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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. 

 

 
 

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 

(a) (b) 
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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]. 
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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. 
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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. 

 

1.5 References 
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<http://kirkendalldwyer.com/areas-of-practice/medical-devices/metal-on-metal-hip-

implants/>. 

[3]  Malchau, H., Herberts, P., Eisler, T., 2002, "The Swedish Total Hip Replacement 

Register," The Journal of Bone & Joint Surgery, 84(suppl 2) pp. S2-S20. 

[4]  Kurtz, S. M., Lau, E., Ong, K., 2009, "Future Young Patient Demand for Primary and 
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Orthopaedics and Related Research, 467(10) pp. 2606-2612.  
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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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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. 

(a) (b) (c) 
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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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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 

(a) (b) 
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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-on-

UHMWPE, 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]. 

 

 

 

 

Fig. 2.8  Types of Bearing Couples for Hip Replacements: (a) metal-on-metal [17], (b) metal-on-

UHMWPE [17], (c) ceramic-on-ceramic [17], and (d) ceramic-on-UHMWPE [18].  

 

(b) (a) (d)  (c) 
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Fig. 2.9  Modular Design of Bearings Currently Used in Total Hip Arthroplasty [19]. 

 

 

 

  
 

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 

Metal 
cup 
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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. 

 

 
 

 

Fig. 2.11  Different Bearings in TKA: (a) mobile-bearing and (b) fixed-bearing [21]. 

 

 

(b)

  

(a) 
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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. 

 

 

 
 

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

retaining designs [24]. 

 

 

 

 In TKA, the bearing couples have different materials including stainless steel, cobalt-

chromium 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. 

 

(b) (a) 
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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.  

(a)  (b) (c) (d) 
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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 Implant for surgery - ceramic material based on high purity alumina 

ISO 3356:2008 Implant for surgery - ceramic material based on Yttria-Stabilized 

Tetragonal Zirconia (Y-TZP) 

 

 

Table 2.3  Medical Standards for Al2O3 

 

Property Commercially Available 

High Alumina Ceramic 

Implants 

ISO Standard 

(6474:2010) 

Alumina (% by weight) > 99.7 ≥ 99.7 

SiO2+Na2O% < 0.02 < 0.1 

Density(g/cm3) 3.98 ≥ 3.94 

Average Grain Size(µm) 3.6 < 7 

Hardness (Vickers) 2400 > 2000 

Bending Strength (MP) 595 > 400 
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 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].  



 

 25 

 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]. 

 

 
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 

(a) (b) 
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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.  

 

 
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]. 

 

 

(a) (b) 
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 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. 

 

 

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]. 

 

 

 
Fig. 2.24  AFM Deflection Images of the Transformation Toughness Process: tetragonal to 

monoclinic phase [70]. 

 

(a) (b) 

(a) (b) (c) (d) 
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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 Al2O3 

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]. 

 

 

 
 

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.  

 

(a)      (b) 
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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 



 

 44 

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 brittle-

to-ductile transition [115, 116]. The most important parameter for the transition from brittle-to-

ductile 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]. 

 

 
 

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. 

 

(a) 

(b) 
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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.  

 

 
 

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 

Microcracks 

Grain 
dislodgement Microcracks 
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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-to-

machine 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] 

 

 
 

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] 

 

 HPDL CO2 Nd:YAG 

Using fibers Possible Impossible Possible 

Wavelength(nm) 808-980 10600 1064 

Efficiency (%) 25-30 8-10 2-6 

Laser absorption ratio of Si3N4 0.7 0.9 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. 
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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 
Ra (µm) 

 LAM  Planing 

1 3.24 7.81 

2 3.69 7.63 

3 3.58 8.25 

4 3.14 10.26 

5 2.98 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]. 

 

        
        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]. 

  

(a) (b) (c) 
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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. 

 

 
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 

(a) (b) 
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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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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.  

 

 
 

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

(a) (b) 

(a) (b) 



 

 70 

 

 
 

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 pin-

on-plate machines to create a resultant multi-directional motion, particularly for UHMWPE 

materials. 
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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.  

 

 
 

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 Cobalt chrome 0.005–0.025 Co-Cr 0.005–0.025 0.0071–0.035 

Ceramic-on-ceramic Alumina 0.005–0.01 Alumina 0.005–0.01 0.0071–0.014 

 

 

 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 Friction coeff. Notes 

CoCr-on-UHMWPE 0.04 Joint simulator 

Stainless steel-on-

UHMWPE 

0.07 

0.050 

Reciprocating pin-on-plate 

Reciprocating pin-on-plate 

Ceramic-on-UHMWPE 0.05 

0.06 

Reciprocating pin-on-plate (alumina) 

Joint simulator (zirconia) 

Alumina-on-alumina 0.06 Joint simulator considerably larger 

friction 

with bovine serum than that recorded 

when using CMC lubrication 

CoCr-on-CoCr 0.15 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.  
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 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 ceramic-

on-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 Femoral  

(µm) (s.d.) 

Acetabular  

(µm) (s.d.) 

Predicted 

minimum film 

thickness (µm) 

λ Friction factors 

CMCr/Bovine 

serum 

CoCrMo CoCrMo 0.008 (0.002) 0.08 (0.0365) 0.05 < 1 0.26/0.15 

CoCrMo UHMWPE 0.04 (0.006) 1.29 (0.086) 0.09 < 1 0.017/0.032 

Alumina Alumina 0.003 (0.001) 0.01 (0.0063) 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-on-

polyethylene couples. 

 

 
 

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.  

 

 

 
 

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

 

 

Wear area 

      Stainless steel/UHMWPE        Co-Cr alloy/UHMWPE        Alumina/UHMWPE 
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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 

UHMWPE initial Against alumina Against stainless steel Against Co-Cr alloy 
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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. Ceramic-

on-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 post-

test 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 7206-

4 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  Hip Implants Tests 

ASTM F2582  Fatigue & Static Femoral Head & Acetabular Prosthesis 

ASTM F2580 Fatigue Test Equipment for Hip Prosthesis 

ASTM F2345 Determination of Static and Cyclic Fatigue Strength of Ceramic Modular 

Femoral Heads 

ASTM F2068 Femoral Prostheses 

ASTM F2009 Axial Taper Implants Prostheses Test Equipment 

ASTM F1820  Fatigue Test Machine Modular Acetabular Device 

ASTM F1612 Cyclic Fatigue Testing Hip Arthroplasty Femoral Components 

ASTM F2723 Standard Test Method for Evaluating Mobile Bearing Knee Tibial 

Baseplate/Bearing Resistance to Dynamic Disassociation [259] 

ASTM F1440 Cyclic Fatigue Testing of Metallic Stemmed Hip Arthroplasty Femoral 

Components with Torsion 

ASTM F2345 Determination of Static and Cyclic Fatigue Strength of Ceramic Modular 

Femoral Heads 

ASTM F2777 Standard Test Method for Evaluating Knee Bearing (Tibial Insert) 

Endurance and Deformation under High Flexion [260] 

ISO 14879 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 

http://www.testresources.net/applications/standards/astm/astm-f2580-fatigue-test-equipment-for-hip-prosthesis


 

 87 

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  ASTM ref. 

Practice for cyclic fatigue testing of metallic  stemmed hip 

arthroplasty femoral components without torsion 

 F 1440-92 

Test method for bending and shear fatigue of calcium phosphate 

coatings on solid metallic substrates 

 F 1659-95 

Test method for constant amplitude bending fatigue tests of 

metallic bone staples 

 F 1539-95 

Test methods for static and fatigue for spinal  implant constructs 

in a corpectomy model 

 F 1717-96 

Guide for evaluating the static and fatigue  properties of 

interconnection mechanisms and subassemblies used in spinal 

artrodesis implants 

 F 1798-97 

Practice for corrosion fatigue testing of metallic  implant 

materials 

 F 1801-97 

Test method for cyclic fatigue testing of metal tibial tray 

components of total knee joint replacements 

 F 1800-97 

Practice for constant stress amplitude fatigue testing of porous 

metal-coated metallic materials 

 F 1160-98 
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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. 
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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). 

 

 

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.   

10 μm 

5 μm 
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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

𝜎𝐻𝐸𝐿
 (3.2) 

 

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

𝑃𝐻𝐸𝐿
 (3.5) 

 

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

𝜀�̇�
 (3.7) 

 

where 𝜀̇ is the actual strain rate and 𝜀�̇� 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

𝜀�̅�
𝑝𝑙(𝑃)

 (3.8) 

 

where ∆𝜀̅𝑝𝑙 is the increment of equivalent plastic strain and 𝜀�̅�
𝑝𝑙(𝑃) is equivalent plastic strain to 

fracture at a constant pressure, which is defined as  

 

 𝜀�̅�
𝑝𝑙(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 

 

 𝑃 = {
𝐾1µ + 𝐾2µ2 + 𝐾3µ3,   𝑖𝑓 µ ≥ 0 (𝑎𝑡 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)           

𝐾1µ,                                𝑖𝑓 µ < 0 (𝑎𝑡 𝑡𝑒𝑛𝑠𝑖𝑜𝑛)                      
 (3.10) 

 with µ =
𝜌

𝜌𝑜
− 1  

 

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 = 𝐾1µ + 𝐾2µ2 + 𝐾3µ3 + ∆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 = −𝐾1µ𝑡+∆𝑡 + √(𝐾1µ𝑡+∆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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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  Description 

Material Prop.   

 ρo  (Kg/m3) 3700 Reference density of the material 

 G  (GPa) 90.16 Shear modulus 

Strength Const.   

 A 0.93 Intact normalized strength parameter 

 N 0.6 Intact strength parameter (pressure exponent) 

 B 0.31 Fractured normalized strength parameter 

 M 0.6 Fractured strength parameter (pressure exponent) 

 C 0.0 Strength parameter for strain-rate dependence 

 𝜀�̇�  (s-1) 1 Reference strain rate 

 Tthp-max (GPa) 0.2 Maximum tensile hydrostatic stress 

 HEL (GPa) 2.79 Net compressive stress at Hugoniot elastic limit  

 PHEL 1.46 Pressure component at the HEL 

Damage Const.   

 D1 0.005 Parameter for plastic strain to fracture 

 D2 1.0 Parameter for plastic strain to fracture (exponent) 

Equation of state   

 K1  (GPa) 130.95 Bulk modulus 

 K2  (GPa) 0.0 Second pressure coefficient 

 K3  (GPa) 0.0 Third pressure coefficient 

 β 1.0 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) 0.01 0.05 0.1 0.3 0.5 

Group B (high FS) 1.0 1.5 2.0 2.5 3.0 

 

3.5 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).  

 

 

 

Fig. 3.3  Machined Groove Profile at Low Failure Strains. 

 

 

 
 

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. 

 
 

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.   

 

 
 

Fig. 3.7  Surface Damage at Low Failure Strains. 

 

 
 

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. 

 

 

 

 

Fig. 3.11  Force History (a) and Average Friction (Z-dir.) Force (b) in Steady State 

Cutting at Low Failure Strains. 

 

 

  

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. 

 

 

  

Fig. 3.14  Force History (a) and Average Friction (Z-dir.) Force (b) in Steady State 

Cutting at High Failure Strains. 

 

 

  

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.  

 

 

   

 

  

 

 

 

   
 

 

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 
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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
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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 



136 

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]. 

 

 
 

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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 𝜌 =
𝑀𝑧

𝑁𝐴𝑉
   (4.1) 

  

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

30.5𝑎2𝑐

2
, the theoretical density can be represented in Eq. 4.2. 

 

 

 
𝜌 = 3.9853 − 7.158 × 10−5𝑇 − 3.035 × 10−8𝑇2 + 7.232 × 10−12𝑇3 ± 0.05% 

    (𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1800 ᵒС) 

(4.2) 

 

 

 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. 

 

 
 

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% 

    (𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1800 ᵒС)   

(4.3) 

 

 

 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 × 10−4𝑇 − 2.796 × 104𝑇−2 

    (𝑓𝑜𝑟 25 ᵒС ≤ 𝑇 ≤ 1500 ᵒС) 

(4.4) 

  
 

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
± 6% 

    (𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1800 ᵒС) 

(4.5) 

 

 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)] 

    (𝑓𝑜𝑟 25 ᵒС ≤ 𝑇 ≤ 1300 ᵒС) 

(4.6) 

 
 

Fig. 4.5  Thermal Conductivity: Munro Model vs. Auerkari Model. 
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 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. 

 

 

 𝛼𝑚 = (2𝛼𝑎 + 𝛼𝑐)/3 (4.7) 

 

 

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. 

 

 
 

Fig. 4.6  Lattice Parameters in Hexagonal Crystal Systems. 
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𝛼𝑎𝑥𝑖𝑠 =
𝐿𝑎𝑥𝑖𝑠(𝑇) − 𝐿𝑜

𝐿𝑜(𝑇 − 𝑇𝑜)
 

   (𝑤ℎ𝑒𝑟𝑒 𝛼𝑎𝑥𝑖𝑠 = {
  𝛼𝑎, 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑎 − 𝑎𝑥𝑖𝑠
 𝛼𝑐, 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑐 − 𝑎𝑥𝑖𝑠

 ) 

(4.8) 

 

 

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 + 𝐵𝐿𝑇 + 𝐶𝐿𝑒𝑥𝑝 (−𝐷𝐿𝑇)  

   (𝑤ℎ𝑒𝑟𝑒 𝛼𝐿(𝑇) = {
  𝛼𝑎(𝑇), 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑎 − 𝑎𝑥𝑖𝑠
 𝛼𝑐(𝑇), 𝑖𝑓 𝐿 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑐 − 𝑎𝑥𝑖𝑠

 ) 

(4.10) 

 

 

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 

 

 

 

 

 

 

 

 

 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. 

Parameters α -axis c-axis 

A (10-6/K) 7.419 8.026 

B (10-6/K) 6.43 8.17 

C (10-6/K) 3.211 3.279 

D (10-6/K) 2.59 2.91 

Lo (Å) 4.7602 12.9898 



144 

 
𝛼 = 5.494 × 10−4 + 4.504 × 107 𝑇 − 8.682 × 10−11𝑇2 

    (𝑓𝑜𝑟 25 ᵒС ≤ 𝑇 ≤ 1600 ᵒС) 

(4.11) 

 

 

  
 

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)

𝑇 + 164
± 18% 

    (𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1400 ᵒС) 

(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% 

    (𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1400 ᵒС) 

(4.13) 
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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)]  

    (𝑤ℎ𝑒𝑟𝑒 𝜂𝐸 = 1.2 × 10−4
1

𝐾
, 𝑓𝑜𝑟 700 ᵒС ≤ 𝑇 ≤ 1000 ᵒС) 

(4.14) 

 

 
 

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% 

    (𝑓𝑜𝑟 20 ᵒС ≤ 𝑇 ≤ 1400 ᵒС) 

(4.15) 
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 In the Auerkari model, shear modulus is given by Eq. 4.16. 

 

 

 

𝐺 = 𝐺𝑜 × [1 − 𝜂𝐺(𝑇 − 298)] 

    (𝑤ℎ𝑒𝑟𝑒 𝜂𝐺 = 1.4 × 10−4
1

𝐾
, 𝑓𝑜𝑟 650 ᵒС ≤ 𝑇 ≤ 800 ᵒС) 

(4.16) 

 

 
 

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

2𝐺
− 1 

(4.17) 

 

 

𝑣 = 𝑣𝑜 × [1 − 𝜂𝑣(𝑇 − 298)] 

    (𝑤ℎ𝑒𝑟𝑒 𝜂𝑣 = 6.9 × 10−5
1

𝐾
, 𝑓𝑜𝑟 650 ᵒС ≤ 𝑇 ≤ 700 ᵒС) 

(4.18) 
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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 × 10−6𝑇2 ± 15%  

    (𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1400 °𝐶) 

(4.19) 

 
 

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 × 109𝑒𝑥𝑝 (−0.018𝑇)]−0.5 ± 10% 

    (𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1500 °𝐶) 

(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. 

 

 

 
𝐹𝑆 = 380.5 −

1.37 × 105

1 + 1.76 × 105𝑒𝑥𝑝 (−0.0039𝑇)
± 15%  

    𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1500 °𝐶 

(4.21) 

 

 

 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)

𝑇 + 1323
+ 0.084𝛿0.5 ± 15% 

    (𝑓𝑜𝑟 25 °𝐶 ≤ 𝑇 ≤ 1300 °𝐶) 

(4.22) 
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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 

used in the two models, a very different range of crack length was used. 

  

 
 

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% 

    𝑓𝑜𝑟 20 °𝐶 ≤ 𝑇 ≤ 1000 °𝐶 

(4.23) 
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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

𝑑𝑡
= 𝐴𝜎𝑛𝑒𝑥𝑝(

−𝐸𝑎𝑐𝑡

𝑅𝑇
) 

(4.24) 

 

where  
𝑑𝜀

𝑑𝑡
 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 = 𝜎𝑠𝐷(1 − 𝑣)/(𝐸𝛼) (4.25) 

 

 

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

𝐷 =
𝜆

𝜌𝑐𝑝
 is the thermal diffusivity. 

 

4.5 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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