. 60-88.

[195]

Tan, Y., Yang, D., and Sheng, Y., 2009, "Discrete Element Method (DEM) Modeling of
Fracture and Damage in the Machining Process of Polycrystalline SiC," Journal of the
European Ceramic Society, 29(6) pp. 1029-1037.

[196]

Tan, Y., Yang, D., and Sheng, Y., 2008, "Study of Polycrystalline Al2O3 Machining
Cracks using Discrete Element Method," International Journal of Machine Tools and
Manufacture, 48(9) pp. 975-982.

[197]

Dandekar, C. R., and Shin, Y. C., 2013, "Multi-Scale Modeling to Predict Sub-Surface
Damage Applied to Laser-Assisted Machining of a Particulate Reinforced Metal Matrix
Composite," Journal of Materials Processing Technology, 213(2) pp. 153-160.

105

[198]

Rozzi, J. C., Pfefferkorn, F. E., Incropera, F. P., 2000, "Transient, Three-Dimensional
Heat Transfer Model for the Laser Assisted Machining of Silicon Nitride: I. Comparison
of Predictions with Measured Surface Temperature Histories," International Journal of
Heat and Mass Transfer, 43(8) pp. 1409-1424.

[199]

Tian, Y., and Shin, Y. C., 2007, "Multiscale Finite Element Modeling of Silicon Nitride
Ceramics Undergoing Laser-Assisted Machining," Journal of Manufacturing Science and
Engineering, 129(2) pp. 287-295.

[200]

Shen, X., Yang, B., and Lei, S., 2010, "Distinct Element Modeling of Laser Assisted
Milling of Silicon Nitride Ceramics," Journal of Manufacturing Processes, 12(1) pp. 3037.

[201]

Bergschmidt, P., Lohmann, C., Ganzer, D., 2011, "Total Knee Replacement with
Ceramic Femoral Components: A National Prospective Multicenter Study of Clinical and
Radiological Outcomes," Der Orthopade, 40(3) pp. 224-230.

[202]

McKellop, H., Clarke, I., Markolf, K., 1981, "Friction and Wear Properties of Polymer,
Metal, and Ceramic Prosthetic Joint Materials Evaluated on a Multichannel Screening
Device," Journal of Biomedical Materials Research, 15(5) pp. 619-653.

[203]

Hall, R. M., and Unsworth, A., 1997, "Friction in Hip Prostheses," Biomaterials, 18(15)
pp. 1017-1026.

[204]

Oonishi, H., Igaki, H., and Takayama, Y., 1988, "Comparison of wear of UHMWPE
sliding against metal and alumina in total hip prostheses—Wear test and clinical results,"
3rd World Biomaterials Congress, Transactions, Anonymous pp. 337.

[205]

Unsworth, A., Hall, R. M., Burgess, I. C., 1995, "Frictional Resistance of New and
Explanted Artificial Hip Joints," Wear, 190(2) pp. 226-231.

[206]

McKellop, H., Lu, B., and Benya, P., 1992, "Friction, Lubrication and Wear of CobaltChromium, Alumina and Zirconia Hip Prostheses Compared on a Joint Simulator,"
Trans.Orthop.Res.Soc, 17pp. 402.

[207]

Lennon, A., and Prendergast, P., 2001, "Evaluation of Cement Stresses in Finite Element
Analyses of Cemented Orthopaedic Implants," Journal of Biomechanical Engineering,
123(6) pp. 623-628.

[208]

Lu, Z., and McKellop, H., 1997, "Effects of Cement Creep on Stem Subsidence and
Stresses in the Cement Mantle of a Total Hip Replacement," Journal of Biomedical
Materials Research, 34(2) pp. 221-226.

[209]

Norman, T., Thyagarajan, G., Saligrama, V., 2001, "Stem Surface Roughness Alters
Creep Induced Subsidence and ‘taper-Lock’in a Cemented Femoral Hip Prosthesis,"
Journal of Biomechanics, 34(10) pp. 1325-1333.

106

[210]

Nuno, N., and Amabili, M., 2002, "Modelling Debonded Stem–cement Interface for Hip
Implants: Effect of Residual Stresses," Clinical Biomechanics, 17(1) pp. 41-48.

[211]

Flannery, M., Flanagan, S., Jones, E., 2010, "Compliant Layer Knee Bearings: Part I:
Friction and Lubrication," Wear, 269(5–6) pp. 325-330.

[212]

Jin, Z. M., Stone, M., Ingham, E., 2006, "(V) Biotribology," Current Orthopaedics, 20(1)
pp. 32-40.

[213]

Flannery, M., Jones, E., and Birkinshaw, C., 2008, "Analysis of Wear and Friction of
Total Knee Replacements Part II: Friction and Lubrication as a Function of Wear," Wear,
265(7–8) pp. 1009-1016.

[214]

Brockett, C., Williams, S., Jin, Z., 2007, "Friction of Total Hip Replacements with
Different Bearings and Loading Conditions," Journal of Biomedical Materials Research Part B Applied Biomaterials, 81(2) pp. 508-515.

[215]

McCann, L., Ingham, E., Jin, Z., 2009, "An Investigation of the Effect of Conformity of
Knee Hemiarthroplasty Designs on Contact Stress, Friction and Degeneration of
Articular Cartilage: A Tribological Study," Journal of Biomechanics, 42(9) pp. 13261331.

[216]

Linn, F. C., 1967, "Lubrication of Animal Joints. I. the Arthrotripsometer," The Journal
of Bone and Joint Surgery.American Volume, 49(6) pp. 1079-1098.

[217]

Linn, F. C., 1968, "Lubrication of Animal Joints. II. the Mechanism," Journal of
Biomechanics, 1(3) pp. 193-205.

[218]

Johnson, K., Greenwood, J., and Poon, S., 1972, "A Simple Theory of Asperity Contact
in Elastohydro-Dynamic Lubrication," Wear, 19(1) pp. 91-108.

[219]

Dowson, D., 2001, "New Joints for the Millennium: Wear Control in Total Replacement
Hip Joints," Proceedings of the Institution of Mechanical Engineers.Part H, Journal of
Engineering in Medicine, 215(4) pp. 335-358.

[220]

Hall, R., Bankes, M., and Blunn, G., 2001, "Biotribology for Joint Replacement," Current
Orthopaedics, 15(4) pp. 281-290.

[221]

Scholes, S. C., Unsworth, A., Hall, R. M., 2000, "The Effects of Material Combination
and Lubricant on the Friction of Total Hip Prostheses," Wear, 241(2) pp. 209-213.

[222]

Davidson, J., 1991, Phenomena Related to Adhesive and Oxidation Abrasive Wear and
Friction of Metal Orthopaedic Implant Bearing Surfaces, .

107

[223]

Nuño, N., Groppetti, R., and Senin, N., 2006, "Static Coefficient of Friction between
Stainless Steel and PMMA used in Cemented Hip and Knee Implants," Clinical
Biomechanics, 21(9) pp. 956-962.

[224]

Kurtz, S. M., and Ong, K., 2009, "Contemporary Total Hip Arthroplasty: Hard-on-Hard
Bearings and Highly Crosslinked UHMWPE," UHMWPE Biomaterials Handbook, pp.
55-79.

[225]

Walter, W. L., Insley, G. M., Walter, W. K., 2004, "Edge Loading in Third Generation
Alumina Ceramic-on-Ceramic Bearings: Stripe Wear1 1Benefits Or Funds were
Received in Partial Or Total Support of the Research Material Described in this Article
from Stryker International, Newbury, United Kingdom and Finsbury Instruments, Surrey,
United Kingdom." The Journal of Arthroplasty, 19(4) pp. 402-413.

[226]

Zietz, C., Kluess, D., Bergschmidt, P., 2011, "Tribological Aspects of Ceramics in Total
Hip and Knee Arthroplasty," Seminars in Arthroplasty, 22(4) pp. 258-263.

[227]

Nassutt, R., Wimmer, M. A., Schneider, E., 2003, "The Influence of Resting Periods on
Friction in the Artificial Hip." Clinical Orthopaedics and Related Research, 407pp. 127138.

[228]

Banchet, V., Fridrici, V., Abry, J. C., 2007, "Wear and Friction Characterization of
Materials for Hip Prosthesis," Wear, 263(7–12) pp. 1066-1071.

[229]

Hall, R. M., Bankes, M. J. K., and Blunn, G., 2001, "Biotribology for Joint
Replacement," Current Orthopaedics, 15(4) pp. 281-290.

[230]

O'Connor, D., Burke, D., Bragdon, C., 1998, "Dynamic Frictional Comparison of
Different Femoral Head Sizes and Different Lubricants," Journal of Biomechanics, 31pp.
113.

[231]

Hsu, J., Chang, C., Huang, H., 2007, "The Number of Screws, Bone Quality, and Friction
Coefficient Affect Acetabular Cup Stability," Medical Engineering & Physics, 29(10) pp.
1089-1095.

[232]

Scholes, S. C., and Unsworth, A., 2006, "The Effects of Proteins on the Friction and
Lubrication of Artificial Joints," Proceedings of the Institution of Mechanical
Engineers.Part H, Journal of Engineering in Medicine, 220(6) pp. 687-693.

[233]

Narkbunnam, R., and Chareancholvanich, K., 2012, "Causes of Failure in Total Knee
Arthroplasty," Journal of the Medical Association of Thailand = Chotmaihet Thangphaet,
95(5) pp. 667-673.

[234]

Kurtz, S. M., Lau, E., Ong, K., 2009, "Future Young Patient Demand for Primary and
Revision Joint Replacement: National Projections from 2010 to 2030," Clinical
Orthopaedics and Related Research, 467(10) pp. 2606-2612.

108

[235]

Kurtz, S., Mowat, F., Ong, K., 2005, "Prevalence of Primary and Revision Total Hip and
Knee Arthroplasty in the United States from 1990 through 2002," Journal of Bone &
Joint Surgery, American Volume, 87A(7) pp. 1487-1497.

[236]

Seil, R., and Pape, D., 2011, "Causes of Failure and Etiology of Painful Primary Total
Knee Arthroplasty," Knee Surgery, Sports Traumatology, Arthroscopy, 19(9) pp. 14181432.

[237]

Amanatullah, D. F., Landa, J., Strauss, E. J., 2011, "Comparison of Surgical Outcomes
and Implant Wear between Ceramic-Ceramic and Ceramic-Polyethylene Articulations in
Total Hip Arthroplasty," The Journal of Arthroplasty, 26(6) pp. 72-77.

[238]

Saito, S., Tokuhashi, Y., Ishii, T., 2011, "Bilateral Fatigue Fracture of the Femoral
Components in a Cruciate-Retaining Cementless Total Knee Prosthesis," Orthopedics,
34(10) pp. 811.

[239]

Michos, J., Rallis, J., and Fassoulas, A., 2006, "Fracture of Femoral Component in a
Resurfacing Total Knee Arthroplasty," The Journal of Arthroplasty, 21(7) pp. 1068-1071.

[240]

Ho, T., Tsai, R., Lee, P., 2004, "Early Tibial Tray Failure of a Duracon Knee with
Retrieval Analysis," The Journal of Arthroplasty, 19(6) pp. 797-802.

[241]

Swarts, E., Miller, S. J., Keogh, C. V., 2001, "Fractured Whiteside Ortholoc II Knee
Components," The Journal of Arthroplasty, 16(7) pp. 927-934.

[242]

Bartel, D. L., Burstein, A. H., Santavicca, E. A., 1982, "Performance of the Tibial
Component in Total Knee Replacement," The Journal of Bone and Joint
Surgery.American Volume, 64(7) pp. 1026-1033.

[243]

Morrey, B. F., and Chao, E. Y., 1988, "Fracture of the Porous-Coated Metal Tray of a
Biologically Fixed Knee Prosthesis Report of a Case." Clinical Orthopaedics and Related
Research, 228pp. 182-189.

[244]

Yates, P. J., Quraishi, N. A., Kop, A., 2008, "Fractures of Modern High Nitrogen
Stainless Steel Cemented Stems: Cause, Mechanism, and Avoidance in 14 Cases," The
Journal of Arthroplasty, 23(2) pp. 188-196.

[245]

Buttaro, M. A., Mayor, M. B., Van Citters, D., 2007, "Fatigue Fracture of a Proximally
Modular, Distally Tapered Fluted Implant with Diaphyseal Fixation," The Journal of
Arthroplasty, 22(5) pp. 780-783.

[246]

Jarvi, K., and Kerry, R. M., 2007, "Segmental Stem Fracture of a Cemented Femoral
Prosthesis," The Journal of Arthroplasty, 22(4) pp. 612-616.

109

[247]

Della Valle, A. G., Becksaç, B., Anderson, J., 2005, "Late Fatigue Fracture of a Modern
Cemented [Corrected] Cobalt Chrome Stem for Total Hip Arthroplasty: A Report of 10
Cases," The Journal of Arthroplasty, 20(8) pp. 1084-1088.

[248]

O’Neill, B. J., Cleary, M., and McElwain, J. P., 2013, "Fatigue Fracture of Tibial
Arthroplasty Implant Masked by Contralateral Knee Arthritis," International Journal of
Surgery Case Reports, 4(5) pp. 496-499.

[249]

Luring, C., Perlick, L., Schubert, T., 2007, "A Rare Cause for Knee Pain: Fracture of the
Femoral Component After TKR. A Case Report," Knee Surgery, Sports Traumatology,
Arthroscopy, 15(6) pp. 756-757.

[250]

Han, C. D., Han, C. W., and Yang, I. H., 2009, "Femoral Component Fracture due to
Osteolysis After Cemented Mobile-Bearing Total Knee Arthroplasty," The Journal of
Arthroplasty, 24(2) pp. 323. e7-323. e12.

[251]

Klepetko, W., Moritz, A., Mlczoch, J., 1989, "Leaflet Fracture in Edwards-Duromedics
Bileaflet Valves," The Journal of Thoracic and Cardiovascular Surgery, 97(1) pp. 90-94.

[252]

Engh, G. A., Dwyer, K. A., and Hanes, C. K., 1992, "Polyethylene Wear of MetalBacked Tibial Components in Total and Unicompartmental Knee Prostheses," The
Journal of Bone and Joint Surgery.British Volume, 74(1) pp. 9-17.

[253]

John, K.R.S., 1992, "Particulate debris from medical implants: mechanisms of formation
and biological consequences," ASTM International, .

[254]

Accutek, 2013, Hip Prostheses Fatigue Testing, (Accessed on 03/02/2014),
<http://www.accutektesting.com/industries/medical-device-testing/hip-implanttesting#Fatigue>.

[255]

Teoh, S. H., 2000, "Fatigue of Biomaterials: A Review," International Journal of Fatigue,
22(10) pp. 825-837.

[256]

Accutek, 2011, Total Knee Replacement Testing, (Accessed on 04/06/2014),
<http://www.accutektesting.com/industries/medical-device-testing/total-kneereplacement-testing#Fatigue>.

[257]

Anasane, S., Pandey, A., Rathi, K. K., 2007, "Total knee prosthesis: design, manufacture,
and testing," International Conference on Total Engineering, Analysis and Manufacturing
Technologies, Bangalore, Anonymous pp. 4-6.

[258]

Testresources, 2008, Hip Implant Fatigue Test Standards, (Accessed on 03/04/2014),
<http://www.testresources.net/application/hip-implant-fatigue-astm-test-equipment-periso-7206-testresources>.

110

[259]

ASTM F2723, 2012, Fatigue Test Baseplate/Bearing Fixation, (Accessed on 05/01/2015),
<http://www.endolab.org>.

[260]

ASTM F2777, 2010, Fatigue Test Under High Flexion , ENDOLAB, (Accessed on
02/16/2014), <http://www.endolab.org/implant-testing.asp?>.

[261]

ISO 14879, 2010, Fatigue of Knee Joint Prostheses, Accutek, (Accessed on 11/23/2013),
<http://www.testresources.net/applications/standards/iso/iso-14879-fatigue-of-knee-jointprostheses-test-machines>.

[262]

ASTM F2723, 2012, Fatigue Test Baseplate/Bearing Fixation , ENDOLAB, (Accessed
on 11/24/2014), <http://www.endolab.org/implant-testing.asp>.

[263]

ASTM F2722, 2012, Fatigue Test Baseplate/Bearing Fixation , ENDOLAB, (Accessed
on 11/23/2014), <http://www.endolab.org/implant-testing.asp>.

[264]

Li, J., and Hastings, G., 1998, "Handbook of Biomaterial Properties,"Springer, pp. 340354.

[265]

Rösler, J., and Harders, H., 2007, "Mechanical behaviour of engineering material :
metals, ceramics, polymers, and composites," Berlin ; New York : Springer, 2007, .

[266]

Zhang, T., Harrison, N., McDonnell, P., 2013, "A Finite Element Methodology for
Wear–fatigue Analysis for Modular Hip Implants," Tribology International, 65pp. 113127.

[267]

Villa, T., Migliavacca, F., Gastaldi, D., 2004, "Contact Stresses and Fatigue Life in a
Knee Prosthesis: Comparison between in Vitro Measurements and Computational
Simulations," Journal of Biomechanics, 37(1) pp. 45-53.

[268]

Pruitt, L.A., and Chakravartula, A.M., 2011, "Mechanics of biomaterials [electronic
resource] : fundamental principles for implant design / Lisa A. Pruitt, Ayyana M.
Chakravartula," Cambridge ; New York : Cambridge University Press, 2011, .

111

CHAPTER 3
FINITE ELEMENT SIMULATION OF CERAMIC GRINDING

3.1

Introduction
Osteoarthritis of the knee joint is a commonly occurring disease that affects more than

27 million U.S. adults [1]. It occurs when protective cartilage wears down and initiates painful
bone-on-bone contact. One treatment option is to restore knee function by total knee
arthroplasty (TKA) [2]. In TKA, the entire joint is replaced by an artificial implant. However,
current knee implants made of stainless steel, titanium, and cobalt-chromium alloys have
unsatisfactory performance including pitting corrosion, stress corrosion cracking, ion release,
and poor wear resistance [3]. These problems lead to allergic or other hypersensitivity reactions,
bone atrophy, and aseptic loosening that finally result in implant failure. An alternative class of
biomaterials that avoids these complications is ceramics. Ceramics are biocompatible and
capablity of providing long term durability due to their high hardness, high wear resistance, and
high strength-to-weight ratio [4, 5]. Moreover, ceramics have good wetting and lubrication
behavior in vivo which further reduce friction and wear.
Alumina is a promising ceramic biomaterial that has proved successful for orthopedic
applications since the 1970’s [6]. Despite its advantages as a ceramic, concerns about reliability
still exist today. For instance, alumina has a low fracture toughness which can facilitate crack
propagation at flaw sites on or below the surface [7, 8]. Eliminating these flaws during
manufacturing is the critical technical barrier to improving material strength and performance of
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knee implants. One method widely used to minimize flaws in the bulk material is hot isostatic
pressing (HIP). An implant achieves full density and a finer grain size with HIP. On the surface,
minimizing flaws is more challenging because damage is often introduced during the machining
process. This damage can be minimalized by better understanding material removal mechanisms.
Material removal mechanisms can be divided into brittle and ductile modes. In brittle
mode, material removal is accomplished through crack nucleation, propagation, and coalescence
[9]. Grinding alumina is traditionally brittle mode and often results in surface and subsurface
damage and strength degradation [10-12]. On the contrary, material removal in ductile mode is
achieved by severe plastic deformation and eventual chip formation. In grinding, sheared chips
form when the machining depth is less than a critical cutting depth [13]. As a result, surfaces are
damage free.
Since grinding includes multiple randomly distributed abrasive grit cutting edges, a single
point scratch is widely used instead to investigate material removal mechanisms [14-20]. By
analyzing the groove generated by the single point scratch, grinding induced damage can be
studied. One approach to characterize damage is the finite element method (FEM). FEM is useful
because the transient stresses and strains are difficult to obtain due to the dynamic nature of
grinding and the small size of the tool/workpiece contact region. Even though several numerical
models of ceramic machining have been developed, few have incorporated plastic deformation
and damage evolution in the material model.
The Johnson-Holmquist (JH-2) model is an elastic-plastic-damage material model which
has not been implemented in simulating machining of alumina. The JH-2 model is a pressure
dependent constitutive model used to describe brittle materials such as glass and ceramics under
large strain rate and high pressure [21, 22]. The JH-2 model uses a damage accumulation
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criterion based on the increase of plastic strain and is able to capture the ductile/brittle material
removal mechanisms. However, little work has been done using the JH-2 model to simulate
alumina machining that is capable of accurately predicting topography, damage, grinding forces,
and transient stress. A new simulation which can more precisely model ceramic mechanical
behavior and better predict transient and steady state phenomena is essential to understanding
process mechanisms in ceramic machining. The objectives of this study are to (a) simulate the
single point scratch of alumina with JH-2 model (b) investigate material removal mechanisms of
machining alumina, and (c) predict the scratched surface integrity.

3.2

Modeling of Ceramic Grinding
Several research efforts have explored modeling of ceramic machining using elastic or

elastic-plastic material models. Chuang et al. [23] simulated the stress field when machining
silicon nitride with a straight plunge grinding tool using an elastic material model. Pattern et al.
[24] simulated single point diamond tool scratching of SiC. Ductile behavior was incorporated
by using a pressure sensitive Drucker-Prager constitutive model. These models could not predict
damage induced by machining. In order to capture the ductile/brittle material removal
mechanisms in ceramic machining, the constitutive model must include damage evolution.
Other research efforts have used constitutive models that include damage evolution but
neglect plastic deformation. Liu et al. [25] developed a continuum damage mechanics (CDM)
method to simulate ceramic machining. The model considered cumulative damage of ceramic
materials and simulated brittle behavior. Tan et al. [26] used discrete element method (DEM) to
simulate crack initiation and propagation during machining of ceramics. The bulk material was
treated as an assemblage of discrete particles bonded together. Cracks were formed by bonds
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breaking under external forces. This model can effectively simulate crack generation and
propagation in brittle mode; however, plastic deformation was not considered in this method. In
these models, chip generation and ductile material removal could not be predicted.
Few ceramic machining simulations use constitutive models, such as JH-2, which
incorporate both elastic-plastic deformation and damage evolution. Zhu et al. [20] investigated
2D single-grit machining of SiC using the JH-2 model at various depths of cut and cutting
speeds. Topography was analyzed and surface cracks were observed; however, the simulation
had limited predictive capabilities since it was two-dimensional. Also, an element removal
criterion in the form of a failure strain (FS) was set to 0.2, but the authors failed to provide
reasoning for this approximation.

3.3

Simulation Procedure
Grinding is a material removal process where multiple grits engage the workpiece. As a

simplification, single point scratching was used to simulate the abrasive nature of single grit
grinding of alumina in ABAQUS. The explicit solver was used since (1) the JH-2 constitutive
model is a built-in user material, and (2) the dynamic nature of the scratching process can be
more efficiently solved. The JH-2 model captured elastic-plastic behavior and damage evolution.
3.3.1 Mesh
The mesh design is shown in Fig. 3.1. The dimensions of workpiece were 10 µm
(length) × 5 µm (height) × 5 µm (width). The single point diamond tool was defined as a
3-dimensional rigid body and had an 85ᵒ conical angle with a 1.6 µm nose radius. The tool
cutting direction was along the Z-axis. A fine mesh zone with 0.05 µm cubic elements was used
along the cutting direction to more accurately capture the transient behavior and the resulting
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groove profile. The element type in fine mesh zone was an eight-node brick element with
reduced integration (C3D8R). The coarse mesh zone consisted of four-node tetrahedron elements
(C3D4).

5 μm

5 μm

10 μm

0.05 μm

Fig. 3.1 Simulation Configuration.

3.3.2 Boundary conditions
The boundary condition on the bottom plane was fixed to provide proper constraint of the
workpiece. The model was symmetric with respect to Y-Z plane in order to decrease the
computational time.

3.3.3 Machining conditions
The simulated tool geometry, cutting depth, and cutting velocity were consistent with
experimental data provided by Zhang et al. [27]. The depth of cut was 0.8 µm and the cutting
velocity was 1600 m/min. The friction coefficient was 0.1 to simulate the low frictional
condition between grinding tool and workpiece.
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3.4

Material Model

3.4.1 JH-2 model
The JH-2 model is capable of simulating mechanical response and failure behavior of
brittle materials subjected to large strains, high strain rates, and high pressures [21]. The
constitutive equations of JH-2 model are explained in the following section.
The material strength is defined by the normalized von Mises equivalent stresses with the
damage scalar (D) as Eq. 3.1,

𝜎 ∗ = 𝜎𝑖∗ − 𝐷(𝜎𝑖∗ − 𝜎𝑓∗ )

(3.1)

The normalized equivalent stresses (𝜎 ∗ , 𝜎𝑖∗ , 𝜎𝑓∗ ) have the general form of

𝜎∗ =

𝜎

(3.2)

𝜎𝐻𝐸𝐿

where 𝜎 is the actual equivalent von Mises stress and 𝜎𝐻𝐸𝐿 is the equivalent von Mises stress at
the Hugoniot elastic limit (HEL). HEL is defined as the net axial compressive stress containing
both pressure and deviator stress components at which a one-dimensional shock wave exceeds
the elastic limit of the material. 𝜎𝑖∗ is the normalized intact strength for intact material (𝐷 = 0)
and defined by Eq. 3.3. 𝜎𝑓∗ is the normalized fractured strength for a fully damage material (𝐷 =
1) and is defined by Eq. 3.4. The JH-2 model assumes the normalized intact equivalent stress 𝜎𝑖∗
and normalized fractured equivalent stress 𝜎𝑓∗ are functions of pressure and strain rate. A, B, C,
M, and N are strength constants.
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𝜎𝑖∗ = 𝐴(𝑃∗ + 𝑇 ∗ )𝑁 (1 + 𝐶 𝑙𝑛 𝜀̇∗ )

(3.3)

𝜎𝑓∗ = 𝐵(𝑃∗ )𝑀 (1 + 𝐶 𝑙𝑛 𝜀̇ ∗ )

(3.4)

𝑃∗ is the normalized pressure defined as

𝑃∗ =

𝑃

(3.5)

𝑃𝐻𝐸𝐿

where P is the actual pressure and 𝑃𝐻𝐸𝐿 is the pressure at the HEL. Similarly, 𝑇 ∗ is the maximum
normalized tensile hydrostatic pressure defined as

𝑇∗ =

𝑇𝑡ℎ𝑝𝑚𝑎𝑥
𝑃𝐻𝐸𝐿

(3.6)

where T is the maximum tensile hydrostatic pressure the material can withstand. 𝜀̇∗ is the
normalized dimensionless strain rate given by

𝜀̇∗ =

𝜀̇
𝜀̇𝑜

(3.7)

where 𝜀̇ is the actual strain rate and 𝜀̇𝑜 is the reference strain rate, which has a magnitude of
1.0 s-1.
The JH-2 model provides gradual softening as damage is accumulated with increasing
plastic strain. During the deformation process, an initial elastic regime exists before the plastic
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strain begins to accumulate at the yield point. After the yield point, damage starts to accumulate
and the material weakens. The damage variable (D) accumulates with the plastic strain according
to Eq. 3.8,

𝐷=

∑ ∆𝜀̅𝑝𝑙

(3.8)

𝜀̅𝑓𝑝𝑙 (𝑃)

where ∆𝜀̅𝑝𝑙 is the increment of equivalent plastic strain and 𝜀̅𝑓𝑝𝑙 (𝑃) is equivalent plastic strain to
fracture at a constant pressure, which is defined as

𝜀̅𝑓𝑝𝑙 (𝑃) = 𝐷1 (𝑃∗ + 𝑇 ∗ )𝐷2

(3.9)

where 𝐷1 and 𝐷2 are material constants. Before fracture begins (𝐷 = 0), the hydrostatic pressure
is defined as

𝐾 µ + 𝐾2 µ2 + 𝐾3 µ3 , 𝑖𝑓 µ ≥ 0 (𝑎𝑡 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)
𝑃={ 1
𝐾1 µ,
𝑖𝑓 µ < 0 (𝑎𝑡 𝑡𝑒𝑛𝑠𝑖𝑜𝑛)

(3.10)

𝜌

with µ = 𝜌 − 1
𝑜

where K1, K2 and K3 are constants (K1 is the initial bulk modulus), 𝜌 is current density, and 𝜌𝑜 is
initial density. After damage begins to accumulate (𝐷 > 0), bulking occurs and brings in an
additional pressure increment ∆𝑃, such that

𝑃 = 𝐾1 µ + 𝐾2 µ2 + 𝐾3 µ3 + ∆𝑃

(3.11)
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The pressure increment is determined from energy considerations. As the material
undergoes damage from intact state to failure state, damage variable (D) increases and strength
𝜎 ∗ decreases as shown in Eq. 3.1.
The elastic internal energy is evaluated from the von Mises equivalent stress (σ) and the
elastic shear modulus (G) by

𝑈=

𝜎2
6𝐺

(3.12)

and the increment of elastic internal energy is defined by

∆𝑈 = 𝑈𝑡+∆𝑡 − 𝑈𝑡

(3.13)

The loss elastic internal energy ∆𝑈 is converted to potential hydrostatic energy by ∆𝑃,
which is defined by

∆𝑃𝑡+∆𝑡 = −𝐾1 µ𝑡+∆𝑡 + √(𝐾1 µ𝑡+∆𝑡 + ∆𝑃𝑡 )2 + 2𝛽𝐾1 ∆𝑈

(3.14)

where 𝛽 (0 ≤ 𝛽 ≤ 1) is the fraction of the elastic energy loss converted to potential hydrostatic
energy. A physical explanation of damage and fracture in the JH-2 model is shown in Fig. 3.2.
The material constants of Al2O3 for the JH-2 model are given in Table 3.1.
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Shear deformation
under constant
pressure (P=P0) and
strain rate

D=0

Equivalent Stress

σi*

Complete
Fracture

Element
Removal

D=1
Plastic

σf*
Elastic
0

ε̅fpl at P=P0 FS1
Equivalent Plastic Strain,

FS2

FS3

ε̅ pl

Fig. 3.2 Strength, Damage, Fracture, and Element Deletion under a Constant Pressure
and Strain Rate. Modified from Johnson and Holmquist, 1994.

Table 3.1 JH-2 Model Constants for Alumina [28]
Model Constants
Material Prop.
ρo (Kg/m3)
G
(GPa)
Strength Const.
A
N
B
M
C
𝜀̇𝑜 (s-1)
Tthp-max (GPa)
HEL (GPa)
PHEL
Damage Const.
D1
D2
Equation of state
K1 (GPa)
K2 (GPa)
K3 (GPa)
β

Description
3700 Reference density of the material
90.16 Shear modulus
0.93
0.6
0.31
0.6
0.0
1
0.2
2.79
1.46

Intact normalized strength parameter
Intact strength parameter (pressure exponent)
Fractured normalized strength parameter
Fractured strength parameter (pressure exponent)
Strength parameter for strain-rate dependence
Reference strain rate
Maximum tensile hydrostatic stress
Net compressive stress at Hugoniot elastic limit
Pressure component at the HEL

0.005 Parameter for plastic strain to fracture
1.0 Parameter for plastic strain to fracture (exponent)
130.95
0.0
0.0
1.0

Bulk modulus
Second pressure coefficient
Third pressure coefficient
Fraction of elastic energy loss converted to
hydrostatic energy
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3.4.2 Element removal criterion
A criterion based on equivalent plastic strain was used as a tool to trigger element
removal. More specifically, elements that have reached an equivalent plastic strain exceeding the
defined failure strain (FS) were removed. Element removal was suppressed if the defined FS
value was larger than the equivalent plastic strain. FS values were selected to evaluate their
influence on grinding force, surface generation, crack initiation and propagation, and stress
distribution (Table 3.2). The FS was divided into low and high strain groups (group A and B,
respectively). In group A, all the failure strains were below 1.0, and in group B, the failure
strains were greater than or equal to 1.0.

Table 3.2 Simulated Failure Strain (FS) Conditions
Group A (low FS)
Group B (high FS)

3.5

0.01 0.05
1.0 1.5

0.1
2.0

0.3
2.5

0.5
3.0

Simulation Results and Discussion

3.5.1 Machined groove
The machining groove profiles of group A and B are shown in Figs. 3.3 and 3.4,
respectively. When the FS was less than 1.0 (group A), the machined groove was smooth and
there was small chip formation. Moreover, no cracks or surface pile-up were generated. As FS
increased, more fully damaged elements (D = 1) were observed in the grooves as indicated by
the red color. It should be noted that even though these elements were fully damaged, they still
remained on the surface since the equivalent plastic strains were below the specified FS. In group
B, the number of damaged elements increased more uniformly along the groove. This was
attributed to the fact that the elements with a higher FS withstood more deformation before being
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deleted. Cracks perpendiculars to the groove were observed on the surface when FS was greater
than or equal to 1.0 (group B).

FS = 0.01

FS = 0.05

FS = 0.1
Undamaged elements
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failure strain limit

FS = 0.3

FS = 0.5

Fig. 3.3 Machined Groove Profile at Low Failure Strains.
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FS = 1.5

FS = 2.0
Undamaged elements
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failure strain limit

FS = 2.5

FS = 3.0

Fig. 3.4 Machined Groove Profile at High Failure Strains.
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Fig. 3.5 plots the groove profiles. The depth of each groove was approximately 0.8 µm
and had a radius of approximately 1.5 µm. From FS between 0.01 and 1.0, the groove profiles
were similar, and no pile-up was observed. However, pile up was observed on the groove sides
once FS was set to 2.0. The material was pushed outward since the high FS value allowed the
material to undergo more severe deformation. As FS continued to increase beyond 2.0, more
material piled up on the outer edges.
A scratched surface under identical cutting conditions from Zhang et al. is shown in
Fig. 3.6 [27]. Zhang measured pile-up heights similar to the simulated results at higher failure
strains (specifically FS = 2.5). This indicates that the predicted grooves successfully captured the
characteristics of an experimentally scratched surface.
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Depth (µm)

0
-3
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Fig. 3.5 Groove Profile at Various Failure Strains.

Fig. 3.6 Scratched Surface.
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3.5.2 Surface/subsurface damage
Fully damaged elements (D = 1) in the simulations can be treated as discrete particles
attached to the groove surface since these elements can only withstand compressive stress. By
removing these fully damaged elements, surface and subsurface damage were revealed, see
Figs. 3.7 and 3.8. As FS became larger, more damage was observed. The maximum radial and
median crack lengths at various FS are plotted in Fig. 3.9. As FS increased, cracks became more
frequent and penetrated deeper into the surface and wider across the top surface.
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FS = 0.05

FS = 0.3

FS = 0.5
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Fig. 3.7 Surface Damage at Low Failure Strains.

FS = 1.0

FS = 1.5

FS = 2.5

FS = 3.0

Fig. 3.8 Surface Damage at High Failure Strains.
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Fig. 3.9 Maximum Radial and Median Crack Lengths at Various Failure Strains.

3.5.3 Cutting force
The cutting force histories and average values at steady state are shown for group A
(FS < 1.0) in Figs. 3.10 to 3.12 and for group B (FS ≥ 1.0) in Figs. 3.13 to 3.15. The thrust force,
frictional force, and cutting force represent the force due to contact pressure, frictional stress, and
the sum of contact pressure and frictional stress, respectively. As indicated by the force history
plots, the thrust force, frictional force, and cutting force increased as the tool engaged the
workpiece and then reached a steady state. When the tool/workpiece began to disengage, the
thrust force, frictional force, and cutting force decreased. In addition, the thrust force, frictional
force, and cutting force increased as FS increased. This is associated with the fact that in the
cases that have a higher FS, the element can withstand larger deformation and consequently a
larger force before reaching the element removal criterion.
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Fig. 3.10 Force History (a) and Average Thrust (Y-dir.) Force (b) in Steady State
Cutting at Low Failure Strains.
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Fig. 3.11 Force History (a) and Average Friction (Z-dir.) Force (b) in Steady State
Cutting at Low Failure Strains.
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Fig. 3.12 Force History (a) and Average Cutting (Z-dir.) Force (b) in Steady State
Cutting at Low Failure Strains.
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Fig. 3.13 Force History (a) and Average Thrust (Y-dir.) Force (b) in Steady State
Cutting at High Failure Strains.
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Fig. 3.14 Force History (a) and Average Friction (Z-dir.) Force (b) in Steady State
Cutting at High Failure Strains.
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Fig. 3.15 Force History (a) and Average Cutting (Z-dir.) Force (b) in Steady State
Cutting at High Failure Strains.
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3.5.4 Stress analysis
The stabilized transient stress σzz was plotted for group A (FS < 1.0) in Fig. 3.16 and
group B (FS ≥ 1.0) in Fig. 3.17. Three representative paths were selected along the Y-direction to
show the stress at the top, middle, and lowest points of the groove. As shown in the stress
contours, there exist compressive and tensile zones in front of and underneath the cutting tool.
As FS increased, the magnitude of both compressive and tensile stress increased, which led to a
larger disparity between compression and tension.
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Fig. 3.16 Normal Stress Σzz (Y-dir.) along Different Paths at Low Failure Strains.
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Fig. 3.17 Normal Stress Σzz (Y-dir.) along Different Paths at High Failure Strains.

As FS increased, stress transitioned from a compressive state to a tensile state deeper in
the subsurface. The compressive stress zone suppressed radial crack initiation and propagation.
The tensile stress zones underneath the surface correlated to subsurface damage. More
specifically, larger cracks formed with higher tensile stress.
For group A, the mid path was typically tensile on the surface, and the top and low paths
were typically compressive on the surface. As FS increased to 0.5, the stress on the surface of the
middle path became compressive. In group B, the maximum stress shifted from the surface into
the subsurface. The stress along the top path was typically less than the stresses along the mid
and low paths.
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3.6

Summary and Conclusions
The JH-2 material model was successfully used to simulate single point scratching of

alumina. The topography, surface and subsurface damage, grinding forces, and transient stresses
were predicted at different failure strains. Key findings are as follows:


Groove pile-up and surface and subsurface cracks were observed at high failure strains
(FS ≥ 1.0). The maximum crack length and depth increased with an increasing FS.



Thrust force, frictional force, and cutting force increased with increasing FS.



Compressive and tensile stress zones were observed under the groove in the depth
direction. Both compressive and tensile stress magnitudes increased as the FS increased.



More damage was generated on the top surface and in the subsurface with higher tensile
stress as evidenced by larger and more frequent cracks.
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CHAPTER 4
PHYSICAL AND MECHANICAL PROPERTIES OF POLYCRYSTALLINE ALUMINA AT
ELEVATED TEMPERATURES: MUNRO MODEL VS. AUERKARI MODEL

4.1

Introduction

4.1.1 Applications of alumina
Aluminum oxide (Al2O3) is one of the most important ceramic materials which have
extensive applications due to its excellent mechanical, electrical, chemical, and thermal
properties. The high hardness, strength, and abrasion resistance of alumina make it useful for
abrasive materials, bearings, and cutting tools. The excellent properties at high temperature
environment, such as high melting point and chemical stability lead to applications like turbine
blade coating and refractory materials [1]. Meanwhile, due to outstanding biocompatibility and
high strength, alumina has been used for medical implants and prostheses for several decades.
The extreme hardness and good wetting behavior leading to favorable lubrication conditions are
important factors, which ensure a long-term service [2].
Although alumina has shown successful clinical effects, concerns about its durability still
exist today. The low fracture toughness may lead alumina to break under tensile loading
condition. During the cyclic loading in vivo, cracks may initiate and propagate at the flaw sites of
alumina surface, and result in failure of an implant. Partial flaws are induced damage during the
machining process such as turning, grinding, polishing, etc. Thus it is the critical technical

134

barrier to reduce these flaws during manufacturing and improve strength and performance of
alumina.
Generally, alumina is machined with the help of high temperature and thermal influence.
Plenty of heat can be generated during traditional machining process, on the other hand, during
some novel manufacturing processes such as laser cutting and laser assisted machining (LAM),
laser beam is introduced to melt or preheat workpiece. To minimize the flaws induced during
machining process, it is necessary to understand how temperature influences the properties of
alumina and material removal mechanism. However, very few work has been done in this area.

4.1.2 Laser assisted machining (LAM)
Precision laser processing (Fig. 4.1) is widely used as a method to modify engineered
surfaces. The capability of laser to achieve high temperature through rapid heating softens the
work material and improves its machinability.
As the inherent high hardness and brittleness make ceramic difficult to machine,
conventional machining of alumina such as grinding with diamond wheels is the most widely
used method. Nevertheless, even though conventional diamond grinding can satisfy the
requirements for both dimensional accuracy and surface finish, it has several major problems
such as high machining cost which accounts for 60-90% of the total manufacturing process, high
tool wear rate, and subsurface damage. Therefore, there is a great demand for ceramic processing
methods capable of enhancing material removal rates, improving tool wear, and increasing
surface integrity.
Laser-assisted machining (LAM) has been used to machine ceramic materials [3-7].
LAM takes advantage of lower material strength at a certain elevated temperature. During LAM
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process, a controllable localized intense laser beam focuses at the area in front of cutting tool and
heats the workpiece. When the temperature of workpiece increases, the material becomes soften,
leading the change of deformation behavior from brittle to ductile. Also it reduces the yield
strength of ceramics to a value below fracture strength; thereby results in higher material
removal rates, low tool wear, and better surface finish [8-10].

Chip

Laser

Shear zone
Tool

Fig. 4.1 Schematic of Laser Assisted Cutting.

4.1.3 Research objectives
With the growing interests on LAM of ceramics, many experimental investigations have
been conducted. Those experimental studies have shown the feasibility of LAM and its
advantages over conventional machining methods in terms of surface finish, tool wear, specific
cutting energy, and surface integrity for various ceramic materials [7, 11-13]. Analytical and
numerical modeling has contributed to the understanding of these processes. Extensive modeling
work has attempted to reveal the mechanism of LAM process from various aspects, such as
temperature distribution, cutting force, material removal, and surface damage.
However, there are still many questions to be answered. Firstly, few experiments and
numerical investigations focus on LAM of alumina ceramics. Secondly, most of current
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numerical simulations only analyze a LAM process only at one specific temperature with
constant alumina property. While in the actual LAM process, varying temperatures are applied to
a LAM process companied with complex changes of material properties. Thus, a comprehensive
understanding of the temperature dependent physical and mechanical properties of alumina is
pivotal to gain insights into alumina behavior in a LAM process.
Several literature reviews and compiled Al2O3 data have been conducted. These efforts
have provided an invaluable guide to understand the properties of alumina at high temperatures.
A few researchers have developed models to predict temperature dependent properties [14, 15].
Different methods were used to describe temperature dependent properties of Al2O3 ceramics;
therefore differences exist to interpret ceramic temperature dependent properties, respectively.
This work aims to compare temperature dependent properties of alumina between two
existing models. This investigation attempts to provide an insightful acknowledge of temperature
dependent physical and mechanical properties of Al2O3 at elevated temperatures. Also it will
benefit future numerical simulation and modeling during LAM of ceramic materials.

4.2

Structure of Alumina
Natural alumina is known as sapphire or ruby (depending on the types of impurities that

give rise to color). Alumina has serval phase types, and the most prevalent and stable phase of
alumina is corundum refers to α-Al2O3 at all temperature and up to at least of 78 GPa pressure. It
has a molecular weight of 101.96 and a hexagonal close-packed structure (a = 0.4758 nm and
c = 1.2991 nm). The corundum structure consists of oxygen ions in a slightly distorted
closed-packed hexagonal lattice (Fig. 4.2), space group R3c [16]. The aluminum ions occupy
two-thirds of the octahedral sites in the oxygen lattice, and maintain charge neutrality. Both
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polycrystalline alumina and single crystal alumina have been widely used in medical
applications. The fine-grained polycrystalline a-Al2O3 which is produced by hot-isotropic
pressing and sintering techniques at high temperatures has an average grain size from 4 µm to
7 µm [17]. The single crystal form of alumina has been used successfully to manufacture medical
implants [18]. Single crystal alumina can be made by feeding fine alumina powders onto the
surface of a seed crystal, which is slowly withdrawn from an electric arc or oxy-hydrogen flame
[19] as the fused powders build up. Alumina single crystals up to 10 cm in diameter have been
grown by this method.

Fig. 4.2 Schematic Structure of α-Al2O3 [20].

4.3

Physical Properties of Alumina: Munro Model vs. Auerkari Model

4.3.1 Density
Alumina has a high strength-to-weight ratio. Hot isostatic pressing can reduce the
porosity and fabricate high density alumina ceramics. The density of α-Al2O3 is 3960 kg/m3 at
25 ᵒС. The theoretic density described in the Munro model (Eq. 4.1) is determined by lattice
parameters and molecular weight, where M is the molecular mass, z is the number of formula
units per unit cell, NA is Avogadro’s number, and V is the volume of the unit cell.
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𝑀𝑧

𝜌=𝑁

(4.1)

𝐴𝑉

For α-Al2O3 referred to hexagonal crystallographic cell, M = 101.9 g/mol, z = 6, and 𝑉 =
30.5 𝑎2 𝑐
2

, the theoretical density can be represented in Eq. 4.2.

𝜌 = 3.9853 − 7.158 × 10−5 𝑇 − 3.035 × 10−8 𝑇 2 + 7.232 × 10−12 𝑇 3 ± 0.05%

(4.2)

(𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1800 ᵒС)

At T = 20 ᵒС, the interpolated density is 3984 ± 2 kg/m3. The density as a function of
temperature is shown in Fig. 4.3.
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Fig. 4.3 Density as a Function of Temperature [Munro, 1997].

4.3.2 Thermal properties
Thermal properties reflect the type and strength of interatomic bonding and the crystal
structure. Temperature gradients, thermal induced strains, and the transport of thermal energy are
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especially significant concerns in applications of alumina at high temperature. The primary
thermal properties including specific heat, thermal conductivity, thermal expansion coefficient,
and thermal diffusivity are discussed as follows.
Specific heat: the specific heat describes the increase of temperature when a quantity of
heat is added to a material [21]. In the Munro model [14], specific heat data are investigated [22,
23], and the corresponding interpolation function of the specific heat for alumina is in Eq. 4.3.

𝐶𝑝 = 1117 + 0.14𝑇 − 411 𝑒𝑥𝑝(−0.006𝑇) ± 2%

(4.3)

(𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1800 ᵒС)

In the Auerkari model [15], experimental data [23, 24] of alumina was analyzed and
interpolated as the function of temperature in Eq. 4.4.

𝐶𝑝 = 1.0446 + 1.742 × 10−4 𝑇 − 2.796 × 104 𝑇 −2

(4.4)

(𝑓𝑜𝑟 25 ᵒС ≤ 𝑇 ≤ 1500 ᵒС)
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Fig. 4.4 Specific Heat: Munro Model vs. Auerkari Model.
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Fig. 4.4 shows the comparison of the two specific heat models. The two interpolated
functions have an intersection around 1200 ᵒС. When temperature is below 1200 ᵒС, the specific
heat function of the Munro model is slightly higher; while above 1200 ᵒС, the Auerkari model
gives a slightly higher prediction.
Thermal conductivity: The thermal conductivity of alumina as a function of temperature
influences the velocity of temperature rises up [25]. In the Munro’s work, thermal conductivity
data form independent studies [26, 27] are interpolated to get following Eq. 4.5.

κ = 5.85 +

15360 𝑒𝑥𝑝(−0.002𝑇)
𝑇+516

(4.5)

± 6%

(𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1800 ᵒС)
In the Auerkari model, experimental data [23, 24] of alumina were analyzed and
interpolated as a function of temperature in Eq. 4.6.
𝜅 = 5.5 + 345𝑒𝑥𝑝[−0.0033 × (𝑇 − 273)]

(4.6)

(𝑓𝑜𝑟 25 ᵒС ≤ 𝑇 ≤ 1300 ᵒС)
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Fig. 4.5 Thermal Conductivity: Munro Model vs. Auerkari Model.

141

Form Fig. 4.5, the intersection of two interpolated formulas is around 700 °C. When
temperature is lower than 700 °C, the thermal conductivity value given by the Munro model is a
little smaller. While above 700 °C, the Munro model prediction is higher.
Thermal expansion coefficient: The thermal expansion coefficient of polycrystalline
alumina is influenced by crystal structure such as temperature dependent lattice parameters.
Usually, thermal expansion of crystal structure is measured by diffraction method or high
resolution dilatometry method. A small difference exists between the diffraction method, which
measures the expansion of structure in atomic scale, and the high resolution dilatometry method
that detects macroscopic expansion of specimen. In the Munro model, data from both methods
were considered and optimized to get the empirical interpolation functions. The anisotropic
thermal expansions based on different lattice parameters of the hexagonal unit cell are
represented as a cumulative expansion coefficient.

(4.7)

𝛼𝑚 = (2𝛼𝑎 + 𝛼𝑐 )/3

where αm is the mean coefficient of thermal expansion, αa and αc represent the anisotropic
thermal expansion coefficient at a-axis and c-axis directions (Fig. 4.6), respectively.

c-axis
120ᵒ
a-axis

Fig. 4.6 Lattice Parameters in Hexagonal Crystal Systems.
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𝛼𝑎𝑥𝑖𝑠 =

𝐿𝑎𝑥𝑖𝑠 (𝑇) − 𝐿𝑜
𝐿𝑜 (𝑇 − 𝑇𝑜 )

(𝑤ℎ𝑒𝑟𝑒 𝛼𝑎𝑥𝑖𝑠 = {

(4.8)

𝛼𝑎 , 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑎 − 𝑎𝑥𝑖𝑠
)
𝛼𝑐 , 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑐 − 𝑎𝑥𝑖𝑠

where T is the temperature, To denotes room temperature, and Lo are adjustable parameters of
hexagonal unit cell. Laxis(T) is the atomic-scale dimension of the crystal structure at a certain
temperature for a-axis or c-axis shown in Eq. 4.9.

𝐿𝑎𝑥𝑖𝑠 (𝑇) = 𝐿𝑜 (1 + 𝛼𝐿 (𝑇)𝑇)

(4.9)

𝛼𝐿 (𝑇) = 𝐴𝐿 + 𝐵𝐿 𝑇 + 𝐶𝐿 𝑒𝑥𝑝(−𝐷𝐿 𝑇)
(𝑤ℎ𝑒𝑟𝑒 𝛼𝐿 (𝑇) = {

(4.10)

𝛼𝑎 (𝑇), 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑎 − 𝑎𝑥𝑖𝑠
)
𝛼𝑐 (𝑇), 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑐 − 𝑎𝑥𝑖𝑠

where αL(T) is the temperature dependent lattice parameters of hexagonal unit cell. AL, BL, CL,
and DL are adjustable parameters of hexagonal unit cell shown in Table 1, which are substituted
into the above interpolation functions.

Table 4.1 Value of Adjustable Parameters
Parameters
A (10-6/K)
B (10-6/K)
C (10-6/K)
D (10-6/K)
Lo (Å)

α -axis
7.419
6.43
3.211
2.59
4.7602

c-axis
8.026
8.17
3.279
2.91
12.9898

In the Auerkari model, experimental thermal expansion data of polycrystalline alumina
were analyzed [23, 24]. The interpolated function of temperature is in Eq. 4.11.
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𝛼 = 5.494 × 10−4 + 4.504 × 107 𝑇 − 8.682 × 10−11 𝑇 2

(4.11)

(𝑓𝑜𝑟 25 ᵒС ≤ 𝑇 ≤ 1600 ᵒС)
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Fig. 4.7 Thermal Expansion Coefficient: (a) Munro Model vs. (b) Auerkari Model.

Fig. 4.7 show that thermal expansion coefficient increases with temperature for the
Munro model and the Auerkari model, separately. However, the Auerkari model gives a much
higher data than the Munro model.
Thermal diffusivity: The thermal diffusivity is related to the transient response of
material to heat loading. A number of experiments have calculated diffusion coefficients of
alumina and attributed the values to diffusion along dislocations, sub boundaries, or grain
boundaries [16, 28, 29]. In the Munro model, independent studies of thermal diffusivity [23, 30,
31] were used to fit the interpolation function (Eq. 4.12), as shown in Fig. 4.8, while no thermal
diffusivity model was given in the Auerkari’s work.

𝐷𝑡ℎ𝑒𝑟𝑚 = 0.011 +

18.9 𝑒𝑥𝑝(−0.0014𝑇)
± 18%
𝑇 + 164

(𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1400 ᵒС)
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(4.12)
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Fig. 4.8 Thermal Diffusivity Prediction by the Munro Model.

4.4

Mechanical Properties of Alumina: Munro Model vs. Auerkari Model

4.4.1 Elasticity
Alumina shows the deformation behavior of a typical brittle solid, which is linear
elasticity to fracture. Elastic deformation is instantaneous when stress is applied and is
completely reversible when the load is removed [20]. Young's modulus is calculated from the
slope of the stress and strain curves. Most brittle, isotropic, and homogeneous materials follow
the Hooke's law. The mechanical properties of polycrystalline alumina are commonly considered
to be isotropic and influenced by several factors such as grain size, grain distribution, porosity,
etc.
In the Munro model, the elastic properties were measured by ultrasonic methods in the
experiments [32, 33]. Young's modulus was calculated using following Eq. 4.13 which was well
in the uncertainty limits [34].
𝐸 = 417 − 0.0525𝑇 ± 7%

(4.13)

(𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1400 ᵒС)
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In the Auerkari model, alumina’s elastic properties of different grades at room
temperature were compared [23, 35].The Young’s modulus is represented by Eq. 4.14.

𝐸 = 𝐸𝑜 × [1 − 𝜂𝐸 (𝑇 − 298)]

Young's modulus (GPa)

(𝑤ℎ𝑒𝑟𝑒 𝜂𝐸 = 1.2 × 10−4

(4.14)

1
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Fig.4.9 Young's Modulus: Munro Model vs. Auerkari Model.
As shown in Fig. 4.9, the increase of temperature reduces Young’s modulus. And the
Munro model predicts slightly higher Young’s modulus and shear modulus than the Auerkari
model. At high temperatures, the atomic displacements increase, and consequently reduced bond
strength [16].
In the Munro model, shear modulus is calculated by the following Eq. 4.15.
𝐺 = 169 − 0.0229𝑇 ± 6%

(4.15)

(𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1400 ᵒС)
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In the Auerkari model, shear modulus is given by Eq. 4.16.

𝐺 = 𝐺𝑜 × [1 − 𝜂𝐺 (𝑇 − 298)]

Shear modulus (GPa)

(𝑤ℎ𝑒𝑟𝑒 𝜂𝐺 = 1.4 × 10−4

(4.16)

1
, 𝑓𝑜𝑟 650 ᵒС ≤ 𝑇 ≤ 800 ᵒС)
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Fig. 4.10 Shear Modulus: Munro Model vs. Auerkari Model.
Poisson’s ratios are calculated by the Munro model and the Auerkari model in Eq. 4.17
and Eq. 4.18, respectively.

𝑣=

𝐸
−1
2𝐺

(4.17)

𝑣 = 𝑣𝑜 × [1 − 𝜂𝑣 (𝑇 − 298)]
(𝑤ℎ𝑒𝑟𝑒 𝜂𝑣 = 6.9 × 10−5

(4.18)

1
, 𝑓𝑜𝑟 650 ᵒС ≤ 𝑇 ≤ 700 ᵒС)
𝐾
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Fig. 4.11 Poisson's Ratio: Munro Model vs. Auerkari Model.
The comparison of Young’s modulus, shear modulus, and Poisson’s ratio are shown in
Fig. 4.9-4.11. Both Young’s modulus and shear modulus reduce with the increase of
temperature, while the Poisson’s ratio increases with temperature. The Munro model gives
slightly higher Young’s modulus and shear modulus than the Auerkari model, but it predicts
lower Poisson’s ratio than the Auerkari model.

4.4.2 Strength
The nature of ionic bonding and covalent bonding of alumina lacks of slip systems which
limits the dislocation motion and generation, which results in high hardness and brittleness. The
compressive strength of ceramics is much higher than the tensile strength. One key issue of
polycrystalline alumina is the strength decrease at high temperatures, which is a compelling
reason to investigate. The strength of alumina is strongly influenced by microstructure flaws,
porosity, and grain size. When a tensile stress is applied perpendicular to a deep and thin crack,
the stress at the tip of the crack is greatly magnified above the applied stress. Thus, surface
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condition of ceramics determines their strength. As the temperature increases, the strength of
alumina decreases because of the increase of atomic vibrations and reduction of bond strength. It
is similar to reduction in elastic modulus with the increase of temperature [36]. Also under high
temperature environment, more flaw development may occur [37].
At different temperature conditions, tensile or bonding strength of alumina varies over a
wide range of values, resulting in different flaw depths and flaw distributions. In the Munro
model, the compressive strength with temperature dependence was calculated by Eq. 4.19, as
shown in Fig. 4.12.
𝐶𝑆 = 3.1 − 0.0035𝑇 + 1.1 × 10−6 𝑇 2 ± 15%

(4.19)

(𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1400 °𝐶)
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Fig. 4.12 Compressive Strength Prediction by the Munro Model.
In the Munro model, tensile strength data was analyzed [22, 30] and interpolated function
is represented by Eq. 4.20, as shown in Fig. 4.13.
𝑇𝑆 = 267 − 256[1 + 5.8 × 109 𝑒𝑥𝑝(−0.018𝑇)]−0.5 ± 10%
(𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1500 °𝐶)
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(4.20)
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Fig. 4.13 Tensile Strength Prediction by the Munro Model.

The flexural strength exhibits steady or monotonically decreasing values with the
increase of temperature. When a significant volume fraction of polycrystalline ceramic is
occupied by a glassy grain-boundary phase, the material is susceptible to brittle-to-ductile
transition at elevated temperature. In the Munro model, flexural strength at elevated temperatures
based on the experimental data [38, 39] is given by Eq. 4.21.

1.37 × 105
𝐹𝑆 = 380.5 −
± 15%
1 + 1.76 × 105 𝑒𝑥𝑝(−0.0039𝑇)

(4.21)

𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1500 °𝐶

The flexural strength data gained from interpolation formula in Munro model were
compared with data obtained from figure in the Auerkari’s work, as Fig. 4.14 shows.
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Fig. 4.14 Flexural Strength: Munro Model vs. Auerkari Model.

4.4.3 Fracture toughness
The fracture toughness of ceramics is usually low due to brittleness. The KIC values of
high performance ceramics have been enhanced by novel fabrication processes, but still far
smaller than metal alloys [20]. Fracture toughness of alumina is quite dependent on the
measurement methods and microstructure of specimen such as intrinsic grain size and crack
length.
A study was discussed based on Xu’s experiments [40] which revealed the influence of
temperature and crack-length on fracture strength. According to the experimental results, a
predictive model of fracture toughness has been developed in Eq. 4.22.

𝐾𝐼 = 2775

𝑒𝑥𝑝(0.0000476𝑇)
+ 0.084𝛿 0.5 ± 15%
𝑇 + 1323

(𝑓𝑜𝑟 25 °𝐶 ≤ 𝑇 ≤ 1300 °𝐶)
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(4.22)

where 𝛿 is the crack length. In the Auerkari’s work, a predictive model was also developed based
on Webb’s investigation [41]. The data gained from Eq. 4.22 is compared with the fracture
toughness predicted by the Munro model in Fig. 4.15. However, due to the different methods

Fracture toughness
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used in the two models, a very different range of crack length was used.
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Fig. 4.15 Fracture Toughness: Munro Model vs. Auerkari Model.
4.4.4 Hardness
Hardness is intended to be a measure of the resistance to plastic deformation. Alumina is
one of the hardest oxides. It has a hardness of 20~30 GPa and a Mohs hardness of 9. The high
hardness is accompanied with low friction and wear, which are major advantages in using
alumina as orthopedic implants. Previous work [42, 43] measured the temperature dependent
hardness data. The hardness of alumina decreases when the temperature is increased. In the
Munro’s work, the trend of hardness changes at evaluated temperatures can be represented by
Eq. 4.23.
𝐻𝑉 = 15.5𝑒𝑥𝑝(−0.0012𝑇) ± 15%

(4.23)

𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1000 °𝐶
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Fig. 4.16 Hardness Prediction by the Munro Model.

4.4.5 Creep behavior
Creep behavior is the high-temperature deformation of a material as a function of time.
The creep property limits the long-term performance of ceramic at high temperatures [44]. The
creep rate increases significantly with temperature and is often proportional to the applied stress
and microstructure, including defects, grain size, and porosities. Thus, the measurement of creep
deformation rates is strongly dependent on fabrication history and the specific experimental
methods [16]. Usually, ceramics exhibit a temperature and stress-dependent steady-state creep
rate. The fitted function in Eq. 4.24 based on experimental data [45-47] in the Munro’s work is
as follows.
𝑑𝜀
−𝐸𝑎𝑐𝑡
= 𝐴𝜎 𝑛 𝑒𝑥𝑝(
)
𝑑𝑡
𝑅𝑇
where

𝑑𝜀
𝑑𝑡

(4.24)

is the creep rate, and 𝜎 is the applied stress, 𝑛 is the creep stress exponent, 𝐸𝑎𝑐𝑡 is the

activation energy, A is a scale parameter, and R is the molar gas constant.
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4.4.6 Resistance to thermal shock
The thermal shock resistance of a ceramic component can be defined as the maximum
change against temperature that the component can withstand without failure or excessive
damage. Thermal shock resistance is dependent on different thermal loading cycle, component
geometry, and component strength. In the Auerkari model, an assumption was made that material
will fail if surface temperature changing rate leads to a biaxial surface stress which equals to
material strength. The alumina with higher grades is expected to have better performances,
meanwhile the difference between each grade is small. Auerkari modeled the resistance to
thermal shock in Eq. 4.25, based on the experimental work [23].
𝑅𝑜 = 𝜎𝑠 𝐷(1 − 𝑣)/(𝐸𝛼)

(4.25)

where Ro is the thermal shock resistance parameter of component with specific geometry, and
𝐷=

4.5

𝜆
𝜌𝑐𝑝

is the thermal diffusivity.

Conclusions
Temperature dependent physical and mechanical properties of polycrystalline alumina

have been thoroughly investigated by comparing the Munro model and the Auerkari model. Key
findings are summarized as follows:


For temperature dependent physical properties, the density, thermal conductivity, and
thermal diffusivity decrease with temperature, while specific heat and thermal expansion
coefficient increase with temperature. The Munro model and the Auerkari model
predictions are very close for specific heat and thermal conductivity, while the Auerkari
model predicts much higher thermal expansion coefficients than the Munro model.
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For temperature dependent mechanical properties, the Young’s modulus, shear modulus,
compressive strength, tensile strength, flexural strength, fracture toughness, and hardness
decrease with temperature, while Poisson’s ratio increases with temperature. The Munro
model and the Auerkari model predictions are very close for Young’s modulus, shear
modulus, and Poisson’s ratio, while the Munro model predicts slightly higher Young’s
modulus and shear modulus than the Auerkari model. However, the Munro model
predicts a slightly lower Poisson’s ratio than the Auerkari model. For flexural strength,
the Munro model prediction is higher than the Auerkari model. For fracture toughness,
the predictions by the two models are not comparable due to the different temperature
gradients, specimen dimensions, and experimental method.
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CHAPTER 5
FUTURE WORK

Several considerations for the future work are summarized as follows:
(1)

Design of laser assisted machining (LAM) facility
A LAM facility can be setup by integrating a fiber laser with a CNC spindle. The

movement of laser will be precisely controlled to preheat the workpiece. An infrared
thermometer and a force dynamometer will be used to measure temperature and cutting force
history, respectively.
(2)

Conduct experiments on surface integrity
Surface integrity of LAM alumina will be investigated, including surface topography,

subsurface damage, microhardness, and residual stress.
(3)

Modeling of LAM alumina
Finite element modeling of LAM alumina will be conducted with an empirical model to

incorporate the temperature dependent mechanical behavior of alumina. Surface topography,
subsurface damage, and cutting force will be predicted and validated by experimental data.
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